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Dear BESSY-users and friends, 

 

 

Diamonds, glass and STARS …  

This year’s Highlights appear to be shiny and sparkling. But researchers took a closer look at 

diamonds and glass and found that glass although breakable in our everyday experience is well 

suited for locking up toxic wastes in s stable, durable way for long time. Whereas blue diamonds 

are not only of jewellers’ interest, they appear to be superconductors behaving essentially like 

their metal superconducting cousins, such as niobium.  

 

Niobium is the basis off all linear accelerator (linac) modules for free electron lasers (FEL). Our 

FEL project received excellent marks in spring by the Wissenschaftsrat and we are eager now to 

build and operate the recommended two-stage cascaded FEL to demonstrate the feasibility of 

HGHG principle in the STARS project, the other sparkling issue. We are confident to achieve the 

goal since the successful operation of the Femtoslicing Source is already the first step of a 

cascaded FEL. In addition, recent measurements at BESSY showed for the first time that the 

accelerator modules can be adopted for continuous wave operation in a superconducting linac, 

which is also a major ingredient of our FEL project.  

 

Sadly our long time member of the scientific advisory board and supporter Neville Smith will not 

see the BESSY-FEL up and running. He deceased after a short suffering from cancer. We will 

miss his advice and his companionship.  

 

BESSY attracts many people with all different kinds of scientific and social background and we 

are pleased that we welcomed some 6,500 visitors during the year. Among them were visitors 

during the “Lange Nacht der Wissenschaften”, our Breakfast Physics during the summer holiday, 

delegates on a workshop on the use of Synchrotron Radiation in Arts and Archäometry and our 

new minister of Science and Education Dr. Annette Schavan. We participated in the imitative 

“Germany – Land of Ideas” showing ideas and innovation during the entire year and presented 

BESSY at fairs, at the event “Highlights der Physik” and at political events. 

 

Free electron lasers have been in a one week focus during the FEL06 conference hosted by 

BESSY in collaboration with FZ Rossendorf in Berlin. Some 200 participants literally from all over 

the world discussed new developments and research opportunities during the four day 

conference. 

 

The 25th users meeting in December has seen a record number of participants and poster 

contributions in BESSY history reflecting the growing interest in the use of synchrotron radiation 

and the tremendous variety of research topics.  

 

In 2006 all together six prominent members of our user community and staff received calls for 

appointments as university professors based upon work carried out at BESSY. We would like to 
congratulate them and all our users for the exiting research they have been performing and we 
thank our staff members for their efforts and their never decreasing engagement.  
 
Enjoy reading the Annual Report and the Highlights 2006. 
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Status of the BAM wavelength shifter used as  
a primary source standard 

 
R. Klein, G. Brandt, L. Cibik, M. Gerlach, M. Krumrey, G. Ulm 

Physikalisch-Technische Bundesanstalt, Abbestraße 2 – 12, 10587 Berlin, Germany 
 

M. Scheer 
BESSY GmbH, Albert-Einstein-Straße 15, 12489 Berlin, Germany 

 
 
For the extension of source based radiometry to the hard X-ray range, the PTB is inves-
tigating the BAM wavelength-shifter (WLS) as a possible primary source of calculable 
synchrotron radiation [1]. For more than 20 years PTB has been using the calculable 
radiation of bending magnets from the BESSY I and BESSY II electron storage rings in 
the visible, UV, VUV and X-ray spectral range for radiometry [2], especially for the cali-
bration of radiation sources [3] and energy-dispersive detectors [4]. The usable spectral 
range of bending magnet radiation is limited on the high energy side due to the expo-
nentially decreasing flux for photon energies much higher than the characteristic en-
ergy. To increase the high energy limit, a source with higher characteristic energy is 
needed as is the case for a superconducting WLS. Due to the magnetic field gradients 
in a WLS, the determination of the magnetic induction at the radiation source point is 
more complicated as in the case of a bending magnet and requires special attention 
since the accuracy of the determination limits the obtainable accuracy in the calculation 
of the spectral radiant power.  
 
The BAM 7 T - WLS had been explicitly specified for radiometric use. Unfortunately, due 
to a rearrangement of steerer components in the straight section of the WLS, the WLS 
can not be operated anymore in its specified mode with a symmetric electron trajectory. 
This leads to an inhomogeneous irradiation in the horizontal plane and an unbearable 
uncertainty in the determination of the location of the radiation source point in the WLS 
field map [1]. This problem can be circumvented by a operation of the WLS at a reduced 
field of 6 T in order to place the radiation source point in the center of the device as de-
scribed in [1]. Although this special operation ensures a homogeneous illumination in 
the horizontal plane, it sacrifices some of the benefits of a higher characteristic energy 
of the WLS as compared to bending magnet radiation due to the decreased magnetic 
field value. In addition, a dedicated electron optic for the storage ring is required for this 
operation.  
 
Another problem for radiometric use of the BAM WLS is the failure of the NMR probes 
used for the measurement of the magnetic induction at the source point. This problem is 
still unsolved and imposes a stringent limit on the accuracy in the determination of the 
magnetic induction at the radiation source point. The magnetic induction is currently 
determined at another WLS that is of the same design and set to the operation parame-
ters of the BAM WLS. The relative uncertainty of this approach is estimated to be about  
2.5 ·10-3 which is more than one order of magnitude worse than the specified value and 
can only be regard as an interim solution. 
 
Despite these limitations the characterization of the WLS have been continued using the 
BAMline [5] in the white light mode. The vertical distributions of the synchrotron radia-
tion have been measured by a HPGe - detector and compared to calculations. A 4 mm 
Cu filter of known thickness in front of the detector was used to absorb the low energy 
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photons. Fig. 1 shows the measured vertical distribution of the photons in the energy 
range from 70 keV up to 90 keV (red dots). The calculation is illustrated by the solid line. 
The lower part of Fig. 1 shows the relative deviation between calculation and measure-
ment within the experimental uncertainty marked by the error bars. The deviations re-
main within the limit given by the uncertainty in the determination of the parameters 
needed for the calculation (dotted line). Similar good agreement was found for other 
intervals of the photon energy. 
 

 
 
Fig. 1: Upper part: measured (red dots) and calculated (solid line) vertical distribution of the WLS 
within for photons in the range from 70 keV and 90 keV. 
Lower part: relative deviation between measurement and calculation (error bars). The dotted line 
shows the error limit given by the uncertainty in the determination of the parameters needed for the 
calculation. 
 
 
In another experiment the synchrotron radiation spectrum of the WLS was measured in 
the orbital plane and compared to the calculation. For this experiment no Cu filter was 
used and the spectrum is dominated by photon energies around the characteristic en-
ergy. In this energy region, the influence of the poorly known magnetic induction at the 
source point is not as dominant as it would be the case for higher photon energies [1]. 
The experiment was performed with only five electrons stored in the storage ring. The 
measured spectrum is shown in Fig. 2 (black line). The green line shows the calculation 
by the Schwinger formala [6] taking into account only filter absorption (beamline window 
and detector entrance window) and air absorption. Taking additionally into account the 
detector properties as Ge - escape, incomplete charge collection and fluorescence from 
deadlayers [4], the red curve is calculated. A detection efficiency of unity is assumed for 
this photon energy range. The measured spectrum is well described by the calculation 
as shown in the lower part of Fig. 2. However, for detector calibrations at higher photon 
energies, where the detection efficiency is not unity anymore and has to be measured, 
the precise knowledge of the magnetic induction at the source point is essential as it 
affects the spectrum almost in the same way as a finite detector thickness. 
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The suitability of the BAM WLS as a primary radiometric source standard has been 
shown in principle. Nevertheless, the WLS in its current operation mode does by far not 
reach the specified performance. A replacement of the defect NMR samples is essential 
for the radiometric use of the device at higher photon energies.  
   
 

 
 
Fig. 2: Upper part: Measured spectrum of WLS radiation with five electrons stored (black line). The 
green line shows the corresponding Schwinger calculation, the red line a calculation taking the detec-
tor properties into account. 
Lower part: Ratio of the measured spectrum and the Schwinger calculation taking the detector prop-
erties into account. 
 
 
[1] R. Klein et al., BESSY Annual Report 2005 
[2] G. Ulm, Metrologia 40 (2003) S101 – S106 
[3] M. Richter et al., Nucl. Instr. And Methods A 467/468 (2001) 605 - 608 
[4] F. Scholze et al., Metrologia 38 (2001) 391 - 395 
[5] W. Görner et al., Nucl. Instr. and Meth. A 467-468, (2001) 703 - 706 
[6] J. Schwinger, Phys. Rev. 75 (1949) 1912 
 
 

7



Thin Transmission Photodiodes as Monitor Detectors 
 in the X-ray Range 

M. Krumrey, M. Gerlach and P. Müller 

Physikalisch-Technische Bundesanstalt, Abbestr. 2-12, 10587 Berlin, Germany 
 

Many synchrotron radiation experiments require a monitoring of the incident photon flux using a 
so-called IO detector. The ratio of the photon flux in monochromatized radiation to the storage ring 
current is often not constant, and ionization chambers cannot easily be integrated especially in soft X-
ray UHV beamlines. Instead, the photocurrent from a metal mesh, a thin foil or a mirror coating is 
sometimes used, but the resulting currents are relatively low and often unstable. Silicon photodiodes of 
appropriate thickness, operated in transmission geometry in air or in UHV, provide high and stable 
photocurrents as well as high transmittance. With known responsivity and transmittance of the diodes, 
the transmitted photon flux can be calculated. While the measurement of the transmittance only 
requires monochromatic radiation of high spectral purity, the determination of the responsivity with 
low uncertainty also requires a detector standard. In the PTB laboratory at BESSY II, a cryogenic 
electrical substitution radiometer is available as primary detector standard in the X-ray range. 
Responsivity and transmittance as well as the homogeneity of both quantities over the diode surface 
have been investigated for photodiodes from different European, Japanese and US manufacturers with 
thicknesses between about 5 µm and 20 µm [1]. 

All measurements were performed at the four-crystal monochromator beamline which is one of the 
detector calibration beamlines in the PTB laboratory at BESSY II [2]. At this beamline, 
monochromatized synchrotron radiation of very high spectral purity is available in the photon energy 
range from 1.75 keV to 10 keV [3]. The beam size ranges between 0.2 mm and 0.5 mm. The thin 
transmission diodes were mounted in a UHV reflectometer in order to investigate the homogeneity of 
their transmittance and their responsivity. 

The transmittance was simply measured by inserting the diode in front of another Si photodiode. 
The responsivity of the transmission diodes was determined against the other Si photodiode serving 
here as transfer detector standard. This diode was previously calibrated with relative uncertainties 
below 1 % against a cryogenic electrical substitution radiometer, serving as primary detector standard 
[4]. The homogeneity was determined by raster scans over the entire surface. The energy dependence 
of the transmittance and the responsivity was measured in the center of the diode as well as on 
different positions on the surface, if inhomogeneities had been found in the raster scans.  

TABLE 1.  Investigated Transmission Photodiodes 
 
Manufacturer 

 
Country of

origin 
Effective 

area 
Thickness  

 
Measured 

transmittance at 
Measured 

responsivtiy at 
    nominal measured 4 keV 10 keV  4 keV 10 keV
    mm² µm µm %  %  mA/W mA/W

Sintef Norway 10 x 10   6   6.5 51.3 95.1 113.0 10.9
  10 x 10 12 11.8 29.0 91.1 159.2 19.4
    10 x 10 12 13.0 25.6 90.2 186.1 23.9
Micron Sem.  UK 2.5 x 2.5 20 20.0 12.9 85.8 221.4 35.4
IRD US 6.5 Ø   5   4.7 61.3 96.5 78.1 8.6
Hamamatsu Japan 10 x 10   5   5.5 56.4 95.8 110.0 10.1
    10 x 10 10 10.8 33.2 92.2 174.3 20.0
for comparison:             
Ion chamber, air at ambient pressure,           
two 50 µm Be windows 50000  53 95     12.3          0.8 

 
The investigated transmission photodiodes are listed in Table 1. The measured thickness was 

obtained from the transmittance measurements in the center of the diode. Of course, the thinnest 
diodes have the highest transmittance, but their responsivity is lower. The optimum thickness depends 
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on the photon energy range and on the available and required photon flux. Ion chambers, which are 
much larger and more difficult to incorporate in UHV beamlines, deliver at least one order of 
magnitude lower photocurrents, even if operated at atmospheric pressure. At higher photon energies 
where many experiments are performed in air, the use of ion chambers is more convenient, but their 
responsivity decreases rapidly: at 30 keV, the responsivity of the 5 cm long ion chamber mentioned in 
Table 1 is only 0.02 mA/W while a 100 µm thick transmission diode with 97 % transmittance has a 
responsivity of 9 mA/W, which is more than two orders of magnitude higher. 

The transmittance and responsivity of two different thin transmission diodes are shown in Fig. 1. 
The calculated transmittance for 5.5 µm and 13 µm Si (in the latter case including 0.3 µm Al for the 
contact layers) is also shown. Just below the Si K edge at 1.84 keV, the transmittance can again rise 
above 60 %. The responsivity mainly depends on the thickness of the diode, especially at high 
energies. At energies below about 3 keV, the thickness of the radiation entrance layer (silicon oxide or 
Al) influences the responsivity. It was shown almost two decades ago that Si p on n diodes with a 
thick oxide layer can degrade under irradiation due to charging effects in the oxide [5], while Si n on p 
diodes show much better radiation stability [6]. The same behavior is expected for thin diodes. As 
even the thinnest diodes will not be used in transmission below 1 keV, aluminum contact layers of up 
to 0.2 µm thickness are also acceptable. 

 
FIGURE 1.  Measured and calculated transmittance (left) and responsivity (right) of two different transmission 
photodiodes. As expected, the thinner diode has a higher transmittance but a lower responsivity. 

 
The homogeneity of transmittance and responsivity has been investigated for all diodes at two 

different photon energies, typically 10 keV and 4 keV. Some examples are shown in Fig. 2 and 3. 
Several diodes exhibit gradients in the detector thickness over the surface which can be observed in 
the transmittance and responsivity distribution. This affects the application only if the beam position 
changes during the experiment. Other diodes showed a homogeneous transmittance, but exhibit 
structures in the responsivity which can be related to crystal imperfection of this particular device. 
Further improvements of the homogeneity would be desirable. 

 
FIGURE 2. Homogeneity of an 11.8 µm thick diode (Sintef) at 10 keV. The gradient in transmittance and 
responsivity is related to a thickness variation between 11.0 µm and 12.4 µm. 
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FIGURE 3.  Homogeneity of a 4.7 µm thick diode (IRD) at 10 keV. While only a slight gradient is visible in the 
transmittance distribution (low thickness variation), the responsivity distribution seems to be affected by 
imperfections in the diode material. 

CONCLUSION 

Thin transmission photodiodes are well suited as monitor detectors for photon energies above about 
4 keV. The appropriate thickness has to be selected depending on the photon energy range. The 
thinnest investigated diodes are only about 5 µm thick, but not all transmission diodes presented here 
are currently commercially available. The homogeneity should be further improved by the 
manufacturers, and the radiation hardness might be critical for diodes with thick oxide layer. For 
higher photon energies, large area transmission diodes with thicknesses between 100 µm and 500 µm 
are available and have been tested for photon energies up to 60 keV. 
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3. M. Krumrey and G. Ulm, Nucl. Instr. and Meth. A 467-468, 1175 - 1178 (2001).  
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A cryogenic electrical substitution radiometer for hard X-rays 
 

M. Gerlach, M. Krumrey, L. Cibik, P. Müller and G. Ulm 
 

Physikalisch-Technische Bundesanstalt, Abbestr. 2-12, 10587 Berlin, Germany 
 

Cryogenic electrical substitution radiometers (ESR) are regarded as the highest-accuracy 
primary standard detectors from the visible to the soft X-ray region. They are well established 
in radiometry to determine radiant power with low uncertainties [1]. Operated at liquid helium 
temperature, an ESR is based on the equivalence of electrical heating power and radiant 
power. Its cavity absorber is thermally linked to a fixed temperature heat sink via a heat 
resistance, and it is equipped with a thermometer and a heater that allows the supply of 
electrical heating power (Fig. 1). The absorber temperature is kept constant by an active 
control. When radiation is provided, the electrical heating power required to keep the absorber 
at constant temperature undergoes a reduction equivalent to the incident radiant power so that 
the radiant power is obtained through the measurement of the electrical heating power.  

 
Usually, the absorbers are made of copper. The reason for this is the excellent thermal 

conductivity of this material at low temperatures. Copper also has a moderate heat capacity, 
which ensures a short response time. However, at photon energies above 20 keV the use of 
already existing copper absorber 100 µm in thickness prevents the use of the ESR as primary 
detector standard due to increasing transmittance.  

 
Fig. 1. Operating principle of an electrical 
substitution radiometer   
 

Fig. 2. Radiant properties of the already existing  
copper absorber of 100 µm thickness, simulated 
with Geant4 

 
Using the Monte Carlo code Geant4 [2], the complete radiation interaction can be 

simulated. The simulated properties of the copper absorber having a thickness of 100 µm are 
shown in Fig. 2. To achieve absorption close to unity also for hard X-rays up to energies of 60 
keV, the copper absorber would have to have a thickness of several millimeters. Therefore, 
other materials and geometries have been studied. The validity of the Monte Carlo 
simulations has been investigated in experiments with monochromatized synchrotron 
radiation. 

 
Monte Carlo simulations using Geant4 and scattering experiments 

 
While transmittance and energy absorption in matter can be calculated with various 

programs, the interaction of radiation in a complex structure like a cavity absorber can only be 
fully characterized with Monte Carlo techniques that also cover scattering processes as well as 
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fluorescence. The Monte Carlo code Geant4, in combination with its low energy extension 
and G4LECS [3], which also takes Doppler-broadening of scattered photons into account, was 
applied for the simulation of a new cavity absorber. To legitimate the usage of Geant4, 
scattering experiments were performed at the 7 T wavelength shifter at the BAMline [4], so 
that simulations could be compared directly to the experimental results, both normalized to 
the same number of incident photons. An energy-dispersive CdTe-detector (XR-100T-CdTe, 
Amptek Inc.) with a collimator was used for the experiments. This detector is very convenient 
for angle-dependent experiments because of its compact size and Peltier cooling, in contrast 
to the LN2 cooling of conventional Ge detectors. 
 

Firstly, response functions for monochromatic radiation were measured in the energy range 
from 2 keV up to 110 keV, which already showed good agreement with the simulations with 
Geant4 (Fig. 3), including the escape lines of Cd and Te and the Compton edge. The linewidth 
in the simulation is based on experimental data. To include also scattering effects and 
fluorescence, a copper foil of 1 mm thickness was exposed to monochromatic radiation of 50 
keV. The detector was rotated around the foil and spectra were taken under different angles, 
horizontally and vertically to the plane of polarization. 

 
Fig. 3. Measured response function of a CdTe-
detector for monochromatic radiation of 50 keV 
(solid line) and simulation with Geant4 (dashed)  

Fig. 4. Detected radiation from a Cu foil at an angle 
of 170° to the incident 50 keV beam, and 
simulation with Geant4 (dashed) 

 
It was shown that not only the Rayleigh- and Compton-scattered photopeaks were 

reproduced by the simulations qualitatively as well as quantitatively, but also the escape lines, 
including their Compton-scattered contribution, and the fluorescence line of Cu which can be 
detected around 8 keV (Fig. 4). Even polarization effects were in very good agreement. The 
fluorescence does not vary with the polarization in the angular dependence in both simulation 
and experiment, while the scattered rate strongly depends on the polarization as shown in 
Fig. 5.  

 
The new absorber for hard X-rays 

 
For the new absorber, extensive simulations were performed for a large variety of materials 

including Cu and Au as well as Ag, Pt, W and Al. Also the geometry of the absorber was 
varied including different thickness of base and shell. As shown in Fig. 6, the use of a pure 
gold plate would cause significant losses due to Au-L fluorescence. 

The simulations resulted in an absorber with a gold base 500 µm in thickness and a 
cylindrical shell made of copper 80 µm in thickness to reduce losses caused by fluorescence. 
It meets the absorption requirements, provides a tolerable heat capacity at liquid helium 
temperature and exhibits a sufficient thermal conductivity. To make it also applicable for 
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energies below 100 eV, where reflection starts to occur, the base was inclined by 30° as for 
conventional copper absorbers. The cavity absorber was manufactured by electroforming at 
PTB and was implemented into the existing ESR [5].  
 

Fig. 5. Scattered contribution of radiation and 
fluorescence, recorded vertically and horizontally to 
the polarized beam 
 

Fig. 6.  Simulated absorption of the former copper 
absorber (solid line) compared to a pure gold-plate 
500 µm in thickness (dotted) and the new absorber 
with gold base and copper shell (dashed). 

 
Monochromatized synchrotron radiation of high spectral purity was then used to calibrate 

different silicon photodiodes against the ESR for photon energies from 60 eV up to 60 keV. 
The responsivity of these diodes was determined with relative uncertainties below 1 %. The 
ESR was also successfully employed in a comparison measurement with a free air ionization 
chamber, which resulted in a first time experimental determination of the mass energy-
absorption coefficients of dry air in the energy range from 10 keV to 60 keV.  
 
Conclusion 

 
The Monte Carlo simulation code Geant4 was used to model a cavity absorber of an ESR. 

Scattering experiments were performed to verify the accuracy of Geant4. A new cavity 
absorber for hard X-rays was developed and manufactured at PTB. The ESR with its new 
absorber has been used successfully to calibrate silicon photodiodes within the energy range 
from 60 eV to 60 keV with relative uncertainties below 1 %. Mass energy-absorption 
coefficients of air where measured by comparison to a free air ionization chamber.  
 
References 
 
[1] A. Gottwald et al., Metrologia 43, S125 (2006) 
[2] S. Agostinelli et al., Nucl. Instr. and Meth. A 506, 250 (2003) 
[3] R.M. Kippen, New Astron. Rev. 48, 221 (2004)  
[4] W. Görner et al., Nucl. Instr. and Meth. A 467-468, 703 (2001) 
[5] H. Rabus, V. Persch, and G. Ulm, Appl. Opt. 36, 5421 (1997) 
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Detector Calibration and Spectrometer Characterization 
 for Solar Observations 

A. Gottwald, C. Buchholz, A. Fischer, A. Kampe, U. Kroth, C. Laubis,  
H. Schoeppe, F. Scholze, M. Richter 

Physikalisch-Technische Bundesanstalt, Abbestr. 2-12, 10587 Berlin  
 

Characterization and calibration of space-based radiometric instruments in the spectral range 
from the vacuum-ultraviolet to x-rays already has some tradition in the PTB laboratory at 
BESSY [1]. In particular, the calibrations for the SUMER and CDS instruments for the very 
successful SOHO mission, which is still in service after about 12 years, founded the 
competence in the particular field of radiometric characterization of instruments for 
extraterrestrical and solar astronomy. This field has received much interest due to the grown 
knowledge of interaction between solar activities and Earth’s atmosphere (“space weather”). 
Numerous missions are planned or already underway: In 2006 the EIS (Extreme ultraviolet 
Imaging Spectrometer) of the Solar-B satellite, and the EUNIS and MOSES spectrometers 
(sounding missile missions) were launched successfully, all three of them with radiometric 
traceability to BESSY as primary source standard.  

In 2006, PTB characterized two new instruments in their final flight versions (figure 1): In 
cooperation with MPS (Max Planck Institute for Solar System Research, Katlenburg-Lindau) 
the LYRA (Large Yield Radiometer) instrument received its final calibration. It is scheduled 
for launch in 2007 with the ESA mini-satellite mission PROBA. For the second instrument, 
SOL-ACES, PTB is contracted to IPM (Fraunhofer Institute for Physical Measurement 
Techniques, Freiburg). SOL-ACES (Solar Auto-Calibrating Extreme UV Spectrometer) will 
be part of the European contribution to the International Space Station ISS. The traceability of 
these instruments is realized by means of detector-based radiometry, i. e., their spectral 
responsivity is determined using monochromatized synchrotron radiation and photodiode 
detectors traceable to cryogenic radiometers as primary detector standards. 

 
 

 

Figure 1. 
Left: LYRA (MPS) in the VUV reflectometer. Right: SOL-ACES (IPM) in the EUV reflectometer. 
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LYRA will monitor the solar emission in four passbands from 1 nm to 220 nm and applies 
newly developed solar-blind diamond-based photodetectors [2]. These detectors were 
intensively characterized with respect to their stability, linearity, etc., and each of the four 
detection channels was individually calibrated concerning its spectral responsivity. As an 
example, figure 2 gives the result for the Lyman-alpha channel (highest sensitivity around 121 
nm). The MSM (metal-semiconductor-metal) detector used here is a photoconductor based on 
diamond and Ti/Pt/Au multilayer structures and shows a responsivity of 0.6 mA/W at 121 nm. 
This is orders of magnitude lower compared to AXUV semiconductor photodiodes which are 
typically used as standard detectors. However, the AXUV has to be used with strong filters to 
reject visible light so that the disadvantage of the low responsivity is reduced in comparison 
to the visible rejection ratio of the solar-blind device, indicated by the edge structure in the 
MSM detector response around 225 nm. 

SOL-ACES is a system consisting of four grazing incidence spectrometers and two ionization 
chambers in combination with two filter wheels [3]. The spectrometers cover the wavelength 
range from 16 nm to 220 nm with a spectral resolution from 0.5 nm to 2.3 nm. These high-
efficiency spectrometers will routinely be re-calibrated during the mission by two three-signal 
ionization chambers to be operated with 42 band pass filters. Re-measuring the filter 
transmissions with the spectrometers also allows a very accurate determination of the 
changing second order (optical) efficiencies of the spectrometers as well as the stray light 
contributions to the spectral recording in different wavelength ranges. The radiometric 
characterization of the system included comparison of the ionization chambers as standard 
detectors to standards traceable to the PTB cryogenic radiometers, measurement of the filter 
transmissions, and characterization of the spectrometers. The goal is to allow measurements 
of the solar irradiance with standard uncertainties of 3 % to 5 % in the spectral range covered 
by the instrument which would be a so far unrivalled accuracy for such measurements.  

[1] M. Richter et al., Adv. in Space Res. 37 (2006) 265 – 272 

[2] A. BenMoussa et al., Diam. and Rel. Mat. 15 (2006) 802 – 806 

[3] G. Schmidtke et al., Adv. in Space Res. 37 (2006) 272 – 283 
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Figure 2.  
Calibration result of one of the 
Lyman-alpha channels of the 
LYRA instrument.  
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New Method for Polarization Dependent Reflectance 
Measurement 

A. Gottwald, U. Kroth, W. Paustian, H. Schoeppe, R. Thornagel, M. Richter 

Physikalisch-Technische Bundesanstalt, Abbestr. 2-12, 10587 Berlin  
 

The characterization of optical materials, i. e. measurement of the reflectance, transmittance, 
and determination of optical constants from the ultraviolet (UV) down to the extreme-
ultraviolet (EUV) spectral regions has attracted growing interest during the last decade. 
However, with decreasing wavelength the practical problems for precise measurements are of 
increasing challenge, mainly due to (air) absorption, contamination, and stability issues. In its 
laboratory at BESSY II,  PTB has established the characterization of materials, filters, and 
mirrors from UV to x-ray spectral range using reflectometers. For the wavelength interval 
between 40 nm and 400 nm, a normal-incidence monochromator beamline delivers spectral 
dispersed radiation for this purpose [1]. In this dedicated VUV beamline, the radiation in the 
beamline focus shows elliptical polarization with a degree changing with wavelength, instead 
of the typically linear polarization in the storage ring plane. The main cause for this is the off-
axis aperture needed to suppress the high portion of on-axis x-rays of the BESSY II storage 
ring, which would induce intolerable heat load to the first mirror. The initial polarization 
characteristics can be calculated using Schwinger’s theory. It is adulterated by the grating 
(three different are in use which differ in line density and coating), mirror, filter and 
beamsplitter plate characteristics. As a consequence, the beamline up to now was not suited 
for direct determination of any polarization-dependent optical characteristics. These 
characteristics got more and more in focus of interest: One prominent example is the 
investigation of the optical anisotropy in CaF2 at 157 nm [2] with its severe impact on the 
development of commercial photolithography at this wavelength. 

 
 

Figure 1. Scheme of the setup for polarization dependent reflectometry: Two measurements are 
needed in the shown different geometries, i. e. with a 90-degree turn around the beam axis. Left is the 
standard geometry used for measurements with negligible polarization effects. 
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For the determination of the polarization-dependent reflectivity (i. e. reflectance R and the 

polarisation PR) of a sample, the (initially unknown) degree of polarization PΦ of the 

monochromatized radiation in the beamline must be taken into account. PΦ is defined by the 

intensities (radiant power) of the radiation with polarization (electrical field) vectors in and 

perpendicular to the storage ring plane, i. e. ( )⊥⊥Φ Φ+ΦΦ−Φ= � �� � /:P . PR as well as the 

polarization dependence in the responsivity of a photodetector PD are defined analogously, 
however, here with regard to the incidence plane of the radiation on the sample and detector, 
respectively. The idea behind the newly developed method is to use a second beamline with 

100 % linear polarization in the storage ring plane (PΦ = 1) to determine the detector 

polarization PD, and then to determine PΦ for the VUV reflectometry beamline by means of 
this photodetector. To obtain a polarization responsivity, the detector is used with a tilt of 50 ° 
with respect to the incoming beam. Figure 2 shows the measured value for PD (for a selected 

Si photodiode) and PΦ for the VUV reflectometry beamline in the wavelength region from 
100 nm to 160 nm. 

100 120 140 160 180
0.00

0.25

0.50

0.75

1.00

 

 

 PΦ meas.

 PD

po
la

riz
at

io
n

wavelength / nm

 

0 10 20 30 40 50 60 70 80 90
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
 

 

RS

RP

re
fle

ct
an

ce

incidence angle θ / deg

 
Figure 2. Polarization PΦ of the VUV 
reflectometry beamline radiation, and 
polarization sensitivity PD of a silicon 
photodiode tilted by 50 °.  

Figure 3. Example for a polarization 
dependent measurement of a thin layer mirror 
at 121 nm wavelength; shown is the angular 
dependence of the polarization-dependent 
reflectances Rs and Rp. 

The polarization dependent reflectivity of a sample can then be determined by two 
perpendicular reflection measurements (see fig. 1), i. e. with a 90-degree turn of the apparatus 

around the beam axis (Ψ=90°), which can be realized by the reflectometer [3]. From these 
measurements, R and PR can be determined from which the s- and p-reflectance (Rs, Rp) of the 

sample can be calculated using the now known value PΦ for the beam polarisation. The 
uncertainty for PR amounts up to 10 % and is mainly caused by the small values for the 
detector’s polarization sensitivity. 

We gratefully acknowledge the scientific co-operation for development of polarization optics 
in the VUV with the the Institut d’Optique Théorique et Appliquée (Orsay, France). 
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Long-term reproducibility of PTB’s EUV Reflectometry 
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Sven Plöger, Frank Scholz, and Gerhard Ulm  
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The Physikalisch-Technische Bundesanstalt (PTB) with its laboratory at the electron storage 
ring BESSY II1 is the European centre of EUV radiometry and supports the national and 
European industry by carrying out high-accuracy at-wavelength measurements in the EUV 
spectral region2, particularly to support the development of EUV lithography, which holds the 
key to the next generation of computer technology. PTB operates an EUV reflectometry 
facility, designed for at-wavelength metrology of full-size EUVL optics with a maximum 
weight of 50 kg3 and a diameter of up to 550 mm and a micro-reflectometry station for 
reflectometry with sub 10 µm spatial resolution4. An absolute uncertainty of 0.10 % is 
achieved for peak reflectance, with a reproducibility of 0.05 %. For the centre wavelength an 
uncertainty of 2 pm is achieved with a long-term reproducibility of 1.1 pm and a short-term 
repeatability below 0.06 pm. In response to the increasing demands5 of our customers, 
substantial improvements in the total measurement uncertainty and repeatability at PTB have 
been demonstrated4. This is illustrated below in Figure 1, where the wavelength of the Be K 
absorption edge, measured as a reference, is shown for the operation time of the EUV 
beamline starting from the commissioning in mid 2000. In the initial phase of operation we 
worked on a reliable definition of this reference wavelength and an optimization of the 
alignment procedures. From mid 2001, the stability improved substantially and further 
optimization of the procedures for beamline set-up checks during 2002 resulted in an 
operation with nearly no run-away at all in the wavelength calibration. We are aiming for a 
calibration interval of !1.9 pm, corresponding to 1.1 pm 1σ (ref. 2).  
 

 

Figure 1 Wavelength of the Be K 
absorption edge measured as a 
wavelength reference during 
the operation of the EUV 
beamline starting from the 
commissioning in mid 2000. 
The dashed lines indicate the 
tolerance limits and the doted 
line the reference value. A total 
number of 970 data points is 
shown in the figure. 

Obviously, the wavelength calibration of the beamline is only one parameter among many 
others influencing the final result of a reflectance measurement for a multilayer mirror. 
Therefore we also measure a set of Mo/Si multilayer mirrors regularly to check for any other 
deviations that might influence our results. Figure 2 shows the centre wavelength at 50 % 
threshold for these multilayer mirrors measured over a period of 5 years. It must be noted, that 
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the time axes of Figure 1 and Figure 2 do not coincide. The initial drift in our wavelength 
calibration is not seen in Figure 2. What shows up indeed is a slight initial relaxation of the 
multilayer period by interlayer diffusion. The results confirm very well the reproducibility2 of 
1.1 pm 1σ we claim for our wavelength measurements. 
 

Figure 2 Centre wavelength at 50 % threshold for a set 
of Mo/Si multilayer mirrors routinely measured 
over a period of 5 years. 

Figure 3 Peak reflectance for a set of Mo/Si multilayer 
mirrors routinely measured over a period of 5 
years. 

Figure 3 shows the peak reflectance for these multilayer mirrors. The reduced scatter of the 
data indicates the improvements we made during 2004 to achieve a tighter control of 
homogeneity of the photodiode detector used for the measurements. The results confirm the 
reproducibility2 of 0.1 % 1σ we claim for our reflectance measurements. 
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Measurement of the degree of linear polarization at the 
EUV reflectometer 
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The Physikalisch-Technische Bundesanstalt (PTB) with its laboratory at the electron storage 
ring BESSY II1 is the European centre of EUV radiometry and supports the national and 
European industry by carrying out high-accuracy at-wavelength measurements in the EUV 
spectral region2, particularly to support the development of EUV lithography, which holds the 
key to the next generation of computer technology3. PTB operates an EUV reflectometry 
facility, designed for at-wavelength metrology of full-size EUVL optics with a maximum 
weight of 50 kg4 and a diameter of up to 550 mm and a micro-reflectometry station for 
reflectometry with sub 10 µm spatial resolution. An absolute uncertainty of 0.10 % is 
achieved for peak reflectance, with a reproducibility of 0.05 %. For the centre wavelength an 
uncertainty of 2 pm is achieved with a long-term reproducibility of 1.1 pm and a short-term 
repeatability below 0.06 pm5. Measurements at PTB use linearly polarized radiation6, whereas 
EUV optics are operated with unpolarized sources and the status of polarization changes 
throughout the optical system. Therefore, to transfer these high-accuracy measurements to the 
EUV optical components under working conditions, it is essential to study the polarization 
dependence in detail. Taking advantage of all mechanical movements for detector and sample, 
measurements with arbitrary orientation of the electric field vector can be carried out up to an 
angle of incidence of 20°. At 20° angle of incidence, the influence of the degree of 
polarization causes the largest contribution to the measurement uncertainty. Therefore, we 
designed a polarimeter for linear polarization with a multilayer operated at the Brewster 
angle, to accurately measure the degree of linear polarization. For the polarimeter, we used a 
multilayer mirror with 10.2 nm period. The polarimeter is shown schematically in Fig. 1. 
 

      

Fig. 1 EUV polarimeter: A Mo/Si 
multilayer mirror with 10.2 nm 
period is mounted in the rotation 
axis of a rotary feedthrough. An 
AXUV photodiode (not shown on 
the photo) is mounted close to the 
mirror at the area isolated with 
Kapton tape. The functional scheme 
is shown at the right. Due to the 
very close mounting of mirror and 
diode, an angular range of ! 5° can 
be scanned.  

A Mo/Si multilayer mirror with 10.2 nm period is mounted in the rotation axis of a rotary 
feedthrough. An AXUV photodiode is mounted close to the mirror. Due to the close mounting 
of mirror and diode, an angular range of ! 5° can be scanned to adjust the angle of incidence to 
the Brewster angle without moving the diode. This is an essential prerequisite to achieve an 
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optimum suppression ratio. The slight variation of the angle of incidence at the diode does not 
influence the responsivity for the AXUV type of diode used here. Fig. 2 shows the measured 
peak reflectance as function of the azimuth φ for the angle of incidence adjusted to the 
Brewster angle (Rp=0). The minimum value is R = Rs Ip/I. With Rs = 67.2 %, we get Ip/I = 
1.5 % and thus a degree of linear polarization of 97 %, measured at the corresponding peak 
wavelength of 14.3 nm. 

 

Fig. 2 Reflectance at the Brewster 
angle, 42.5° angle of incidence, as 
function of azimuth angle (!). The 
line is a calculation for a degree of 
linear polarization of 97%, i.e. a 
contribution of 1.5% P-polarized 
light in the S-polarization orientation. 
The peak reflectance for S-
polarization, indicated by the dashed 
line, is 67.2 %. 

Fig. 3 shows measurements of the spectral reflectance of the polarimeter at the azimuth 
φ=90°. The angle of incidence was varied in the range ! 2.5° around the Brewster angle. Due 
to the high degree of linear polarization, a significant contribution of P-polarized radiation is 
seen in the reflectance. The spectral reflectance Rp, however, is much narrower than Rs. It is 
therefore possible to decompose the overlapped Rs and Rp contributions. To obtain the pure Rp 
contribution, we subtracted the reflectance measured at φ=0° scaled with the ratio Ip/I = 
1.5 %. Comparing the scaled Rs contributions in Fig. 3 with the measured reflectance, reveals 
a nearly constant offset in the side regions where Rp should be near zero. Therefore, we 
subtracted additionally a constant background of 0.08 % due to diffusely scattered radiation. 
Additionally shown are model calculations of Rs and Rp. Due to the significantly different 
bandwidth of Rs and Rp, an accurate determination of the degree of polarization is possible not 
only at the Brewster angle. Fig. 3 illustrates that a degree of 97 % linear polarization is valid 
for the complete spectral range covered by these measurements, at least from 13 nm to 15 nm. 
Already for 20° angle of incidence off normal, the influence of the degree of polarization 
causes the largest contribution to the measurement uncertainty. Typical values are Rs = 70 % 
and Rp = 50 %, yielding a reduction of measured peak reflectance of 0.3 % for 97 % degree of 
linear polarization. This is a significant contribution compared to the uncertainty of 0.1 % for 
normal incidence5. It should also be noted, that a correction for the degree of polarization is 
non-trivial even if the degree of polarization is known. For larger angles of incidence, where 
the influence is significant, not only the peak reflectance but also the bandwidth of the 
spectral reflectance is polarization dependent (Fig. 3). Consequently, measurements in both 
polarization orientations would be needed for correction. As this is at least a time consuming 
effort, we estimated the influence of the not ideal polarization on the measurement and treated 
it as an uncertainty. If lower uncertainty is needed, it would be possible to correct for this 
effect. 
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Θ = 40° Θ = 45° 

 
 Θ = 42.5  

 

Fig. 3 Reflectance (!) measured at angles of incidence Θ 
of 40°, 45°,and 42.5° and azimuth φ=90°. (") and (!) 
are the contributions of S- and P-polarization, 
respectively. For P-polarization, additionally a diffuse 
scatter background of 8"10-4 is subtracted. For the 
measurement at 42.5°, close the Brewster angle, this 
scattered radiation dominates the signal for P-polarized 
radiation. The dashed lines show calculations using a 
model fitted to the reflectance measured at normal 
incidence. 

 
A compact and versatile polarimeter for the EUV spectral range with high suppression ratio 
was designed. We measured the degree of linear polarization in the EUV reflectometer to be 
97% in the EUV spectral range. 
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Polarization dependence of EUV multilayer reflectance 
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Reflectance measurements at PTB1 use linearly polarized radiation with a degree of linear 
polarization2 of 97 %. For many applications, EUV optics are operated with unpolarized 
sources and the status of polarization changes throughout the optical system. For a full 
understanding and specification of the optics it is therefore essential to know the polarization 
properties. This holds particularly for large solid angle collector mirrors in laser pulsed 
plasma EUV sources. A full experimental characterization of the optics would, however, 
require a high effort. For the design of optical elements it is therefore worth knowing whether 
widely used codes as the IMD software3 yield reliable results. Therefore, we measured the 
reflectance of a multilayer mirror with 10 nm period for different angles of incidence up to 
45°. Taking advantage of all mechanical movements for detector and sample4, measurements 
with arbitrary polarization can be carried out up to an angle of incidence of 20°. For higher 
angles of incidence the polarimeter was used, see 2. At normal incidence (1.5° off normal), the 
reflectance peak of this multilayer appears at 19 nm, Fig. 1. Many side-wiggles are observed 
in the wavelength region down to the Si L-edge. Towards longer wavelengths, the 
absorptance in the multilayer stack becomes too high and also in a calculation no interference 
structures appear. In part (a), the main peak is shown at a linear scale. Using the optical data 
for Mo as supplied with the IMD software yields some “edges” in the calculated reflectance 
(dashed line, Fig. 1 (a)). Looking at the optical data reveals discontinuities in this spectral 
region due to the matching of different data sets. For our final fit, these jumps were smoothed 
by an interpolation. Additionally shown in part (a) is the calculation using the same 
geometrical parameters as given in Table 1 but with the smoothed optical data for Mo. The 
uncertainty of the optical data prevents a simultaneous fit of several geometrical parameters 
using only the reflectance in the main peak region. The pronounced side wiggles, however, 
allowed a precise determination of the multilayer stack geometry as shown in part (b) of Fig. 
1. Please note that all side-wiggles are well represented by the calculation. The fit over this 
wide spectral range was also much less influenced by modifications of the optical constants. 
The thickness of the MoSi2 interlayers was set to typical values taken from literature5. We do 
not claim that the parameters from Table 1 are unique, but the experimental data are 
practically ideally represented by these parameters. Therefore, these parameters should be 
useful to predict the multilayer behavior for different angles of incidence. 
 

layer thickness /nm roughness /nm remarks 
SiO2 1.687 0.2 
Si 6.369 0.2 

oxidized top Si layer 

MoSi2 0.5 0.5 
Mo 2.828 0.6 
MoSi2 1.0 0.88 
Si 5.887 0.3 

 
35 periods 

d = 10.216 nm 
 

Si !  0.3 substrate 

Table 1 Compilation of the geometrical parameters used for the calculation of the multilayer reflectance. 

23



  

(a) (b) 
Fig. 1 Reflectance of a Mo/Si multilayer with 35 bi-layers and a period of 10.216 nm at an angle of incidence of 1.5° for 

S-polarization (!). The solid red line is a calculation using IMD with the best fit parameters summarized in Table 1. Part 
(a) shows the main peak region at a linear scale. Here, a dashed line is shown additionally. It represents a calculation 
using the optical data for Mo as supplied with the IMD software. It has some discontinuities in this spectral region due 
to the matching of different data sets from literature. For our final fit (solid line), these jumps were smoothed by an 
interpolation. Part (b) shows the same data and calculation over the full spectral range at a log scale. Please note that all 
side-wiggles are well represented by the calculation.  

 
Fig. 2 shows the peak reflectance for S- and P-polarized radiation as function of angle of 
incidence. The lines show calculations using a layer model fitted to the reflectance of the 
mirror measured at normal incidence (Fig. 1). The measured values follow the calculated 
trend. The calculated curves, however, show structures not apparent in the experiment. This is 
illustrated by simply interpolating the data with a 3rd order polynomial.  

 

Fig. 2 Comparison of peak reflectance 
for S-polarized radiation (!) and P-
polarized radiation (") as function 
of angle of incidence. The region 
around the Brewster angle is also 
shown on a 10 times expanded 
scale. The lines show calculations 
using a layer model fitted to the 
reflectance of the mirror measured 
at normal incidence (Fig. 1). The 
dashed line is a simple interpolation 
of the data for S-polarization using a 
3rd order polynomial.  

Fig. 3 shows the peak wavelength as a function of the angle of incidence. The peak 
wavelength λ is related to the double-layer thickness d of the coating by the Bragg equation, 
λ = 2dnλ cosΘML = λ0 cosΘML , with nλ being the (average) index of refraction at 
wavelength λ and ΘML the propagation angle in the multilayer coating. This dependence, 
assuming constant nλ and ΘML = Θ would result in constant values in the presentation of     
Fig. 3. For angles up to 30° the values for S-polarization are indeed almost constant. For 
larger angles of incidence, calculated as well as measured values deviate from this 
dependence due to diffraction and changes in the optical constants. Again, the calculation 
shows structures not present in the measured data.  
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Fig. 3 Comparison of peak wavelength 
for S-polarized radiation (!) and P-
polarized radiation ("). For a better 
readability, the data are normalized 
with the suspected cos- dependence 
according to the Bragg-equation. The 
lines show calculations using a model 
fitted to the reflectance measured at 
normal incidence see Fig. 1.  

 
Taking advantage of all possible movements of detector and sample in the EUV 
reflectometer, we demonstrated the ability to measure detailed polarization properties of EUV 
optics up to angles of incidence of 20° to the normal. The results shown here reveal 
significant differences between reflections in S- and P-polarization geometry already for 
rather small angles of incidence, such as 5°. The polarization dependencies obtained over a 
wide range of the angle of incidence were compared to calculations with the IMD-code based 
on a multilayer model fitted to the reflectance measured at near normal incidence. The 
comparison reveals that the IMD-code accurately predicts the general trends in wavelength, 
peak reflectance and bandwidth. For individual wavelengths, the accuracy of calculations with 
IMD presently obviously suffers from the optical data available. Measurements using the 
highly polarized radiation in the PTB’s EUV reflectometer with variable orientation of the 
plane of reflection are a promising tool to improve the situation. 
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Scatterometry, the analysis of light diffracted from a periodic structure, is a versatile 
metrology for characterizing periodic structures, regarding critical dimension (CD) and other 
profile properties. When exposing an EUV mask with EUV radiation of 13.5 nm, the 
radiation is reflected by the multilayer stack which is about 300 nm thick. For EUV radiation, 
all layers in the stack contribute to the reflection. Therefore, only EUV scatterometry1 
provides direct information on the mask performance comparable to an EUV lithography tool. 
With respect to the small feature dimensions on EUV masks, the short wavelength of EUV is 
also advantageous since it provides more diffraction orders as compared to UV. PTB's EUV 
reflectometer2,3 at the storage ring BESSY II allows mask surface scanning in Cartesian 
coordinates at 10 µm positioning reproducibility. The probed area (photon beam size) is about 
1 mm square. We present measurements on prototype EUV masks and we demonstrate the 
use of EUV scatterometry to determine the CD and side-wall geometry of lines including 
technological imperfections like side-wall angles and corner rounding using rigorous 
calculations of EUV diffraction. Results of a scatterometry measurement are shown in Fig. 1. 
A structure of lines&spaces was illuminated at an angle of 6° to the normal and perpendicular 
to the orientation of the lines. The design CD of the structure was 140 nm and the design duty 
cycle 1:5 (dark:bright). 

Fig. 1 Typical measurement of 
diffracted intensity as function 
of detector angle, λ=13.65 nm. 
The angle is shown as 
difference angle to the specular 
reflected beam.  

For homogeneous regions, reflectometry at open multilayer (ML) or absorber areas can be 
used to obtain detailed information on layer thicknesses4. By comparison of the reflectance in 
ML and absorber areas, information can be obtained on the absorber thickness and the 
thinning of the capping layer due to oxidation in the open ML regions after buffer etch.  
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Fig. 2 SEM pictures of EUV mask 
patterns and corresponding 
triangulated geometries for FEM 
computation. 

 

Fig. 3 Scheme of the geometrical 
parameters varied for simulation: 
Top CD, sidewall angle, height, 
and top corner radius. 

 

Fig. 4 Reflectance of -9th to 13th 
diffraction order at wavelengths 
of 13.4 nm, 13.65 nm and 
13.9 nm. Experimental values 
(!) and simulated values (!) 
agree for almost all points 
simultaneously. The lines 
connecting the simulated values 
and are only to guide the eye. 

Fig. 2 shows SEM cross sections of lines on EUV masks together with the triangulation 
models used for the FEM calculations. Fig. 3 defines the geometrical parameters varied and 
Fig. 4 shows measured diffraction orders for 3 different wavelengths. The measured 
diffraction orders do not carry direct information about the absorber line profile. For the 
numerical simulations we use an adaptive finite element approach on irregular meshes and 
domain decomposition techniques for EUV mask simulations5. This gives us the opportunity 
to model geometrical structures accurately. The FEM method is especially suited for this 
application: 

!! Maxwell's equations are solved rigorously without approximations 

!! The flexibility of triangulations allows modelling of almost arbitrary structures  

!! With appropriate localized ansatz functions physical properties of the electric field like 
discontinuities and singular behaviour can be modelled very accurately  

!! The convergence of the FEM method to the exact solution is proven mathematically 
In our work we used the FEM solver JCMharmony which has been successfully applied to 
various electromagnetic field computations like waveguide structures6, DUV phase masks7, 
and other nano-structured materials8. The geometrical parameters given in Table 1 are 
obtained by minimizing the difference between calculated and measured diffraction intensities 
with an optimization algorithm. The results individually calculated for all 3 wavelengths 
agree pretty well. 
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wavelength top CD sidewall angle  height (FEM) height (reflectom) corner radius 

13.40 nm 147.5 nm 89.5° 76.4 nm  6 nm 
13.65 nm 147.3 nm 90° 75.3 nm 74.9 nm 6 nm 
13.90 nm 147.8 nm 90° 77.4 nm  6 nm 

Table 1  Compilation of the geometrical parameters obtained by FEM simulation of the measured diffraction intensities. 

We demonstrated that single wavelength EUV scatterometry in combination with FEM 
simulations is a viable method for an accurate and robust destruction free characterization of 
EUV masks. We compared experimental diffraction orders to FEM simulations. For the FEM 
simulations, the EUV mask is described with a finite number of geometrical parameters and 
then the best fitting values determined by minimizing the deviation of experimental data to 
simulated values. The FEM method is well suited for the simulation of EUV masks since it 
allows computation of nearly arbitrary geometries, is very accurate and very fast as a 
precondition for the solution of the given inverse problem. We considered the top critical 
dimension, the sidewall angle, the height of the absorber lines and the top corner radius as 
unknown parameters. The search for the best fitting geometry at three different wavelengths 
gave nearly the same values for the top critical dimension and the absorber sidewall angle 
proving both robustness and accuracy of the method. Using as many diffraction orders as 
possible, effectively improved the significance of the results. The absorber corner radius and 
total stack height have only minor influence on the diffraction pattern and could only be 
estimated using all available diffraction orders. The stack height, however, can be determined 
unambiguously by reflectometry at absorber fields. 
The combination of reflectometry at dark and bright test fields and scatterometry at 
lines&spaces provides full information on layer thicknesses, top CD, and sidewall angles. 
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The region of the electromagnetic spectrum from 0.1 THz to 20 THz ( 3 mm to 15 μm 
wavelength) is a frontier area for research in physics, chemistry, biology, materials science 
and medicine. Sources of high quality radiation in this area have been scarce [1]. In the MIR 
and FIR region with wavelengths between 2 μm and 300 μm, electron storage rings are 
excellent broadband sources of high brilliance and power, in comparison with standard 
thermal sources. For wavelengths above 300 μm the low net transmittance of the extracting 
optics of an IR beamline caused by diffraction due to the larger natural opening angle of the 
radiation and the finite sizes of the optical elements involved may limit the use of the 
synchrotron radiation. The frequency range between 0.1 THz to 1 THz bridges the gap 
between the microwaves and the FIR and has proven to be challenging to accesses and is 
therefore referred to as the “THz gap” [1]. Coherent synchrotron radiation (CSR) from 
storage rings could bridge the gap since it offers powerful broadband radiation in the 
frequency range below 1 THz [1].  

CSR occurs when the electrons in a bunch emit synchrotron radiation in phase. CSR 
intensity is proportional to the square of the number of electrons per bunch in contrast to the 
linear dependence of the usual incoherent radiation. Since the number of electrons per bunch 
is typically very large (≥ 106), the potential intensity gain for a CSR source is huge. 
During the past few years, at BESSY II a new technique to generate stable, coherent THz 
radiation from the electron storage ring has been developed [2, 3]. The option to produce CSR 
is also envisaged for the Metrology Light Source of the PTB by tuning the quadrupoles in an 
appropriate way. The required control of higher-order terms of the momentum compaction 
factor alpha, with respect to momentum deviating electrons, will be performed by 3 families 
of sextupoles and one octupole family [4]. The emitted spectral range of the bunches 
compressed to 1 mm in length will be the same as for BESSY II. The expected radiant power 
of CSR at the MLS can be estimated by applying the BESSY II results (see Fig. 1). A scaling 
has to compare the charge per bunch limited by the bursting instability, the passing time of 
the bunch through the acceptance angle of the detector, and the different emission cone due to 
the characteristic energy of the dipole radiation. This yields, under the assumption of identical 
bunch lengths, a value of 12 % of the power compared to the BESSY II ring [4]. This, 
however, only applies to the stable emission process, not to the bursting case, which depends 
on the maximum stored current per bunch.  
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Figure 1. Expected radiant power for stable, coherent synchrotron radiation (CSR) (crosses) at the 
MLS compared with the incoherent radiation from a bending magnet, IR radiation from the undulator 
U180 and radiation from a black body of 3000 K and 10 mm2 emitting area. The estimation is based 
on the measurement of CSR at the IRIS beamline at BESSY II. 

 

 
Recent calculations have shown that the bunch length at the MLS operated in the low-

alpha mode is smallest in the straight sections and largest in the section between the bending 
magnets [4]. This is illustrated in Fig. 2 which shows a simulation of the bunch length at the 
entrance and at the exit of the bending magnet following a straight section. Therefore, a 
higher intensity and a broader spectrum of the CSR are expected at the bending magnet ports 
that are located closest to a straight section, as is the case for the dedicated THz beamline [5]. 
The optical design of the MLS-THz beamline is comparable with the new THz beamline at 
BESSY II [6]. The plane extraction mirror will be placed at about 1550 mm and deflects the 
beam upwards to a combination of mirrors which focus the beam outside the radiation 
shielding wall to the experiment located at the roof of the bunker. A quartz window after the 
first mirror separates the UHV of the storage ring from the rest of the beamline. Construction  
of the the THz beamline should be finished in 2007. Operation will start in 2008. 
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Figure 2.  Design of the Metrology Light Source (upper picture). The lower picture shows plots of the 
simulated electron bunch length at the entrance (left) and exit side (right) of an MLS bending magnet 
following the straight section for 1 mm rms long bunches for normal operation (outer curve). For 
special operation, 10 times shorter bunches (inner curve) are only feasible at the entrance side of the 
bending magnet, where the exit port of the THz beamline is nearby. 
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Abstract. In a proficiency test of the International Atomic Energy Agency (IAEA) involving 
atomic and nuclear methods the Physikalisch-Technische Bundesanstalt (PTB) contributed to 
the investigation of an ancient Chinese ceramic employing reference-free X-ray fluorescence 
analysis (XRF). The respective XRF measurements were performed at BESSY II employing 
different excitation energies in the hard X-ray range. A fundamental parameter based XRF 
quantitation approach was used to evaluate the fluorescence spectra. Due to absolutely 
calibrated instrumentation of PTB all experimental values were obtained in a completely 
reference-free manner. The analytical results of the Chinese ceramic achieved by reference-
free XRF are in line with  target values given by the IAEA .  
 
Introduction. The Reference Material Group of the Chemistry Unit of the IAEA’s analytical 
laboratories conducted a proficiency test of applications of nuclear analytical techniques to 
investigate the authenticity of art objects. For this test an ancient Chinese ceramic has been 
provided to 36 laboratories around the world, of which 24 reported their results to the IAEA. 
The methods applied were mostly Instrumental Neutron Activation Analysis (INAA) and 
XRF but also Prompt Gamma-ray Activation Analysis (PGAA), Proton Induced Gamma-ray 
Emission (PIGE), Proton Induced X-ray Emission (PIXE), Inductively-Coupled-Plasma 
Mass-Spectrometry (ICP-MS), atomic absorption spectroscopy (AAS), and Inductively-
Coupled-Plasma Optical-Emission-Spectrometry (ICP-OES). Our goal in taking part in this 
test was to prove the corresponding capabilities of absolutely reference-free quantification in 
XRF analysis [1]. In general, XRF table-top devices are to be pre-calibrated by means of 
appropriate calibration or standard reference materials prior to the analysis of an unknown 
sample. However, in the PTB laboratory at BESSY all relevant experimental parameter are 
well-known due to the absolute calibration of all detectors employed in an XRF experiment. 
Hereby, fundamental parameter based quantitation of XRF analysis without any reference 
samples is enabled.  
 
Experimental. The ancient Chinese ceramic was provided as a fine powder by the IAEA. 
This sample was pressed at a pressure of about 200 - 300 kN to a pellet without adding any 
additional binding material. The measurements were performed in equipment for reference-
free XRF analysis at PTB’s four-crystal monochromator beamline that provides 
monochromatized X-ray radiation of high spectral purity in the energy range from 1.75 keV to 
10.5 keV [2]. 

                                                           
1 Present affiliation: PANalytical B.V., 7600 AA  Almelo, The Netherlands 
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The UHV chamber for XRF is equipped with calibrated diaphragms in fixed but changeable 
positions to define the geometry between the incident radiation, the sample surface, and the 
fluorescence radiation. Due to the calibration of the diaphragms the solid angle of detection is 
well known. Using calibrated photodiodes the flux of the incident radiation is determined. The 
fluorescence radiation is measured with an energy-dispersive Si(Li) detector that is calibrated 
with respect to its response function and efficiency. Hence all data necessary for a reference-
free fundamental parameter based evaluation of the fluorescence analysis are provided due to 
this calibrated equipment. Three excitation energies were chosen according to a typical 
composition of ceramics. Thus the sample has been excited at 3.0 keV, 7.0 keV, and 9.7 keV. 
The spectra are shown in figure 1. 
 

 
Data evaluation. The count rates of relevant fluorescence lines were determined from the 
XRF spectra using the best fit based on the minimization of χ² employing experimentally 
based detector response functions. During the registration of the spectra the incident photon 
flux was monitored by means of a calibrated transmission photodiode [3]. Using these data in 
the fundamental parameter approach the weight fraction of each element has to be 
determined. Besides the primary excitation, secondary and tertiary excitation [4] by energetic 
higher fluorescence lines as well as by photoelectrons has to be included. The photoelectron 
secondary excitation effect has been investigated for typical main matrix constituents such as 
Mg, Al, and Si in an IKYDA project. The fluorescence intensity of the respective Kα,β 
fluorescence lines of one-elemental free-standing foils of about 2 µm thickness each has been 
evaluated in dependence on the excitation 
energy. The energy of photoelectrons 
induced scales with the one of the incident 
photons allowing for multiple secondary 
excitations with increasing energies. Hence 
the measured fluorescence line intensity 
increases with increasing incident photon 
energy. Figure 2 shows the effect for a 1.6 
µm thick silicon foil. Here, the experimental 
deduced intensities were compared to the 
fundamental parameter approach without 
including any photoelectron secondary 
excitation. At 7 keV excitation energy the 
fluorescence line intensity is increased by 
about 4 % and at 9.7 keV the increase is 
about 5.5 %. Such data are also available for 
Mg and Al, whereas for other light elements 

 
 
Fig. 1: XRF spectra of an ancient Chinese ceramic excited at different photon energies E 
The colored lines show the fit of the line energies convoluted with the experimentally determined response 
function of the calibrated detector to retrieve the count rate for each fluorescence line. 

Fig. 2: Increase of element-specific fluorescence 
intensity of Si Kα,β by photoelectron secondary 
excitation. 
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the corresponding enhancement factor has to be approximately scaled with the atomic number 
based on the available data. Associating the main matrix components with 2 µm thick foils, 
the aforementioned secondary excitation data were included in the calculation of the matrix 
elements of the Chinese ceramic by increasing the fluorescence intensity of the respective 
elements by the given factor.  
The elemental weight fractions determined were converted to the weight fractions of the 
respective oxides. Table 1 shows our results in the second column with the relative 
uncertainty compared to the given target value of the proficiency test of the IAEA. The 
instruments’ contribution to the relative uncertainty is about 3 %, the results are considerably 
more affected by the tabulated fundamental atomic parameters of the elements, some of which 
only have estimated uncertainties. The deviations of the rare earth elements in the last three 
rows of the table are likewise due to problems with the spectra deconvolution of the minor 
peaks or due to problems with the fundamental parameters in the energy range of the 
respective L absorption edges. 
 
 

 
Conclusion. We have shown, that reference free X-ray fluorescence analysis provides within 
the frame of its current uncertainties the same results as the target value given by the 
evaluation of all reported data by the IAEA, except for rare earth elements.  
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 determined value 
(µg/g) 

rel. uncertainty 
(%) 

IAEA’s target value 
(µg/g) 

     
SiO2 676600 25 675000 ± 7000 
Al2O3 246600 25 239000 ± 4000 
CaO 7252 20 6200 ± 500 
MgO 6367 25 7000 ± 1200 
K2O 23120 15 23000 ± 2000 
TiO2 9023 15 9500 ± 400 
MnO 256 15 260 ± 10 
Fe2O3 24560 20 27000 ± 1000 
Ni 24 20 25.7 ± 7.4  
Cu 22 20 26.9 ± 9.5  
Zn 54 20 58.5 ± 6.6  
Pm 249 30  
Nd 130 30 51.9 ± 7.2  
Sm 77 30 8.7 ± 1.0  

Table 1: compilation of results using all three excitation energies simultaneously 
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The Physikalisch-Technische Bundesanstalt (PTB), the German national metrology institute, is setting 
up a dedicated low-energy electron storage ring in close cooperation with the BESSY GmbH. The new 
storage ring, named Metrology Light Source (MLS), will be mainly dedicated to metrology and 
technological developments in the UV, VUV and EUV spectral range. The MLS can be operated with 
parameters optimized for special calibration tasks, which is rarely possible at a large multi-user 
facility. Here we report the status and the anticipated instrumentation and utilization of the MLS. 
 
The MLS is being built adjacent to the BESSY II facility. The storage ring building is completed, and 
all major parts of the storage ring and the injection system have already been supplied [1, 2]: The 100 
MeV racetrack microtron, the injection system with four Delta like slotted pipe kicker magnets and 
one air-cooled septum magnet, all magnets and girders, the 500 MHz RF cavity and the vacuum 
system. Each of the four quadrants of the storage ring was baked out in an external oven and than 
placed into the MLS bunker (see Fig. 1). The commissioning of the 100 MeV injection microtron 
started in January 2007. The vacuum system of the ring will be closed in March 2007 and the 
commissioning of the storage ring will begin in May 2007.  
 

 
 
Figure 1. A 180° panorama view in the MLS Bunker. Status of 19th January 2007. 
 
The MLS has been designed by the BESSY GmbH [3] to meet PTB’s demands for a UV/VUV source 
with high stability and  reproducibility, and to complement the spectral region covered by the BESSY 
II electron storage ring at the lower photon energy range [4, 5]. The electron energy can be chosen in 
the range from 200 MeV to 600 MeV, i.e. the characteristic photon energy can be tuned in the range 
from 11.6 eV up to 314 eV. This allows the high-energy end of the bending magnet spectrum to be 
adjusted in such a way that radiation which would lead to higher diffraction orders and stray light in a 
monochromator is suppressed. Furthermore, the tuning of the characteristic photon energy is very 
helpful to achieve an effective reduction of the heat load and the contamination of the optical 
components of the beamlines, which is necessary for stable measurement conditions. 
The electron beam current can be adjusted in a range of more than 11 orders of magnitude, i.e. from a 
single electron (1 pA) up to 200 mA, in order to adjust the photon flux to the measurement task. The 
MLS has a circumference of 48 m and is designed as an asymmetric double-bend achromate with 
twofold symmetry. Each of the eight 45° bending magnets can be equipped with two front ends. The 
MLS has two long and two short straight sections. The long straight section can accommodate 
undulators of the BESSY II design which enables PTB to operate its U180 undulator in the MLS. 
Injection will be effected from a 100 MeV microtron, the energy is then ramped to the desired value. 
The anticipated lifetime at a maximum electron beam current of 200 mA is calculated to be in the 
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range from better than 1 h to about 10 h for operation at 200 MeV and 600 MeV electron energy, 
respectively.  
Essential for PTB is the use of the storage ring as a primary source standard for the calibration of 
radiation sources and energy-dispersive detectors (source-based radiometry) [6]. The spectral photon 
flux of the synchrotron radiation from bending magnets can be precisely calculated from classical 
electrodynamics using the Schwinger equation, if all parameters entering the equation are known. At 
the MLS, PTB will install equipment to be able to measure of these parameters with high accuracy [5]. 
In Fig. 2, the expected photon flux available at the MLS and BESSY II is shown. In combination with 
monochromator beamlines as a source of monochromatic radiation of high spectral purity, the MLS 
will also be used for detector-based radiometry and reflectometry.  
 
 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

 
 
Figure 2. Calculated photon flux and radiant power available at the MLS for 200 MeV and 600 MeV electron 
energy emitted from a bending magnet and the PTB undulator U180 and the wiggler W180 (undulator U180 
operated in the wiggler mode) as compared to bending magnet radiation of BESSY II for 1700 MeV and 900 
MeV (a special PTB operation mode) and the PTB undulator U49.  

 

At present, PTB is using BESSY II as a calculable radiation source (primary source standard) and is 
operating 10 experimental stations at four bending magnet beamlines and one insertion device 
beamline in its BESSY II laboratory [7]. The instrumentation there available is designed primarily for 
the coverage of the EUV, VUV and X-ray spectral range. At the MLS, the instrumentation will cover 
the spectral range from the FIR up to the VUV region and will therefore considerably expand and 
improve the measurement capabilities on the low-energy side as compared to the BESSY II 
instrumentation. The radiation from four bending magnets and from one undulator will be used. Seven 
stations will be set up on the experimental floor for the coverage of the UV up to the VUV spectral 
range, and on the top of the storage ring bunker roof, an FIR/THz and two IR stations [8] are planned. 
Another four bending magnets and an undulator straight-section are available for a future upgrade. 
Figure 3 illustrates the planned instrumentation at the MLS. A list of the beamlines and typical 
applications is given in table 1.  
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Figure 3. Planned beamlines and experimental stations at the MLS. 
 

Table 1:  List of Planned Beamlines and Typical Applications. 
No. in Fig. 3 Beamline and Application No. in 

Fig. 3 
Beamline and Application 

1a IR undulator radiation 
2 mm to 20 mm/ 
Compton-backscattering laser 

3 EUV plane grating monochromator 
(reflectometry), 4 nm to 40 nm 

1b deflected undulator radiation 
(high-flux experiments) 

4 UV/VUV monochromator  
(detector calibration, reflectometry), 
40 nm to 400 nm 

1c direct undulator radiation /  
Compton-backscattering detector 

5 FIR/THz beamline 
0.6 μm to 8 mm 

1d UV/VUV monochromator for undulator 
radiation, 4 nm to 400 nm 

6 IR beamline 
0.6 μm to 8 mm 

2a direct bending magnet radiation 
(use of calculable photon flux) 

7 diagnostics frontend 

2b UV/VUV monochromator  
4 nm to 400 nm (source calibration) 

  

 
The radiation from a 180 mm–period-length undulator (U180) will be directed to a combined normal 
incidence (NI) and grazing incidence (GI) monochromator (station 1d). This combined set-up will 
cover a wide spectral range from 4 nm to 400 nm using a modified collimated grating monochromator 
(cPGM) design with an additional normal incidence mirror. For average radiant power, PTB’s 
measurement capabilities at the MLS within the framework of detector-based UV and VUV 
radiometry will be extended to cover a dynamic range from fW to mW. This also provides the basis 
for developing and applying advanced (micro-) spectroscopy and metrology techniques for the 
quantitative but standard-free analysis of gases and surfaces. 

Alternatively, the direct undulator radiation (station 1c) or the undispersed, deflected undulator 
radiation (station 1b) can be used. The undispersed, calculable radiation (see below) from a bending 
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magnet can be either used at a white light beamline (station 2a) or for the calibration of a combined NI 
and GI monochromator system (station 2b) that will be used thereafter for the calibration of radiation 
sources. 
The development of EUV lithography (EUVL) at 13 nm is critically based on the availability of a 
suitable metrology. To fulfill the growing demands of the industry, we are planning a dedicated EUV 
beamline at the MLS (station 3).  

Station 4 uses a NI-monochromator that will be transferred from the BESSY II radiometry 
laboratory after an upgrade, and will primarily be used for detector calibration and reflectometry in the 
UV and VUV spectral range from 40 nm to 400 nm. 
Three beamlines dedicated to the use of IR synchrotron radiation are planned at the MLS [8]: The long 
period undulator U180 at station 1a provides radiation with high flux in the MIR spectral range,  a 
THz beamline at station 5, optimized for the FIR/THz spectral range, and the MLS-IR beamline at 
station 6, optimized for the MIR to FIR. The front ends of all IR beamlines are on the roof of the 
bunker of the MLS. 

Like BESSY II, the MLS will be operated as a primary source standard and PTB will therefore 
install equipment for the measurement of all parameters entering into the calculation of the emitted 
photon flux. E.g., at a diagnostics front-end (station 7), instrumentation for the measurement of small 
electron beam currents, down to a single stored electron, will be set up. The electron energy will be 
measured by Compton backscattering of laser photons at station 1c.  
 

In summary the project Metrology Light Source is well under way. The MLS will take up user 
operation in 2008. The machine layout is optimized for the coverage of the THz/FIR and the UV, 
EUV and VUV spectral region and will mainly be used for radiometry and technology development in 
this spectral region. A special mode of operation will allow the production of coherent synchrotron 
radiation and thus the production of THz/FIR radiation with enhanced intensity. In a first stage, 10 
experimental stations and a diagnostics front-end will be set up. However, the design of the storage 
rings allows a future upgrade by a similar number of additional stations. 
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While compounds in the gas phase can be measured by high temporal and spatial resolution using
optical and remote sensing methods it is crucial to have analytical methods that enable us to
measure the aerosol samples collected in a short time whilst retaining the information on the size
distribution of the particles. Although ion chromatography (IC) is a relatively simple analytical
method for the determination of major ionic species in aerosols, its major disadvantages are the
destructiveness and the relatively high detection limit that needs a relatively high sample volume
for reliable analysis [1]. Total-reflection X-ray fluorescence (TXRF) spectrometry is sufficiently
sensitive for a multielemental analysis of size-segregated aerosol samples of around 10–9 g [2].
Cascade impactors allow the collection of aerosols directly on the reflector surface. A near edge
X-ray absorption fine structure (NEXAFS) investigation in conjunction with TXRF spectroscopy
analysis of minute samples on wafer surfaces is a unique non-destructive method for the specia-
tion of the atmospherically important low-Z elements (C, N and O) [3]. Due to the extremely
high sensitivity of the technique, a nanoscopic amount of material is enough to carry out the
measurement.
Coastal Antarctic aerosol particles were collected near the Italian base located at Terra Nova Bay
(Ross Sea), on silicon wafers using a 7-stage May cascade impactor, from 14 to 19 February
2004. For comparative purposes, aerosol samples were also collected with the same instrument
near the sea-shore in Alghero (Sardinia, Italy), from 6 to 11 June 2004. The May impactor has, at
a 20 l/min sampling flow, aerodynamic cut-off diameters of 1, 0.5 and 0.25 µm for stages 5 to 7,
respectively. The sampling duration varied between 1 to 10 (for stage 7), 5 to 50 (for stage 6) and
10 to 100 minutes (for stage 5), to obtain the best loading of particles in the impacted lines. The
shorter collection times were applied in Alghero, while the lower concentration of aerosols in
Antarctica required an order of magnitude longer sample collection duration.
The TXRF experiments were performed at the plane grating monochromator (PGM) beamline of
Physikalisch-Technische Bundesanstalt (PTB), the German national institute for metrology, at the
electron storage ring BESSY II using undulator radiation that provides a high photon flux of high
spectral purity in the soft X-ray range. The K edge of nitrogen was examined on the wafer sam-
ples in the UHV irradiation chamber of PTB. The beam profile was 140 × 40 µm², which resulted
in an illuminated area of 3.2 mm × 40 µm at an angle of incidence of 2.5°. For a typical energetic
scan at the N-K edge, the incident photon energy was varied from 395 eV to 415 eV in steps of
125 meV. At each point of the scan a TXRF spectrum was recorded for 20 s and the detected N-
Kα count rate was deduced. To determine the molar ratio of ammonium and nitrate in the aerosol
samples, (NH4)2SO4 and NaNO3 standards prepared on silicon wafers were measured in identical
conditions. Using a linear combination of the TXRF-NEXAFS spectra recorded for the two
standards, a semi-quantitative ammonium/nitrate ratio was obtained [1].
TXRF-NEXAFS spectra collected at the K edge of nitrogen provide information on the chemical
environment of nitrogen in the samples. Figure 1 shows N K-edge TXRF-NEXAFS spectra of
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fine aerosol samples (on May-impactor stages 7, 6 and 5) collected in Antarctica on 14 February
2004, and in Alghero on 11 June 2004. At Terra Nova Bay more than 90 % of nitrogen was pre-
sent as ammonium in submicrometer aerosol particles (0.25–1 µm) and the ammonium contri-
bution in the 1–2 µm size fraction decreased to 40–50 %. The ammonium to nitrate ratio showed
a decreasing trend with increasing particle sizes in the range of 0.25–2 µm. These results are in
accordance with the IC results reported elsewhere [4, 5]. According to Teinilä et al. [4], the
dominant mode containing ammonium had a peak at ~0.3 µm aerodynamic diameter, and the
nitrate-containing particle mode peaked at slightly below 2 µm. The ammonium-to-nitrate molar
ratio was found on average to be 40%/60% in the supermicrometer modes. However, our results
were obtained from a 2 m3 sampled air volume, which is one order of magnitude smaller than for
the IC results of Teinilä et al. [4] (30 m3). At Alghero, more than 90 % of nitrogen was present as
nitrate at stage 5 on 6 June 2004, which decreased to 70 % on 11 June 2004. The higher nitrate
content was expected due to the characteristics of aerosols throughout Europe [6]. Since both
sampling sites were on coastal areas, nitrate was mostly present as NaNO3, which was formed by
heterogeneous reactions of sea salt aerosols with gaseous HNO3 and other nitrous compounds [4].
The results obtained for Terra Nova Bay (Antarctica) show the applicability of the presented
technique, supported by the fact that our observations on ammonium and nitrate species at the
different size fractions fit in the trends expected from analyses of greater sample volumes [7].

Fig. 1. N K-edge TXRF-NEXAFS spectra of fine aerosol samples collected in Antarctica (left) and in Alghero (right)

This work was partially financially supported by the Italian Research Programme in Antarctica (PNRA) and by the
Hungarian Scientific Research Fund (OTKA) through project no. T049581.
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Abstract. A wavelength-dispersive grating spectrometer (WDS) that can be calibrated absolutely was 

built for various applications at the plane grating monochromator beamline for undulator radiation of 

the PTB at BESSY II. The device will be used to determine atomic fundamental parameters absolutely 

with small relative uncertainties. Well known fundamental parameters such as Coster-Kronig 

coefficients, transition probabilities of fluorescence and satellite lines as well as fluorescence yields 

are crucial for a reliable quantitative reference free X-ray fluorescence analysis (XRF). The chosen 

energy range from 270 eV to 1760 eV covers the K-fluorescence radiation of light elements from C to 

Si and the L-fluorescence radiation of transition metals. Initial experiments have been performed to 

characterize the new spectrometer and to evaluate thin free standing samples in the nanometer range. 

 

Introduction. Quantitative reference free XRF gains an increasing importance among non-

destructive analytical methods aiming at various fields of basic research and industrial 

applications (i.e. process control, quality management). The main advantage of this method is 

to directly compare measured XRF spectra with computed fluorescence radiation intensities 

instead of employing any pre-calibration curves based on reference samples. The physical 

interactions between radiation and atoms relevant in XRF are described by fundamental 

interaction coefficients (absorption and scattering), transition probabilities, and fluorescent 

yields. With these fundamental atomic parameters, the number of fluorescence photons 

emitted from a sample can be described as a function of sample properties (elemental 

composition and concentrations, thickness, layer structure, etc.), experimental setup, and the 

characteristics of the exciting radiation. Therewith the reliability of this method strongly 

depends on the relative uncertainties of the fundamental parameters employed. Especially in 

the soft X-ray range (below 2 keV) the relative uncertainties of these parameters are quite 

large (up to 40% [1]) or often not even known. Using calibrated instrumentation, especially an 

energy-dispersive Si(Li) detector, the absolute determination of fundamental parameters has 

proven as a good method to achieve small relative uncertainties (i.e. 7% [2]). The aim of the 
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present spectrometer is to get access to fundamental parameters which can not be obtained by 

a Si(Li) detector, due to its medium energy  resolution (about 100 eV for Cu-Lα at 928 eV), 

such as Coster-Kronig coefficients, transition probabilities of fluorescence lines and 

fluorescence yields. 

 

Spectrometer set-up. The design of the WDS 

provides very good mechanical stability, high 

energy resolution (about 1 eV for Cu-Lα at 928 

eV) and good detection efficiency. The WDS 

consists of an entrance slit, a spherical reflection 

grating (1200 l/mm) and a CCD-detector 

(1024x1024 pixel, 13.5 µm x 13.5 µm pixel size). 

All three elements are arranged on a Rowland 

circle (radius 2490 mm), whereas the CCD-

detector is moveable along the Rowland circle 

(see Fig.1). The mechanical stability and the 

CCD-detector ensure the long-time stability of 

the device in respect to both, its detection 

efficiency and its energy scale. For a reliable 

calibration this characteristics are indispensable. 

 

Experimental arrangement. 

Monochromatized undulator radiation 

provided by the plane grating 

monochromator beamline of PTB at 

BESSY II was employed in the current 

study. Fig. 2 shows schematically the 

experimental arrangement. The incident 

radiant power can be absolutely determined 

by using a calibrated photodiode placed 

behind the exit diaphragm. In the same 

arrangement, the absorption correction 

factors of thin samples can be 

experimentally determined by means of 

transmission measurements.  

 

Fig.2: Experimental set-up

Fig.1: Sketch of the spectrometer geometry 

          (blue line: path of the radiation)   
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Calibration. The experimental set-up allows for replacing the spectrometer by a Si(Li) detector that 

is absolutely calibrated with respect to both its efficiency and its response behavior [3]. Therewith the 

product of the effective solid angle of collection and the detection efficiency of the WDS can be 

obtained for selected photon energies by comparison to the absolute XRF measurements previously 

performed with the assembly consisting of the Si(Li) detector and a calibrated diaphragm. For the 

determination of the response behavior of the WDS, the system was illuminated directly with 

monochromatized undulator radiation during PTB’s special user shifts at BESSY. In order to correctly 

simulate the full illumination of the spectrometer during XRF experiments, the angle of incidence of 

the monochromatic radiation was scanned from the minimal to the maximal angle accepted by the 

WDS.   

 

Initial results. As a first example for the determination of fundamental parameters employing the 

new spectrometer, the determination of the transition probability for the hole-transitions from the K 

shell of Mg was chosen. Fig. 3 shows the recorded spectrum of a 2 µm thin Mg foil, excited with 

monochromatic radiation of 1487 eV photon energy. The Kα fluorescence line has an intensive 

satellite line on its high energy side, caused by shake-off and shake-up processes.  The photon energy 

of the satellite line is about 10 eV higher 

than the photon energy of the diagram line 

and the intensity ratio is about 5%. Both 

lines originate from the same transition 

(KL), but differ in the state of the atom 

before relaxation. In the case that a 

photon of the satellite line will be emitted, 

the atom has an additional hole in the L 

shell before the transition. To determine 

the transition probability for the Mg KL 

and KM transitions, the count rates of the 

Kα line plus the satellite line and the Kβ 

line were obtained. Because of the self-

absorption effect, these count rates were 

corrected by experimentally determined 

absorption correction factors. The resulting transition probability for Mg is 98.4 % for the KL 

transition and 1.6 % for the KM transition. The relative uncertainty of these results is mainly caused 

by the background subtraction and the determination of the peak areas from the spectra. Due to the 

ongoing work on the response functions, the peak areas where determined without employing them 

explicitely. Therewith the relative uncertainties of the results are about 5%. 

Fig.3: Spectrum of a  thin  Mg foil, recorded by  the 

wavelength-dispersive spectrometer 
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Conclusion. The initial results shows that atomic fundamental parameters related to the soft X-ray 

range can be determined with small relative uncertainties, which still holds when a high energy 

resolution detector is needed for their determination. Once the calibration of the employed 

spectrometer is completed, selected fundamental parameters such as Coster-Kronig coefficients will be 

accessible with relative uncertainties of about 10%.  
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Introduction 
 
For many years now galvanic deposition has been playing a decisive role for industry. Especially since 
the LIGA technique is used for the production of micro components, there has been a steady increase 
of electroplating in the area of micro structure development. Above all the degree of HARMS (High 
Aspect Ratio Micro Structures) increases enormously and with it the requirements to the 
electrodeposition process. Especially the deformation of the produced micro parts which is caused by 
internal tension within the metals or alloys often entails the uselessness of the parts for further 
application (such as hot embossing or injection moulding).With a high aspect ratio, usually even small 
deformations are enough to disable the tool.  
One possibility to decrease the tension within the metals or alloys is the use of pulse current during the 
deposition process instead of direct current which is normally used for electroplating. This technique 
called Pulse Plating induces depositions which are much more fine-grained and more homogenous 
then such which are produced by standard methods. Additionally their structures contain less impurity 
atoms, a fact that implicates the minimization of inner tension. 
 
 
Impact of the pulse current  
 
Unipolar pulse current 
Unipolar pulse currents usually consist of a simple rectangular pulse (Fig. 1 a) or a rectangular pulse 
overlapping a direct current (Fig. 1 b). 
 
 
 
 

0 

jk 

tk 
tp 

b) Overlapped pulse a) Rectangular pulse 

Fig. 1: Unipolar pulse current
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The adjustable pulse parameters are: the cathodic current density jk, the cathodic current time tk, the 
time of current pause interval tp and, if given, the direct current density jdc. The average current density 
jm, which can formally be compared to the current density used in direct current deposition, is 
established by equation (1). 
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It follows that in Pulse Plating the pulse parameters arise as independent and freely adjustable 
parameters, in addition to the parameters of direct current deposition, such as for example the 
composition and temperature of the used electrolyte, the pH-value and the shape and the dimensions of 
the substrate area .  
In Pulse Plating as well as in direct current deposition, the mass transport mechanisms that provide 
subsequent delivery of metal cations to the cathode play a decisive role. But as opposed to direct 
current deposition, in Pulse Plating there exists a diffusion coating directly at the cathode which 
periodically increases and decreases along with pulse frequency. The thinner this pulsating diffusion 
coating is, the closer it follows the cathode’s surface profile and the more homogeneous is the 
accessibility of the cathode’s surface in all its places for the deposing metal. 
If the pulse frequency is low, the pulsating diffusion coating cannot extend very far inside the 
electrolyte so convection is not relevant for the mass transport. The metal ions from inside the 
electrolyte therefore need to diffuse into the diffusion coating. This results in a second, outer diffusion 
coating comparable to that of the direct current deposition. 
While the pulsating diffusion coating limits the current density of each current pulse, the outer, 
stationary diffusion coating restricts the applicable average current density. The high concentration 
gradient within the pulsating diffusion coating makes it possible for the current density of each pulse 
to adapt values which can be up to a thousand times higher than the possible maximum average 
current density. Therefore the velocity of the deposition during a current pulse is significantly higher 
than with a comparable direct current deposition. This influences the kinesis of simultaneous 
reactions, thus the relative velocity of concurring reactions, which is of decisive importance for the 
deposition of an alloy. In Pulse Plating of a binary alloy layer, for example, the deposition of one 
component can be advantaged compared to that of another, in relation to the frequency of the pulse 
pattern and the density of the pulse current. This makes it possible to vary the composition of 
depositional alloy layers by variation of pulse parameters. 
During pulse pause intervals, the diffusion coatings acquire cations from inside the electrolyte. At the 
same time, undesirable reaction products are being repressed into the electrolyte. Therefore, within a 
average time, near the cathode results a higher concentration of metal ions and a lower concentration 
of impurity atoms than with direct current deposition. This decreases the possibility of including the 
reaction products within the deposition layer, so that the by Pulse Plating plated metals or alloys 
contain less impurity atoms, are purer and have less inner tension then depositions produced by direct 
current plating. At the same time, during pulse pause intervals diffusion leads to a decrease of 
impurities within the already depositioned layer which makes them even more homogenous and 
causes further reduce of inner tensions. It is also possible that growth centres on the cathode are being 
blocked by adsorption of inhibiting additives, forcing the system to granulate new germs with every 
new pulse. Furthermore, the high excess voltages during the pulses lower the speed of surface 
diffusion which leads to a high degree of Ad-atoms and thus also advantages the accumulation of new 
germs. Therefore, layers depositioned by Pulse Plating are extremely fine-grained and smooth. 
  
Bipolar pulse current 
With the bipolar method, in addition to the cathodic current pulses anodic current pulses are being 
programmed as shown in figure 2. The average current density can be calculated by the following 
formula: 
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In those current-time-progresses with anodic pulses, which are also known as reverse pulses, the layer 
to be depositioned is periodically built up cathodically and partly reduced inbetween by the anodic 
current pulses. 
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Fig. 2: Bipolar pulse current 
 

 
The average current density has to be cathodic so metal can be depositioned on the cathode during the 
whole process. Otherwise, the substrate would be reduced according to the rules of electrolysis. 
The function of anodic current pulses is to optimize the ability of strewing of the process. The 
streamlines of the electrical field which are bundled in certain areas of the cathode surface do not run 
differently during pole reversal so in those points where during cathodic pulse more metal is plated 
than in others, during reverse pulse more is dissolved. This makes it possible to repress the creation of 
dendrites. The growth of the deposition occurs altogether in a very homogenous way which minimizes 
the inner tensions of the layer to be plated. Therefore the method of Pulse Plating is adequate for 
HARMS if all parameters are optimally adjusted.  
Furthermore, the pulsating diffusion coating acquires metal ions during the anodic pulse which 
preferably discharge and deposit during the following cathodic pulse. The probability that reaction 
products are included in the metal structure is thus even further reduced than by using unipolar current 
pulses. 
Anodic current pulses should always be shorter but stronger than the cathodic pulses. Otherwise the 
reduction of metal in those places where too much has been accumulated before cannot occur without 
reducing the deposition on the whole surface, which would not have any of the desired effects but 
would only lengthen the time of the plating process. 
 
 
Results 
 
With many experimental series it could be shown that the Pulse Plating method can provide significant 
improvements for the deposition of nickel-iron alloy layers over the direct current method. Especially 
the bowing of the substrates and the related inner tension were investigated. They are reduced by more 
than half in a substrate depositioned by Pulse Plating, compared with one depositioned by direct 
current. The finer grains and better homogeneity of the pulse current layers are also clearly 
recognizable. 
The optimum pulse pattern varies, depending on size and structure of the sample. But it could be 
shown that the use of Pulse Plating already remunerates before the optimum pattern is found. Even 
with arbitrary pulse patterns the depositions have better properties than with direct current plating. 
The significant influence of the electrolyte composition on the layer properties has been demonstrated, 
and the necessity of keeping the concentration of its components constant has been proved. Measures 
to keep the concentration level have been introduced and partly already automatized. 
The current flow at the cathode has been successfully checked, and precepts for the minimum duration 
of the current pulses and current pause intervals could be deduced. 
Furthermore, the limit current density when plating on steel dummies and silicon wafer covered with 
plating base has been determined, which cognizance is necessary to program optimum current pulse 
patterns. 
In further experimental series, the influence of the respective pulse parameters on the deposition 
characteristics were investigated more closely, and first tendencies have already been found as well as 
for samples with large surface areas as for substrates with micro structures. 
All in all it was possible to launch the process of Pulse Plating successfully.   
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During the last years in the AZM there were several projects which dealt with the creating of mi-
cro structures in different polymers e.g. for bio or analysis applications. Here was recognized that 
such miniaturized laboratories also need corresponding circuit paths for readout the desired in-
formation. 

Within the project at first it was necessary to establish a new process to structure a metallic plat-
ing base on a polymer surface and to create the desired circuit path - layout. 

In a second step one has to optimize the process of structuring the polymer by micro hot emboss-
ing. Here one has to make sure that after the step no defects in terms of interruptions appear and 
that also the circuit paths show exactly the form of the used mould insert. 

 

1 Structuring of a metallic layer on PMMA and PC surfaces 

 

This process contains a UV-Lithography, the deposition and structuring of the plating base and 
the enhancement of the structured layout by electroplating. The UV-Lithography is less different 
from the standard process on a Si surface. But one has to attend the compatibility of the polymer 
compared to the corresponding solvents and the backing process which takes place in an oven 
and not on the hot plate. 

 

The plating base has to fulfil two conditions. It must offer a good adhesion on the polymer and 
the structuring with the desired resolution must be possible. Therefore a plating base consisting 
of a Cr and an Au layer deposited by vacuum evaporation is chosen. The structuring of the plat-
ing base occurs by the lift off process. The ratio of Cr to Au of about 2:1 minimizes the required 
duration of the lift off process and thus the residence time of the polymer inside the solvent. Fig. 
one shows a structured Cr/Au plating base with an accomplished resolution of about two micro 
meters. 

 

Last the structured layout will be enhanced by electroplating which is in this case an gold electro-
lyte. Before this step the substrates pass through an O2 plasma to ensure a high degree of wetting 
during the electroplating. 
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Figure 1: Cr/Au plating base with an accomplished resolution of about two micro meters 

 

2 Realizing of micro structures in the polymer by micro hot embossing 

 

To integrate the metallic circuit paths in polymer micro structures, hot embossing is used. 
Thereby a micro structured mould insert and the polymer substrate are heated above the glass 
transition temperature (TG) of the polymer. After the force or distance controlled embossing proc-
ess both are cooled down below TG and are separated. The result one can see in Fig. 2. 

 

 

 

 

 

Figure 2: Structured polymer and metallic circuit path 

 

In order that also after the embossing step the circuit paths act as this, during the process no inter-
ruptions of the paths may appear. For this purpose tests with different material thicknesses are 
carried out. The results shown in Fig. 3 correspond to a mould insert with a height of 25 µm and a 
PC substrate. Like one can see, a material thickness in the range of the height of the structure 
minimizes the number of interrupted circuit paths. 
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metallic circuit path 

100 µm 
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Figure 3: Number of circuit paths without interruptions after the structuring by    
  hot embossing against circuit path thickness 

 

3 Outstanding researches 

To finish the project successfully it is still necessary to pass the following researches.  

At first it’s necessary to repeat the hot embossing tests with different polymers and different  

heights of the structured tool. Additionally the whole chip has to be capped with a second  

substrate so that it can be used as a miniaturized laboratory. 
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Introduction

Liquid water is probably the most important but also the least understood substance on earth. Structure
and anomalous properties of water are both determined by a fluctuating network of hydrogen bonds
connecting the constantly mobile molecules. It turns out that established experimental techniques for
the investigation of the H-bonding network in water (neutron and x-ray diffraction and infra-red, IR,
absorption and Raman spectroscopy) do not allow for unique assignments of local H-bonding configura-
tions [1, 2]. X-ray absorption spectroscopy at the O K-edge and specifically the investigation of the near
edge structure (NEXAFS) can yield unique information about the local H-bonding environment of the
molecules in liquid water [3].
Transmission mode proved to be a reliable way of measuring the O K-edge absorption spectrum [4]. Due
to the short penetration depth of soft x-rays in water, thin water films with thicknesses in the submicron
range are needed for this. Furthermore, the water sample has to be held in vacuum in a closed holder
due to the high vapor pressure of the liquid. Following the pioneering experiment by Yang and Kirz [5]
our aim is to develop nanofluidic cells for NEXAFS investigations of liquid water.

Fabrication

The x-ray path length within the liquid should be limited to a few hundred nanometers to allow suffi-
ciently high output signals for appropriate data interpretation. To create an ultrathin liquid film using
nanoscaled geometries and provide it for vacuum measurements is technically very challenging, because
the protective membranes isolating the liquid from the vacuum have to be both mechanically robust and
transparent to x-rays. Yang et al. were the first realizing extended x-ray-absorption fine structure of
liquid water using silicon nitride (Si3N4) membranes [5]. However, the achieved thickness of the water
film defined by polymeric spacers made of polymethylmethacrylate (PMMA) did not go bellow one mi-
crometer.
At the application center for microengineering at BESSY we are currently working on the fabrication of
a nanofluidic cell which uses metallic spacers between to Si3N4 membranes to form a one-dimensional
nanofluidic channel for liquid films which are only a few hundred nanometers thick. We use microstructur-
ing techniques - which were developed initially by the semiconductor industry for the accurate pattering
in the micro- and nanometer range – such as photolithography, chemical vapor deposition (CVD) and etch
procedures. The assembled fluidic cell, which is sketched in figure 1, will be utilized for x-ray transmission
measurements at BESSY for the investigation of water.

The fabrication starts with a double-side polished silicon substrate (Si-wafer) which is coated on both
sides with a 100nm thick Si3N4 film that will serve on the one hand as the membrane and on the other
hand as a mask material for a subsequent etching step. The entire process flow is illustrated in figure 2:
The back side of the Si-wafer is lithographically structured by the deposition of a photosensitive resist,
the exposure with UV-light through a mask and a development step that transfers the mask pattern into
the resist. A subsequent dryetch step opens the Si3N4 membranes selectively (3-4). Another lithography
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Figure 1: Schematic of the assembled fluidic cell which consists of two cell parts. Metallic spacer made
of Au define an one dimensional nanofluidic channel with a net height of 500nm. The liquid
within the channel is isolated from the vacuum by two 100nm thick Si3N4 membranes. This way
transmission measurements can be performed using the nanofluidic cell.

step is applied to the front side of the substrate (5). A 250nm thick Au layer is deposited by sputtering
technique (6) which is then partly removed using a lift-off step (7). The remaining parts of the layer form
the metallic spacers that in turn define the fluid height in the assembled cell and the nanofluidic channel
(8). The silicon substrate is anisotropically etched from the back side through the opened nitride with
heated Potassium Hydroxide (KOH). That way we generate 1mm2 large Si3N4 windows (9) of which one
is shown in the picture in figure 3 that was taken with an optical microscope. To finish the fabrication
and to seal the nanofluidic channel we mount two of the fabricated cell parts using a proper adhesive
technology (10). However, first test runs showed that sporadic leakage and contamination of the liquid
may occur. A better technique to merge the cell parts more reliably using a mechanical mount is under
development.

Figure 2: Process flow of the cell fabrication using different lithography, deposition and etch steps.
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Preliminary Results

First x-ray transmission measurements at BESSY with the uncovered Si3N4 membrane revealed that no
unfavorable contaminations remain after completing the fabrication procedure. The recorded transmis-
sion data were compared with several membrane thicknesses given by the literature and a good agreement
was observed.
First rough characterizations of the assembled fluidic cell were done by FTIR measurements. The spec-
trum shown in figure 4 proves successful filing of the one dimensional nanofluidic channel with liquid
water. The prominent O-H stretching band at around 3500cm−1 indicates a water film thickness in the
sub-micron range. Furthermore, no contamination of the liquid was observed.

Figure 3: Front side of a processed
wafer showing several cell
parts. The outlines of the
fluidic channel defined by the
Au spacer can be seen as
the horizontal bars. The
detailed photo shows the
uncovered Si3N4 membrane
within the channel structure.

Figure 4: IR absorption spectrum of
the assembled fluidic cell
with liquid water in the re-
gion of the O-H stretch vi-
bration.
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Using an experimental setup based on transmission measurements utilizing white light broad 
band source, photonic band gaps in visible range could be successfully identified by at 
BESSY AZM fabricated 2-dimensional photonic crystals slabs based on LPCVD silicon nitride. 
Comparing the transmission measurements with theoretically calculated spectres, a good 
agreement could be found. By varying the geometry of the photonic crystals, the position of the 
band gap can span a large part of the visible spectra. 

Photonic crystals are electromagnetic materials with spatially periodical dielectric properties. 
First proposed by Yablonovitch [1] and John [2], the spatial periodicity of photonic crystals leads 
to Bloch-Floquet theorem and to the existence of photonic bands, analogous to electron bands in 
crystalline solids. Further, for a certain spatial dielectric functions, the dispersion relation reveals 
photonic band gaps, frequency regions, where light propagation cannot take place. Photonic 
crystals are receiving lot of interest since they enable strong confinement and localization of light 
on sub wavelength, which is why they are believed to become the core components of future 
novel electro optical systems. Besides passive components such as waveguides, splitters or 
wavelength filters, active photonic devices such as single photon sources [3] or laser resonators 
[4] were presented recently. Many activities exist of the field of photonic crystals for infra red 
wavelengths. Comparatively less research work has been performed on the field of photonic 
crystals for visible wavelengths, where photonic crystals also have large potential as both passive 
and active photonic components.  

Using an own, at BESSY AZM developed fabrication process described elsewhere [5], photonic 
crystal slabs based on LPCVD stoichiometric silicon nitride could be successfully prepared for 
the measurements. Figure 1 shows a characteristic example of a fabricated photonic crystal slab.  

  
(a) (b) 

Figure 1 – Fabricated photonic crystal slab (a) with incoming and outgoing waveguides fort the in-coupling 
and out-coupling of the light; close-up view (b) of the silicon nitride membrane illustrating its high quality 
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In order to realize the band gap in the visible wavelength range, the periodicity of the photonic 
crystal must be in the range of the half of the desired band gap wavelength, which illustrates the 
technological challenge of the fabrication task.  

Using an FDTD algorithm, a simplified, 2-dimensional model consisting of 9 periods of holes in 
silicon nitride was investigated in order to predict the occurrence of photonic band gaps [6].  The 
results of the simulation are presented in Figure 2.  

 

 

Figure 2 – Theoretical band gap calculation using a model described in [6]; the position and the shape of the 
band gap depends strongly on the geometrical parameters (a and r) of the photonic crystal and can thus be 
adjusted by varying the geometry of the photonic crystal  

Using an experimental setup described elsewhere [6], the transmission spectra of the fabricated 
photonic crystals could be experimentally measured. Figure 3 shows two examples of 
successfully measured photonic band gaps. 

(a) (b) 
Figure 3 – Experimentally measured photonic band gaps between 650 – 750 nm; in both cases, photonic 
band gap opens for TE polarised light; in the left case (a), the position of the band gap matches perfectly the 
theoretically prediction; on the right side (b), two band gaps open as predicted  
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As can be seen in Figure 3, the position and the nature of the measured band gaps matches very 
well the theoretical prediction. The perfect match, however, can not be reached since the 
theoretical prediction uses strongly simplified model, not taking into account the 3-dimensional 
nature of the investigated photonic crystal. By this way, scattering of light out of plane is not 
taken into account. This scattering is responsible for the high losses as observed in the 
measurements (see Figure 3). 

By varying the geometric parameters, the band gap can be shifted towards the desired wavelength 
as can be seen in Figure 4.  

(a) (b) 
Figure 4 – By increasing the r/a ratio, the band gap can be shifted towards shorter wavelength (a) in 
accordance with the theoretical prediction (b)   

As illustrated in Figure 4, at a fixed period of the photonic crystal of a=375 nm, wavelength 
range of approximately 650 – 1000 nm can be spawn by only varying the r/a ratio. 

Concluding, photonic band materials for visible range could be successfully fabricated and 
experimentally characterised at BESSY AZM. The measured transmission characteristics match 
well the theoretical predictions. In the ongoing work, 3-dimensional simulations will be 
performed in order to achieve an even better match between the theory and the experiment. Also, 
some basic applications of photonic crystal shall be realized and experimentally characterised. 
Using the gathered experimental and theoretical knowledge, an optical sub-wavelength resonator 
should be build using photonic crystals.  
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ABSTRACT 
 

A new and efficient way for fabricating ultra-hydrophobic and ultra-porous surfaces for bio chip and MEMS 
applications and for the production of nano-membranes is presented. Basis of this method is a back-side UV-
exposure with some substantial changes in the exposure conditions. Plant-like structures of resist have been 
generated with wetting contact angles of about 125°. Additionally added layers after lithographic patterning like thin 
metal oxide and self assembled mono layers (SAM) will increase the contact angle (ca) of more than 165°. Due to 
the lithographic fabrication method such surfaces can easily be integrated into micro fluidic channels via multi step 
exposures. 

 
1 INTRODUCTION 

 
Since the middle of last century the wettability of surfaces has become of great interest to many different research 

fields and technical applications. First of all a very special surface morphology which leads to the so called “Lotus 
Effect” is of great importance for self cleaning products like paintings, glass panels for applications in cars and 
buildings and furthermore for biological and medical systems [1]. In such special cases ultra-hydrophobic surfaces 
with contact angles of more then 150° allow very interesting new solutions for MEMS and µ-TAS applications. 

The big advantage of this effect is the generation of micro drops and therewith the minimization of the probe 
volume and the surface contact between the fluid and the solid walls. Hence, nonspecific adsorption mainly in 
biotechnology applications can be reduced drastically [2]. Because of the increasing surface to volume ratio, forces 
based on molecule interactions like hydrophilic bonding, van der Waals forces and capillary forces became the 
dominating parameters for drop volumes below 10 µL [3].  

The most important thing for the whole drop fluidic field is the availability of ultra-hydrophobic surfaces on 
which the fluidic samples form drops. That means contact angles above 150° and very low contact angle hysteresis 
are necessary for sufficient drop transportation [8]. Such surfaces can be fabricated by different technical approaches 
[6-8] but there are always problems because of sticking effects on different surfaces morphologies. Therefore, not 
every surface is capable for drop motion experiments.  

This paper presents a new way for creating ultra-hydrophobic surfaces with the demanded properties by a very 
simple back-side lithographic exposure [see also 9,10]. Big advantage of this technique is the creation of nano-
porous structures and side walls within one step so that hydrophobic surfaces can be produced by the resist only. 
Furthermore, different layer techniques are presented which cause even more ultra-hydrophobic surfaces with very 
low hysteresis. 

 
2 RESULTS 

 
The results from the back-side exposures are shown in Figure 2 and 3. Caused by the back-side exposure 

conditions and a transparent substrate which mainly works as a several hundred micrometer thick spacer between the 
mask and the resist (proximity exposure) the loss of structure accuracy is very high. The proximity effect is normally 
not appreciated in lithographic applications but here the key to ultra-hydrophobic structures 

 
2.1 Structured SU 8 

 
Figure 2 shows a variation of the exposure dose from 50 (picture 1) to 300 (picture 6) mJ/cm2 trough a mask with 

square structures of 12 µm width and a distance of 40 µm between the patterns. As one can see, the structures 
broadened when the dose is increased until they finally grow together. Result of this is an increasing contact area 
between the drop and SU 8, while the contact to the plating base is decreased. Simultaneously the contact angle 
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increases to values of nearly 125°. Figure 3 shows a pattern of 12 µm square structures with different distances 
ranging from 12 to 120 µm all exposed with a constant dose of 200 mJ/cm2. The contact angles measured on such 
surfaces without an additional coating are given in table 1. 

 

 
Figure 2: Dose variation from 1 to 6 ranging from 50 – 300 mJ/cm² of 12 µm structures and a distance of 40 µm. 

 

 
Figure 3: Distance variation from 1 to 8 ranging from 120 – 12 µm with a constant dose of 200 mJ/cm² and a 

structure width of 12 µm. 
 

Assuming from the large hysteresis of all structures, the Wenzel-state is preferred by wetting those surfaces. 
There is an increasing contact angle for the structures when the spaces between them are decreasing. The peak of the 
non wetting behavior is reached with a structure distance of 60 µm (see figure 3.4 and 2.4). For shorter distances the 
wettability of the surface is mainly influenced by the Au (contact angle around 70°) and for bigger distances the 
contact angle is determined by the characteristics of the SU 8. But if the structures network becomes to dense the 
resist forms smooth planes like shown in figure 3.7 and 3.8 and the contact angle decreased to values of plane SU 8. 
To increase the non-wetting behavior, the SU 8 surfaces can easily be coated with thin metal films which serve as 
adhesion layer for different self assembled mono layers and cause further surface tension reduction.  
 

Table 1: Overview of contact angles 
(ca) on structured SU 8 surfaces. The 
standard deviation of all contact angles 
(ca) is less than ± 3°. 
 

structure  
width [µm] 

structure  
distance [µm] 

ca 
[°] 

hys. 
[°] 

12 120 88 64 
12 96 91 77 
12 72 86 70 
12 60 125 100 
12 42 103 86 
12 30 86 47 
12 21 83 41 
12 12 85 39 

SU 8 with flash exposure 88 44 

Table 2: Overview of contact angles on structured 
SU 8 surfaces covered with two different metal thin 
films and self assembled mono layers. The standard 
deviation of all contact angles (ca) is less than ± 3°. 
 

ca 
[°] 

hys. 
[°] 

ca 
[°] 

hys. 
[°] 

structure 
width 
[µm] 

structure 
distance [µm] 

Au-ODT TiO-Dyna 
12 120 122 29 165 11 
12 96 162 17 163 16 
12 72 163 29 162 16 
12 60 162 33 162 19 
12 42 146 45 163 26 
12 30 123 22 160 35 
12 21 113 12 159 60 
12 12 114 13 161 47 

Au-ODT 112 13  
TiO- DYNASYLAN ®  150 60 

 
2.2 Coating with SAM 

In this part we used Octadecanthiol (ODT) together with a 50 nm Au-layer and 3,3,4,4,5,5,6,6,7,7,8,8-
Tridecafluoroctyltriethoxysilan (DYNASYLAN®) together with an 800 nm TiO-layer. Structures shown in figure 3 
were coated with these SAM-metal-films and the contact angle results are shown in table 2.  
The wetting behavior of the SU 8 structures can be increased dramatically by both coating techniques, whereas the 
changing caused by the TiO film is more effective. The reason for this is, that DYNASYLAN® on a oxidized 
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titanium plane surfaces like on silicon or glass (Ra ~ 90 nm) is already ultra-hydrophobic with a contact angle around 
150°. The following macro roughness produced by the SU 8 structures has not very big influence on the contact 
angle itself but the hysteresis can be reduced dramatically to values below 15°. These results explained that the drops 
on such surfaces are in the fakir-state and the penetration of the space between them is limited by the very porous 
side walls (figure 4).The same could be observed for the Au-ODT surfaces with hysteresis around 30°. Although 
these are very promising results for droplet transportation experiments, the hysteresis is still to high for that. 
 
2.3 Reduced exposure dose 

 
In this section we used the same mask as before but reduced the exposure dose below 50 mJ/cm². That means, we 

are working very close to the threshold dose for SU 8. Below these values one can hardly see a cross linking effect at 
all. For practical reasons the resist thickness was increased above the finally expected thickness of finished 
structures. With that exposure condition we can make sure that the propagated light will be totally absorbed inside 
the resist layer. The results of these exposure conditions are shown in figure 5 as example for a structured nano 
porous membrane. 
The SU 8 structures can be modified in a way that the whole structures become very porous and show a very strong 
not wetting behavior. For surfaces like this coated with TiO-DYNASYLAN® thin films, we could achieve contact 
angles of 165° ± 2° with a hysteresis of only 5°. Furthermore, with decreasing structure width on the mask one can 
achieve nearly flat surfaces with nano porous properties (figure 5). They easily can be integrated into fluidic 
structures by multi step exposures. 

 

 
Figure 4: The detail view of one of the plant-like 
structures with porous side walls in the range of 200 
nm. 
 

 
 

 
Figure 5: A nearly flat surface made by back-side 
exposure with nano holes below 1 µm. 

3 OUTLOOK 
 
The nano porous structures are going to be used in EWOD (electro wetting on dielectric) processes as 

dielectricum and as ultra-hydrophobic surfaces for providing the drop form of the fluids. Furthermore, there are 
projects in preparation for using the nano porous flat surfaces as nano membranes for gassing and mass transfer 
procedures in microfluidics.  
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Deep X-ray L ithography of SU-8 Photoresist: Influence of Process Parameters 
and Conditions on Microstructure Quality 

 
Martin Bednarzik and Bernd Löchel 

Application Center for Microengineering/Anwenderzentrum für Mikrotechnik 

In collaboration with Microresist Technology GmbH in Berlin, the Center for Advanced 
Microstructures and Devices in Baton Rouge and the Micro Chem Corp. in Newton, the 
Application Center for Microengineering (AZM) started a test row for a systematic investigation 
of the influence of process parameters on the quality of micro structures made of SU-8. For the 
investigations Micro Chem Corp. supplied two types of SU-8 photoresist material with different 
content of PAG (Photo acid generator). Silicon wafers with a standard plating base of Titanium 
and Gold were used to carry out experiments at AZM. All exposures were done at the dipole 
beamline DIP06.1a. The wafers were spincoated and prebaked at MRT. For the investigations 
two levels of Residual Solvent Content were considered, which is easy to realize by a prebake on 
a programmable hotplate. The resist thickness was set to approximately 1000 µm. All the 
parameters and levels (factors) are shown in Table 1 below. To determine the inf luence of all 
factors on the micro structure quality respectively responses namely sidewall profile, top 
scum/skin, residue and collapse. DoE was used to analyze the results (Design of Experiments). 
The multiple correlation analysis was done at the Micro Chem Corp. using JMP software. 

Tr ial/Wafer  PAG (%) Solvent Cont. (%) PEB Temp. (°C) PEB Time (min) 

1 1.25 3 60 60 

2 5.0 3 60 20 

3 1.25 6 60 20 

4 5.0 6 60 60 

5 1.25 3 90 20 

6 5.0 3 90 60 

7 1.25 6 90 60 

8 5.0 6 90 20 

 

Table 1:  Number  and conditions of factors for  modelling 

 
Exper imental 
For the Design of Experiments a 2K-1 Design with 8 trials was preferred. Different exposure doses 
on each wafer were applied. Figure 1 shows an X-ray mask supplied from the CAMD. The mask 
is devided into six equal fields. For the experiments six different doses were applied with two 
different top to bottom dose ratios, which lead to 48 experimental conditions. After exposure at 
the dipole beamline the resist has to be heated up by a so called Post Exposure Bake (PEB) on a 
hotplate. PEB must be performed to crosslink and to make the SU-8 stable. The mechanical 
properties of a fully crosslinked SU-8 photoresist are similar to those of epoxies. 

In a last process step, the development, which was kept constant for all 8 wafers, unexposed SU-
8 was washed away from the substrate. After Development the samples were rinsed with IPA and 
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dry blowed with Nitrogen. For the investigations in the SEM/LEO all 8 wafers had to be covered 
in a sputtering system with a very thin gold layer. Afterwards each wafer was diced into 6 pieces 
according the applied dose and top to bottom ratio. 

  
 

                            (a)                                                                                                                (b)   

 Figure 1:  Test pattern forks and post used for  investigations (a) and X-ray masks used for  exper iments (b) 

 

Rating 
With a rating scheme the quality of the structures was determined. Each exposed f ield from six 
per trial was investigated by SEM/LEO (qualitative rating). The scheme with the rating criteria 
is described in Table 2. Sidewall profile, top scum/skin and residue were rated by 1, 2, 3, 4 and 
5. Table 2 below shows the best (1) and the worth case (5). For the determination of the quality 
of SU-8 resist structures much more pictures were taken into consideration. 
 

Rating Residue Structural collapse Sidewall profile Top-scum (skin) 

1 - best 

    

5 - 

worst 

    
 

Table 2: SEM pictures of rated SU-8 micro structures 

 

Conclusion 
DOE was used to optimize PAG concentration, solvent content, PEB time and PEB temperature, 
bottom dose, and dose ratio. It is clear that the independent factor, solvent content, has a major 
inf luence on all four responses (top scum, residue, structure collapse and sidewall profile).  No 
other factor had such an across-the-board affect on all responses.  Top scum and residue f it 
polynomial models easily with correlation coefficients of, respectively 0.85 and 0.95. Both top 
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scum and residue were controlled not only by the independent factors, but also by more than one 
interaction. Most notably, the interaction between solvent content and bottom dose were 
signif icant in predicting top scum and residue. Table 3 below shows a brief summary of each 
independent factor and several interactions.  A single *  indicates a 90% confidence interval for 
signif icance, two ** indicates 95%, three *** indicates 99% and NS indicates not signif icant.  
Although the predictive model correlation for structure collapse and sidewall profile were low, 
two independent variables were found to be highly (99%) significant; namely solvent content 
and PEB temp.  As shown in Figure 2 below, a high solvent content (of 6%) and a low PEB 
temperature (60°C) should produce the least structure collapse and the best sidewall profile. 

 

 
 
 

  

  

Table 3:  Summary for  the Design of Exper iments of ~1000 µm thick SU-8 Photoresist 

Not all possible interactions were tested because the number of terms in the polynomial equation 
were limited by the number of trials (n) to n-1.  For this reason, only interactions whose main 
effects showed signif icance were only included in the model. The predicted optimum process 
parameters can be determined with the polynomial model from multiple correlation analysis: 
PAG = 5 %, Solvent Content = 6 %, PEB Temp. = 60 °C, PEB Time = 40 min and Bottom Dose 
= 12 J/cm3 (see Table 4).  

 

 

 

 

 

 

 

 

 

 

Table 4: Influence of all factors on responses for  a 1000 µm SU-8 process using X-ray lithography 

The authors would like to acknowledge the financial support of BMBF under contract number 
16SV1747.  

Top Scum Residue Structure Collapse Sidewall Profile
Correlation Coefficient 0.85 0.95 0.5 0.69

PAG ** * * NS
Solvent Content *** *** *** ***
PEB Temp *** ** *** ***
PEB Time *** ** NS NS
Bottom Dose *** *** NS **
Solvent Content x Bottom dose *** *** * NS
Solvent Content x PEB Temp NS ** ** **
PAG x Solvent Conent *** * NS **
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Introduction 

 

Nanotechnology and the underlying nanosciences enables scientists and engineers to structure 

and manipulate matter at the molecular level. New “nanoengineered” products and materials 

will have an impact on a variety of industrial markets such as telecommunications, energy 

technology, biotechnology, etc. However, the economical success of nanotechnology and its 

ability to revolutionize commercial markets, as it did in science and research areas in the past 

decades, strongly depends on new fabrication techniques that are easily accessible for the 

industrial environment allowing to built nanostructures and nanodevices without demanding 

technical efforts. Thus, many international research activities are focused on alternative 

techniques to cost-intensive and limited-access fabrication methods with nanometer 

resolution. 

 

Nanoimprint Technique 

 

One approach to fabricate accurate nanostructures in the nanometer range is an imprinting 

technology which is derived from the industrial established hot embossing. It basically 

requires three components: a rigid stamp with suitable (nano-)feature sizes, an “imprintable” 

material and the equipment for pressing the stamp against the material with adequate control 

of the temperature, pressure and parallelism. 

Chou et al. published in 1995 for the first time the possibility to transfer a nanoscaled 

structure from a stamp into a polymeric substrate using hot embossing [1]. He presented the 

“nanoimprint” technology, which is illustrated in figure 1, as a relatively straightforward 

method for the pattern transfer in the nanometer range. A stamp made of silicon (Si), silicon 

dioxide (SiO2) or metal is imprinted under pressure into a polymer or resist which is heated up 

well above its glass transition temperature (Tg) so that the stamp structures can penetrate into 

the viscous polymer. The stamp remains for a certain amount of time in the polymer to ensure 

proper cavity filing and to improve the imprint results. Next, the system is actively cooled 

below Tg. During the cooling phase the stamp remains within the polymer to compensate 

deformation caused by shrinking of the material. After reaching a temperature slightly under 

Tg, the stamp is gently removed and finally the negative stamp pattern is transferred to the 

polymer. Depending on the application, one can remove the residual polymer in the 

compressed areas with an additional anisotropic etch step. That enables the subsequent pattern 

transfer into the substrate with another etch step that is not shown in figure 1. 
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Figure 1: Schematic of the nanoimprint 

lithography process: A rigid mold with 

feature sizes in the nanometer range is 

pressed into a heated polymeric material. The 

mold is removed after actively cooling the 

system below the glass transition temperature 

of the polymer. An anisotropic etch step can 

remove the residual polymer in the 

compressed areas, if necessary. 

 

The nanoimprint technique was 

developed as an alternative 

lithography method for nano-

patterning of resists in the 

semiconductor industry below the 

physical limitations of resolution 

               which are associated with optically 

driven systems. However, the nanoimprint lithography (NIL) was not able to accomplish the 

initial expectations as a so called Next-Generation Lithography (NGL) and plays only a minor 

role in this area so far. Nevertheless, the nanoimprint has a high potential for a cost-effective 

fabrication technology of less demanding and inexpensive permanent nanostructures in 

polymeric micro-nano-systems. It allows patterning at different scales (from micron down to 

tens of nanometers) making it suitable for a number of application in optics, sensors and 

microfluidics [2]. 

 

Imprinted Polymeric Nanostructures 

 

The application center for mircoengineering at BESSY recently established an entire process 

line that is related to the nanoimprint technique. This includes the fabrication of suitable 

molds and the imprint technique for polymeric nanostructures. We developed an adequate 

process to fabricate nanostructured stamps made of silicon using e-beam lithography and dry 

etch techniques. Furthermore, we are currently working on a fabrication technique for 

metallic molds [3]. Figure 2 shows SEM micrographs of exemplary nanostructured silicon 

molds. 

 

   
 

Figure 2: Nanostructured stamps made of silicon were successfully fabricated using e-beam lithography and dry 

etch technique. A wide variety of nanoscaled geometries is available and is not limited to lines and holes as 

shown here. 
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Some preliminary imprint tests were performed to demonstrate the ability to pattern different 

polymers in the sub 100nm range using the silicon stamps. We used a hot embossing machine 

from Jenoptik MT (HEX 03) to imprint nanostructure for applications in optics and 

microfluidics in polymethylmethacrylate (PMMA), polycarbonat (PC) and Teflon
®

. Figure 3 

shows SEM micrographs of polymeric nanostructures that were fabricated by the nanoimprint 

technique at BESSY. 

 

   
 

Figure 3: Polymeric nanostructures fabricated by imprinting a silicon stamp into Teflon
®

 (left) and NIL resist 

(middle and right)  for potential application in optics and microfluidics show feature size below 100nm. 
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          Vibrational Satellites in Spectra of Xe/C2F6 Mixtures  
                                       V.A. Alekseev   
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                                          N. Schwentner 
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Motivation.  
 Recently we reported1  on vibrational satellites to transitions of dipole-forbidden 
states (DFS) which were observed for Xe atoms in mixtures with CF4. These satellites 
appear in absorption and excitation spectra as spectrally narrow bands near Xe(DFS) + CF4 
ν3 =1 asymptotic energies. Only the IR active ν3 mode of the CF4 molecule induces such 
satellites. New experiments were performed to search for similar satellites in mixtures of Xe 
with other molecular gases. Here we report on the vibrational satellites detected in Xe/C2F6 
mixtures. 
 
Experimental.   
 Synchrotron radiation was dispersed by the 10m normal incidence monochromator2. 
After passing a cell filled with a mixture of Xe and C2F6 it was recorded by a GaAs 
photodiode and picoampermeter (Keithley Instruments). Fluorescence was detected via a 
Mg2F side-on window with use of a solar blind photomultiplier. The optical pathlength of 
SR radiation in the gas cell  prior to the fluorescence observation zone was reduced with  a 
special adapter. Fluorescence spectra of Xe/C2F6 mixtures contain the Xe 6s[3/2]1 resonance 
band and an emission of Xe2* dimers formed in the three body recombination process. 
Obviously collisions with C2F6 do not deactivate excited Xe atoms but transfer population 
down to lower-lying states.     
 
Results and discussion.      
 Figure 1 shows Vac UV fluorescence excitation spectra of pure Xe and of mixtures 
with C2F6 and CF4 near the 6d[3/2]1 resonance. The band  on the blue side of the resonance 
in mixture with C2F6 (trace 1) appears only when the cell contains both Xe and C2F6. The 
energy of this band closely matches the energy of the Xe 7p[1/2]0 dipole-forbidden state 
increased by one quantum of the C2F6  ν10   mode (1251 cm-1 , ref.3).  The spectrum of a 
mixture with CF4 (trace 2) is shown for comparison. It displays a satellite of the same 
dipole-forbidden state of Xe due to excitation of oneν3-mode quantum (1281 cm-1) of CF4. 
This satellite is already known1 . 
 Unlike CF4, the C2F6 molecules have several IR-active vibrations. The C2F6ν10 (0 → 
1) transition yields  the strongest band in the IR-spectrum.  Two other spectrally narrow 
bands of comparable intensity correspond to ν5 and ν6 modes.3  However, no satellites due to 
excitation of ν5 and ν6 modes were observed in the present experiments. It is likely that  the 
symmetry of these vibrations is an essential factor.  This interesting question requires further 
studies.  
  In experiments with Xe/CF4 mixtures, satellites of several other 7p states as well as 
6p' and 6d states of the Xe atom were observed in the spectral region near the strong 
6d[3/2]1 resonance. These bands are much weaker than the 7p[1/2]0 satellite (Fig.1) and 
show up only at CF4 pressures of few hundred mbar.  Strong photoabsorption of C2F6 itself 
in this region hampers observation of satellites at such high pressures. We encountered the 
same problem in experiments with other molecular gases.  Fortunately, collisions with C2F6 
do not quench excited Xe atoms, but transfer population to the lower-lying states which 
made it possible to record the  7p[1/2]0 satellite in the excitation spectra.  Few more satellites 
were found at λ > 120 nm, where the C2F6 absorption is weaker. Like in Xe/CF4 mixtures,4 a 
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spectrally broad satellite on the far blue wing of the Xe first resonance line was observed as 
well. These results will be discussed elsewhere.  
 
Conclusion. 
 Spectroscopic studies of Xe mixtures with CF4 and C2F6  show that a vibrational 
coupling between electronic states of transient species (collisional complexes) generates a 
large manifold of new absorption bands. The same mechanism can induce new emission 
bands in collisions of excited atoms with vibrationally excited molecules. This may be of 
applied interest. The experiments should be continued for other atomic gas/molecular gas 
mixtures, including those which are of interest for astrophysics and atmospheric 
spectroscopy. Essential requirements are a large strength of the vibrational transitions and a 
near energy resonance with electronic transitions in the atom. The symmetry of vibrations 
seems to be important as well, a fact which needs clarification. Similar effects may occur in 
collisions of two atoms. In particular, the resonance  ns←→np transitions in alkali atoms 
closely match the energies of some  transitions between resonance and dipole-forbidden 
states of the Xe atom..     
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Figure 1.  
Vac VU fluorescence excitation spectra around the Xe 6d[3/2]1 resonance transition: 1 – 
Xe(9.2 mbar)/ C2F6 (2 mbar),  2 – Xe(9.2 mbar)/CF4 (4.4 mbar), 3 – Xe(9.2 mbar).  The two 
vertical sticks indicate the energies of the Xe 7p[1/2]0 state increased by CF4 ν3  (1281 cm-1) 
and  C2F6 v10 (1250 cm-1) quanta. The dip around the resonance transition is due to the 
strong absorption of  SR radiation near the entrance window. Fluorescence from this region  
is not seen by the side-on photomultiplier. The signal on the red side of the resonance 
transition is due to excitation of Xe2 dimers. Because C2F6  strongly absorbs in this region, 
the spectrum 1 is much less intense than 2 and 3. 
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During the last two decades self-assembled monolayers (SAMs), which are 2D polycrystalline 
films of semi-rigid molecules that are chemically anchored to a suitable substrate, have 
attracted considerable attention in the scientific community. One area of particular interest is 
their use for molecular electronics either as films or as single molecules. In this context, an 
important question is whether the frequently used thiolate chemistry for the attachment of 
molecules to metallic surfaces provides the best electronic contact for these systems. An 
obvious alternative is the use of the higher homologue selenium since it not only promises 
similar reactivity, but presumably offers a better electronic match for the metal surface. To 
make experimental results comparable, one must gain fundamental knowledge about the 

influence of this group on the overall orientation of the bound 
molecule. However, almost nothing is known about the structure-
determining properties of selenium. 
For the sulfur-based systems, it could be shown in the past that 
the spatial orientation of the binding orbitals of sulfur is a 
determining factor for the orientation of the alkyl chains in 
alkanethiolate (AT) SAMs. Analysis of the experimental data 
implied an sp3 bonding configuration of the chemisorbed sulfur 
head group on Au(111) and sp bonding on Ag(111), associated 
with surface−S−C angles of ~104° and ~180°, respectively. In 
this study, we show that the same is true for selenium. The 
systems used in this study are SAMs of 4,4’-biphenyl-substituted 
alkaneselenolates, CH3(C6H4)2(CH2)nSe- (BPnSe, n = 2-6) on gold 
and silver substrates (Scheme 1). In the BPnSe films, the 
intermolecular interaction between the SAM-constituents is 
predominately mediated by the biphenyl moieties. Under these 
circumstances, one can expect that the packing density and 
molecular orientation in the BPnSe SAMs do not depend on the 
length of the alkyl part. However, the exactly opposite behavior is 

observed. As follows from the quantitative evaluation of the X-ray photoemission data 
(Figure 1, left panel), the effective thickness of the BPnSe SAMs on both Au and Ag does not 
exhibit a continuous increase with increasing length of the aliphatic linkage, but shows a 
systematic zig-zag variation overimposed onto the general increase trend. This suggests that 
the packing density of the BPnSe SAMs depends on the length of the alkyl part of the BPnSe 
molecules in a specific, “odd-even” way.  
The “odd-even” variation of the packing density is accompanied by the corresponding 
variation in the inclination of the SAM constituents (Figure 1, right panel). The average tilt 
angle of the biphenyl moieties exhibits a systematic zig-zag variation with the varying n. The 
respective information could be derived from near-edge X-ray absorption fine structure 
(NEXAFS) experiments (Figure 2) or, more precisely, from the numerical analysis of the 
linear dichroism of the π1

* absorption resonance (285.1 eV).  

 
Scheme 1. Structure of the 
BPnSe molecules used in 
this study. 
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The “odd-even” changes in the packing density and inclination of the biphenyl moieties in 
the BPnSe SAMs correlate with each other. A smaller molecular inclination, as it, e.g., occurs 
for an odd n on Au, corresponds to a larger packing density, and vice versa, as it, e.g., takes 
place for an even n on Au. It can then be reasonably assumed that the zig-zag changes in the 
packing density of the biphenyl moieties result from the respective variation of molecular 
inclination, since strongly inclined molecules require more space than less inclined ones. 

The changes in molecular inclination of 
the biphenyl moieties can only be caused 
by the changes in the orientation of the 
adjacent CH2-CH2 segment of the 
alkaneselenolate anchor. The latter can, in 
turn, only be explained by dropping the 
“free joint” model for the 
substrate−selenium−carbon linkage. It 
should be exchanged for a model 
suggesting a predominant surface−Se−C 
angle, associated with a definite 
hybridization of the Se atom. Assuming 
an sp3 bonding configuration of the 
chemisorbed Se headgroup on Au and sp 
bonding on Ag, analogous to the S 
headgroup in AT SAMs, one gets the 
predominant substrate−Se−C angles of 
~104° and ~180°, respectively. This 
yields a more tilted orientation for the last 
CH2-CH2 segment of this chain for an odd 
n on Au and an even n on Ag (see Figure 
3), which allows for a more upright 
orientation of the adjacent biphenyl 
moieties and for a denser molecular 
packing. Similarly, for an even number of 
the CH2 units in the BPnSe SAMs on Au 
or for an odd number of these entities for 
the films on Ag, a less tilted orientation of 
the last segment of the alkane chain is 
predicted, resulting in a larger tilt of the 
adjacent biphenyl moieties and, thus, in a 
reduced density. 
The most interesting and important 
finding of this study is the fact that the 
bonding configuration of the Se 
headgroup is the deciding factor in the 
balance of structure-building interactions 
in the alkaneselenolate SAMs. 
Considering, that similar effects have 
been observed in biphenyl- and terphenyl-
substituted AT SAMs as well, we can 
conclude on the generality of this 
phenomenon for different SAM systems. 
This work has been supported by DFG 
(ZH 63 9/2) and BMBF (05KS4VHA/4). 

Fig. 1. Effective thicknesses of the BPnSe SAMs (left 
panel) and the average tilt angles (right panel) of the 
biphenyl moiety in these films as functions of the 
number n of the methylene units in the alkyl part.  

Fig. 2. Carbon K-edge NEXAFS spectra of the BPnSe 
SAMs on Au and Ag acquired at normal (90°) and 
grazing (20°) X-ray incidence. 

 
Figure 3. Schematic drawing of the orientation and 
packing of the BPnSe molecules in the respective 
SAMs on Au and Ag for an odd and an even number of 
the methylene units in the alkyl chain. There is a 
significant energy contribution related to the persistence 
of the preferable binding geometry of the anchor group. 
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Introduction 

The unique ability of silver to selectively catalyze the partial oxidation of ethylene to 

ethylene oxide has attracted scientific interest in this system for several decades. Although the 

selectivity of this reaction in industrial processes has exceeded 80 %, research is still continuing 

in the field since there is no thermodynamic limit for further increasing selectivity. Recently 

Barteau et al. found that copper-silver bimetallic catalysts offer improved selectivities compared 

to pure silver in the direct epoxidation of ethylene [1]. Due to the low adsorption enthalpy, 

ethylene epoxidation is impossible to study under UHV conditions. This limits the information 

regarding the chemical state of the surface and adsorbents under reaction conditions. Recent 

development of a photoelectron spectroscopy apparatus, which is able to operate in the mbar 

pressure range, allows monitoring of the chemical status of the surface under working catalytic 

conditions.  

 

Experimental 

In situ XPS and NEXAFS experiments were performed at beamline U49/2-PGM1 and 

PGM2 at BESSY II in Berlin. All spectra were recorded using two excitation energies in order to 

distinguish between surface and bulk located species. Copper-silver nanopowder (~100 nm, 

2.5% Cu), was purchased from Sigma-Aldrich
®
. The catalyst was measured in a C2H4 to O2 ratio 

of 1:2 and a total pressure of 0.5 mbar at 250° C. Production of ethylene oxide was measured 

using a Proton Transfer Reaction Mass Spectrometer (PTRMS) which allows differentiation 

between C2H4O and CO2. Post reaction Scanning Electron Microscopy results showed that the 

nanostructure morphology of Cu-Ag is practically unaffected during reaction (fig. 1d). 

 

Results and Discussion  

In fig. 1a the PTRMS signal of C2H4O as a function of temperature and time is presented. 

The rapid increase and decrease of the signal upon heating at 250° C and cooling respectively, 
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highlights the catalytic activity and long term stability of the catalyst. In situ Total Electron Yield 

(TEY) NEXAFS spectra measured simultaneously with the PTRMS data shows that copper is 

mainly Cu
2+

. However, the small shoulder at 933.4 eV (marked with an arrow) indicates that 

copper at lower valences, most probably as Cu
1+

, is also present. From in situ photoelectron 

spectroscopy results of Cu 2p3/2 transition (data not shown) the main peak is accompanied by a 

satellite feature ca. 9 eV at higher BEs characteristic of CuO [2]. Comparison with reference 

spectra recorded in H2 atmosphere reveals an additional component at low BE site. This 

component is an indication of co-existence more than one Cu oxidation states in agreement with 

NEXAFS spectra.  

In fig. 1c the O 1s spectrum recorded in-situ is shown. During reaction 3 oxygen 

components were used to fit the overall spectrum. Two broad components (~1.8 eV) at 530.1 eV 

and 531.7 eV (surface located) and a narrow (1.1 eV) at 528.9 (predominantly in the bulk). The 

peak at 530.1 eV was previously assigned both to: electrophilic oxygen linked with the 

epoxidation path of ethylene on silver foil [3], and to Cu2O oxygen on Cu foils [4]. The 

distinction of the origin of this peak in our spectra is difficult; however the case of Cu2O oxygen 

is less likely due to the minor contribution of Cu
1+

 in the Cu 2p and NEXAFS spectra. Peaks at 

528.9 and 531.7 eV are nicely correlated with oxygen in CuO and hydroxyl groups, respectively 
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Figure 1. a) PTRMS signals from C2H4O with time and temperature b) in situ Cu L2-edge 

NEXAFS c) in situ O 1s photoelectron spectra, d) Post-reaction SEM image of Cu-Ag catalyst. 
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[2]. The Ag 3d5/2 region (data not shown) is dominated 

by a metallic silver peak at 368.15 eV. Spectra 

subtraction using Ag 3d5/2 peak recorded in hydrogen 

atmosphere as a reference, revealed an additional Ag 

3d5/2 component in the low BE site (367.7 eV). This 

peak is an indication of ionic silver which is probably 

formed during the reaction [3].  

Valence band spectra recorded during ethylene 

oxidation and pure O2 atmosphere (0.5 mbar, 250° C) 

are presented in Figure 2. The valence band region is 

mainly dominated by Ag 4d (4-8 eV) and Cu 3d (2-4 

eV) intensities. After subtraction it was evident that 

extra features at 1.5 and 3.1 eV exist under reaction 

conditions. These extra features can be induced both, 

from new Ag and Cu oxidized states, and/or chances of the Ag-Cu surface stoichiometry. Since 

core level spectra did not reveal additional oxidized species compared to O2 atmosphere, 

enhanced Cu surface segregation during reaction is the most probable cause of these features. 

The most reliable model of Cu-Ag surface arrangement consists of silver nano-aggregates partly 

decorated with a thin layer of oxidized copper in +2 and +1 valence. This prevents silver 

agglomeration leading to the long term catalytic stability demonstrated in fig. 1a. It should be 

noted that experiments performed on monometallic silver nanoparticles showed that very fast 

particles agglomeration take place upon heating at 250° C which leading to the decrease of the 

catalytic activity.  
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Using synchrotron XPS we have studied the electronic properties of nanosized Pt/Ru catalyst 
of different composition. Such system is known to be an effective material to react methanol 
to CO2 in so-called Direct Methanol Fuel Cells (DMFC). Understanding electronic-level 
origin of fuel cell catalysis promises rapid progress in search for new catalytic materials for 
existing and incoming fuel cell technologies. Theoretical background was described by 
Mavrikakis, Hammer and Norskov [1] who correlated changes in heterogeneous catalytic 
activity directly to the position of a center of the catalyst d-band. More recently, different 
theoretical models have also been employed to help to understand the core-level electrons BE 
shifts in bimetallic catalysts. The present project concerns electronic effects in fuel cell anode 
catalysis and the overall strategy aiming at developing correlations between electron core- and 
valence-level observable and catalytic activity at selected solid/liquid interfaces. For the 
investigated Pt/Ru systems we have found clear evidence that the binding energy (BE) of Pt 
4f electrons was shifted towards higher values (relative to pure Pt), and that the shift depends 
on the degree of Pt and Ru intermixing.  We have also found a small but reproducible Ru 3d 
electrons BE shift that depends on the catalyst sample composition. Investigation of the 
valence band spectra has provided us with evidence that the d-band center of such material is 
shifted down in comparison to pure Pt and Ru, which is a strong support to Mavrikakis-
Hammer-Norskov theory. Our data are unique and, collectively, they enhance the 
understanding of the origin of the activity of different fuel cell catalysts. Further, they form a 
link between predictions from the general theory of heterogeneous catalysis and the fuel cell 
reactivity. The work on other systems (in particular Ru/Se for oxygen reduction reaction) is in 
progress. 
 

To prepare the catalyst sample for synchrotron XPS experiment 
the known amount of nanoparticles were dispersed in controlled 
volume of miliQ water by sonication that yields a homogeneous 
suspension of the particles. A controlled volume of the suspension 
was applied to the surface of gold disk and dried (cf. Figure 1). A 
thin nanoparticle film obtained was electrochemically reduced in 
0.5M H2SO4 in evolving hydrogen atmosphere (-100mV vs. RHE 
for 2h) prior to XPS experiment. Such treatment assures full 
reduction of Ru component [2].  In order to prevent the re-
oxidation during the transfer to vacuum for the synchrotron XPS 
investigations, the electrochemical processing was conducted in a 
purpose-designed inert gas cell, which is directly attached to a 
vacuum load-lock.  The experiments were conducted in the 

Fig. 1 Pt/Ru catalyst 
immobilized on a gold disk 
substrate for XPS experiment
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SoLiAS experimental station of the TU Darmstadt, which is dedicated to the analysis of 
solid/liquid interfaces (SoLiAS = Solid/Liquid Interface Analysis) by means of synchrotron 
photoelectron spectroscopy [3].  SoLiAS is equipped with a Phoibos 150-MCD9 electron 
analyser, and was operated at the U49/2-PGM2 beamline of the CRG BTU Cottbus, Hahn-
Meitner-Institut and TU Darmstadt. The XPS spectra were recorded in normal emission.  The 
BE of each photoelectron peak was calibrated with respect to Fermi edge for every sample 
and every excitation energy.  

 

The Pt 4f and Ru 3d core levels spectra 
were measured and are shown on 
Figures 2 and 3, respectively. We have 
found that the Pt ΔBE is ~0.5 eV toward 
lower BE from low to high Pt content 
(See Figure 2 and 4) and the Ru ΔBE h
the same sign but a much smaller 
magnitude (See Figure 3 and 4). The 
same sign and the different magnitudes 
of the ΔBE’s are assigned as arising 
from a lattice expansion in going from 
Ru with little or no Pt to dominantly Pt 
particles [4]. The apparent paradox of 
small Ru ΔBE while there is large Pt 
ΔBE is resolved and shown to be due to the 
different responses of the Pt and Ru BE’s to 
the changes in the lattice constants, which is 
a new and unexpected result.  

as 

The electronic structure of the catalyst samples was investigated by measuring the valence 
band emissions (Fig. 5).  The d-band center of gravity was calculated as ΣN(ε)εdε/ΣN(ε)dε, 
where N(ε) in general is DOS, and in our case registered XPS intensity.  It shows clear 
downshift in the case of Pt/Ru catalysts as compared to pure Pt and Ru (Fig 6). This is a 
strong support for Hammer-Norskov-Mavrikakis theory, although the mechanism of chemical 

Figure 3: Ru 3d spectra (normalized to the same 
height) for Pt/Ru catalysts of different composition. 
Numbers at right denote the percent of Pt for each 
catalyst. Excitation energy 370 eV 

Figure 4. Pt 4f and Ru 3d BE shift as a function of 
catalyst’s composition and excitation energy. 

Figure 2: Pt 4f spectra (normalized to the same 
height) for Pt/Ru catalysts of different 
composition. Numbers at right denote the percent 
of Pt for each catalyst. Excitation energy 370 eV 
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reaction (methanol oxidation) is different on Pt/Ru catalyst (so called bifunctional 
mechanism) than on pure Pt and Ru. We speculate that downshift of d-band center weakens 
the CO binding to the catalysts surface (CO is a molecule which poison the catalyst), but 
further work is needed to clarify this issue.  
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In addition we observed that the Pt 4f7/2 peak binding 
energy linearly correlates with the electrocatalytic 
activity (not shown), namely with the methanol 
oxidation current per Pt surface unit.  The origin of 
this correlation in not well understood yet and more 
work is needed to explain such behavior, but solving 
this issue would significantly extend the understanding of origin of the fuel cells catalytic 
activity and the physical (electronic) factors influencing it, which is of great importance to 
scientific community as well as to fuel cells industry. The work on this subject is in progress. 
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Figure 5. Valence band spectra of Pt/Ru 
nanoparticle catalyst after Shirley-type 
background correction. Numbers denote 
the percent of Pt for each sample. 
Excitation energy 650eV. 

Figure 6. D-band center placement, relative to Pt black as a 
function of nanoparticles composition, hν = 90eV 
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Employing surface sensitive techniques for better understanding of the mechanisms of 
catalytic reactions on zeolites at a fundamental level is very challenging. Due to the 
insulating properties of silica and alumina, this “surface science” approach can be 
successful only when applied to thin films grown on conducting metal substrates as 
previously demonstrated for single component oxides. In this work, preparation of well-
ordered, ultra-thin aluminosilicate films on a metal substrate is reported for the first time. 
The preparation of well-ordered thin silica films was reported only recently on a Mo(112) 
surface [1]. The film exhibited a c(2x2) LEED diffraction pattern with respect to Mo(112). 
Two models have been proposed in the literature for the structure of thin silica films: a 
model consisting of a layer of isolated [SiO4] clusters arranged in a c(2x2) structure on the 
Mo(112) surface with all oxygen atoms bonding to the Mo substrate, referred as a “isolated 
cluster” model [2], and a two-dimensional network of corner sharing [SiO4] tetrahedra, 
with one oxygen of each tetrahedron binding to the bridging site of protruding Mo atoms of 
the metal surface (see Fig. 1), referred to as the “2D-network” model [3]. 

 
  2D-Network   Isolated Clusters 

    
 

Figure 1: Models of 1 monolayer silica films on Mo(112). 
 

Photoelectron spectroscopy (PES) of the core levels, when applied to the oxide surfaces, is 
a very powerful tool for determining the oxidation state of the metal cations and average 
oxide stoichiometry. PES can resolve whether different oxygen and/or cations species are 
present in the oxide. In addition, analysis of angular resolved spectra may provide useful 
information on the depth distribution of the different species. 
In all film preparations, the Si2p region showed only a single peak at ~103 eV, which can 
be straightforwardly assigned to the tetrahedrally coordinated Si4+ atoms. Regarding the 
oxygen states, at least two different O species were distinguished with binding energies 
(BE) of 530.3-531.2 and 532-532.5 eV, i.e. separated by ~1.5 eV after spectra 
deconvolution. The high BE values fall into the region reported for bulk silica. 
In order to increase spectral resolution we have further employed synchrotron facilities at 
BESSY II, Berlin (beam-line UE52-PGM1). The O1s region of silica film is shown in Fig. 
2, where two oxygen species at 532.5 eV and 531.2 eV are unequivocally resolved. When 
measured at grazing emission (80° with respect to the surface normal), the low BE signal is 
practically vanished, indicating that these species are located below the layer consisting of 
O species with the high BE. This finding fully agrees with the assignments of the 531.3 eV 
peak to the interface (Si-O-Mo) oxygen atoms and 532.5 eV peak to the topmost O layer 
within the Si-O-Si network. Since these two peaks are well separated, the integral intensity 
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ratio can be precisely measured and is found to be 3:2 at normal emission, as predicted for 
the 2D-network model based on the XPS measurements. Meanwhile, the cluster model 
should result in the ratio of 1:1.  In addition, Fig. 2 shows the Mo3d region, where only one 
partially oxidized Mo species at 228.2 eV is observed beyond the metallic Mo at 228 eV. 
Again, consistent with the 2D-network model . 

 

534 532 530 228.4 228.0 227.6

Grazing

 

Normal

532.5
531.2

 Mo 3d
hν = 330 eV

  O 1s
hν = 630 eV

Binding Energy / eV

I

228.2

 
 
 
 
 
 
 
 
 
 
 
Figure 2: The O1s and Mo3d core regions in the 
photoelectron spectra for the “O-poor” film observed 
at normal (top) and grazing (bottom) emissions 

 
Formation of ice films on electro-co

 
 

 

igure 3: Consecutive PE-spectra of the silica film, exposed to 6 L 

Two O species at 532.5 and 531.3 eV observed on the clean film have been previously 

observed independently by IRAS. 

nducting single crystal substrates is used to grow thin, 
well-ordered ice films, which allow to employ various surface sensitive techniques for 
studying chemical reactions on ice. Adsorption of water on thin silica films was therefore 
also studied. Fig. 3 shows the O1s PES spectra of the silica film exposed to water at 90 K.  
 

 
 
 
 
 
F
of water at 90 K, on slow heating to 200 K. The states at 532.5 and 
531.3 eV are assigned to the surface and interfacial O species in 
the silica film 

 

assigned to the O atoms in the top-most (O-Si-O) and interface (Si-O-Mo) layers, 
respectively. Note, that in order to minimize the photon-induced changes in the water 
overlayer, we slowly moved the sample while recording the consecutive spectra, which 
take only ~10 seconds each. Adsorption of 6 L of water results in a signal centered at 534.3 
eV, which can be attributed to the intact water molecules. Upon slow heating, this signal 
gradually attenuates, finally resulting in the spectrum of the clean silica surface. Due to a 
relatively broad spectral feature of water, it is difficult to follow a crystallization process as 
observed by IRAS. However, no hydroxyl species (expected at ~533.5 eV) were detected 
upon heating to 200 K, which is consistent with non-dissociative adsorption of water 
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For the synthesis of aluminosilicate films, in order to facilitate intermixing of Al and Si in 
the film, we have used co-deposition of Al and Si onto the O/Mo(112) surface in an 

rner-sharing [SiO4] tetrahedra with 

 
 

 
 

igure 4: The top and perspective views of the [AlO4] and 
lO3] models of the aluminosilicate films grown on Mo(112). 

d  
synchrotron radiation. The O1s region for the aluminosilicate films are shown in Fig. 5, 

 

 
 

igure 5: O1s region of the PES spectra of the 
lica (red) and aluminosilicate (blue, Al:Si ~ 1:5) 

 e 
explained by the heterogeneity of the environments presented to O species (e.g., bonded 

chroeder, M. Adelt, B. Richter, M. Naschitzki, J. B. Giorgi, M. Bäumer, 
H.-J. Freund, Surf. Rev. Lett. 7, 7 (2000). 

[3] ao, S. Shaikhutdinov, H.-J. Freund, 
3 

oxygen environment followed by annealing in vacuum. 
Based on LEED, STM and DFT results, we proposed that the structure of aluminosilicate 
films grown on Mo(112) consist of a 2D network of co
some Si4+ ions replaced by Al3+, present in the film as [AlO3]. 

 

 
F
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el comes from the analysis of the high-resolution PES usingProof for the [AlO3] mo

together with the spectra for silica from Fig. 2 for comparison.  
 

 

 
 
 
F
si
films measured at normal and grazing emission. 

the silica film broadens the spectra. This can b
 

The presence of ~20 mol. % of Al in

both to Si and Al atoms). Our DFT calculations have revealed that the O atoms in Si-O-Al 
bonds exhibit the BE of ~531 eV, which therefore overlaps with the signal coming from 
interface oxygen atoms in Si-O-Mo bonds. As a result, the intensity of the low BE signal is 
notably increased when compared to a pure silica film. The fact, that the Al-bonded O 
species are within the top layer of the film, leads to a less attenuated signal at grazing 
emission. On the other hand, the Al-O-Mo species present in an [AlO4] model would 
manifest itself, according to our calculations, by a signal at ~530 eV, which is missing in 
the experimental spectra. Therefore, our PES results also favor the [AlO3] model. 
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Fig.1: Reaction leading to the 2.5 nm FePt NPs 

BESSY annual report 2006 
 

XMCD measurements of non-oxidised 2.5 nm FePt nanoparticles chemically prepared 
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Magnetic nanoparticles are of interest for both the fundamental studies of their magnetic 
properties and the many applications they offer, whatever they are soft or hard ferromagnets. 
Size and shape controls of magnetic nanoparticles have been achieved in our group through 
the decomposition of organometallic precursors in organic solvents, in the presence of organic 
capping ligands (mostly long chain amines and carboxylic acids). Thanks to the use of a new 
iron precursor, Fe[N(SiMe3)2]2, iron nanoparticles1 and iron-based alloys (FeNi2, FePt, FeRh) 
are now under extensive investigations in our group. The aim of the beamtime was to measure 
directly the spin and orbital contributions to the magnetic moment of Fe atoms in ultrafine 
iron nanoparticles (NPs) embedded in a polymer matrix3 (diameter < 2 nm).* 
 
Results obtained on 2.5nm FePt NPs: 
 

The synthesis of these NPs consists in the simultaneous decomposition of two metallic 
precursors: an iron one (Fe[N(SiMe3)2]2) and a platinum one (Pt(acac)2). Decomposition 
occurs in mesitylene as solvent, at 200°C under 3 bar of dihydrogen as reducing agent (see 
Fig.1). 
 
 
 
 
 
 
 
These NPs have been characterized by Transmission Electron Microscopy (TEM). Typical 
TEM images are displayed Fig.2, showing spherical NPs with a 2.5 nm mean size, well 
sprayed on the TEM grid. They present homogeneous sizes and shapes, and their composition 
has been studied by EDX in micro and nano-probe modes. A composition of the NPs close to 
Fe50Pt50 has been evidenced. 
 

 
High-Resolution TEM investigations were also performed to study the structural aspects of 
these objects. A typical HRTEM image is displayed Fig.3 (left), evidencing the cristallinity of 
a single particle, and also the presence of stacking faults (here shown along the (111) plane). 
These stacking faults have been observed on all of the single particles studied. The Fast 

Fig.2: Low resolution 
TEM images of the 
2.5nm FePt NPs 
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Fig.4: X-ray Absorption Spectroscopy (XAS) 
 

Bmeas= ± 1.5 T Bmeas= ± 1.5 T

Fig.5: XAS (up) and XMCD 
(down) signals at the Fe 
(left) and Pt (right) edges 

Fourier Transform (FFT) of the signal is displayed Fig.3 (right) and confirms that the NPs 
possess the fcc bulk structure of the FePt alloy. Moreover the particles are chemically 
disordered as super-reflexions from a chemical ordering of Fe and Pt atoms within the particle 
are not visible.  
 
 
 
 
 
 
 
 
 
The study of the magnetic properties of these NPs was not possible to realize by SQUID, as 
the sample obtained after synthesis was too oily and thus could not be dried to study in a 
powder form. Moreover the signal was too weak when the NPs were deposited on a substrate. 
However such deposited NPs can give a signal large enough to be studied by XMCD. We 
thus have studied the magnetic properties with element sensitivity by XMCD at the L2,3 edges 
of iron atoms to determine the magnetic properties of the FePt NPs and their spin and orbital 
contributions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
XMCD measurements consists then to apply a magnetic field, and to study the differences in 
the spectra under +1.5T and -1.5T. XMCD signals were recorded at various temperatures, to 
study the NPs both in their superparamagnetic regime and blocked regime. Fig.5 shows the 
results obtained at both Fe and Pt edges at 15K. 
 
 
 
 
 
 
 
  
 
 
 
 
 
 

Fig.3: HRTEM image (left) of a single 
2.5 nm FePt nanoparticle, and the 
corresponding Fast Fourier Transform 
(FFT) of the signal (right)  

Experiments were carried out on line PM-3. The nanoparticles were 
deposited as dense layers on silicon substrate in a glovebox (starting 
from a colloidal solution of the NPs) and then transferred in the 
measurement chamber using a portable UHV container. 
 
The XAS spectrum displayed Fig.4 shows typical absorptions 
characteristic of non-oxidized Fe atoms, as oxidation traces would 
result in clear doublets at both L2 and L3 edges.  
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At the Pt-edge, it appears that the Pt atoms are magnetic and ferromagnetically coupled to the 
Fe atoms, which is a confirmation that Fe and Pt atoms are both present in each particle. 
Quantitative data from the analysis of the XMCD signals at the Fe-edge are still in progress, 
and will give us the exact values of µS and µL, and of the total magnetic moment per particle. 
Such values are rich as a fundamental interest, and will help us to determine whether the Fe 
and Pt atoms are creating a true alloy or are partially segregated within the particles. 
 
More generally this work on Fe-based alloys is of high interest and is still the subject of 
extensive work, as other ones like FeRh NPs which will be studied during the next beamtime 
(first semester of 2007). 
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*Experimental difficulties: 
 
The extreme sensitivity to oxidation of the ultrafine iron nanoparticles (NPs) embedded in a 
polymer matrix, that were expected to be measured at first, has led us to employ important 
precautions for the introduction of the samples into the UHV measurement chamber. That’s 
why an airless sample transfer system was used, consisting in a preparation of the samples in 
a glove-box from BESSY, followed by a transfer in a portable UHV container that could be 
connected to the main measurement chamber. Unfortunately the measurements showed an 
absorption spectrum characteristic for slightly oxidized iron atoms. The transfer system thus 
appeared to be not efficient enough for this kind of sensitive samples, as the precautions taken 
were not sufficient. For the next beamtimes, a technical solution has been found with a glove-
box connected directly to the measurement chamber, allowing safe sample transfers. 
 
Other samples were envisaged to face this eventuality of oxidation problems: FePt and FeRh 
NPs, which are interesting bimetallic compounds based on the same Fe precursor 
(Fe[N(SiMe3)2]2) used for the synthesis of the ultrafine Fe NPs embedded in the polymer 
matrix. Their studies were of interest as they were the subject of the following beamtimes 
(occurring last October for FePt, and next march for FeRh). Iron alloyed NPs are known to be 
slightly less sensitive to oxidation than pure iron NPs. Unfortunately the FeRh NPs revealed 
to be also too sensitive to support this transfer without oxidizing and thus will be also studied 
later with the new transfer system. Case was different for the FePt NPs and that’s why we 
present here the results concerning these chemically prepared FePt NPs. 
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In-situ XPS study on (MoV)5O14 selective oxidation catalysts
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Introduction 

Catalytic reactions involving partial oxidation of simple hydrocarbons belong to the most 
important processes in the chemical industry [1]. Different molybdenum and vanadium oxides 
as mixed oxides are successfully applied in those reactions. Therefore, Mo based selective 
oxidation catalysis (propane and propylene to acrylic acid) is one of the main research area in 
our department. The surfaces of catalytic materials strongly depend on the gaseous environ-
ment and temperature. Therefore in-situ experiments under working conditions are necessary 
to identify the active phase of catalysts. In-situ spectroscopy techniques in the soft X-ray 
range like XAS and XPS were applied to learn about the electronic structure of the working 
catalyst surface. In this study we investigated two different catalytic formulations, Mo-V 
mixed oxides with and without W in the crystal lattice. These are good candidates for these 
reactions.

Experimental

The experiments were performed at beamline U49/2-PGM2. The (Mo0.68V0.23 W0.09)5O14

[(MoVW)Ox] and (Mo0.91V0.09)5O14 [(MoV)Ox] catalysts were prepared by spray-drying 
technique from the mixed solution of ammonium heptamolybdate, ammonium metatungstate 
and vanadyl oxalate. The samples were investigated in a variety of reaction mixtures. At 0.5 
mbar, propylene-oxygen ratio (1:2; 1:1) was varied; and water (0.1 mbar) was added to the 
mixtures. The catalytic reactions were measured at 350°C. Mo 3d, O 1s, V 2p, W 4f, C 1s 
and valence band spectra were recorded under reaction conditions at different excitation cor-
responding to different information depth. In addition in-situ XAS spectra were taken at OK-
edge and VL-edges. Selected mass numbers were recorded by Proton transfer reaction mass 
spectrometer, simultaneously to the XPS and absorption spectra, which allowed us to measure 
the catalytic activity and correlate it to the spectroscopic information.

Results

Other than the total oxidation products CO2 and water, both catalysts produced aldehydes
such as acrolein, acetaldehyde, propanal, formaldehyde however no acids under these low-
pressure conditions. On the other hand at higher pressure (1 bar) both catalysts are able to
produce acrylic acid as well. The reason to this discrepancy might be a pressure barrier exist-
ing between atmosphere and mbar conditions. Further investigations are under progress to ex-
amine the reason of this pressure dependence on the reaction.

83



The catalytic activity was depending on the reaction conditions. In 2:1 oxygen propylen ratio 
both catalysts showed higher activity. (MoVW)Ox was more active and selective compare to 
the W-free sample independently from the O2/propylene ratio.
The elemental composition of the samples measured with bulk sensitive excitation indicated 
good agreement with the theoretical composition and with the ICP experimental data. XP 
spectra recorded in surface sensitive mode however revealed vanadium enrichment in the sur-
face near region of both samples (Fig1, Fig2).  

Fig1. Molybdenum and Vanadium ratio in “bulk” (~18Ǻ) 

and “surface” (~8 Ǻ) sensitive mode 

For (MoVW)Ox the Mo3d state 
was not significantly altered in 
the different conditions; it was 
mainly Mo6+.

(MoV)Ox contained different 
Mo oxidation states at room 
temperature (Mo6+, Mo5+). Dur-
ing reaction the Mo5+ state dis-
appeared. The loss of Mo5+ cor-
relates with the removal of sur-
face carbon.

Fig2.  Molybdenum, Vanadium and Tungsten ratio in “bulk” (~18Ǻ) 

and “surface” (~8 Ǻ) sensitive mode 

A 2 O2 : 1 C3H6 at RT in bulk 
sensitive mode

B 2 O2 : 1 C3H6 at RT in surface
sensitive mode

C 2 O2 : 1 C3H6 at 350 C° in bulk 
sensitive mode

D 2 O2 : 1 C3H6 at 350 C° in sur-
face sensitive mode

E 2 O2 : 1 C3H6 at 350 C° + H2O 
in bulk sensitive mode

F 2 O2 : 1 C3H6 at 350 C°+ H2Oin 
surface sensitive mode

G 2 O2 : 1 C3H6 at 350 C° off 
H2O in bulk sensitive mode

H 2 O2 : 1 C3H6 at350 C° off H2O 
in surface sensitive mode
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Fig3. (MoV)Ox  Auger  Electron Yield VL3 spectra Fig4. (MoVW)Ox Auger  Electron Yield
 VL3 spectra

Vanadium was in a mixed oxide state of V5+ and V4+ in both samples. The V2p core level 
indicated more oxidized vanadium under the reaction condition. The ratio of V5+/V4+ was 
higher with W in the oxide lattice. The initial tungsten oxidation state was 6+ and it was not
modified under the reaction. From Auger Electron Yield spectra vanadium was clearly more 
oxidized in the presence of water in the case of (MoV)Ox .

Conclusion

It can be concluded from the result that (MoVW)Ox has higher activity and selectivity 
than the tungsten free sample in propylene selective oxidation reaction. The W containing 
catalyst possesses greater structure stability and is therefore less sensitive to the presence of 
water to strongly modify the surface structure and composition.
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The influence of steps on the adsorption of methane on platinum surfaces 
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Methane, the simplest hydrocarbon and one of the most important natural resources, 
is used in many technologically relevant processes, like e.g., the Fischer-Tropsch 
synthesis. Due to the high hydrogen content of methane it is relevant as H2 source 
for, e.g., fuel cells. Furthermore, methane also serves as model system for the acti-
vated adsorption of alkanes and their reaction behavior on surfaces. In order to study 
the influence of defects, such as steps, our substrates were two stepped platinum 
surfaces, namely the Pt(355) and the Pt(322) surface; both have 5 atom row wide 
terraces and (111) and (100) oriented steps, respectively. The results obtained are 
compared to results from the flat (111) surface of platinum [1]. Lately, a molecular 
beam study of the adsorption of methane on a Pt(533) surface showed an enhanced 
initial sticking coefficient for this system [2]. However, the study was performed at 
higher surface temperatures and thus also included the surface reaction of adsorbed 
species to carbon. We are able to separately analyze those two elementary steps, by 
investigating first and directly the adsorption at low temperatures and subsequently 
the reaction of the adsorbates on the surface.  

We recorded C 1s 
spectra in-situ with 
an excitation energy 
of 380 eV at beam-
line U49/2-PGM1. 
The data were col-
lected in a time-
dependent manner 
(step ~ 8 s), while 
adsorbing methane 
with a supersonic 
molecular beam on 
the two stepped and 
on a flat Pt(111) 
crystal. This allowed 
us to directly deter-
mine the relative ini-
tial sticking coeffi-
cient of methane. 
The apparatus used 
for these measure-
ments is described 
in detail elsewhere 
[3]. 
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Fig. 1: Selected C 1s XP spectra of methane adsorption experi-
ments on a) a Pt(111) (Ekin=0.71 eV) and b) a Pt(322) (Ekin=0.54 
eV) surface at 120 K. The quantitative evaluation of the bold 
spectra from a) and b) for the respective surfaces is shown in (c) 
for Pt(111) and in d) for Pt(322). 

a) 

b) d) 

c) 

 
In Fig.1 (a) and (b) selected XP spectra of adsorption experiments of methane on 
Pt(111) and Pt(322), respectively, are shown, yielding methyl (CH3) species. These 
methyl species are found on the surface, independent of the kinetic energy, as ex-
plicitly shown for Pt(111) [1]. In the case of the stepped surface, the relative 
abundance of step and terrace adsorbed methyl is changing with exposure. 
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Especially in the intermediate exposure range (bold spectra), the differences in the 
XP spectra between the stepped and the flat surface are evident. The decomposition 
of the C 1s spectra taken after adsorption at a surface temperature of 120 K reveals 
separate features for the resulting methyl species adsorbed on steps and terraces 
[4], as shown for the (322) surface in Fig. 1. (d). Both contributions show vibrational 
fine structure, as observed previously on Pt(111) [1], see also Fig. 1 (c). The binding 
energy difference between the adiabatic peaks of step and terrace methyl is found to 
be 300 and 370 meV for Pt(322) and Pt(355) (data not shown), respectively, with the 
terrace contribution appearing at the same C 1s binding energy as on Pt(111) (see 
Ref. [4] for details).  
For the Pt(322) crystal the total methyl coverage and the coverage of methyl 
adsorbed at step sites vs. the adsorption time are shown in Fig. 2 (a). The values for 
the total coverage for a certain adsorption time (i.e., exposure), which are increasing 
with increasing kinetic energy of the impinging molecules, are similar for all Pt 
surfaces studied, namely the (111), the (355) and the (322) surface shown here. In 
contrast to this similarity of the total coverage, the coverage at the step sites on the 
Pt(355) crystal is ~2 times higher as on the Pt(322) surface [4]. Interestingly, 
adsorbed CH3 is found to preferentially migrate to the more attractive step sites, even 
at temperatures as low as 120 K, as found from the very steep increase in the cover-
age of this species compared to terrace methyl. A stronger bonding on step sites was 
also found for adsorption of CO on these two crystals [5].  
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Fig. 2: a) Total methyl coverage (solid symbols) and coverage of methyl adsorbed on step 
sites (open symbols) resulting from uptake experiments with different kinetic energies;  
b) relative initial sticking coefficients (rel. So) as a function of kinetic energy. 

From the initial increase of the total coverage curves of our time-dependent meas-
urements we were able to determine the relative initial sticking coefficient of methyl 
on the three different surfaces. This dissociative sticking coefficient of methane at 
120 K is increasing with increasing kinetic energy of the impinging methane mole-
cules, showing the activated nature of the process, but is not significantly changing 
when going from flat to stepped platinum surfaces, as can be seen in Fig. 2 (b).  
We also performed temperature-programmed XPS experiments, shown in Fig. 3 (a) 
and (b), by heating the sample with a fixed rate of 0.5 K/s while measuring every 10 
K. These experiments show that stepped surfaces have a higher reactivity, recogniz-
able by the ~40 K lower transition temperatures, for the dehydrogenation reaction of 
CH3 to CH compared to the Pt(111) surface [1]. While this increased reactivity also 
extends to the terrace bound methyl molecules, the differently oriented steps exhibit 
yet a different reaction behaviour.  
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A comparison of the quantitative analysis of data from both stepped surfaces is de-
picted in Fig. 3 (c) and (d). Using the same heating rates, different transition 
temperatures can be seen. On Pt(111), the first dehydrogenation step (CH3 → CH) is 
finished at 280 K (dashed line) and the second one (CH → C) starts only at 430 K [1]. 
On Pt(322), the first step is finished at 240 K for both terrace and bridge CH3, while 
complete dehydrogenation starts at 370 K. For Pt(355), dehydrogenation from CH3 to 
CH is finished again at 240 K for terrace species, but step species are completely 
dehydrogenated already at 180 K. The second reaction step starts at 360 K [4]. So 
both stepped surfaces are more reactive towards dehydrogenation, with Pt(355) 
being the most active one. Interestingly, the CH species only gives rise to one C 1s 
component, thus not enabling discrimination between terrace and step species.  
The observed different thermal reactivity of the stepped surfaces could also explain 
the recently reported observation of an enhanced initial sticking coefficient for a 
stepped Pt(533) surface, since those measurements have been performed at a sur-
face temperature of 600 K, thus including the subsequent surface dehydrogenation 
steps [2]. 
This work has been supported by the DFG (Ste 620/4-3). 
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Fig. 3: Waterfall plots (top) and colour-coded density plots (bottom) of C 1s spectra 
obtained by TPXPS during heating of methyl layers on a) Pt(322) and b) Pt(355). The 
quantitative analysis of these TP-XPS experiments is shown in c) for Pt(322) and in d) 
for Pt(355). The dotted line describes the transition temperature on Pt(111). 
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Preferential oxidation of CO over supported and alloy catalysts in H2-rich gas 

for fuel cell applications

D. Teschner1, E. Vass1, S. Zafeiratos1, P. Schnörch1, M. Hävecker1, A. Knop-Gericke1, 
H. Sauer1, J. Kröhnert1, F. Jentoft1, R. Schlögl1, G. Hutchings2, O. Pozdnyakova-Tellinger3, 

K. Lázár3, A.Wootsch3  
1Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin

2Cardiff University, POB. 912, CF10 3TB, Cardiff, United Kingdom
3Institute of Isotopes, CRC, HAS, POB 77, Budapest, H-1525, Hungary

Scientific background:

Application of fuel cell powered systems in transportation recently receives increasing 

attention because of their theoretically high fuel efficiency and low environmental impact. 

Among the numerous types of fuel cells developed so far, one of the most promising is the 

Proton Exchange Membrane Fuel Cell (PEMFC) operated with hydrogen. However, 

depending on the type of anode, the CO concentration in the hydrogen feed must be kept 

under 1-100 ppm [1]. During the production of hydrogen by reforming a noticeable amount of 

CO (5-15%) is formed together with H2, H2O and CO2. First a water gas shift (WGS) stage 

reduces the amount of CO to 0.5-1% [2]. This still high amount of CO can be removed by 

preferential oxidation (PROX) using mainly Pt, Cu(Ox) or Au nanoparticles supported on 

reducible oxides (CeO2, Fe2O3) or using bimetallic catalysts like PtxSn. The difficulty to 

overcome is to selectively oxidize CO in a very high excess of hydrogen with as little water 

formation as possible. The interesting point on these materials is that they show high 

selectivity towards CO oxidation and optimal performance at or near the temperature on 

which the fuel cell operates, therefore providing the possibility of implementing the catalyst 

directly into the fuel cell and make system integration possible for mobile applications.

Experimental and aim of the work 

Pt/CeO2, Pd/CeO2, CuO/CeO2 samples were prepared by wet impregnation while 

Au/Fe2O3 and Pt3Sn by precipitation. All catalysts (except Au/Fe2O3: only dried, or dried and 

calcined) were calcined and reduced. The samples were tested for their catalytic performance 

in the PROX reaction and were characterized by HRTEM, XRD, and 119Sn-Mössbauer 

spectroscopy. In situ investigations were conducted by DRIFTS and by XAS and high-

pressure XPS at BESSY. Our objective was to correlate structure, surface electronic state and 

surface species with the catalytic performance for all these different materials and thus 

indicate mechanistic similarities/differences. Further aim was to elucidate whether one 

general reaction mechanism applies for all these materials.
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Results

Mössbauer and XRD measurements suggested the formation of well-ordered Pt3Sn 

alloy after high-temperature O2/H2 treatment of the Ptx/Sn precipitate. On the other hand, the 

surface of Ptx/Sn during oxidation was dominated 

by SnOx, which was not removed completely in 

the final reductive treatment (Figure 1). Even 

during the PROX reaction, high-pressure XPS 

(XPS) revealed the existence of a mixed 

Pt3Sn/SnOx surface with OH groups and 

adsorbed water on the oxide. The results indicate 

a bifunctional mechanism, the isolated carbonyls 

being converted by an oxidant from the tin-oxide 

phase. 

Contrary to the Pt-Sn alloy, CO interacts very strongly with platinum on Pt/CeO2 [3] 

giving rise to high carbonyl coverage throughout the parameter field (pCO, pO2, T) studied. 

Likely no oxygen activation occurs on Pt, and no correlation of any IR-active species (inc. 

carbonyls) with the activity could be found. HRTEM [4] indicated an ordered oxygen vacancy 

structure (CeO1.695) after use in the 

PROX reaction (Fig. 2), while XPS 

revealed an only slightly reduced 

surface (mainly Ce4+) with the 

vacancy density depending on the 

CO/O2 concentration of the feed. 

The CO oxidation activity seems to 

correlate with the abundance of 

oxygen vacancies. At higher 

vacancy density water desorption is hindered, thus surface water blocks Hads oxidation sites. 

All these results are in good accordance with the exceptionally low optimal operation 

temperature (~330–340 K).

Pd/CeO2 performed poorly in the PROX reaction [5]; CO conversion was limited to 

~10%. High-pressure XPS showed that ceria itself is in a similar state as in Pt/CeO2, therefore 

the bad performance was related to palladium. The same XPS experiments clearly indicated 

that a Pd-hydride was responsible for the high hydrogen oxidation activity.

Copper remained mainly CuO in CuO/CeO2 under PROX condition, but on the surface 

Cu2O appeared. The surface reduction coincided with the onset of PROX activity, hence the 

Figure 1: Sn 3d region of PtxSn under different 
conditions; (pressure: 0.5-1 mbar)

as is          (in O2/RT)

 in O2   (573K)

PROX   (393K)

Figure 2: HRTEM image of Pt/Ceria after PROX reaction;
the power spectrum indicates reflections not allowed for CeO2
(these are the spots not marked with circles)
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best performance was observed at ~400–430 K. Partial pressure dependent in-situ DRIFTS 

experiments indicated that, unlike on Pt/CeO2, the CO oxidation activity correlated with the 

carbonyl coverage. XPS showed an almost entirely oxidized ceria surface; hence no H2

activation and hydrogen spillover occurred on the copper-oxide particles.

HRTEM indicated metallic gold particles in the pre-calcined Au/Fe2O3 sample, and no 

particles were found before calcination (in 

the dried state). XPS confirmed the 

presence of only metallic gold during 

PROX reaction with the pre-calcined 

material, however ionic gold was clearly 

observed with the dried sample. Small 

metallic gold particles on Fe2O3 are 

selective in the PROX process, while ionic 

gold turned out to be very active in the 

undesired side-reaction of H2 oxidation

[6]. Therefore a calcination step is crucial to synthesize a selective gold sample, however too 

high temperature (873 K) induce sintering, which result in a completely inactive material.

Conclusion

There are several ways to reach (or at least come close) to targeted performance in 

PROX reaction: use materials with high intrinsic selectivity (small metallic Au particles); do 

not activate H2 (CuO); avoid materials with high activity in H2 oxidation (Pd, ionic gold); 

suppress desorption of the undesired side product (O vacancies in Pt/Ceria); separation of CO 

and O2 activation. Therefore it is likely that no general mechanism can be formulated.
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In-situ time resolved study of the transformation of goethite to hematite at 250oC and 50bar 

Murray, Joseph 

 

We have investigated the kinetics of transformation 
of goethite to hematite under hydrothermal 
conditions ranging from 230oC to 250oC in sodium 
hydroxide liquor. Our results have shown that the 
rate of transformation is dependant on the 
temperature, available hematite surface area and the 
presence of anatase.  

 

Experiments were conducted at 250, 240 and 230oC 
where the rate of transformation was seen to decrease 
with the decreasing temperature. The plot of extent of 
reaction versus time illustrates this in figure 1. The extent 
of the reaction was measured by the dissolution of 
goethite as it was the strongest peak signal available and 
its disappearance meant the completion of 
transformation. We observed that transformation does 
not occur in the absence of hematite seed within several 
hours, and the rate of the transformation rapidly 
decreases for temperatures below 240oC. The amount of  
available hematite surface area increases the rate of 
transformation and was examined by using a fixed ratio 
of goethite to hematite, but with hematite of different 
surface areas. The more surface area available, the more 
growth sites and hence the faster the reaction progressed 
.  

The presence of anatase was found to inhibit 
transformation with no conversion taking place.  

 

Figure 1: Extent of reaction (alpha) of the transformation of goethite to 
hematite at three different temperatures.  

 

Figure 2: Variation of rate of reaction with hematite surface area. 

 

Figure 3: In situ time-resolved synchrotron diffraction patterns of the 
transformation of goethite to hematite. The (101) peak of goethite is 
seen to disappear with the  appearance of (012) hematite.  
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In-situ time resolved study of the reaction of 
calcium hydroxide and anatase  at 250oC 

Croker, Denise 

The reaction of lime and anatase in sodium 
aluminate solution was investigated. 

X-Ray diffraction patterns were collected at 60-
second intervals following the addition of calcium 
hydroxide (lime) and anatase to sodium aluminate 
solution at 250oC. Due to the large volume of data 
collected, the diffractograms are presented at ten-
minute intervals in Figure 1. Initially only anatase 
is present, detected by the peak at 50keV (3.5Ao). 
The intensity of this peak decreases for approx. 
twenty minutes and after this point a new peak 
appears at 54keV (3.27Ao). This is a refection 
indicative of kassite- Ca(TiO2)2(OH)2. Kassite 
persists and is joined by a perovskite (CaTiO3) 
reflection at about 50minutes. The perovskite peak 
increases for the remainder of the experiment.  

The peak area data for the anatase, kassite and 
perovskite reflections is presented in Figure 2. 
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Figure 1: X-Ray diffraction patterns following the reaction 
of lime and anatase at ten-minute intervals in Bayer liquor at 
250oC.  

 

The area of the anatase peak decreases slowly at 
first and drops sharply once kassite precipitation 
starts (approx. 18 minutes). It takes just over forty 
minutes for the anatase peak area to decrease to 
zero, illustrating that all the anatase has been 
consumed. Up to this the area of the kassite peak 
increases steadily, reaching a maximum at approx. 
42 minutes. 

A small amount of perovskite appears to be 
present from the start of the experiment. At 
40minutes, the area of this peak begins to increase 
rapidly. This occurs after the anatase peak has 
disappeared. The kassite peak itself begins to 
decrease inferring that the kassite is being 
consumed by perovskite formation.  
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Figure 2: Peak areas of the anatase, perovskite and kassite 
reflections, obtained by integrating the area under the 
reflections in figure 2.  Kassite precipitation is only 
significant after 18 minutes and reaches a maximum at about 
40 minutes. Perovskite formation only becomes significant 
after this point.  
 
 

The data suggests that kassite can act as an 
intermediate in the formation of perovskite but 
further investigation is necessary. 
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Dehydrogenation and Oxidative Dehydrogenation of n-Butane using Vanadium Based 

Catalysts: an in situ XPS study 

E.M. Vass, D. Teschner, M. Hävecker, S. Zafeiratos, P. Schnörch,  

A. Knop-Gericke, R. Schlögl 

Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin 

 

Scientific Background and Aims 

Catalytic dehydrogenation of light alkanes is a valuable reaction for the production of 

essential building blocks required for industrial applications.  One reaction of particular 

interest is the dehydrogenation of n-butane to form butenes and butadiene, which are 

precursors for the manufacture of synthetic rubber.  Currently many commercial processes for 

the dehydrogenation of light alkanes contain chromia or platinum supported on alumina.  The 

process is endothermic, requiring high reaction temperatures and low pressures.  

Unfortunately at higher temperatures cracking can occur and formation of coke or 

carbonaceous deposits is enhanced, resulting in catalyst deactivation. Hence oxygen 

regeneration steps are required to remove carbon deposits from the catalyst surface.      

Research continues in this area as it is important to understand the nature of the active species 

and causes of deactivation in order to develop future catalysts.  

Vanadia-containing catalysts have been shown to be active as selective dehydrogenation 

or oxidative dehydrogenation catalysts [1, 2].  In the current study, we selected VxOy/alumina 

catalysts with a range of vanadium loadings and used surface sensitive techniques to develop 

links between surface structure and catalytic activity.   
Figure 1.  V2p3/2 XPS of 3.5% 

V/alumina under varying 
reaction conditions. 

1% O2
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0.4 m
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e
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Results and Discussion 

 The surface electronic structure of VxOy/alumina 

catalysts (1-8 wt% V) was investigated using high 

pressure in situ XPS.  Typically the catalyst surface was 

examined under either a dehydrogenation (0.4 mbar n-

butane) or oxidative dehydrogenation (0.4 mbar 1-2 % 

oxygen in n-butane) atmosphere.  The reaction products 

were monitored concurrently by proton transfer reaction 

mass spectrometry (PTRMS).   

In and oxygen atmosphere, the XP spectrum 

(figure 1) shows that vanadium is in the +5 oxidation 

state.  Raman spectroscopy [3] showed that the fresh 
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3.5% V/alumina catalyst contains mainly polyvanadates.  Dehydrogenation and oxidative 

dehydrogenation (ODH) of n-butane were investigated 

over the 3.5% V/alumina catalyst.  For both reactions, the 

catalysts were found to be active and the major products 

formed were butene and butadiene.  On addition of oxygen 

(1-2 %) to the feed, the product selectivity changed and 

formation of oxygenated side-products, such as furan and 

dihydrofuran, increased. The change of feed to include 

oxygen also caused a decrease in formation of benzene 

which has been associated with catalyst deactivation. 

Vanadium XP (figure 1) and NEXAF (figure 2) spectra 

measured during the reactions confirm that addition of 

oxygen to the reaction mixture helps to maintain a V5+ 

species.  In particular the V2p XPS (figure 1) shows 

marked differences in the oxidation state of the vanadium 

species under varying reaction conditions. Pure n-butane as the reactant shows an increase in 

reduction with an average oxidation state of vanadium less than 4.   Ideally, the oxygen 

content of the feed could be optimised to reduce formation of oxygenated side products while 

maintaining a higher vanadium oxidation state. 

Figure 2.  VL3 NEXAFS of 
3.5% V/alumina under 

varying reaction conditions. 

0.4 mbar, 
n-butane 

0.4 mbar, 
n-butane 
+ 1% O2

0.5 mbar, 
oxygen 

VL3

Finally, the 1, 3.5 and 8 % V/alumina catalysts 

were examined ex situ after deactivation under ‘real’ 

dehydrogenation conditions (1 bar n-butane, 723 K).  V2p 

XPS showed a main peak at 515.9 eV, indicating that 

mainly V3+ species were present.  Hence the vanadium 

was greatly reduced during the deactivation process.  The 

carbon K-edge absorption spectrum for the 3.5% 

V/alumina (figure 3a) and 8% V/alumina are similar, the 

predominant feature at 288.5 eV shows the presence of 

unsaturated hydrocarbons when compared with reference 

compounds (figure 3).  Due to the absence of higher 

energy features, it is unlikely that the carbon species is 

solely graphite.  The carbon NEXAFS of 1% V/alumina 

(not shown) was similar to that of a styrene reference [5].  

F

288.5

(d)

(c)

(b)

(a)

igure 3.  C K-edge NEXAFS of
post-reaction 3.5% V/alumina (a) 

[4] (b), benzene [4] (c) and 
graphite (d). 

 

and reference spectra of n-butane 
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This is in agreement with Raman spectroscopy 

studies [6] which suggest that polystyrene is an 

intermediate in the formation of carbon deposits 

during dehydrogenation over VxOy/alumina 

catalysts. 

 By combining the results of the in- and 

ex-situ experiments, a general trend relating 

vanadium oxidation state to catalytic activity 

under different reaction conditions can be 

observed (figure 4).  Under dehydrogenation 

conditions (n-butane, 723 K) the vanadium oxidation state decreases with time on stream.  

After this initial change carbon was deposited on the catalyst surface, causing deactivation of 

the catalyst.  Hence, the investigations suggest that maintenance of a higher oxidation state of 

vanadium is a crucial step in preventing catalyst deactivation. 
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Conclusions 

In the final analysis, high pressure in situ XPS and NEXAFS were shown to be useful 

analytical techniques for the investigation of VxOy/alumina surfaces under reaction 

conditions.  The benefit of oxidative dehydrogenation was to maintain a higher oxidation state 

of vanadium; however more oxygenated side-products were produced.  Links between the 

electronic structure of vanadium and catalytic activity were successfully established. 
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Protein adhesion on magnesium implants during in vivo and in vitro corrosion. 
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Introduction 
Biodegradable magnesium alloys represent a novel class of temporary metal implants that 
corrode in vivo1. The major aim in the development of biodegradable metal implants is to 
control the corrosion process in vivo, but as the environment of in vitro experiments still 
differ from in vivo conditions, predictions about the in vivo corrosion are difficult to make. 
However, it is crucial to understand the degradation process in vivo in order to assess 
potential health risks and implant functionality. It is well known that proteins affect the 
corrosion behaviour of metals, and that the presence of proteins can either inhibit or accelerate 
the corrosion process 2,3. 
Of particular interest are the corrosion layer and its closest vicinity of only a few micrometers, 
as possible structural changes for example in the distribution of proteins, fatty acids and 
peptides will probably occur in this area and influence the in vivo corrosion process. In this 
study, we evaluated the feasibility of synchrotron-based infrared micro-spectroscopy (SR-
FTIR) for spatially (laterally) high-resolved and sensitive analysis of organic structures on a 
micrometer scale. Embedded bone cross-sections of rabbit-bones after the implantation of 
degradable magnesium rods as well as in vitro corroded magnesium implants were 
investigated. Different magnesium alloys were used to show the more general approach of 
protein adsorption to different biodegradable magnesium implants. 
Experimental setup 
Synchrotron-radiation based infrared spectroscopy was performed in reflection mode on 
explanted bone-implant specimens and on specimens that were immersed in human serum 
under physiological conditions. The bones of adult New Zealand White rabbits with implants 
of magnesium alloy LAE442 were harvested 2 and 12 weeks after implantation. The in vitro 
measurements were performed on magnesium alloy WE43 after immersion in human fresh 
frozen plasma at 37°C and constant stirring for 24 and 56 hours. After immersion the samples 
were dried and measured with SY-FTIR. 
In vivo and in vitro specimens were fixated, embedded and cut to prepare cross-sections. All 
animal experiments were performed in accordance with the animal welfare legislation of the 
county of lower saxony, Germany. The measurements of the in vivo samples were performed 
in reflection mode, with an aperture of 30 microns, a spectral resolution of 4 cm-1 
wavenumbers and a step size of 5 microns. The investigation of in vitro treated magnesium 
alloys were carried out with an aperture of 20 microns, a spectral resolution of 4 cm-1 
wavenumbers and a step size of 5 microns. 
Results 
Adhesive proteins were found in vivo on the surface of implanted magnesium samples 
adjacent to surface areas of direct bone contact at the 2 and 12 week time interval.  
In the in vivo samples at a time interval of 12 weeks we found at least 4 areas with differing 
compositions (Fig. 1). EDX distribution-images basing on the intensities of the Calcium 
signal (Fig.1a) and of the Phosphorous signal (Fig. 1b) clearly indicate that area 2 consists of 
bone material while there are no bone signals in area 3. This agrees with the distribution 
images based on the IR-intensities of the phosphate bands (Fig.1d). The IR spectra shown in 
Fig.1e reveal the broad phosphate bands of the calcium apatite as well as Amide I (1655 cm-1) 
and Amide II (1543 cm-1) peaks, which originate from the proteins within the bone tissue. In 
the spectrum measured in area 1 far away from the bone tissue we observe these amide peaks 
at the same wavenumbers, which indicates that proteins have migrated out of organic tissue 
onto the corrosion layer. The absence of phosphate peaks proves the absence of bone tissue, 
which agrees with the EDX-measurements. Distribution images based on the peak intensity of 
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the Amide I bands (Fig.3c) clearly show that proteins only occur within a thin layer of about 
20 microns at the surface of the corrosion layer, while no protein signals can be found within 
the corrosion layer.                  
In vitro tests reveal that protein adhesion could also be determined on the corrosion layer of 
WE43 samples by SY-FTIR as early as 24 and 56 hours after immersion in human serum at 
37°C and constant stirring (Fig. 2). Proteins adhere on the top of the corrosion layer. No 

 
Figure 1: Magnesium alloy LAE442 (area 4) implanted for 12 weeks displaying local pure 
protein agglomeration (area 1) on the corrosion layer (area 3) by spatial distribution of 
amide I (c, e) and phosphorous bands (d, e) in SY-FTIR and no calcium (a) and no 
phosphorous content (b). Area 2 represents bone matrix.  
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proteins or lipids were detected inside the corrosion layer. Thereby, the reflected IR signals 
from the uncorroded metal were distorted, preventing a sound signal analysis. 
 

Discussion 
The measurements indicate that SY-FTIR is an appropriate analytical technique to gain 
spatially high-resolved IR-spectra from cross-sections of bones and the surface of embedded 
sample materials. Furthermore, the received IR-spectra demonstrated the existence of at least 
three regions of different chemical compositions in the vicinity of the corroded magnesium 
alloys. We found that the proteins adhere on top of the corrosion layer independently of the 
magnesium alloy in vitro and in vivo forming an additional thin layer. This thin protein layer 
was not capable in preventing the growth of the corrosion layer into the bulk material. The 
proteins remained on surface of the corrosion layer were not observed inside the corrosion 
layer by SY-FTIR. These results implicit that proteins can interfere with the corrosion process 
just at the surface of implant, but this protein layer is not able to stop the corrosion process 
beneath it. We have shown that SY-FTIR in reflection mode is suitable for the investigation 
of the bone-implant interfaces of embedded magnesium implants. 
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Figure 2: Image of the corroded in vitro magnesium alloy (a), displayed in high (red) 
intensities of amide I bands in a mapping (b). Typical IR spectra of corrosion layer, protein 
layer and embedding media display typical amide I and II bands only in the protein layer 
(c). 
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The surfaces of lead chalcogenides have been subjected to numerous theoretical and 

experimental investigations [1-2]. The studies are mainly motivated by the importance of 
these semiconductors for long-wavelength sensor devices, diode lasers, and the thermo-
photovoltaic energy converters production [3]. Notwithstanding the fact that the physics and 
chemistry of bulk lead chalcogenides are widely covered in literature, the structural and 
electronic properties of the PbTe (001) surface are still unclear. One of the important 
characteristics of the surface is the surface core-level shift (SCLS), i.e. the difference in terms 
of binding energies (BEs) of core-level electrons originating from surface and bulk-related 
atoms. Information on the SCLS may be helpful to understand the surface reactivity. SCLS 
was experimentally observed in S 2p spectrum for PbS surface (001) at LN2 temperature 
[4,5]. In the present report, we describe the results of a X-ray photoelectron spectroscopy 

(XPS) study of SCLS at the (100) 
surface of PbTe. 

The photoemission experiments 
were performed at the Russian-German 
beamline. The spectra were taken with 
an experimental setup that consists of a 
preparation chamber equipped by an 
analysis chamber equipped with a 
CLAM 4 (Thermo VG Scientific) 
electron energy analyzer. Clean 
surfaces for the measurements were 
obtained by cleaving the PbTe single 
crystals along the (001) plane under a 
base pressure in the low 10-10 mbar 
range. The structural perfection of the 
cleaved surfaces was confirmed by 
sharp LEED pattern. The Pb 5d and Te 
4d core-level spectra were recorded at 
different photon energies and detection 
angle, both at LN2 temperature and at 
room temperature (RT). All spectra 
were fitted by the Gaussian – 
Lorentzian convolution functions with 
simultaneous optimization of the 
background. 
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Fig.1. Spectra for PbTe (001) surface obtained at LN2 and
RT hν=125 eV: a) Pb 5d, b) Te 4d 2-doublet fit, c) same 
spectrum as in Fig.b, but with single doublet fit, d-f) the 
spectra obtained at different detection angles. 
The Pb 5d and Te 4d spectra are 
shown Fig. 1. The Pb 5d spectra for both, LN2 temperature and RT are well described with 1 
doublet; therefore we can conclude that the SCLS has to be very small for Pb atoms. A 
difference in the phonon broadening is observed for the spectra taken at LN2 and room 
temperature. A one-doublet approximation for the Te 4d spectrum leads to systematic 
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deviation of the calculated profile from the experimental data, which is clearly illustrated by 
the residuum in Fig.1c and the statistical parameters, especially Abbe criterion. The best 
description for the Te 4d spectrum was obtained by fitting two doublets with a splitting of -
0.30±0.02 eV. It should be mentioned that at room 
temperature these two components are not 
resolvable due to phonon broadening. 
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In order to ascribe the observed doublets in 
the Te 4d spectra to the bulk and surface states, 
additional experiments have to be performed. On 
approach to this question is a variation of the 
photon energy or the detection angle since this leads 
to a variation of the surface sensibility and, hence, 
to a change in the relative intensities of the 
components. A second approach for the 
identification of the surface component is the 
comparison of the spectra recorded before and after 
a surface reaction (e.g. due to oxidation), which 
influences the uppermost layer only. 

Fig. 2. Correlation between the intensity of 
bulk-related peak and detection angle θ. 

In our experiments, the variation of the photon energy 
was limited by the strong decrease of photoionisation cross-
section and the photon flux provided by the monochromator at 
higher PEs. By changing the detection angle θ, we observed a 
good qualitative correlation between the experimental surface-
to-bulk intensity ratio, Is/Ib, an the Hill equation (see figs 1d-f 
and 2):  

1)
cos

−
θ

dexp(/ =
λ

II bs
    , 

where d is the interatomic distance and λ the electron inelastic 
mean free path. 

We also performed the modification of the clean PbTe 
(001) surface by means of O2 and H2S adsorption. 
Unfortunately, these reactions lead to several intermediate 
states, which overlap with the initially observed bulk-related 
peak. Therefore, an exact separation of the bulk component in 
order to reliably define the spectral parameters is hardly 
possible. The Te 4d spectra for the PbTe surface after H2S 
exposure were treated within two approximations. In the first 
case (presented in Fig. 3a) the bulk component was treated 
with fixed parameters for the peak shape, which were obtained 
from describing the clean PbTe(001) surface with one doublet. 
In the second case the spectra were treated with the 
constrained parameters of the bulk-related component derived 
from fitting the Te 4d spectra of the clean surface with two 
components. The results are depicted in Fig. 3b. As it is clear 
from both the differential curves as well as the statistical χ2 
and Abbe criteria, the second option provides a distinctly 
better description of the experimental data.  

In addition, we investigated the cleaved surface with 
SEM, AFM, and STM, and found that the density of nm-scale 
and atomic steps is relatively low. As shown in Fig.4 different 
step sizes including monoatomic steps are present at the 

surface, however, the fraction of atoms positioned at the step edges does not exceed several 
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Fig. 3. Te 4d spectra with 
1ML H2S. Contrary to (a) a 
SCLS of the Te 4d level is 
taken into account in (b). 
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percent of the total amount of surface atoms. Thus we can conclude that the surface 
imperfection can contribute to Te 4d spectrum, however, only with a relatively low intensity. 

In order to 
correlate the observed 
spectral features to the 
surface atomic geometry 
(i.e. differential 
relaxation), ab initio 

quantum-chemical 
modeling in the 
framework of cluster 
approximation has been 
applied. To perform 
calculations, we used 
hybrid density functional 
the B3LYP and the LanL2 
pseudopotential with a 
corresponding two-
exponential basis 
augmented by d-
polarization functions 

(LanL2DZP). The (PbTe)56 cluster modelling the 
(100) surface of PbTe surface is presented in Fig.5. 
We optimized the coordinates of the “central” 8 
atoms. Four of them are located in the centre of the 
surface-modelling face, and the next four are those 
situated in the near-surface layer (right under the 
surface) and are thus directly bonded to the first 
four ones. We have calculated the core level shifts 
for the cluster after optimization in the initial state 
approximation, i.e. as a difference between 
electrostatic potentials in the centre of the atomic 
position of a core state of a separated non-excited 
neutral atom and of a non-excited atom at the 
surface or in the bulk of the cluster. The calculated 
SCLS comprises -0.33 eV for Te 4d and -0.08 eV 
for Pb 5d. The calculated values are close to those 
observed in the experiment; therefore one may 
conclude that the SCLS is adequately described in 
the initial state approximation.  
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Fig.1. Spectra f

Fig. 4. SEM, AFM, STM images and LEED pattern of PbTe surface. 
Arrows show atomic steps 

Fig. 5. (PbTe)56 cluster modelling PbTe 
(100) surface. Te atoms are light gray, Pb 
atoms are dark gray. 

Based on the whole set of experimental data and calculation results, we assume that 
tellurium atoms are present in the spectra in at least 2 states. One of them is related to bulk, 
and the second one corresponds to the atoms located at the atomically flat surface. This can 
serve as a ponderable argument for the presence of SCLS at the (001) surface of pure PbTe. 

The authors would like to thank BESSY staff for support. 
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Water soluble associative polymers have received increasing interest due to their wide-
ranging applications from medicine (as drug or gene delivery systems) to microelectronics or 
paper coatings and paintings (as rheology modifiers). These polymers are designed to undergo 
a second assembly step via non-covalent interactions, with a relatively small number of 
components, to form nanostructures, such as polymer micelles. 

In the present work we reveal the structure of micelles formed by hydrophobically 
modified poly(2-isopropyl-2-oxazoline) (PIPOZ) in concentrated aqueous solution (10 wt %). 
Hydrophobic modification of PIPOZ (Mw = 13 000 g/mol, PDI = 1.2) was achieved by 
introducing n-octadecyl groups either on one or on both ends of the polymer chains (semi-
telechelic or telechelic PIPOZ, respectively). Both polymers form transparent viscous 
solutions in water at room temperature.  

The SAXS patterns (Figure 1) of 10 wt % semi-telechelic and telechelic PIPOZ in water 
were measured at the Microfocuse Beamline of BESSY. The best fit of the SAXS data for 
both polymers was obtained taking into consideration cylindrical shape of the micelles. The 
SAXS pattern of telechelic PIPOZ is fitted with the core/shell model [1]. The core radius is 
equal to 1.1 nm while the radius of both core and shell is c.a. 6 nm, a length of the cylinders is 
ca. 20 nm. In the case of semi-telechelic PIPOZ the experimental curve is fitted with cylinders 
with length of ca. 40 nm and a radius of 1.3 nm. The later result can be explained by the low 
electron density contrast between solvent (water) and extended, very good solvated PIPOZ 
shell that makes the hydrophilic PIPOZ shell ‘invisible’ (contrast matching). Obviously, 
polymer chains in the telechelic PIPOZ contain less water than in the semi-telehelic PIPOZ.  
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Figure 1. SAXS curves of concentrated telechelic (filled circles) and semi telechelic (open circles) 
hydrophobically modified PIPOZ. The best fit of the SAXS data for both polymers was obtained considering 
cylindrical shape of the micelles (solid and dashed lines respectively).  
 

The core for both polymer micellar solutions should be formed by assembled n-
octadecyl chains and its radius should be smaller than the length of n-octadecyl chain in all-
trans conformation (lmax = 1.265 Å · 17 + 1.5 Å = 23.0 Å [2]). Moreover, the ratios between 
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core and shell volumes of the model cylinder for telechelic PIPOZ (Vcore / Vshell = 0.05) is 
comparable to the calculated ratios between volumes of alkyl chains and PIPOZ (Valkyl chains 
[2]/ VPIPOZ [3] = 0.062). Since the size of hydrophobic core as well as volumes of core and 
shell are realistic it can be concluded that both telechelic and semi-telehelic PIPOZ form 
elongated (cylindrical) micelles (with alkyl chains in the hydrophobic core and PIPOZ chains 
as the hydrophilic shell) in highly concentrated aqueous solutions.  

 
This work was suppoted by the Adolf-Martins-Fellowship program of Federal Institute 

for Materials Research and Testing 
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Toxicity of hydrogen sulphide (H2S), which is released into environment as a result of 
many natural and technological processes, draws enormous attention to the development of 
highly sensitive and selective sensors for its detection in gaseous and liquid media. Cheap 
portative sensors for H2S detection are of high demand in oil&gas, mining, and waste disposal 
industries, as well as for different scientific applications. Recently a new electrochemical 
superionic low-temperature H2S sensor has been developed. It exhibits ultimate combination of 
high sensitivity and selectivity. The sensor may be used at ambient conditions (temperature - 40 ÷ 
+600 C, relative air humidity 10-95 %); its application does not require any additional thermo- or 
hydrostating [1]. Although the characteristics of the sensor thus obtained are well reproducible, 
the mechanism of sensor activity still remains unknown. In order to shed light onto the 
mechanism of H2S detection, we have investigated the H2S/O2 adsorption at the surface of 
chalcogenide working electrodes to model the sensor detection-relaxation cycles. The 
experiments have been performed using synchrotron-induced core-level photoemission at 
BESSY.  

The sensor electrochemical cells used for experiments 
consist of a working electrode (WE) – polycrystalline PbS, which 
has been grown from solution on the surface of polished and 
annealed pellet consisting of Na-conducting solid electrolyte 
NASICON (SE). The deposition was performed starting from the 
aqueous solutions of Na2[Pb(OH)4] and (NH2)2CS (thiourea). The 
film thickness and grain size have been controlled by adjusting 
temperature and growth duration. The opposite side of the pellet 
has been attached to the pressed reference electrode (RE) 
consisting of Na0.5WO3. The sensor design is illustrated in Fig. 1. 
Fig. 2 shows a typical 
microstructure of the WE 

surface.  

 

Fig. 1. Scheme of the sensor 
structure 

The photoemission experiments have been 
performed at the Russian-German beamline (RGBL). The 
spectra were recorded using CLAM 4 (Thermo VG 
Scientific) electron energy analyzer. The Pb 5d spectra 
have been recorded at hν = 125 eV and analyzer pass 
energy (PE) of 2.5 eV, and the S 2p spectra were taken at 
hν = 205 eV and PE = 10 eV. Additionally, O 1s spectra 
have been recorded at hν = 600 eV and PE = 10 eV. Due 
to monochromator construction the absolute energy scale 
had uncertainty of ≈0.2 eV. Consecutive exposures to 
H2S and O2 were conducted in the preparation chamber. 

Fig. 2. Typical SEM image of PbS 
working electrode (50 K). 
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The H2S exposure was conducted for 15 min at gas pressure of 8•10-5 mbar. In order to model the 
sensor working conditions, consecutive O2 exposure has been conducted for 30 min at 5•10-4 
mbar. Two H2S/O2 cycles have been performed. 

For the data analysis, the spectra were fitted by the Gaussian – Lorentzian convolution 
functions with simultaneous optimization of 
the background described by the equation 

)()( tESsaEU ⋅+⋅+= )(ET , 
where S(E) is a Shirley background and T(E) is 
a Tougaard background. 

Initially the surface of the PbS working 
electrode is totally oxidized. Both, the Pb 5d 
and the S 2p spectra (the latter is illustrated in 
Fig. 3a) are dominated by a component at 
higher BEs corresponding to the formation of 
PbSO4. The hardly distinguishable S 2p3/2 line 
corresponding to the bulk of PbS is located at 
BE = 160.6±0.1 eV (component I); all 
chemical shifts have been calculated by taking 
component I as a reference. The components 
located at essentially higher BEs in S 2p 
spectra have the following chemical shifts 
(ChS): +5.6±0.1 eV (component IV), +7.2±0.1 
eV (component V), and +8.3±0.1 eV 
(component VI). Taking the available data on 
different sulphur species on the surface of PbS 
into account [2, 3], one can attribute 
component IV to the formation of species 
containing sulphur in +4 oxidation state 
(supposedly SO3

2-). The nature of component 
VI remains unclear; since it has a BE almost 1 
eV higher than for sulphur in SO4

2-, it may, 
however, be related to oligosulphates 
formation (S2O7

2-, etc.). One can also suppose 
that it can be related to species like S2O8

2-; 
however, high reactivity of these species, 
which are considered to be one of the strongest 
oxidizers, as well as their relative instability 
leads us to conclusion that their appearance at 
the surface is rather improbable. Thus, the WE 
surface before H2S exposure consists sulphur 
atoms predominantly in +6 state (sulphate). 

After the first H2S exposure the relative 
intensity of the component corresponding to 
Pb-S bond increases essentially in the Pb 5d 
spectra, thus indicating the reduction of 
surface species. In the S 2p spectra (fig. 3, b) 
at least 2 additional states appear between 
those related to SO4

2- and S2- peaks appear. 
Component II and II have a chemical shift of 

Fig. 3. S 2p spectra: (a) initial surface; (b) first H2S 
exposure; (c) consecutive O2 exposure – end of first 

cycle; (d) second H2S exposure; (e) second 
consecutive O2 exposure – end of second cycle. 
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+1.1±0.1 eV and +2.7±0.1 eV, respectively, towards higher BEs relative to component I. We 
refer these components to the formation of oligosulphides at the surface as a result of H2S 
adsorption [2,3]. The structures Sn

2- or SnH- contain two types of sulphur atoms: those bonded to 
Pb and those bonded to S only; since their environment differs, a difference in binding energy 
should be observed. The quantity of S-S bonds increases with increase of n. Based on the analysis 
of the relative intensities we suggest that component II is related to a Pb-S bond and component 
III to S-S bonds in oligosulphides. From the intensity ratio of these components we conclude that 
the average formula of oligosulphide is PbS4. After H2S exposure, the fraction of component V 
(corresponding to SO4

2-) decreases substantially; this is accompanied by an increase of of the 
intensitry of component I. Therefore, we conclude that H2S exposure leads to partial reduction of 
sulphur atoms giving a number of species which contain S atoms in lower oxidation states.  

Consecutive exposure of the surface to oxygen leads to its oxidation (Fig. 3c). The 
obtaine

confirm the observed behaviour and to further investigate the sensor 
mechan

d that the surface of the PbS working electrode 
underg
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d spectra have the same features as those before H2S exposure; namely, Pb 5d spectra 
contain mostly the component corresponding to a PbSO4 formation, and S 2p spectra with 3 
components only (IV, V, VI; see fig. 3, c). Note that, although the relative intensity of these 
components in the spectra is slightly different from the one observed initially, their BE as well as 
other peak features is equal to that registered before the exposures. It is interesting to note that 
components IV and VI are present in all sulphur spectra; their relative intensity remains almost 
the same, notwithstanding the treatment of the working electrode. We suppose that these 
components refer to the irreversible formation of some sulphur species, which appear to be very 
stable at the surface. In general, the spectral changes indicate that after consecutive H2S-O2 
exposure the surface of the working electrode fully recovers; the H2S adsorption seems to be a 
reversible process.  

In order to 
ism, we performed a second cycle of H2S-O2 exposures. As a result of spectra treatment 

we found out that the same components are present in both Pb 5d and S 2p spectra. In case of S 
2p, after H2S exposure the relative intensity of components differs from that observed after the 
first exposure, namely, the fraction of component II increases substantially (see fig. 3, d). We 
suppose that in this case the ratio of Pb-S and S-S bonds changes, i.e. the second cycle leads to 
decrease of n. The calculations involving relative intensity show that the average formula of 
oligosulphide is PbS2 (corresponding to the shortening of the oligosulphide chains). Consecutive 
O2 exposure returns the  to the oxidized state, with the same components being observed at the 
surface as before the exposures (see fig. 3, e). 

As a result of data analysis, we foun
oes reversible reduction during H2S detection. The surface is reduced by H2S only 

partially; different oligosulphides are reversibly formed. Further oxygen exposure returns the 
surface to the initial (oxidized) state. The obtained data are of great importance for the 
understanding of electrochemical sensor activity mechanism, and should be considered in 
combination with other sets of data obtained both for surfaces of working electrodes, as well as 
WE/SE and SE/RE interfaces. 
 The authors would like 
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Metal Organic Frameworks (02)V) are a new promising class of nanoporous materials, which have

found many applications, due to their almost unlimited variability in structure, properties and

fascinating design [1-5]. A new dimension in MOFs application opens up when these MOF materials

can be addressed on the nanoscale, by attaching them to surfaces in a well-defined way and then, for

example, loading them with metal organic precursors. This opens up the possibility to fabricate

metallic nanoparticles embedded in the well-defined nanopores of the MOFs exhibiting interesting

electronic and catalytic properties [3-5].

In this work the specific anchoring of two different type of 02)6, namely (Metal Organic Radical

Open Frameworks (0252)V) and layer based metal organic frame works (/%02)V)) to surfaces

has been investigated. For the experiments described here, two different organic ligands have been

used. MOROFs are fabricated by mixing tricarboxylic acid substituted perchlorotriphenyl-methyl

radical (PTMTC) ligand with copper di-acetate yielding different types of MOROFs, which have

strong intramolecular antiferromagnetic properties and act like a nanoporous molecular magnet.

LBMOFs are fabricated by mixing the 1,3,5 tricarboxylic benzene (BTC) ligand with copper(II)

acetate or Zinc(II) acetate yielding different MOF structures.

Near edge x-ray absorption fine structure (NEXAFS) measurements were performed at the HE-SGM

beam line using partial electron yield detection. The C K-edge polarization dependence NEXAFS

spectra of the mercapto hexadecanic acid (MHDA) SAM (Fig.1a), of the SAM modified with Cu(II)

acetate (Fig.1b), and after the subsequent treatment with the MOROFS are shown in Fig. 1. An

unambiguous proof of the presence of PTMMC ligand bound to the surface of the SAM, is provided

by the observation of a resonance at 282.9 eV in the NEXAFS spectra (Fig. 1c). 282.9 eV is an

unusually low energy for a NEXAFS resonance. The resonance at 282.9 eV is assigned to an

excitation of C1s core electrons in the half filled highest occupied electronic state of the radical [6]

and it directly demonstrates the presence of a carbon radical on the surface. The results indicate that

only the acid form of PTMTC is anchored on the SAM whereas no deposit is obtained after treatment

with the basic form (Fig.1d).

A sequential deposition of organic molecules employing metal-ions to form layers with defined

thickness has been reported for mercaptohexadencanoic acids and for polyelectrolytes [7,8], but is

here for the first time applied to the selective growth of MOF-structures on a functionalized substrate.

Infrared reflection absorption spectroscopy and x-ray photoelectron spectroscopy (XPS) results have

shown that there is indeed a layer-by-layer growth of the Zn-BTC MOFs with the increasing number
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of deposition cycles. The heights measured by atomic force microscopy (AFM) and the NEXAFS data

(shown in fig.2) reveal an orientation of the BTC-units which is mainly perpendicular to the surface

(average tilt angle 50°-60°).

This layer-by-layer deposition of MOFs on organic surfaces not only makes it possible to coat surfaces

with MOF-layers of defined thickness but, even more interestingly, opens up the possibility to

synthesize completely new types of MOFs with compositions and structures not accessible by bulk

synthesis routes, e.g. frame-works containing two different organic ligands arranged in an alternating

fashion.
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In situ X-ray photoelectron spectroscopy on supported powder and model Au/TiO2 

catalysts – influence of the material gap  
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supported by DFG within SPP 1091 (Be 1201/9-3) and SFB 569 via TP B2 

Oxide supported Au catalysts with finely dispersed small Au nanoparticles have attracted 
considerable interest in recent decades because of their high activity for numerous reaction, 
e.g., the low-temperature CO oxidation. The question of oxygen activation and the role of 
ionic Auδ+ or Au0 species in the reaction mechanism are still controversially discussed [1-4]. 
To investigate the influence of the reaction atmosphere on the support and on the chemical 
/electronic state of the Au surface atoms in more detail, we performed a comparative in-situ 
high pressure XPS study on the interaction of different reactive gases, O2, CO and CO/O2 
mixtures, with dispersed Au/TiO2 catalysts and planar Au/TiO2(110) model catalysts. These 
two catalyst systems differ by their density of surface defects. The dispersed catalysts consist 
of a highly defective support material, while the model catalysts, on the other hand, are 
supported on almost ideal surfaces of fully oxidized and atomically smooth TiO2(110) 
substrates. The two catalysts used in this study have comparable Au particle sizes (~3 nm) 
and they were pre-conditioned in the same way prior to the exposure, with only metallic Au0 
species being detectable after conditioning [5,6].  

First, the Au/TiO2(110) model catalyst was exposed to 0.3 mbar O2 at increasing temperatures 
up to 400°C, in order to study the extent of surface oxidation of the Au particles. All Au 4f 
spectra (fig. 1, left panel) exhibit the same characteristics, almost symmetric peak shapes and 
a constant peak width (FWHM 0.8 eV), indicating that the spectra are dominated by a single 
Au species. A small shift of about 0.5 eV to higher BEs in the Au 4f signal, from RT to 
400°C, remaining after calibration to a constant Ti 2p peak BE (459.2 eV),  indicates that both 
temperature as well as the ambient  atmosphere  (vacuum or O2 at 400°C)  affect  the 

 electronic/chemical state of the 
Au particles. The origin of this 
shift is not yet clear, but based on 
the constant peak shape it can not 
be related to surface oxide 
formation, which should show up 
as a high BE shoulder on the Au 
4f peak (larger FWHM and 
different peak shape). 
Additionally, during the whole 
experiment the O 1s/Ti 2p 
intensity ratio remains constant, 
indicating that oxygen adsorption 
on the well ordered TiO2(110) 
support is insignificant. In the 
second part of this experiment 
(fig. 1, right panel), we stepwise 
approached the situation during 
the CO oxidation reaction by 
exposing the model catalyst first 

Fig. 1: Left panel: Sequence of Au 4f spectra recorded on a 
Au/TiO2 model catalyst in vacuum at RT, in 0.3 mbar O2 at 
temperatures up to 400°C and in vacuum at 400°C; right panel: 
Sequence of Au 4f spectra recorded at 80°C on a Au/TiO2 model 
catalyst in vacuum, 0.3 mbar CO, vacuum, 0.3 mbar O2, vacuum, 
0.3 mbar O2/CO (1:1) and vacuum. 
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to CO (0.3 mbar), then to O2 (0.3 mbar), and finally to a 1:1 O2/CO gas mixture (0.3 mbar 
total pressure) at 80°C, which represents a typical reaction temperature [7]. In between the 
measurements, the reaction cell was pumped off, and additional XPS measurements were 
performed under vacuum conditions to identify permanent changes of the model catalyst 
surface after the different stages of this sequence. Analogously to the data in the first 
sequence (O2 exposure up to 400°C, cf. fig.1, left panel), the Au 4f peak shapes and FWHMs 
remain constant, indicating that also under these conditions significant surface oxidation can 
be ruled out. 
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Fig. 2: XP spectra of the Au/TiO2 powder catalyst at 80°C recorded (a) in vacuum after conditioning in O2, (b 
and c) during O2 exposure after 2 and 9 min, respectively, as well as (d) after O2 exposure in vacuum. Left part: 
survey scans (hν = 850 eV), right part: Ti 2p (hν = 619 eV) and Au 4f (hν = 234 eV) peaks recorded at a higher 
resolution. 
 
For the powder catalyst, exposure to 0.3 mbar O2 leads to a shift in the BE of all peaks  
compared to the measurements under vacuum conditions due to sample charging (fig. 2). The 
energy shift is inhomogeneous and results in broadened peaks of each signal. The charging 
effects could be removed by quantitative comparison with a C 1s contamination peak, which 
is assumed to be constant in shape and BE under the present conditions. (It should be noted 
that for O2 exposure at 400°C an additional charging was not observed.) The resulting Au 4f 
and Ti 2p spectra closely resemble those obtained before O2 exposure, indicating that also on 
the dispersed catalyst significant Au oxidation can be ruled. In addition, the O 1s/Ti 2p 
intensity ratio increases during O2 exposure, indicative of oxygen adsorption. This increase in 
intensity ratio is reversible, i.e., the adsorbed oxygen can  be  pumped  off again (fig. 2d); the 
oxygen must be weakly adsorbed, most 
likely in a molecular state. 
In a series of experiments displayed in fig. 3, 
we investigated the effect of exposing a 
fresh Au/TiO2 powder catalyst to a CO/O2 
mixture under reaction conditions (1:1 
mixture, 80°C, 0.3 mbar total pressure). 
During exposure, a significant shift in the 
BEs occurred (fig. 3b-d), increasing with the 
reaction time. After subsequent evacuation, 
the energy shift is reduced but not 
completely removed. All signals are 
broadened again and show the typical 
features of inhomogeneous charging. 
Removal of the charging effects (see above) 
leads to Au 4f and Ti 2p peaks very similar 
to those obtained before exposure to the 
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Fig. 3: XP survey spectra of the Au/TiO2 powder 
catalyst recorded (a) in vacuum after heating in O2, 
during CO oxidation at 80°C after (b) 4 min, (c) 9 min 
and (d) 45 min as well ad (e) in vacuum.  
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reaction gas mixture (fig. 3a). Hence, the metallic character of the Au particles is maintained 
also under reaction conditions. 

For both systems, the model catalyst as well as the dispersed catalyst, we found no detectable 
Au oxide formation upon exposure to O2, CO or to a CO:O2 (1:1) reaction mixture at 80°C. 
This result apparently contrasts recent findings in an in-situ high pressure XPS data on a 
disperse Au/TiO2 catalyst [4], where the authors reported an increasing intensity of a 0.9 eV 
up-shifted component, which they related to a final-state shifted signal (small Au particles). 
The discrepancy to our present results is almost certainly caused by the different morphology 
of the catalysts, due to the different pre-treatment. The unconditioned Au/TiO2 catalyst (pre-
treatment: drying in air at 50 - 80°C) contained a high content of very small (and possibly not 
completely reduced) Au clusters/particles, while the catalysts used in the present study were 
characterized by 3 nm diameter, metallic Au particles. Obviously, these larger particles are 
significantly more stable against oxide formation or adsorbate induced changes in the 
electronic structure of the Au particles. 
Finally, the significant amount of adsorbed oxygen on the powder catalyst during O2 exposure 
at 80°C may point to weakly bound, molecular oxygen species adsorbed on the support, most 
likely on defect sites, but more definite measurements are necessary for a clear assignment. In 
total, the experiments clearly demonstrate the potential of comparative in-situ studies on 
model systems and realistic catalysts of well defined structural characteristics and under 
comparable conditions. 
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Formation of Kinetically Stable, Flat Lying Thiolate Monolayers 
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The adsorption of a dodecane thiol (C12SH) on a gold surface is compared to the adsorption of the 
same molecule modified to a thioacetate (C12SAc). This work addresses the question if and what kind 
of thiolate monolayers can be formed from thioacetates. In Fig.1 the results obtained by x-ray 
photoelectron spectroscopy for the C 1s, S 2p, and O 1s regions are shown. In the S 2p region only one 
sulfur species with a binding energy of 161.8 eV can be found for both adlayers, being consistent with 
the formation of a thiolate upon adsorption for both films [1]. In the C 1s region the line for C12SH is 
much more intense than that of C12SAc, revealing that the adlayer of the thioacetate is considerably 
thinner. One also notes a considerable shift of about 0.4 eV to lower binding energy for the C 1s core 
level line of C12SAc compared to C12SH. A similar shift has been observed before for thiol molecules 

l
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ying flat on metal surfaces [2] and is probably due to final state effects, i.e., by a better screening of 
he C 1s core holes by the metal electrons [3]. Therefore, the XPS results indicate flat lying molecules. 
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Fig.1 Core level spectra recorded for 
polycristalline gold substrates showing the C 1s, S 
2p and O1s region for thioacetate (C12SAc) and 
thiol (C12SH) immersed in ethanol solution. 
 

onsistent with this are the observations in the O 1s regime. While in the monolayer generated from 
he thiol only trace amounts of oxygen can be found, the layers made from C12SAc contain about one 
xygen atom for every three molecules. Since this cannot result from the adsorption of intact 
hioacetate molecules (for which a ratio of 1:1 would be expected), we believe that the oxygen atoms 
ather stem from the oxidation of the monolayer after formation during manipulation and transfer into 
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the XPS set-up. It has been reported in the past that the sulfur atoms of flat-lying thiolates are rather 
prone to oxidation by atmospheric oxygen [4]. 
To obtain more detailed information about the orientation of the thiolate molecules in the two kinds of 
monolayers, NEXAFS spectra were recorded (Fig.2). The spectra of the C12SH SAM very closely 
resemble earlier NEXAFS results reported for alkanethiolate-based SAMs [5]. In the spectrum for the 
C12SH the resonance denoted R* has been shown to result from an excitation into unoccupied orbitals 
with stronger R character [6, 7]. These signals show a pronounced variation of the resonance intensity 
with the angle of incidence. A quantitative analysis of this linear dichroism reveals a tilt angle of θ = 
( 63 ± 5)°. For the C12SAc-based SAM, the NEXAFS spectra are quite different. While the R* 
resonance is much less pronounced, an additional π*-resonance can be seen at energy of 285 eV. This 
resonance is attributed to a small amount of C=C double bonds, possibly generated by some beam 
damage. Since the spectra as well as their angle dependency are significantly different compared to the 
ones for the thiol-derived monolayers, the orientation of the alkyl chains in the adlayers obtained by 
immersion in C12SAc must be considerably different. Note, that in previous work it has been found 

that if alkane chains are in direct contact with a metals surface, the R* resonance is modified in a way 
similar to that seen in the figure 2 obtained here for the C12SAc layers [8]. The NEXAFS results are 
consistent with a monolayer in which the axes of the hydrocarbon chains are parallel to the gold 
surface. 
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Fig.2  NEXAFS spectra of a) C12SAc and b) C12SH thiol for different angles of incidence of the 
synchrotron light. The solvent used for the solutions was EtOH. 
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Diluted magnetic semiconductor nanoparticles represent a class of materials with unique opti-
cal, electronic, and magnetooptical properties because they combine the magnetic spin proper-
ties of the dopant with unique electronic properties of the nanoscopic semiconductor lattice. 
Especially, manganese doped materials show promising magnetic spin characteristics, that are 
based on Mn2+ as a paramagnetic center, where a group II cation is substituted in the lattice. 
Previous investigations on the location and the properties of Mn2+ in nanocrystals have been 
accomplished by different experimental approaches, such as electron paramagnetic resonance, 
photoluminescence, and magnetic circular dichroism [1]. However, none of these methods 
provides specific information on the important question, whether all Mn2+ is located in the 
bulk of the crystal lattice.  
We have used for the first time X-ray magnetic circular dichroism (XMCD) experiments on 
diluted magnetic semiconductor nanocrystals in order to study the local electronic structure 
and magnetic properties of Mn2+ embedded in the lattice of ZnSe nanoparticles. These parti-
cles are prepared by a metallo-organic high temperature approach in an oxygen-free atmos-
phere [1]. In this synthesis, dimethyl manganese is used as a precursor, hence Mn is integrated 
as Mn2+ into the nanoparticles. The efficient elimination of those Mn2+ ions, which may 
physically be adsorbed on the surface of the nanocrystals was accomplished by immersing the 
samples into pyridine, leading to a ligand exchange on their surface. X ray diffraction meas-
urements reveal, that the particles have a zincblende structure with a small amount of wurtzite 
structure occurring as stacking faults [2]. High resolution electron microscopy measurements 
and an analysis of the pair distribution function yield an average particle diameter of 2.8±0.2 
nm [3]. An inductive coupled plasma analysis of the particles shows that they have an average 
content of about 0.3 to 0.8 manganese ions per nanocrystal [3]. The photoluminescence spec-
trum of the pyridine-treated ZnSe:Mn nanocrystals shows near 350 nm excitation the charac-
teristic Mn2+-emission at 580 nm [3]. This emission is assigned to the internal Mn2+ 4T1 → 
6A1-transition, which is known to be typical for Mn2+ ions occurring in the bulk of the crystal 
lattice [1]. However, it cannot be fully excluded from these results that also surface-bound 
Mn2+ shows are present [1]. This is because energy transfer could also occur if Mn2+ is either 
surface-bound or located in the surrounding matrix [1]. EPR measurements yield a hyperfine 
coupling constant, which is nearly identical to those of Mn2+ ions inside bulk ZnSe [3].  
The particles are spin-coated on Cu substrates and exposed to air for at least one day before 
the XMCD experiments. Mn2+ at the surface of the nanocrystals should be quickly oxidized 
under these conditions [4], while the oxidation of Mn2+ in bulk crystal is expected to be con-
siderably slower. The XMCD measurements are performed at the BESSY storage ring at the 
beam line UE56/2. The experiments are performed at T=5 K at magnetic field strengths rang-
ing from 0.1 T to 6 T. Left or right circularly polarized X rays are absorbed by the samples, 
where Fig. 1(a) shows a typical pair spectra recorded at the MnL2,3 edges applying 6 T. The 
spectra are normalized to the incident photon flux. Low Mn2+ concentration and absorption 
from ZnSe explains that the experimental X-ray absorption is superposed to a substantial non-
structured background, which is subtracted prior to data analysis. The difference between both 
curves shown in Fig. 1(a) yields the XMCD signal, as shown in Fig. 1(b). This results in a 
narrow feature at 641 eV, where the Mn L3 edge is located. Such a narrow feature indicates 
that all Mn2+ is bound in the same local environment. Otherwise, chemical shifts would occur, 
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which would lead to multiple features or substantial 
broadening. Further evidence for this assignment comes 
from a comparison, where the experimental XMCD spec-
trum of single Mn atoms in a d5 state deposited on a po-
tassium surface (pink dashed curve) as well as the calcu-
lated XMCD spectrum for the 2p63d5→2p53d6 transitions 
of a fully spin-polarized d5 atomic ground state in the 
limit of zero crystal field at T=5 K (green dotted curve) 
are displayed in Fig. 1(b) [5]. It is known that transition 
metal impurities on alkali metal surfaces have atomic-
like ground states with full spin and orbital moment val-
ues [5]. All spectra shown in Fig. 1(b) are normalized to 
the feature occurring at 641 eV. The shape of the Mn L3 
XMCD peak from Mn-doped nanoparticles fully agrees 
with the results from previous work. Somewhat reduced 
intensity in the fine structures of the Mn2+-doped 
nanoparticle sample is most likely a result of a lower en-
ergy resolution and a reduced signal-to-noise level in the 
present work compared to earlier work on macroscopic 
surfaces [5]. This is remarkable, considering that oxida-
tion to higher Mn-oxidation states as well as partial fer-
romagnetic or antiferromagnetic coupling between single 
manganese impurities leads to significant broadening of 
the multiplet features at the Mn L2,3 edges [5]. A partial 
oxidation of Mn2+ to Mn3+ would lead to a significant 
broadening and change of the peak shape of the isotropic 
X ray absorption spectrum as well [6]. In the present case 
such a broadening was not observed. Hence, it is con-
cluded from the present XMCD and isotropic X ray ab-
sorption results that exclusively isolated and non-
oxidized Mn2+ ions are present in the bulk of ZnSe 
nanoparticles. This also implies that reactions of the 
metal ions with surface ligands can be excluded. The 
quantitative analysis of the XMCD spectra requires a 
normalization of the integrated isotropic X-ray absorption 
at the Mn L3 edge, so that a comparison to related work 
can be made [5]. This analysis yields that the absolute 

value of the integral of the peak occurring at 641 eV, which results from the Mn2+ embedded 
in ZnSe, is even at the highest applied magnetic field (6 T) about 50% lower than that derived 
from single Mn-d5 atoms on a potassium surface performed at 6 T, as well as the theoretical 
value for a fully spin polarized d5 atomic ground state [5]. This implies that the ZnSe envi-
ronment effectively hinders the polarization of the Mn2+ ions. This may be due to lattice de-
fects in the ZnSe:Mn nanocrystal, which are indeed observed in the XRD measurements [2]. 
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References: 
1) D. J. Norris, N. Yao, F. T. Charnock, T. A. Kennedy, Nano Lett. 2001, 1, 3. 
2) V.I. Korsunskiy, R.B. Neder, A. Hofmann, S. Dembski, C. Graf, E. Rühl, submitted  to J. Appl. Cryst. 2006. 
3) A. Hofmann, C. Graf, C. Boeglin, E. Rühl, submitted to ChemPhysChem 2007 
4) Y. Yonamoto, T. Yokoyama, K. Amemiya, D. Matsumura, T. Ohta, Phys. Rev. B 2001, 63, 214406. 
5) P. Gambardella, S. S. Dhesi, S. Gardonio, C. Grazioli, P. Ohresser, C. Carbone, Phys. Rev. Lett. 2002, 88, 

047202. 
6) B. Gilbert, B. H. Frazer, A. Belz, P. G. Conrad, K. H. Nealson, D. Haskel, J. C. Lang, G. Srajer, G. De  

Stasio, J. Phys. Chem. A 2003, 107, 2893.  

Fig. 1. (a): Left polarized (σ-, solid 
line) and right polarized (σ+, dotted 
line) X ray absorption spectra of 
ZnSe:Mn at the Mn L2,3 edges .(b): 
The X-ray magnetic circular dichroism 
spectrum (solid line) is derived from 
the absorption spectra. The experimen-
tal XMCD spectrum of single Mn-d5 
atoms on a potassium surface (dashed 
line) and a calculated XMCD spec-
trum of the fully spin-polarized d5 
atomic ground state (2p63d5→2p53d6-
transitions) in the limit of zero crystal 
field and T=5 K (dotted line) are in-
cluded for a comparison [5].  
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Nanoscopic matter in the gas phase is of current interest since it represents the link be-
tween condensed matter and the gas phase. The aim of this work is to study size effects of 
structural and dynamic properties of nanoscopic matter in the gas phase by using angle-
resolved elastic light scattering, which is also known as Mie scattering [1]. Mie scattering is 
well-known in the visible regime, where size-effects of microparticles, which are much larger 
than the wavelength of the incident radiation, are probed [1]. Related experiments on free 
nanoparticles require VUV radiations [2], or even shorter wavelengths. First results on the use 
of soft X-rays are reported in this work [3].  

 Structured nanoparticles are prepared by chemical syntheses [2,3]. The samples are dis-
persed in suitable solvents, such as ethanol. Subsequently, the dispersions are sprayed into the 
gas phase at ambient pressure by using an atomizer. The solvent is evaporated and the parti-

cles are size selected by a differential mobility ana-
lyzer (DMA). An aerodynamic lens system focuses 
the beam of nanoparticles to a diameter of ∼500 μm 
into the scattering center, which is located in a high 
vacuum chamber. There, the particle beam is 
crossed by monochromatic synchrotron radiation 
from BESSY (beamlines UE49/2-PGM and UE-52-
SGM). Angle-resolved elastic light scattering is de-
tected by a rotatable CsI-coated microchannel plate 
(MCP) photon detector. It is tuned in the polariza-
tion plane of the synchrotron radiation, covering the 
angle range between 3º and 140º. Two types of ex-
periment are performed: (i) studies on the scattered 
light intensity at fixed photon energy and (ii) scans 
of the photon energy near a core-level absorption 
edge at fixed scattering angle. 

The present experiments are carried out by us-
ing pre-made SiO2 nanoparticles of ∼150, ∼200, and 
∼250 nm, as derived from electron microscopy. Fig. 
1 shows the angle-resolved scattering patterns re-
corded at two photon energies, i.e. at the Si 2p-edge 
(107.2 eV) and in the Si 2p-continuum (150.0 eV), 

 
Fig. 1: Scattered light intensity from variable size
SiO2 nanoparticles. The dashed curves correspond
to modeled results. The dotted curve is the result of
Mie simulations. Further details: see text. 
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where the scattering wave vector q is used. The full 
curves are the experimental results. These agree well 
with dashed curve, which are obtained from model 
simulations taking changes in reflectivity, which is 
due to a rough and graded surface, as well as diffuse 
and specular reflection into account. Note that a 
sharp maximum near q=1 is due to the particle beam 
hitting the detector. For a comparison, Fig. 1 also 
includes Mie simulations (dotted curve), where sig-
nificant deviations from the experimental results are 
observed. These become evident for the distinct 
minimum occurring in the Mie simulations at q∼1, 
whereas this minimum occurs at smaller q-values in 
the experimental and model results. There is also a 
distinct step in the experimental spectra, which is 
observed near the angle of total internal reflection 
(q∼0.1, arrow in Fig. 1). The position of this feature 
is also shifted in the Mie simulations and the model 
results, indicating that there are limitations in both 
approaches in the low q-regime. Fig. 2 shows scans 
of the scattered light intensity near the Si 2p-edge, 
recorded at scattering angles, where the Mie model is 
applicable (see dashed curves in Fig. 2, using the op-
tical constants from ref. [4]). The near-edge spectrum (NEXAFS) of SiO2 is included in Fig. 2 
for a comparison. The spectral features in experiment and model simulations agree well with 
each other in the Si 2p-regime, whereas below 90 eV significant discrepancies occur. It is im-
portant to note, that the particles occur in narrow size distributions, which are also considered 
by the Mie model. This yields for the three samples under study the following diameters: 147 
nm (±7.1%), 192 nm±5.0%, and 240 nm±4.6%). Evidently, Mie scattering from single parti-
cles in the soft X-ray regime is suitable to determine accurately the particle size as well as 
size distributions, which are consistent with results from electron microscopy. This empha-
sizes the applicability of the present approach to characterize size-dependent structural and 
optical properties of free nanoscopic particles by using the nanoparticles beam approach in 
conjunction with tunable synchrotron radiation in the soft X-ray regime [3].  
 
This project has been supported by the Bundesministerium für Bildung und Forschung (contract No. 05-
KS4WW1/7) and the Fonds der Chemischen Industrie. We gratefully acknowledge the excellent beamline sup-
port by Kai Godehusen and Olaf Schwarzkopf.  

References  
[1] P. A. Baron K. Willecke (Eds.) Aerosol Measurement, Wiley, New York (2001). 
[2] J..N Shu, K.R. Wilson, M. Ahmed, S.R. Leone, C. Graf, and E. Rühl, J. Chem. Phys. 124, 034707 (2006). 
[3] H. Bresch, B. Wassermann, B. Langer, C. Graf, R. Flesch, U. Becker, B. Österreicher, T. Leisner, and E. 

Rühl, Faraday Discuss., invited article, to be submitted for publication (2007).  
[4] E. Filatova, V. Lukjanov, R. Barchewitz, J.M. André, M. Idir, and Ph. Stemmler, J. Phys., Condens. Mat-

ter 11, 3355 (1999). 

 
Fig. 2: Energy resolved scattered light intensity 
from size-selected SiO2 nanoparticles at given scat-
tering angles (full curves) in comparison with Mie 
simulations (dashed curves). 
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Semiconductor nanoparticles (quantum dots, QD) have unique size-dependent optical and 
electronic properties. Especially, small nanoparticles have a large surface-to-bulk ratio. There-
fore, it is expected that the particle surface dominates their physical and chemical behavior, so 
that the local environment near the surface strongly influences their properties. All previous 
investigations of QD using soft X rays have been carried out on samples deposited on a sur-
face. Hence, an influence of the substrate on the electronic properties of the particles cannot 
be excluded. Further, as a result of the large surface-to-bulk ratio of nanoparticles a signifi-
cant influence on their electronic properties by the substrate appears to be possible. The ap-
proach of confining simple model particles in an electrodynamic trap has been demonstrated 
to be suitable to investigate liquid and solid micro- and nanoparticles without any contact to a 
substrate.[1] More recently, this method was successfully used for NEXAFS measurements on 
single silica colloids.[1] Based on the results on preliminary studies, we used this approach for 
investigating the electronic structure of II-VI semiconductor nanoparticles in selected solid 
and liquid environments. CdSe/ZnS core shell nanoparticles (3.2 nm in diameter), stabilized 
with the hydrophilic ligand cysteamine are dispersed in a liquid non-volatile siloxane 
graft/block copolymer and injected with a piezo injector in an electrodynamic trap, where a 
single liquid microdroplet is stably stored under ultra high vacuum conditions. In this way, it 
is possible to investigate quantum dots by soft X ray spectroscopy in a liquid environment 
which is not influenced by any substrate. A direct measurement of the total electron yield 
(TEY) is not possible, because of the electric quadrupole field of the trap. Therefore, 
NEXAFS spectra are obtained from X ray excited optical luminescence (XEOL). For a com-
parison, CdSe/ZnS nanoparticles are investigated in a solid silica environment. Therefore, the 
QD are embedded in a controlled way in silica colloids (450 nm diameter).[2] Firstly, the QD 
are coated by the amphiphilic polymer polyvinylpyrrolidone (PVP). Subsequently, they are 
attached to amino-functionalized silica colloids, so that the interparticle distance can be ad-
justed by the length of the polymer. Finally, the particles are coated by a silica layer of about 

15 nm thickness. These QD doped silica colloids are 
adsorbed on a Cu surface. Therefore, their X ray 
excitation spectra are recorded in the TEY- as well 
as the XEOL-approach, so that the results of both 
techniques can be directly compared to each other. 
Firstly, pure siloxane block graft polymer droplets 
are investigated. Therefore, XEOL spectra of the 
polymer droplets as well as TEY- and XEOL spectra 
of solid silica colloids (d = 160 nm) on a graphite 
coated Cu surface are recorded in the regime of the 
Si 2p edge (104 - 110 eV) (see Fig. 1). Both XEOL 
spectra are inverse to the TEY spectrum of the silica 
colloids. Such an inversion has been observed be-
fore, which is due to the competitive absorption of 
sites, that are responsible for the luminescence and 
those that are not involved. The efficiency of the 
luminescence channels has also to be taken into ac-
count (cf. ref. [3]). In the case of the silica colloids, 
the minima in the XEOL spectrum are nearly identi-
cal with the maxima of the TEY spectrum of the 
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Fig. 1: XEOL spectra of a liquid siloxane 
block/graft copolymer droplet (blue dashed 
line) and TEY (red dotted line) and XEOL 
(green solid line) spectra of solid silica colloids 
(d = 160 nm) on a graphite coated Cu substrate 
in the regime of the Si 2p edge (104 - 110 eV). 
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same particles. Similar findings are reported for the TEY and EELS spectra of amorphous 
SiO2.[4a] This shows that the luminescence originates from the entire sample. The NEXAFS 
structures of the silica colloids are characteristic for Si that is bound in a tetrahedral oxygen 
environment 

[4a] The XEOL spectrum of the siloxane block graft polymer droplets shows also 
the typical Si-O resonances, which are only slightly shifted compared to the solid colloids. 
Further, less pronounced minima are observed, which are typical for Si-C σ* bond orbital 
resonances..[4b] It could be shown that the NEXAFS structures of the polymer droplets remain 
unchanged after several hours of continuous irradiation with photon energies below 200 eV. 
The influence of the dispersion medium and functionalization on the properties of the outer 
ZnS shell is probed by XEOL spectra of CdSe/ZnS nanoparticles dispersed in the liquid 
polymer droplets and embedded in silica colloids. First results are obtained from studies in the 
S 2p regime (150 -180 eV) (not shown in this report). The CdSe core of the quantum dots is 
selectively excited in the Cd 3d regime (405 - 425 eV). In this energy regime it was not possi-

ble to measure XEOL spectra of QD that are trapped 
in microdroplets. This is because of low target den-
sity and rapid radiation damage. Therefore, it is only 
possible to measure XEOL- and TEY-spectra of sil-
ica colloids doped with CdSe/ZnS nanoparticles on a 
Cu substrate (see Fig. 2). These results are compared 
with those on CdSe NP in liquid droplet where the 
charging current of the trapped microdroplet is meas-
ured as a function of the photon energy. Such meas-
urements require more than 1000 times lower syn-
chrotron radiation intensity than the studies on liquid 
droplets, so that radiation damage of the sample is 
successfully minimized. Unlike the spectra shown in 
Fig. 1 the XEOL spectrum at the Cd 3d edge is not 
inverted. Thus, in the case of the CdSe core, which 
shows a high photoluminescence after excitation with 
visible light, there is also above the Cd 3d absorption 
edge the optical luminescence the most effective de-
cay process. All spectra shown in Fig. 2 are similar to 
those reported for surface deposited CdSe nanoparti-
cles.[6] The broad features occurring at 410 – 412 eV 
und 415 – 420 eV correspond to the 3d3/2 and 3d5/2 
fine structure components. The TEY spectrum of the 
silica colloids doped with CdSe/ZnS nanoparticles 
and the charging curve of the QD in the droplet show 
an excellent agreement. This result clearly indicates 

that the inner core of the particles is not influenced by the embedding matrix, whereas results 
recorded at the S 2p-edge show that significant changes of the outer shell are observed in the 
near-edge spectra. 
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Fig. 2: XEOL (green solid line, top) and TEY 
spectra (red dotted line) of silica colloids 
(d = 450 nm) doped with CdSe/ZnS nanoparti-
cles on a Cu substrate as well as charging 
current dQ/dt of CdSe/ZnS nanoparticles dis-
persed in a liquid siloxane block/graft copoly-
mer droplet (cyan solid line) in the regime of 
the Cd 3d edge (405 - 425 eV). The NEXAFS 
spectrum of CdSe nanoparticles (d = 3.2 nm) 
on a silicon substrate (black dashed line) is 
shown for a comparison (as taken from ref. 
[6]).  
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Palladium is considered as the best catalyst for the catalytic combustion/partial oxidation of 
methane and other small hydrocarbons, which is an environmentally benign process for 
power generation with low NOx emissions and for removal of residual methane from the 
emission gases of methane-powered vehicles [1]. Investigation of the oxidation mechanism of 
palladium and the mechanism of oxide decomposition is critical for developing/improving 
Pd-based catalysts. Palladium oxidation is a complex process consisting of several steps, 
among them formation of different metastable surface oxide phases [2, 3].  

In this project we aimed to study in detailed mechanism of palladium oxidation on Pd(111) 
and on Pd(110) surfaces, expecting difference in kinetics of the close-packed (111) surface 
and more open (110) surface.  

The kinetics of palladium oxidation was studied by in situ XPS on Pd(111) and Pd(110) 
surface at 0.2-0.8 mbar O  at 275C - 425C. The characteristic O 1s and Pd 3d2 5/2 spectra are 
shown in Figure 1. Three peak detected in the Pd 3d5/2 spectrum are assigned to metallic 

palladium, Pd(B), to 
oxidation state, peaks 
Pd(Ox1) and Pd(Ox2). 
Both the peaks 
Pd(Ox1) and Pd(Ox2) 
are characteristics of 
2D surface oxide as 
well as bulk PdO 
phase. However, when 
PdO phase appeared 
the Pd(Ox2) peak 
dominates as shown in 
Figure 1. The different 
phases of the surface 
oxide demonstrate a 
different Pd(Ox1)/ 
Pd(Ox2) ratio (see for 
instance [2, 3]). 
Oxygen species are 
characterized by the 
O(I) and O(II) peaks. 
The O(II) peak 
dominate in the case of 

the bulk PdOas shown in Figure 1.  
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Figure 1. The characteristic O 1s and Pd 3d5/2 spectra obtained in-
situ during Pd(111) oxidation.  

Palladium oxidation can be monitored with the O(II) and Pd(Ox2) peaks as shown for 
Pd(111) in Figures 2. Palladium oxidation was found to be complex process, which consists 
of at least 3 stages. The first slow stage is formation of Pd “seeds”. The seed formation is 
competing with seed decomposition and the resultant rate is depending on oxygen pressure 
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and temperature. At high temperature, the seed decomposition is prevailing over seed 
formation and higher pressure is required to overcome this limitation (the right panel of 
Figure 2). The second stage is oxide particle growth. A 3D growth of PdO particles was 
observed during this stage. The PdO particles are supposed to grow from the PdO seeds. The 
reaction rate at this stage is likely not a function of pressure but temperature. Completed 
coverage of the surface by the PdO particles results in deceleration of the oxidation process. 
The third stage is slow oxidation of palladium due to mass-transport limitation. The low 
reaction rate at this stage is explained by slow diffusion of either oxygen through PdO or 
palladium atoms towards the surface. 
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Figure 2. Relative intensity of the O(II) and Pd(Ox2) peaks observed on Pd(111) as a function 
of the exposure time depending on O2 pressure and temperature. The left panel: the oxygen 
treatment was performed at 650K; the right panel: the  oxygen treatment was performed at 
700K.  

Figure 3 represents relative intensity of the O(II) and Pd(Ox2) peaks observed on the Pd(110) 
surface during oxidation. The open Pd(110) surface oxidises faster and at lower temperature 
comparing with close-packed Pd(111). The obtained data allow us to draw the full model of 
palladium oxidation and explain kinetic peculiarities of the process.  

The Pd seed are responsible for a catalytic activity maximum of methane combustion on 
Pd(111) and Pd(110). The activity reaches the maximum at maximum coverage of the PdO 
seeds. The deeper oxidation did not have such effect as the PdO seed coverage. In general, 
kinetics of total methane oxidation can be explained in the terms of palladium oxidation. 
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Figure 3. Relative intensity of the O(II) and Pd(Ox2) peaks observed on Pd(110) as a function 
of the exposure time depending on O2 pressure and temperature.  The left panel: the oxygen 
treatment was performed at 650K; the right panel: the  oxygen treatment was performed at 
700K. 
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The puzzling magnetic resonance structure observed in superconducting cuprates is one of the most controversial
topics in today’s high-Tc superconductor physics. Existing theories waver between the itinerant magnetism and the
local spins, as it appears that both approaches can qualitatively reproduce the main features of the magnetic spectra.
It is a long standing question, which one of these two components (itinerant or localized) predominantly forms the
integral intensity and the momentum-dependence of the magnetic resonances. One needs to be able to estimate their
contribution quantitatively, carefully taking into account all the information about the electronic structure available
from experiment.

To demonstrate such a possibility, we have fitted the experimental angle-resolved photoemission (ARPES) spectra
of optimally doped Bi2Sr2CaCu2O8−δ (BSCCO) taken all over the Brillouin zone to create a parametric model of the
renormalized single-particle Green’s function (Fig. 1). Within the random phase approximation (RPA) we estimated
the Lindhard function χ0 and the dynamic spin susceptibility χ in the odd and even channels (Fig. 2) and compared
the resulting spectrum calculated for optimally doped BSCCO with the available inelastic neutron scattering (INS)
measurements.

The results are qualitatively similar to those obtained previously for the bare Green’s function. The intensity of
the resonance in the even channel is approximately two times lower than in the odd channel, which agrees with the
experimental data. The absolute intensities of the resonances also fit the most recent experimental data perfectly well.
As for the momentum dependence of χ, Fig. 2d shows the dispersions of incommensurate resonance peaks in both
channels along the high-symmetry directions, calculated from the Green’s function model with the self-energy derived
from the ARPES data. We see the W-shaped dispersion similar to that seen by INS on YBa2Cu3O6+δ (YBCO) and
to the one calculated previously by RPA for the bare Green’s function. At (π, π) both resonances are well below
the onset of the particle-hole continuum at ∼ 65 meV (dashed line), which also agrees with previous observations. At
higher energies magnetic excitations are overdamped, so the upper branch of the “hourglass” near the resonance at
(π, π) suggested by some INS measurements is too week to be observed in the itinerant part of χ and is either not
present in BSCCO or should originate from the localized spins.

In Fig. 2 we additionally show three constant-energy cuts of χ in the odd channel below the resonance, at the
resonance energy, and above the resonance. As one can see, besides the main resonance at (π, π) the calculated
χ reproduces an additional incommensurate resonance structure, qualitatively similar to that observed in INS ex-
periments. Below the resonance the intensity is concentrated along the (k, 0) and (0, k) directions, while above the
resonance it prevails along the diagonal directions (k,±k).

The comparison of ARPES and INS data supports the idea that the magnetic response below Tc (or at least its
major constituent) can be explained by the itinerant magnetism. Namely, the itinerant component of χ, at least
near optimal doping, has enough intensity to account for the experimentally observed magnetic resonance both in the
odd and even INS channels. The energy difference between the odd and even resonances seen in the experiments on
both BSCCO and YBCO, cannot be explained purely by the difference in χ0 between the two channels, but requires
the out-of-plane exchange interaction to be additionally considered. In this latter case the experimental intensity
ratio of the two resonances agrees very well with our RPA results. Also the calculated incommensurate resonance
structure is similar to that observed in the INS experiment. Such quantitative comparison becomes possible only if
the many-body effects and bi-layer splitting are accurately accounted for. A possible way to do that is to use the
analytical expressions for the normal and anomalous Green’s functions fitted to the ARPES data. We point out that
such method is universal and can be applied also to other systems with electronic structure describable within the
self-energy approach.

For details and further references see D. Inosov et al., cond-mat/0612040.
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Fig. 1: Comparison of the model with experimental ARPES spectra of Bi-2212. a) Spectra at the (π, 0) point with the
corresponding energy distribution curves (below) taken along the dashed lines. b) Nodal spectra along the (π, π) direction.
c) Comparison of the experimental and model spectra taken at an intermediate position in k-space to check the validity of
the interpolation of the self-energy between the nodal and antinodal directions. d) The Kramers-Kronig consistent real and
imaginary parts of the nodal and antinodal self-energies. e) Positions of the cuts a) – c) in k-space.

Fig. 2: a) Energy dependence of the real and imaginary parts of the Lindhard function χ0 at the (π, π) point for the odd and
even channels. b) Contributions of the normal (thin solid curves) and anomalous (dashed curves) components to the real and
imaginary parts of χodd

0 in the SC state. The sum of two components is shown as thicker curves. c) k-integrated susceptibility
in the odd (solid curve) and even (dashed curve) channels. d) k-dependence of the resonance energies in odd (*) and even
(N) channels along the high-symmetry directions (0, 0) – (π, π) – (π, 0). The dashed lines mark the onset of the particle-hole
continuum (position of the “step” in χ′′

0 ). Second row: Constant energy cuts of χ′′ in the odd channel below the resonance (e),
at the resonance energy (f), and above the resonance (g). The center of each BZ image corresponds to the (π, π) point.
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Investigation of the low energy electronic structure of YBCO 
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YBa2Cu3O7-δ is the first superconductor to cross the boiling point of liquid nitrogen 
soon after the initial discovery of high temperature superconductivity [1] and, probably, one 
of the most widely investigated one. Despite this, the early photoemission studies did not turn 
out to be as successful as, for instance, those done for Bi-2212. According to LDA calcula-
tions, the bilayer-split plane derived bands and the quasi-one-dimensional band arising due to 
Cu-O chains are expected to be the most prominent features in the low energy electronic 
structure of YBCO-123. Although in some of the earliest ARPES studies [2-3] an evidence 
for the bilayer splitting, as well as for the chain band was reported, no clear indication for the 
bilayer splitting can be found in one of the most recent investigations performed with signifi-
cantly improved momentum and energy resolution [4]. Contradicting attribution of the same 
spectral features to different bands [3-5] along with a presence of a strongly dispersing sur-
face state and difficulties with clear observation of a superconducting gap [6] moved us still 
further away from complete understanding of the photoemission data for this compound. Re-
cent observation of the resonance in the inelastic neutron scattering [7, 8] along with the 
above mentioned indications in early ARPES studies, renders this compound a propitious tar-
get for additional detailed ARPES investigation.  

The data discussed in this report were collected at the beamline UE112-PGM1 with 
SES 100 electron energy analyzer and at the recently put into operation UE112-LowE PGMr 
beamline equipped with SES R4000 analyser. In Fig. 1 (a) we show an experimentally ob-
tained FS map. The couples of square-like features centred at the S points correspond to the 
bonding (inner one) and the antibonding (outer one) band.  It is also easy to recognize that the 
two weaker features, parallel to kx axis, correspond to a quasi-one-dimensional chain band. 
Following the predictions of the LDA calculations [9] the dispersion of all three bands can 
easily be traced down to energies of about 200 meV, as can be seen from Fig. 1 (c).  

 Though the measurements were performed at temperatures much below TC, neither 
    a)                                               

 

b)                                                           c)      
                                                       

 

Fig. 1. (a) Fermi surface map YBa2Cu3O7-δ measured using wide acceptance angle mode of SES 
R4000 analyzer, hν = 100 eV.  Schematics of the low-energy bands  (panel b) and the experimental 
spectrum of YBa2Cu3O6.85 (panel c) that clearly showing the presence of bilayer split bonding (BB), 
antibonding (AB) and chain (CH) bands. Green rectangle denotes the cut position in k-energy space 
of the reduced Brillouin zone. 
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analysis of the leading 
edge gap positions nor the 
experimental band disper-
sion supported the exis-
tence of a superconducting 
gap larger than 10 meV, 
which is in contrast with 
TC of about 90 K and 
nearly optimal doping of 
the sample. Explanation to 
this apparent controversy 

comes from the estimate of the doping level based on the FS area, which gives x ≈ 0.30 in-
stead of expected x ≈ 0.15. Similar overdoping of the near-surface region probed in photo-
emission experiment was observed in our numerous subsequent measurements for the samples 
with the same stochiometry, proving this to be a robust effect. Therefore the overdoping effect 
provides a natural explanation to the problems experienced with gap observation in ARPES 
and STM experiments and also dispels an apparent contradiction between the high TC for the 
sample and the doping level of the near-surface crystal region, most likely, modified after 
cleavage. The ARPES technique can also provide information concerning the thickness of the 
overdoped region. Analyzing the spectra more thoroughly it was found that a single EDC 
measured in the vicinity of the X/Y point, in addition to the two peaks from overdoped bilayer 
split bands, always contains an extra peak (not shown here) at energies about 40–50 meV that 
practically disappears above TC, similar to the one observed in [5]. 

By tuning the polarization and the excitation energy it is possible to partly suppress the 
photoemission from the overdoped component, so that the whole spectrum attains familiar 
superconducting features, like those normally observed in the Bi-2212 systems [10, 11]. In 
particular, in Fig. 2 (a) one can see the widely discussed kinks in the band dispersion at the 
energy of about 50 meV. When moving closer to the Y point (panel b), similar to Bi-2212, the 
renormalization becomes so strong that the spectral weight gets concentrated in one practi-
cally flat and non-dispersing feature. However, in the very vicinity of the Y point the over-
doped component takes over again. In panel (d) one can notice the appearance of the anti-
bonding band of the overdoped component as well as the increase of the spectral weight at the 
Fermi level, which becomes especially pronounced when comparing to image (b). The fact 
that it is possible to detect the superconducting component in ARPES experiments tells us that 
the thickness of the overdoped layer is of the order of photoelectron escape depth, i.e. 5–10 Å 
and is comparable to one lattice spacing along the c-axis. 
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Fig. 2. Renormalization effects and opening of the superconducting gap in 
YBa2Cu3O6.6, TC=61K, hν = 50 eV 
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InGaN/GaN heterostructures find applications in the fabrication of high efficiency light 
emitting diodes as well as in high – frequency, high – power microelectronic devices.1  Ion 
implantation followed by annealing is a promising method for the growth of nanomaterials2,3, as for 
example InGaN quantum dots which enhance the emission characteristics of InGaN – based laser 
diodes.4  Here, we apply EXAFS spectroscopy at Ga K edge, for the study of In implanted GaN 
samples.  The samples are studied in the as-grown and as-implanted states as well as after rapid 
thermal annealing (RTA).  

A 400nm – thick – GaN sample was grown on Al2O3 by Plasma Enhanced Molecular Beam 
Epitaxy5.  The sample was diced and the individual pieces were implanted at 77 K with 700 keV In 
ions with fluence equal to 5 × 1015cm-2.  The implanted samples were subjected to RTA at 800o and 
900o C for 15 sec.  In order to prevent nitrogen loss during the annealing, the implanted samples were 
sandwiched with unimplanted ones and the annealing was performed in N2 atmosphere under pressure 
of 200 Torr. The Ga K EXAFS spectra were recorded at the KMC – II beamline. The fluorescence 
photons were detected using a Si photodiode. The 
spectra were normalized with the intensity of the 
impinging to the sample beam, I0.  In order to 
avoid polarisation effects, the angle of incidence 
was equal to the magic angle (55o to the sample 
surface). Rutherford backscattering shows that 
implantation leads to the formation of a ~200nm – 
thick surface amorphous layer.  Since the 
information depth of the fluorescence photons, 
calculated following the procedure described by 
Troger et al 6, is approximately equal to 6µm, the 
EXAFS spectra contain information of both the 
completely amorphous as well as the highly 
defective layer that lies underneath.   

Prior to analysis the EXAFS spectra were 
subjected to subtraction of the atomic background 
and transformation from the energy space to the 
photoelectron wavenumber (k) space.  The Fourier 
Transforms (FT) of the resulting χ(k) spectra are 
shown in Fig. 1. The amplitude of the FT 
corresponds to the radial distribution function 
around the absorbing atom and thus the first and 
the second peaks in the FT correspond to the 1st 
and 2nd nearest neighboring (nn) shells of the Ga 
atom, that consist of N and Ga atoms, respectively.  
The χ(k) spectra were fitted using the FEFFIT 
program with the photoelectron scattering 
theoretical paths that were constructed with FEFF8 
code.7 A model of hexagonal GaN with a=3.173Å, 
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Figure 1: Amplitude of the Fourier transforms of 
the k2χ(k) spectra from the as – implanted and the 
annealed samples.  The FTs are calculated in the 
k- range [3.3, 14 Å-1]. The experimental and the 
fitting curves are shown in thin and thick lines, 
respectively.  
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Table I: Fitting results of the Ga K edge EXAFS spectra. R are the nearest neighboring distances, N are
the coordination numbers and σ2 are the Debye Waller factors. The provided errors are the uncertainties
in the determination of the parameter values calculated by the FEFFIT program.  
 

Sample RGa-N(Å)  
± 0.01 

RGa-Ga (Å)  
± 0.005 

NGa-N NGa-Ga σ2
Ga-N  

(×10-3Å2) 
σ2

Ga-Ga 
(×10-3Å2) 

as grown 1.94 3.178 4 (fixed) 12(fixed) 1.5 ± 0.7 5.2 ± 0.3 
as implanted 1.95 3.187 3.5 ± 0.4 4.8 ± 0.6 6.7 ± 1.4 5.0 ± 0.7 
annealed 
(800oC) 

1.94 3.192 3.8 ± 0.6 11.4 ± 2.1 1.9 ± 1.4 6.6 ± 1.2 

annealed 1.94 3.193 3.1 ± 0.3 10.6 ± 0.8 2.8 ± 0.9 5.7 ± 0.4 

(900oC) 

c= a
3
8 and u=

8
3  is used in order to have the maximum path degeneracy and reduce the number of the 

paths used in the fitting.  The fitting was performed in the 3 first nn shells (Ga-N, Ga-Ga and Ga-N), 
up to a distance of 3.8Å.  The fitting results for the first two nn shells are listed in Table I.   

The EXAFS analysis reveals a marginal increase of the Ga – Ga distance after implantation 
and annealing, probably due to the incorporation of the In atoms in the Ga sublattice and / or due to 
the formation of point and extended defects. Implantation also causes a decrease of the coordination 
number in the 1st and 2nd nn shells of Ga.  A similar behavior was observed in GaN layers that were 
amorphized by 4.7MeV Au implantation.8 However, the undercoordination of Ga reported by 
Ridgway et al was more severe, most probably due to the higher mass and energy of the implanted 
ions.  Although annealing at 800oC causes the recovery of the coordination numbers in both the 1st 
and 2nd nn shells, further increase of the annealing temperature to 900oC causes reduction of the 
coordination number NGa-N in the 1st nn shell. This result could be attributed to loss of nitrogen which 
was previously reported.9,10  

In conclusion, implantation of 700 keV In ions into GaN with a fluence of 5x1015cm-2
 causes 

the formation of a 200nm – thick surface amorphous layer while the underlying GaN layer is severely 
defected. Implantation causes decrease of the coordination number of the 1st and 2nd nn shells of Ga 
which are recovered after annealing at 800oC.  Further increase of the annealing temperature to 900oC 
causes loss of nitrogen from the GaN samples.   
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Mg K – edge study in Norwegian ilmenite using XANES. 
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1 Bayerische Julius-Maximilians-Universität Würzburg, Sanderring 2 97070 Würzburg, 
Germany 
 
Ilmenite is a natural mineral used by many companies all over the world as a source for white 
pigment production. TiO2 (white pigment) is produced mainly by sulphate method, where 
reaction of titanium raw material with sulphuric acid is the first step of the process [1,2]. 
Knowledge about the ionic states of elements and phase content in ilmenites is fundamental to 
proper adjustment of the chemical reactions. The origin of the minerals influence the 
composition through the minority elements and thus have a.large influence on efficiency, 
safety, kinetics of reaction and the quality of products. In this report we present the studies of 
ilmenite mined in Norway. The elemental composition evaluated using Single Particle 
Electron Probe Microanalysis (SP EPMA) showed as a minority element Mg at the level of 4 
– 8 atomic % [3]. Our previous study on this mineral indicated the presence of three main 
phases: ilmenite (FeTiO3), hematite (Fe2O3) and enstatite (MgSiO3).  
The amount of enstatite phase detected by X-ray Diffraction (XRD) did not fully account for 
the amount of Mg element found by SP EPMA. Therefore, one suspects that Mg atoms 
substitute Fe atoms in ilmenite creating MgTiO3 phase which is very similar to FeTiO3 and 
cannot be detected by XRD. The other possibility is formation of a small amount of MgO 
which is below the background of the diffraction pattern. 
Knowing that the shape of XANES spectra is a fingerprint of the chemical state of elements 
we have studied the K – edge of Mg, in this ilmenite. The goal of the experiment was to get 
information about possible phases containing the Mg. As reference samples MgSiO3 and 
MgTiO3 pure compounds were chosen.  
Measurements were performed at station UE 52 PGM at BESSY. Two kinds of detection 
mode were applied, fluorescence using Si(Li) detector and Partial Electron Yield (PEY) using 
channeltron. Samples were prepared by pressing powder into a conductive carbon type and 
measured at room temperature.  
Fig. 1 – 3 shows Mg K-edge for Norwegian ilmenite and reference samples in both 
fluorescence and PEY mode. 
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Fig. 1. The experimental XANES spectra of Mg K-edge for Norwegian ilmenite  
(top spectrum corresponds to PEY, bottom – fluorescence) 
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Fig. 2. The experimental XANES spectra of Mg K-edge for MgSiO3  
(top spectrum corresponds to PEY, bottom – fluorescence) 
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Fig. 3. The experimental XANES spectra of Mg K-edge for MgTiO3  
(top spectrum corresponds to PEY, down – fluorescence) 
 
The observed difference in Fig. 1 between fluorescence and PEY spectra for ilmenite may be 
due to fact that the sample is non-homogenous, as was confirmed by SP EPMA 
measurements, and that Mg is bonded in different phases even in a single grain. The size of 
grains was evaluated by Scanning Electron Microscope to be circa 100 µm. PEY is a surface 
sensitive technique and fluorescence gives information from the bulk of the grain. As can be 
seen in Fig. 2 and 3 fluorescence spectra for reference samples show a large degree of self 
absorption effect due to the high concentration of Mg. For further analysis the self absorbtion 
needed to be corrected for which was done with the Athena program using Fluo Algorithm 
[4]. Measured and corrected spectra are presented at Fig. 4 A and B.  
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Fig. 4. The experimental XANES spectra of Mg K-edge for MgSiO3 (A) and MgTiO3 (B) 
(top – fluorescence after self absorption correction, bottom – fluorescence without correction) 
 
The shape of Mg K edge for ilmenite indicates that MgSiO3 and MgTiO3 may be present. 
Preliminary fitting of the phase content using XANDA dactyloscope freeware program [5] 
results with 45,8% ± 1,1% of Mg atoms bounded in MgSiO3 and 54,2% ± 1,0% in MgTiO3 
phases (Fig. 5). 
 

1300 1310 1320 1330 1340 1350

K edge of Mg
 

 

In
te

ns
ity

 (a
rb

. u
n)

Energy (eV)

 Fitting result
 Norwegian ilmenite

 
Figure 5. The experimental XANES spectra of Mg K-edge for Norwegian ilmenite compared 
with fitting result from XANDA program. 
 
Future study will be devoted to ilmenites mined in India, China and Australia. The edges of 
other minority elements will also be studied.  
This work was partially supported by the Contract R II 3.CT-2004-506008 of the European 
Commission. 
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Nanostructured ceramic coatings are being intensively investigated because they open 
a wide field of new materials with improved mechanical and tribological properties. The final 
behaviour of such coatings depends on their composition and microstructure. Si addition in 
nitride compounds has shown to improve significantly their hardness. For instance, in the Ti-
Si-N coating system, coating hardness ranging from 40 to 80 GPa has been reported in the 
composition range of 2-20 at.% Si. To explain this improvement, a detailed investigation on 
composition, structure, and atomic short-range order surrounding Ti and Si atoms is needed. 
X-ray absortion spectroscopy (XAS) is a very appropriate tool for this kind of studies since it 
is very sensitive to the local environment around a specific atomic element, giving 
information on the composition, structure, and short range symmetry 

In this work, several TiSiN and AlCrSiN coating compounds with different Si content 
have been studied by XAS in order to investigate the effects of Si addition on the 
composition, structure and phase development of these coatings. AlCrSiN thin films have 
been obtained by cathodic arc evaporation, whereas TiSiN coatings have been grown by 
magnetron sputtering. Changes in the structure and chemistry of the Si-containing coatings as 
compared with those without Si can influence the mechanical properties, grain size and 
morphology, defect content, film porosity or phase content of this films. To get some insight 
on these changes, X-ray absorption spectra have been measured at the Si, Cr, and Ti K-edges 
in fluorescence yield mode. XAS measurements were carried out at the BESSY KMC1 line, 
using a standard chamber equiped with a solid state fluorescence detector.  

Figure 1(a) shows XAS spectra at the Ti K-edge of TiSiN samples with different Si 
content. In this case, all spectra keep a similar lineshape to that of titanium nitride, 
independently of Si content. The pre-edge region, which is associated to transitions from Ti-
1s states to Ti-3d states hybridized with Si-2p states, does not show significant changes with 
Si-addition. This suggests a weak interaction between Ti and Si. Fig. 1(b) shows XAS spectra 
at the Si K-edge of the same TiSiN samples, as well as a SiO2 single crystal, as a reference 
sample for comparison. In all cases the spectral lineshape is typical of amorphous Si3N4 [1], 
with a main peak at 1845 eV, and a weaker structure at 1861 eV. The main peak of SiO2 is 
located at 1847, so we can not exclude the presence of SiO2 for very low Si content. Except 
for this small oxygen presence no significant changes in the lineshape is observed with silicon 
content. Hence, both Ti-K and Si-K XAS results suggest that the interaction between Ti and 
Si is weak and that amorphous Si3N4 aggregates are formed inside a TiN matrix. 

Fig. 2(a) shows XAS spectra at the Cr K-edge of AlCrSiN with different Si content. 
Similarly to the TiSiN samples, the pre-edge region, at 5960 eV, is associated with transitions 
from Cr-1s states to Cr-3d states hybridized with 2p empty states of the ligand atoms. This 
hybridization allows 1s-3d transitions, which are otherwise dipole forbidden. The spectrum 
for the AlCrN sample shows only a tiny pre-edge peak at this position, very similar to that 
reported in previous works for Cr2O3 [2-4], suggesting that Cr in this compound is in the form 
of Cr3+. The intensity of this peak slightly increases for sample with a Si content of 5%. For 
samples with even higher Si content, the intensity increase is still more predominant. The 
increase of this feature could be explained in the case of oxide compounds in terms of a 
valence increase from +3 to +4, +5 or +6, or in terms of a reduction of crystalline domains 
down to the nanoscale [12]. The presence of high valence Cr would involve a shift to higher 
energies of the main absorption edge, which is not observed in our samples, so the presence of 
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this kind of Cr compounds can be excluded. The only explanation for the observed intensity 
increase in samples must take into account a chemical interaction between Si and Cr, which 
would give rise to Cr-3d Si-2p hybridization. Consequently, the peak at 5960 eV can be 
assigned to transitions from Cr-1s states to Cr-3d states hybridized with Si-2p empty states. 
Additionally to this pre-edge intensity increase, the addition of Si produces a smoothening of 
the overall spectral lineshape, which is consistent with the amorphization of the 
microstructure, as observed by XRD [1]. Fig 2 (b) shows XAS spectra at the Si K-edge of 
AlCrSiN samples with different Si content, as well as a pure SiO2 single crystal as a reference 
sample. We can exclude that Si incorporates to the lattice as an atomic solid solution, because 
the spectra do not resemble that of pure Si [1]. The spectrum for sample with 5 at. % Si 
(bottom), has a peak at 1847 eV, which is aligned with the main peak of the spectrum for SiO2 

single crystal. This indicates that at low Si content there is some oxygen contamination in the 
form of SiO2. Additionally, the edge positions at 1842 eV, as well as the peak observed at 
1850 eV, are evidences for the presence of crystalline Si-N compounds in this sample. The 
feature assigned to SiO2 disappears for samples with higher Si content. The spectra for 
samples with 9 and 14 at. % of Si are very similar, with a main peak at 1844 eV. This energy 
position corresponds to the main peak observed for Si3N4, suggesting that Si is in the form of 
some nitride compound. However, the more complex spectral lineshape as compared to that 
of Si3N4, could be an evidence of the formation of some ternary Si-N-X compound. 

In summary, the present comparative work reports evidence of both reduced and 
increased silicon solubility for samples prepared at a high deposition temperature. In the 
TiSiN system, we have observed features corresponding to a-Si3N4 in all of the deposited 
samples and there was not any significant change with silicon content. Both Ti-K and Si-K 
spectra suggests that there was a weak interaction between Ti and Si. On the other hand, for 

A B

Figure 1: X-ray absorption spectra at the Ti-K edge (a), and at the Si-K edge (b) of  several 
TiSiN samples with different Si content.  
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the quaternary AlCrSiN system, there was strong evidence of the formation of Si-N-X 
complex compounds, where X could account for Cr, Al, or both. Samples also showed the 
amorphization of the Cr-based crystal structure with increasing Si content. 
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Figure 2 X-ray absorption spectra at the Cr-K edge (a), and at the Si-K edge (b) of  several 
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In this paper we shall partially consider the results obtained at the Russian-German beamline of 
Berlin electronic storage ring in the single bunch mode (current 10-20 mA). A study of radiative 
modification of fluorine empty states on the surface of PVDF (Kynar, thickness 50 µm) under 
monochromatic SR (hν=700 eV) has been made. The vacuum level was (5-7)·10–10 Torr. Before the 
measurements the sample and the chamber were kept at temperature about 130° C during 24 hours. 
Echelette grating having 1200 dashes/mm and Cff=2,25 was used to receive monochromatic 
synchrotron radiation. The aperture width was 200 µm. NЕXAFS spectra were measured using 
secondary electron multiplier KEITHLEY@14. The energy resolution in the energy range 680-700 eV 
was 0.6 eV. All the measured spectra were normalized to the current in the storage ring. 

Integral intensity of the spectra must be proportional to the fluorine surface content after some 
additional treatment [1]. This parameter has been calculated as an area of each spectrum in the 685-
700 eV interval after linear background subtraction. Fig. 1 demonstrates a general tendency of the 
spectra intensity to decrease with photon dose elevation in accord with our preliminary degradation 
experiments [1] and model calculations [2]. 

  
Fig.1. Integral intensity of fluorine NEXAFS in 685-700 eV range versus 
duration of SR exposure (circles) and a calculated curve (solid line). 

Fig. 2. Two dominant maxima (at ca. 689 and 691 eV) of the 
fluorine NEAXFS after the smoothing and subtraction of linear 
background of the spectrum. 

NЕXAFS spectra of fluorine show significant changes in their shape and intensity with elevation 
of radiation dose (or duration of SR exposure). 

The changes in the spectra shape caused by SR concern mainly the relative intensity of two 
dominant maxima (Fig. 2). The first of them dominates in the spectrum of pristine polymer. With the 
increase of the radiation dose redistribution of intensity between these features occurs (Fig. 3). 

  
Fig. 3. Changes in the intensity of the first (●) and second (∆) maxima (a) and its ratios (b) versus duration of SR exposure. 

This effect has been simulated using the original software for imitation of tailing the features of 
empty DOS due to uncertainly relation. All the spectra were shifted down along the photon energy 
scale at 684 eV. According to [3] the tailing of an one-electron density of states can be described by 
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the following equation: ∫
∞
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, where G(E) represents the 

shape of the experimental spectrum without taking into account instrumental broadening and a 
background, G0(E) – is the one-electron density of states, E - energy of an electron in a band, E' – a 
current energy value. To get the minimal number of fitting parameters the one-electron density of 
states was simulated by δ-function. For each δ-function only intensity and a position at the energy 
scale have been varied. A complex function S(E) describes the Lorenz broadening of the one-electron 

bands: , it being restricted to a few initial terms of 
decomposition by energy in a Taylor sequence, Zero term in a real part does not influence on shape 
the of G(E),

)()( 2
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 γi – Coefficients, featuring the electronic correlations – (γ0), decrease of a lifetime of 
carriers due to scattering caused by defects  (γ1), dependence of a lifetime on energy band states  (γ2 
and  γ3). 

The computer calculations shows that the variations of these coefficients make changes in the 
shape of function G(E) in a different ways. The first of them change the width of energy state, and the 
larger value of energy the higher is an energy position of the corresponding feature in G(E). The 
magnification of value of the coefficient γ1 homogeneously tailing the fine structures of the G(E) 
curve. The increase of values γ2 and γ3 leads to strong broadening of high-energy features of DOS. 

The best fitting of experimental data for starting spectrum with model curves has been gained at 
following parameters, which did not vary in further treatment of NEXAFS data for carbonizing film. 

γ0,  eV-1 γ1 γ2, eV-1 γ3, eV-2 
0.25 0.02 0.15 0.015 

Imitation of NEXAFS is shown in Fig. 4 for the starting spectrum. 

 
Fig. 4. NEXAFS and its model imitation for the starting spectrum. 

After δ-functions broadening routine the obtained curves have been summarize and the 
background has been subtracted by Shirley method. As one can see from Fig. 4, the model spectrum 
satisfactorily reproduces the shape of experimental NEXAFS that allows to estimate the actual energy 
positions of the main features of fluorine empty DOS. 

The Figs. 5 and 6 show the intensity of the model δ-functions variation. 
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Fig. 5. Variation of intensity of the model δ-functions (first – , 

second – □, third – ▲) versus duration of SR exposure. . 
Fig. 6. Variation of relative intensity of the model δ-functions: first 

and second – (○), first and third (▲).  
The energy positions of model δ-functions differs from positions of curves maximum after 

broadening: 
First Second Third 

Position 
of δ 

After 
broadening 

difference Position 
of δ 

After 
broadening 

difference Position 
of δ 

After 
broadening 

difference 

3.94 4.81 0.87 5.88 7.13 1.25 10.35 12.00 1.65 
Evidently after broadening energy positions of curves maximum are higher than position of 

the appropriate δ-functions. 
A preliminary interpretation of the results obtained is based on the suggestion of two-step 

process of dehydrohalogenization under synchrotron radiation. The reason of two-step process may be 
due to conformations of a polymeric chain making binding energy between each of two fluorine atoms 
and a carbon atom different in a monomeric fragment of PVDF –CH2–CF2–. The energy difference 
between empty states of two neighbouring fluorine atoms can be evaluated from the experimental data 
(2 eV). Probably, under the action of photons at first a proton eliminates transferring a part of the 
electron density to the bond C-F. Then the process runs at the expense of energy obtained due to 
dissipation of the synchrotron radiation and weakly bonded fluorine atoms eliminate. 

In the nearest future NЕXAFS spectra of carbon are necessary to reveal the detailed features 
of the processes of chemical and radiative carbonization of PVDF but it is possible only using multi 
bunch mode due to low intensity of radiation in the range 280-315 eV. 

The authors are grateful to ATOFINA (France) for a granted sample of PVDF. 
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Magnetic order in rare earth manganites studied with resonant magnetic scattering 
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Hahn-Meitner-Institut Berlin, Glienicker Str. 100, 14109 Berlin 

 
The orthorhombic rare earth manganites are a group of materials that shows a complex interplay 
of magnetism and electric polarisation. They contain two different magnetic ions, manganese and 
a rare earth metal, whose spins show several stages of magnetic ordering [3]. Experiments were 
carried out for the rare earth metals Terbium and Dysprosium. At room temperature these 
manganites are paramagnetic. The first magnetic phase transition occurs around 40 K, where the 
Mn moments order in a sinusoidal spin density wave whose period changes with temperature. At 
a second transition the Mn order locks into a helicoidal spin density wave in the bc plane. The 
rare earth ions order magnetically at temperatures below 10 K. 
 
Both DyMnO3 and TbMnO3 show a spontaneous electric polarization below the intermediate 
lock-in transition (see Fig. 1, above). In TbMnO3 the electric polarisation sets in below 28 K, and 
after an initial rapid increase rises gradually towards lower temperatures. The DyMnO3 
polarisation on the other hand rises rapidly below the lock-in temperature at about 16 K, reaches 
a maximum value which is double the Tb polarisation, and then drops to TbMnO3 levels at about 
5 K. The Dy polarisation also shows a marked hysteresis at low temperatures.  
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Fig. 1: Above: electric polarisation in TbMnO3 and DyMnO3 (after Goto et. al. [3]). Below: 
Magnetic diffraction peak intensities in DyMnO3. 
 
The electric polarisation in TbMnO3 has been explained theoretically [4] on the basis of neutron 
diffraction measurements. Below the lock-in the helicoidal ordering of the Mn moments with two 
components M1 and M2 in the a and b directions leads to a net moment M = M1e1cosQx + 
M2e2sinQx at each ion. This order breaks both time reversal and spatial inversion symmetry and 
leads to a polarisation P ~ M1M2 [e3 x Q] (see Fig. 2).  
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Fig. 2: Helicoidal magnetic order can induce an electric field in a crystal that is perpendicular to 
the magnetic propagation vector. 
 
Our experiment was motivated by the question why the temperature dependence and the 
magnitude of the DyMnO3 polarisation is so different from that of TbMnO3. Dy is practically 
opaque for neutrons, so x-ray resonant scattering was used to study the magnetism. The 
experiments were carried out at the new high-energy MAGS beamline operated by the Hahn-
Meitner-Institute at BESSY. Samples were cooled in a closed-cycle cryostat mounted on a six-
circle diffractometer. Measurements were done both at the Dy L3-edge at 7790 eV and non-
resonant at 12398 eV. 
 
X-ray resonant scattering clearly shows the three stages of magnetic ordering (see Fig. 3). Below 
the Neel temperature of 40 K, the Mn orders in a sinusoidal spin wave with a propagation vector 
τMn=0.385 b*. Although the diffraction peaks from the Mn magnetic order could not be observed 
directly, we found second order diffraction peaks which are due to a structural distortion 
associated with the Mn order at positions k ± 2τMn (Fig. 3, red inset). 
 
These peaks persist below the lock-in transition at 16 K. At the lock-in, a second set of diffraction 
peaks appear at positions k ± τMn (Fig. 3, orange inset), which are resonant at the Dy L3 edge. 
Linear polarization analysis shows that these peaks are of magnetic origin. This shows that in the 
lock-in regime, where the spontaneous electric polarization appears, the Dy moments have 
ordered with the same periodicity as the Mn.  
 
At temperatures below 4.35 K the Dy moments order independently of the Mn. This leads to the 
collapse of the magnetic diffraction peaks at k ± τMn and the appearance of magnetic peaks with a 
period of τDy = 0.5 b* (Fig. 4, blue inset). As in the case for the Mn, these magnetic diffraction 
peaks are found to be associated with a second order structural distortion. These peaks should 
appear at integer order positions, but instead are found at peak positions of q = 0.905 b*. It 
appears that competition with the persisting Mn order shifts both the Dy and the Mn second order 
structural peaks slightly from their expected positions towards one another [5].    
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Fig. 3: Electric polarisation in DyMnO3 shown with the x-ray diffraction data for high, 
intermediate and low temperatures (red, orange and blues insets, respectively). 
 
The transition from the independent Dy magnetic order to the induced order above the Dy Neel 
temperature shows a strong hysteresis (see Fig.1 below). This hysteresis coincides in size and 
temperature dependence with the hysteresis in the Dy electric polarisation shown in the upper 
part Fig. 1. Therefore we argue that in the lock-in regime, where the Dy moments order with the 
same periodicity as the Mn, the Dy moments contribute to the electric polarisation. Thus the 
increase in polarisation above the Tb value shown in Fig. 2 between 4.35 and 16 K appears to be 
due to a contribution from the Dy moments. Surprisingly, the two magnetic moments situated at 
completely different positions in the unit cell combine to induce an electric polarisation as if they 
simply summed up [6]. 
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1. Introduction 
Carbon fibres are the most widely used material for aerospace-applications, where 
high mechanical strength at high temperatures and low weight is required. These 
fibers consist of long elongated ribbons of carbon crystallites with a dimension 
between 2 and 40 nm. The crystallites themselves are built up from several graphene 
sheets arranged in a so called turbostratic structure.  
In recent experiments [1, 2] the mechanical properties and the creep behaviour of 
fibre bundles have been investigated up to temperatures of more than 2000 °C. 
However, no accompanying structural analysis was performed in these works. 
Whereas ex-situ structural investigations of fibre-bundles by X-ray diffraction after 
heat treatment are quite common [3,4,5], the structure of single carbon fibres could 
only be investigated by microbeam synchrotron radiation due to the small size of 
these fibres of about 7-10 microns [6]. The aim of this study was the in-situ 
investigation of structural changes within single fibres with applying simultaneously 
high load and high temperature.    
 
2. Material 
Two types of carbon fibres were investigated: 
 - HTA5131, based on polyacrylonitrile (PAN) -precursor, 7 µm diameter 
 - FT500, based on mesophase-pitch-precursor (MPP), 10 µm diameter 
 
3. Experiment 
A specially designed test equipment was developed, which allows the application of 
high stress for creep measurements to single carbon fibres while heating to 
temperatures up to more than 2000 oC (direct heating by electrical current through 
the fibre). The whole test equipment operates in vacuum (pressure smaller than 10-4 
mbar) and is equipped with Kapton windows, which enables in-situ X-ray scattering. 
The measurements were performed at the µ-Spot beamline using a microfocus beam 
of about 15 µm diameter using a W/Si multilayer (E=8.9 keV, ∆E/E=0.01) and a 
circular Bragg Fresnel lens. The setup consisted of the standard SAXS/WAXS setup 
of the beamline [7]. The structural changes were followed in dependence of time and 
temperature for a given specific stress. 
 
4. Results 
Two main structural parameters were obtained from the change of the 002 reflection 
originating from the stacking of the graphene layers: i) the interlayer spacing d002, 
and ii) the azimuthal spread of this reflection (HWHM) that is indicative of the 
preferred orientation of the crystallites with respect to the fibre axis. Moreover, the 
orientation distribution of the slit-like pores with respect to the fibre axis can be 
estimated by the azimuthal distribution of the SAXS signal at low scattering angles. 
HTA5131: The interlayer distance d002 decreases with increasing temperature. This 
effect is significantly larger than the thermal expansion (Fig. 1). For temperatures 
higher than 1400 °C, the structural change in the fibre is permanent: If one returns to 
room temperature, the interlayer distance remains at a significantly lower level. 
Additionally, the orientation of the pores (Fig. 2) and of the crystallites (Fig. 3) 
increases with increasing temperature. 
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FT500: No structural change is observed – only an increase of the interlayer distance 
d002 with increasing temperature, which is due to conventional thermal expansion 
(Fig. 4). 
 

  
Fig. 1: HTA5131; Filled and empty symbols refer 
to two different specimens. 
Circles: high temperature measurements. 
Diamonds: room temperature measurements 
after being cooled down from the indicated 
temperature. 

Fig. 2: HTA5131; Filled and empty symbols refer 
to two different specimens.  
Circles: high temperature measurements.  
Diamonds: room temperature measurement after 
being cooled down from the indicated temperature.

  

Fig. 3: 
Circles: HTA5131;  
Circles: measurements at high temperatures. 
Diamonds: room temperature measurement after 
treatment at 1800 and 2000 °C. 

Fig. 4: 
Circles: FT500;  
Circles: measurements at high temperatures. 
Diamonds: room temperature measurement after 
treatment at 1500, 1600 and 1700 °C. 
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Hard coatings are routinely used to protect working tools from abrasion and corrosion. Residual 
stresses in the coatings as well as in the interface region of a working tool influence decisively the 
tool wear and thermal fatigue resistance, the coating adhesion and finally the lifetime of the 
component. Temperature cycling results usually in the annihilation of point defects in the coatings 
and relaxation of compressive stresses what negatively influences the lifetime. In order to design 
new coating/substrate systems with improved performance, it is of great importance to assess 
temperature-induced changes in the residual stresses occurring during temperature cycling.  

In recent years especially hard coatings based on CrN have been used to increase wear and 
corrosion resistance of working tools. The optimization of thermal fatigue represents however still 
a challenging task and currently it is not known how CrN on steel behaves at high temperature 
and what kind of structural changes occur [1].  

In this work, high-energy X-ray diffraction at EDDI beamline was used to characterize 
residual stresses in 3µm nanocrystalline CrN coatings deposited on shot-peened surfaces of steel 
in the temperature range of 25-800 C°. The CrN/Fe structures were thermally cycled using the 
heating stage DHS 900 [2] in N2 atmosphere and changes in the residual stresses in the coating 
and the substrate were characterized. 

A temperature dependence of residual stresses in the CrN coating obtained collected two 
temperature cycles is presented in Fig. 1. The results indicate that the coating behaves 
predominantly thermo-elastically and there is surprisingly no significant relaxation of the stresses 
caused by point defect annihilation. The slope of the stress-temperature dependence corresponds 
to the mismatch of coefficients of thermal expansion of CrN and Fe. About 600 °C, the stress in 
the coating is tensile what represent a critical point in the temperature behaviour of the coating.  

In the case of underlying Fe substrate, it was possible to evaluate the temperature 
dependence of stress gradient during the temperature cycling. In Fig. 2, the results from the first 
temperature cycle are presented. Since the substrate was shot peened before the coating 
deposition, a relatively large compressive stress of about -900 MPa was observed in the surface 
region at room-temperature. Upon heating up, the residual stress relaxes especially about 600 
degrees. When cooled down, the stress does not change what documents that the coating has no 
significant influence on the substrate stress. 

In the future, the in-situ characterization of residual stresses will be devoted to 

multilayered hard coatings in order to assess the structural changes in distinct sublayers and an 

attempt will be made to evaluate residual stress depth gradients as a function of temperature. 
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Figure 1 Temperature dependence of residual stresses in 3µm thick CrN coating on polycrystalline 
iron. The coating behaves during both temperature cycles thermo-elastically. 
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Figure 2 Temperature dependence of residual stress gradient in the surface region of a shot peened steel 
during first heating up (left) and cooling down (right). During the second cycle, the stresses in the 
substrate are below 100 MPa in the whole temperature range. 
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Position-resolved µLaue diffraction provides an information on the local distribution of crystal 

orientations and strains. Synchrotron beamlines featuring the µLaue technique are currently 

available only at ALS, APS and ESRF [1-3]. The aim of the present experiment was to perform a 

feasibility check and to analyze whether µLaue could be performed principally also at the EDR 

beamline. Further, the experiment should help to determine which setup modifications and 

investments are necessary in order to establish µLaue technique at BESSY. 

The diffraction setup at the EDR beamline featured a white beam, x-y linear stage and an 

older type of CCD provided by BESSY. The experiments were performed at first with a capillary 

optics. The divergence of the beam from the optics was however too high and therefore not 

suited for µLaue. Further on, pinholes with the diameters of 5, 10, 50 and 100 µm were used to 

shape the primary beam. 

Position resolved µLaue experiments were performed on bent Si(100) substrates with the 

thickness of 140 and 310 µm scanning the substrates across the edge. Additionally, a 

characterization of a 2 µm thick heteroepitaxial Al thin film deposited on Al2O3 substrate was 

performed at different sample positions. The results indicated that the µLaue on the 

monocrystalline samples is possible applying the acquisition times below 20 seconds. To obtain 

a detectable signal from the Al film an acquisition time of 100 seconds was necessary. In Fig. 1, 

a comparison of the results obtained from the Al film at EDR and at 7.3.3 

(http://xraysweb.lbl.gov/microdif/, ALS) beamlines is presented. An additional evaluation of the 

data is necessary in order to determine the strains in bent monocrystalline substrates numerically.  

In general, the measurements indicated that the µLaue diffraction can be performed at the 

EDR beamline. It was possible to obtain satisfactory Laue diffraction patterns from the 

monocrystalline wafers as well as from the epitaxial film applying the exposure times below 2 

minutes. In order to apply the µLaue technique in the future to analyze strains routinely and 

position resolved, investments in the primary optics (preferable KB mirrors with the focus 

distance of about 200 mm) and the usage of a CCD with higher dynamical range would be 

absolutely necessary. Additionally, in order to increase the accuracy of the measurements it 

would be useful to increase the energy range up to above 50 keV. 
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Figure 1 µLaue diffraction patterns from the structure of 2µm heteroepitaxial Al thin film on 

Al2O3(0001). Left, a pattern collected at the EDR beamline applying a beam of 5µm in diameter 

and an acquisition time of 100 seconds. The arrows indicate the signal from the film while the 

strong maxima (partly saturated) correspond to the diffraction on the substrate. Right, a Laue 

pattern collected from the same structure at 7.3.3 beamline (ALS) using a beam of 2.3 µm in 

diameter produced by KB mirrors and an acquisition time of 5 seconds. 
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Thermally induced mechanical stresses in small-scale structures, such as thin films on stiff 

substrates quite often exhibit values of several hundred MPa after processing or during service 

[1]. Such high stresses can induce defects in the thin film structures that may finally cause 

failure of the metal films or components in microelectronic devices. Therefore, a detailed 

understanding of thin film stress evolution is necessary including the effect of dimensional 

constraints and microstructural information.  

Recent studies on stress evolutions of thin metal films reveal a strong dependency of 

the flow stresses on the film thickness and/or grain size [1]. In general, the flow stress 

increases with decreasing film thickness and/or grain size. This phenomenon was explained 

by Nix and Freund [1] as a consequence of geometrical constraints on dislocations in thin 

films. 

In this work, a temperature cycling is applied 50nm to 2000nm thick Al films sputter-

deposited on oxidized silicon (100) substrates. The experiments were performed at MAGS 

beamline in the temperature range from -225 to 60 °C. XRD was used to characterize lattice 

spacing of films at different sample tilt angles. The diffraction data were used to calculate 

residual stresses in the films as a function of film thickness using sin2ψ method [2]. 

In Fig. 1, residual stress dependencies for polycrystalline Al thin films with the 

thickness of 50 and 1000 nm are depicted. The results indicate that, due to the temperature 

cycling, the residual stress at -225 °C in 1000 nm thick film reached about 350 MPa in tension 

in contrast to 800 MPa in 50 nm thick film.  

Analyzing the stress-temperature dependency of films with different thickness, it was 

possible to identify the change from elastic to plastic behaviour and determine also the 

magnitude of the yield stress in Al thin films with different thickness (Fig. 2).  The plot of 

yield stress versus inverse film thickness documents that the thinnest film (50 nm) exhibits the 

highest magnitude of the stress at -225 °C. For the thinnest film, the plastic limit was thus 

reached at about 800 MPa. The biaxial strength of Al film deposited on Si(100) is 

significantly higher than that of bulk (90 MPa). In the future, the analysis of the dislocation 

formation and movement using in-situ XRD is planned in order to understand deeper the size 

effects in thin films. 
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Figure 1 Temperature dependence of residual stressed in Al thin films with different thickness. The 

dependencies indicate that the 50 nm thick film exhibits very high tensile stresses of 800 MPa at -

225 °C. 
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Figure 2 Yield stress in Al thin films on Si(100) as a function of inverse film thickness at -225 °C. 

The data document that 50 nm film exhibits the maximal tensile strength. 
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The triglycine sulphate crystal (TGS), (NH2CH2COOH)3

⋅H2SO4, is a known 
ferroelectrics belonging to the monoclinic space group P21. Above the transition temperature 
it becomes paraelectric of the monoclinic group P21/m [1]. The study of optical characteristics 
of TGS crystals in the range of electronic excitations can be particularly useful for the 
investigation of relations between the peculiarities of electronic structure and the ferroelectric 
state formation. Physical properties of TGS crystals were widely studied experimentally and 
theoretically. First measurement of the partially polarized reflectance spectra of TGS crystals 
in the range of 4…22 eV were done using the Lyman discharge light source with the 
relatively low accuracy of 10…30% [2]. First-principal calculations of the electronic band 
structure of TGS crystals were performed in the paper [3]. 
 In the present paper, the results of theoretical first-principal calculations of the 
electronic band structure and optical spectra of TGS crystal have been presented on the basis 
of our study [3] together with the measurements of its optical properties in the range of 
4…10 eV performed at different temperatures using synchrotron radiation. 

Calculations of the band energy dispersion E(k), density of electronic states (DOS), 
and dielectric functions ε(ω) of TGS crystal have been performed in a frame of the density 
functional theory (DFT) using the CASTEP code [4]. Details of these calculations are 
described in [3]. 

Measurement of the pseudo-dielectric function ε = ε′ + iε′′ of TGS crystals have been 
done by spectroscopic ellipsometry using the synchrotron-ellipsometer [5] attached to the 3 m 
Normal Incidence Monochromator (NIM) of the Berlin Electron Storage ring for Synchrotron 
radiation BESSY II. Measurements were done in the spectral range of 4.0…9.9 eV with the 
resolution of 0.02 eV. The angle of incidence was ~68°, while the polarization of the incident 
beam was chosen ~20° tilted with respect to the plane of incidence during the measurements. 
A MgF2 polarizer and rotating analyzer, respectively, ensured a 99.998% degree of 
polarization. The cleaved (perpendicularly to Y-direction) and mechanically polished surfaces 
of TGS crystal were used for measurement. 

The study of the band structure of TGS crystal has revealed the flat or low dispersive 
wave vector dependence of the electron energy E(k) [3] corresponding to the weak inter-cell 
electronic interactions. The Mulliken population analysis of the TGS crystal have revealed a 
greater covalent character of chemical bonds in the glycine group of the unit cell than that 
found in the sulphate one.  

Analysis of the DOS has revealed that the predominant part of DOS (92%) in the 
range of -3.0…0.5 eV is formed by the p-states of oxygen. In particular, the highest valence 
energy states at E = -0.2 eV are formed by the oxygen of SO4-groups and glycine-2 group. 
The lower part of the conduction band, 4.0…6.0 eV, is formed by carbon (53%), oxygen 
(30%), and hydrogen (16%). The part of the hydrogen electronic states in the range of 
6.0…11.0 eV is the greatest and is equal to about 45%. The conduction band of the crystal is 
a mixed one regarding to the character (s-, and p-type) and origin (chemical elements) of the 
electronic states. 
 The most pronounced peak of ε′′(ω) at the photon energy ω = 7.3 eV is observed for 
the planes of incidence YX and ZX [3]. For the plane of incidence YZ this peak is smaller 
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(Fig. 1). The magnitudes of pseudo-dielectric function ε′(ω) at ω = 4 eV agree within 10% 
with the square of refractive indices of TGS crystals [6]. 
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Fig. 1. Pseudo-dielectric functions ε′(ω) and ε′′(ω) of TGS crystal experimentally obtained for the temperatures 

31, 49, and 65 °C (points+lines) and the theoretical functions ε′′(ω) for three principal directions X, Y, Z 
of optical indicatrix (lines). 

 
The theoretical long-wave edge of fundamental absorption of TGS crystal determined by the 
ε′′(ω) dependence is close to the experimental one when the scissor factor of 0.9 eV is used, 
that is typical for the DFT-based calculations. Analysis of the band structure has shown that 
the strong spectral band of ε′′(ω) with maximum at ω = 7.3 eV corresponds to the direct 
optical transitions at Γ-, Y-, B, and E-points [3]. These transitions are associated with the 
valence p-states of oxygen and, predominantly, with the conducting states of hydrogen and 
carbon (Fig. 1). Similar analysis of the experimental and theoretical dielectric functions 
ε′′(ω), band dispersion, and densities of states for TGS crystal gives possibility to assign the 
experimental maxima of ε′′(ω) at 8.35 and 9.55 eV to the transitions between the oxygen 
valence p-states, probably partially delocalized, and lower lying delocalized states of the 
conduction band (ω > 6.0 eV).  

For the TGS samples of Y-cut and YZ incidence plane (YZ-geometry), the extrema of 
temperature dependencies of the real (χ′rel) and imaginary (χ′′rel) parts of the relative 
susceptibility, χ′′(T)/χ′′(65°C), χ = (ε - 1), of TGS crystal take place at the phase transition 
point for the energy of about ω = 9.5 eV (Fig. 2). The temperature dependency of χ′′rel(T) in 
the vicinity of phase transition point demonstrates the critical-like behaviour, χ′′ ~ (T - Tc)-γ, 
similar to the corresponding known dependency of static dielectric permittivity caused by the 
domain-like relaxation of TGS crystal. The increase of the relative susceptibility χ′′rel(T) at 
the temperature of 49 °C is equal to the considerable magnitude of 17%, that is approximately 
twice greater than the similar value for the temperature of 31 °C (Fig. 2). So, the probability 
of optical transitions near the energy of 9.5 eV at the temperature of ferroelectric phase 
transition (49 °C) is greater than that for the any other temperature around this point. It is 
interesting that the character of the temperature dependencies χrel(T) obtained (Fig. 2) is very 
similar to the temperature dependence of the relative optical path difference in the spectral 
range of the crystal’s transparency (ω = 1.96 eV) induced by the constant electric field along 
the polar Y-direction [7]. 
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Fig. 2. Temperature dependencies of the real (χ′rel) and imaginary (χ′′rel) parts of the relative susceptibility 

χ(T)/χ(65°C) for YZ-geometry of TGS crystal and photon energy ω = 9.5 eV. 
 
One has to take into account that the extremum-like temperature dependency of 

dielectric permittivity and susceptibility of TGS crystal takes place only for YZ-geometry of 
experiment (Fig. 1), for which the Z-component of electric vector of light is considerable. For 
the geometries YX and ZX of experiment this Z-component of electric vector is relatively 
smaller. Taking into account the density of electronic states, one can suppose that the 
temperature dependency presented in Fig. 2 is associated with the electronic excitation of O-
H…O bonds directed mainly along Z-axis between the glycine-2 and glycine-3 groups. At the 
temperature of ferroelectric phase transition, the hydrogen atoms of the O-H…O bonds are 
bound with neighbouring O atoms with the smallest strength. Then the electron population of 
the H atoms is probably the highest, and, therefore, the probability of the corresponding 
electronic excitations is the greatest. 
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The aim of this experiment was to observe heterophase fluctuations preceding (weakly first 
order) martensitic transformations (MT) in a bulk single crystal. In particular, the experiment 
aimed at distinguishing between conjectured “dynamic” and “static” fluctuations. In the dy-
namic case, a close analogy to second-order phase transitions is expected, implying a strong 
temperature dependence of the number of embryonic regions. In addition, an analogy to the 
well known effect of critical slowing down in 2nd order phase transitions [1] should be ob-
servable as well. The relevant time scales range from nanoseconds (phonon assisted nuclea-
tion) via very slow dynamics to the static, transformed sample [2, 3]. If dynamical fluctua-
tions of embryonic regions exist, coherent x-rays should allow the observation of a fluctuating 
speckle pattern resulting from the different atomic arrangements. 
 
Experimental 
 
The temperature-dependent behaviour of a (001) oriented single crystal from the shape mem-
ory alloy Au50.5Cd49.5 (denoted as Au-Cd) with a transformation temperature CT  of about 

K304 was in the focus of the experiment. This alloy exhibits a MT which is even closer to a 
2nd order transition than the MT of the model system Ni62.5Al37.5. The above mentioned effects 
should, therefore, be quite pronounced (if existing), provided the proper temperature close to 

CT  could be experimentally found. 
For an experimental realization, a standard Bragg geometry was chosen for the observation of 
such fluctuations on a timescale of s100  to s3000 . A dedicated sample chamber provided a 
temperature stability better than mK3± . For each temperature, the time characteristics of the 
intensity of the (001) Bragg reflection was measured with an integration time of s60 in the 
first and s10  in the second temperature cycle. This reflection is sensitive to the structural 
transformation. A vertical diffraction geometry was chosen due to a larger value of the spatial 
coherence in this direction. The used incident angle of 9.5° implied an energy of keV2.11  for 
the first order diffracted beam. A µm35 pinhole was placed cm30 in front of the sample to 
coherently illuminate a sample region. The reflected beam passed another µm35  pinhole 

cm140 behind the sample. 
Experimental data were taken at temperatures from approximately 10 K above the transition 
temperature in decreasing steps until the transition occurred. Thus a range of about one order 
of magnitude was covered in reduced temperature 

C

C
T

TTt −= . Since we are not aware of any 
similar experiment performed before, a more extended temperature range did not seem war-
ranted for a first test. However, measurements at a temperature well above ( K40=∆T ) and 
well below the transition ( K20−=∆T ) were included for reference. A typical set of data is 
shown in Fig. 1. 
For the data evaluation the first order reflection is separated from each energy-dispersive 
spectra and then evaluated further by means of detrended fluctuation analysis (DFA). In es-
sence, the recorded time series (denoted as )(ky ) is integrated and divided into boxes of vari-
able length n . In each of these boxes the local trend (a polynomial of order m , denoted 
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as )(, ky mn ) is subtracted. Finally the average fluctuation is calculated by 

∑ =
−=

N

k mnN kykynF
1

2
,

1 ))()(()(  for all box sizes. A linear relationship between ))(log( nF  

and )log(n  indicates the presence of a power law, i.e. scaling behaviour [4-7]. A normalisa-
tion to the beam current is not necessary because the resulting trend is automatically taken 
care of by the detrending procedure, since DFA of order m  does account for a trend in the 
data of order 1−m . With the mostly predominant non-linear trends it is therefore required to 
use at least third order DFA, which is shown in Fig. 2 and 3. 
 
 

Fig. 1: Typical dataset for one 
temperature. Note that the trend in the 
data is not only caused by the de-
creasing incident beam intensity. The 
decrease in measured intensity is 
about 30% whereas the beam in-
tensity decreased by only 15% during 
the measurement. Each time step 
corresponds to a 10s measurement 
with a following readout time of 4s. 
 
 
 

 
 
 

 
Fig. 2: Third order DFA of 
measurements with s60  time 
resolution. The slope is between 0.75 
and 0.98 indicating a correlated 
fluctuation. Note the different slope in 
Fig. 3. The slope 0.5 corresponds to a 
random (uncorrelated) fluctuation. 
 
 
 
 
 
 

 
 

 
 
Results 
 
Obviously the results for the first run with s60  time resolution give very similar results for all 
temperatures (Fig.2). In the second run with s10  time resolution this behaviour is reproduced 
except for the measurement at C32°  (Fig. 3). The slopes of 0.75 - 0.98 indicate correlated 
behaviour of the fluctuation, with the slope corresponding to entirely uncorrelated fluctuations 
(0.5) shown in Fig. 2 for comparison. With a better time resolution, the slope is reduced to 0.7 
– 0.67, still indicative of a correlated fluctuation (Fig. 3). However, very close to the MT a 
strong crossover to anticorrelated behaviour is observed (slope 0.28). This temperature agrees 

0 100 200 300 400 500

5000

5500

6000

6500

 

 

C
ou

nt
s

Time steps (14s)

Data taken at 33°C
time resolution 10s

1.0 1.2 1.4 1.6 1.8 2.0

1.8

2.1

2.4

2.7

3.0

 

 

 70°C
 45°C
 38°C
 34°C
 32°C
 15°C

Lo
g(

σ)

Log(Interval size)

reference slope 0.5

154



with the temperature range where anomalous nucleation behaviour has been observed in pre-
vious diffraction experiments with non-coherent x-rays (nucleation on isothermal holding for 
athermal martensites [8, 9]). 
 
Conclusion 
 
In conclusion, intensity fluctuations of a Bragg reflection sensitive to a MT have been ob-
served on long time scales ( s100  to s3000 ) by coherent x-rays. DFA shows that the fluctua-
tions are not random but in general are correlated. In the vicinity of the MT, however, a cross-
over to anticorrelated fluctuations is observed. Whether this observation can be attributed to 
the conjectured critical slowing down is currently under investigation. Further scattering ex-
periments are planed to shed (coherent) light on this behaviour. 
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Fig. 3: left Third order DFA of measurements with s10  time resolution. The slope is between 0.6 
and 0.67. Note a crossover to aniticorrelation (slope 0.28) at C32° . The slope 0.5 corresponds to 
a random (uncorrelated) fluctuation. right Conventional diffraction measurements indicate a time 
dependent behaviour of the sample at a similar temperature. The times listed refer to the time after 
stetting the temperature. 
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Co nanodots on Au(887): An electronic structure outlook 
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The research in low-dimensional systems offers unique opportunity for electronic device 
applications as well as a ground for experimenting with quantum effects. The advances in low-
dimensional research have been assisted by nanofabrication techniques like self-assembly and proper 
templates for producing nanostructured solids with tailored properties [1]. The vicinal surfaces have 
proved to be important for tailoring the magnetic and electronic properties of nanostructured solids, for 
example, Co nanochains on the vicinal Pt(997) surface [2]. The angle-resolved photoemission is an 
ideal probe for investigating the electronic structure of low-dimensional structures.  
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 Recently, Au vicinal surfaces like Au(23,23,21), Au(887), and Au(223) have been identified as 
suitable templates for growing 1D and 2D nanostructured solids [3]. The present experiment focuses 
on modifications of the electronic structure of Au(887) due to Co nanodots grown on the Au(887) 
vicinal surface at room temperature as well as low temperature. The Au(887) surface is characterized 
by a highly regular one-dimensional step array with terrace width (d) = 39Å  and step height (h) = 2.35 
Å as shown in Fig 1(a). Au(887) has a miscut angle of 3.5o towards [⎯211] and {111}-like steps (Fig. 
1(a, b)). 
 

(111) (887) 

αh 
 

(a) (b) 
d 

Fig.1. (a) The schematic representation of the side-view of the one-dimensional step array, where 
miscut angle, terrace width and step height are depicted. (b) STM picture from clean Au(887) shows a 
highly regular one-dimensional step array.  
 
While the electronic structure of the Au(111) surface is defined by the two-dimensional free-electron-
like surface state near the Fermi level, the Au(887) surface state has one dimensional character, i.e., it 
has a free-electron-like dispersion parallel to the steps and it becomes totally confined between two 
steps in the perpendicular direction as observed by the angle resolved photoelectron spectra in Fig 2. In 

the perpendicular direction the free-electron-like 
surface state splits into two quantum well states at 
0.4 eV (N=1) and 0.1 eV (N=2). The observed 
spectra agree with the previously reported results 
[4] for the Au(887) surface. 
 
Fig.2. Au(887) surface state dispersion in the 
direction parallel and perpendicular to the steps. 
The one-dimensional character of the surface 
state with two quantum well levels in the 
perpendicular direction to the step is clearly 
observable. The spectra are recorded at hν =30 
eV. 
 
The Co, for sub-monolayer coverage deposited at 
room temperature, nucleates at the kinks of the 
Au(111) (23 ×√3) reconstruction geometry 
forming polygonal islands on Au(111) surface in 
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the [1⎯12] direction. Whereas, at sub-monolayer coverage, Co deposited on Au(887) forms an array of 
nanodots. At 140K deposition temperature the nanodot array is more ordered than that at room 

temperature [5]. Fig. 3 shows our STM picture of 0.2 ML 
coverage Co deposited on Au(887) at room temperature. 
Because the nanodots are formed at room temperature, the array 
does not have perfect long range ordering. Two kinds of dots 
co-exist on the surface (shown by arrows in Fig.3): small (A) 
and large (B), which is in agreement with the previously 
reported STM experiments [5]. 
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T
on Au(887) at room temperature still shows quantization in the 
perpendicular direction (Fig.4(a)) and free-electron-like  

dispersion in the parallel direction (not shown in figure). 
As the Co coverage is increased to 0.4 ML at 
room temperature, it becomes more difficult to 
discuss the behaviour of the surface state due 
to increasing Co 3d spectral weight, but the 
quantization of the surface state perpendicular 
to the step appears to become weaker (Fig. 
4(b)). The surface state behaviour parallel to 
the steps is also not free-electron-like (not 
shown in fig).  
 
Fig.4. Angle-resolved photoemission spectra of 
the Au(887) surface state perpendicular to the 
steps for (a) 0.2 ML Co and (b) 0.4 ML Co 
coverage deposited at room temperature. The 
spectra are recorded at hν =30 eV. 
 
Whereas, for 0.2 ML Co coverage deposited at 
140 K and consequently annealed to 300K, the 
rface state shows free-electron-like dispersion 

distinguished quantum well states perpendicular 
to the steps (not shown in fig).  
 
F
of the Au(887) surface state parallel  to the 
steps for  0.2 ML Co coverage (a) deposited 
at 140K and (b) deposited at 140K with 
subsequent annealing at 300K. The spectra 
are recorded at hν =30 eV. 
 
T
due to Co deposition at room and low 
temperatures might be due to different 
ordering and size of the Co nanodots on the 
Au(887) surface. The peak position of the 
surface state does not change with the Co 
coverage indicating no significant 
hybridization between the Au 6s,p and Co 3d 
states.  
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In conclusion, we confirm the appearance of an intense one-dimensionally confined surface state on 
Au(887). This state and its lateral quantization survives the formation of ordered Co nanodots of 0.2 
and 0.4 ML nominal thicknesses at the optimum growth temperature of 140K and can be used to 
explore the possible electronic pathways of magnetic interdot coupling.  
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NEXAFS study of carbon hard coatings tribo-tested under  

slip-rolling conditions 

Ch.-A. Manier, D. Spaltmann, M. Woydt, A. Lippitz and W. E. S. Unger 

Bundesanstalt für Materialforschung und –prüfung (BAM), 12203 Berlin, Germany 

 

Tribo-chemical phenomena at hard coatings are extensively studied in recent materials 

science. Tools of surface analysis as photoelectron spectroscopy, time-of-flight secondary ion 

mass spectrometer and, last but not least, X-ray absorption spectroscopy have to be applied in 

order to derive chemical information for a more detailed understanding of tribo-chemical 

processes influencing the performance of the respective coated parts in machines, cars, hip 

joint endoprosthesis, etc. 

Amongst the popular hard coatings ta-C, a-C:H (“DLC”) or nano-cristalline diamond 

play an increasing role. Therefore, in a DFG Project, the behaviour of these coatings under 

slip rolling conditions is studied with the goal to understand fundamental phenomena and 

failure mechanisms under consideration of surface chemistry. The coatings were deposited on 

the circumference of cylinders made of a typical bearing steel 52100. Different types of 

coatings, tetrahedral amorphous coating (ta-C), hydrogenated amorphous coating (a-C:H) and 

nano-crystalline diamond were supplied by different manufacturers. The coatings were tested 

under “mixed/boundary lubrication” conditions using different lubricants, paraffin oil or 

polyglycol, applying an Amsler type twin disc tribometer. It generates rolling movement with 

a slip rate of 10%. The counter disc was made of the same steel as the coated disc, but with a 

curvature which creates “ball on cylinder” contact geometry (Fig. 1a). This arrangement 

allows high initial Hertzian contact pressures. After testing two areas of interest can be 

differentiated on the coating at the circumference of the coated disk: Unstressed areas and the 

tribologically stressed track (Fig. 1b). The track is typically about 1.5 mm wide and accessible 

for surface analysis by NEXAFS spectroscopy. Comparisons of different coatings were made 

based on a common empirical failure criterion. Slices of the coated cylinders were cut, 

cleaned in an ultrasonic bath, using first iso-propanol and then ethanol to remove remaining 

lubricants used during the tribological tests, finally dried and analysed using the NEXAFS 

endstation at the HE-SGM beamline. 

K-edge total electron yield (TEY) NEXAFS spectra were acquired with the photon 

beam impinging the surface at the magic angle. The spectra are normalized in units of the 

edge jump.  
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Fig. 1a: Schematic diagram of the Amsler type twin disc tribometer. The lower coated disc 
turns at a speed of 390 rpm, the upper uncoated disc at 354 rpm. 
 
 
 
 
 
 
 

 

500 µm

 
 
 
 
 
 
Fig. 1b: Circumference of the coated disk after testing showing the tribologically stressed 
track. 
 

The surface concentration of sp2 bonded carbon species in unstressed areas and the 

tribologically stressed track were compared for different tribo test conditions and different 

carbon hard coatings by using a graphite reference. The relative sp2 concentrations were 

estimated according to:  
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with Itotal as the area of the whole spectrum between 280 and 330 eV, Iπ* and Irefπ* as the sp2 π∗ 

resonance areas of the sample and the graphite as reference, respectively.  

Fig. 2 shows an example of C K-edge NEXAFS spectra of a tribo tested a-C:H coating 

tested under 1.5 GPa with paraffin oil as lubricant. It reached 10 million cycles without any 
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Fig. 2: NEXAFS TEY C K-edge spectra of an a-C:H coating measured by moving the X-ray 
spot stepwise from the wear track into the unstressed side area. 
 

visible defects. The unstressed area outside the track is characterized by a relatively low 

surface concentration of sp2 bonded species, pointing to a low level of concentration of 

graphitic species, together with signatures pointing to some oxidation of the surface layer. 

Moving the X-ray spot into the track region characteristic changes can be observed. The π∗ 

resonance to be related to sp2 bonded carbon species increases in intensity and the resonance 

energy shifts from 285.3 eV to 285.0 eV when the X-ray beam reaches the track. The change 

of the sp2 carbon intensity and the energy shift can be explained in terms of a tribo-chemical 

reaction, i.e., by a graphitization of the coating in the track.  

As mentioned above, a number of different coatings was investigated and evaluated in 

terms of graphitic character in the unstressed state and graphitization due tribological 

stressing later on. The spread of the character of the films in the as received state and after 

tribo testing is wide and a clear correlation with the performance is not yet found. Probably 

information on the sp2 vs. sp3 bonding character is not sufficient for an unequivocal 

classification of the films in terms of potential performance. 
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Nickel L edge resonant Raman and Interference effects?  
 
D.R. Batchelor 1) , Th. Schmidt 1), R. Follath 2), C. Jung 2) , R. Fink 3) , M. Knupfer 4), A. 
Schöll1), B. Büchner 4)  and E. Umbach 1)   
1) Universität Würzburg, Experimentelle Physik II, Am Hubland, D-97074 Würzburg, 
Germany, 2) BESSY GmbH, Albert-Einstein-Straße 15, 12489 Berlin, Germany, 3) 

Physikalische Chemie II, Universität Erlangen-Nürnberg, Egerlandstraße 3, D-91058 
Erlangen, German, 4) IFW Dresden, D-01171 Dresden, Germany  
 
Core hole excitation results in a complex dynamical multielectron response.  This is in 
particular the case at and near threshold where the core excitation and decay of the hole 
cannot be viewed as separate events.  In other words to calculate NEXAFS spectra requires an 
understanding of this multielectron response.  Photoemission is a useful tool in this respect as 
one can monitor the changes in valence emission and Auger decay as the photon energy is 
varied and obtain valuable insight to electron correlation and the electron dynamics of the 
system.  The technique of resonant photoemission has advanced considerably with the 
development of synchrotron sources and electron energy analysers.  However due to the 
sequential stepping of the photon energy it suffers from long experimental times.  Amemiya 
et. al. [1] first showed that dispersive NEXAFS was possible.  We have followed on from 
their work at BESSY and have showed [2] that in addition to being able to do parallel 
NEXAFS there is sufficient flux and photon energy resolution to do resonant photoemission 
experiments i.e. Soft X-Ray dispersive CFS/CIS electron spectroscopy.  

 

Figure. 1.  Dispersive CFS/CIS electron spectroscopy of the Ni LMM Auger and valence 
band over the L2,3 edge.  Insert shows the valence soectrum below threshhold.   

The idea is simple the polychromatic light strip of the grating monochromator is projected 
onto the sample which is then subsequently imaged by an imaging electron energy analyser. 
The analyser is mounted so that the electron energy is dispersed normal to the light dispersion 
and the spatially resolving direction of the analyser is parallel to the light dispersion.   This 
requires the beamline focus to be at the sample rather than the more normal situation at the 
exit slit.  With the present PGM monochromator however it is possible to extend the depth of 
focus by using low Cff values and small source apertures.  The drawback of course is that 
decreasing both, Cff and ID apertures leads to a loss of photon flux.  In addition there is a 
decrease in the available energy range due to a smaller undulator harmonic width.  Our 
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present pilot setup is currently being updated [2] to a purpose built beamline which will allow 
both traditional photoemission and NEXAFS spectroscopy and the new dispersive 
spectroscopy by simply switching mirrors.   
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Figure. 2.  Intensity versus photon energy of the 3d8 satellite and valence band.  The data 
are the results of integrating small windows of the dispersive data shown in Figure 1.  

As an example of the technique we show in Figure 1. a map of the Nickel LMM Auger 
transition over the L2,3 edges with a large pre-edge similar to the range covered by Weinelt et. 
al. [3]. They  used a Ni(100) single crystal and exploited the variable polarisation of the 
undulator to accentuate Auger and photoelectron emission.  Their experimental results show a 
clear dip in the pre-edge of the 3d8 photoemission satellite and valence band which was  
interpreted as due to a Fano resonance, an indication of interference between the direct 
photoemission process and an underlying continuum of states.   In contrast our experiment 
used a polycrystalline foil which although averaging over the different crystalline orientations 
would still be expected to show some evidence of a fano profile in particular for the valence 
band where Wienelt et. al. [3] see a dramatic effect due to the absence of the autoionisation 
channel.   
 
The data in Figure 1. have been corrected for a simple linear decrease in flux with photon 
energy in the displayed range.  Figure 2 shows the results of integrating the 3d8 satellite and 
the valence band (see insert of Figure. 1.) over small energy windows.  The data are plotted 
on a logarithmic scale to magnify the low intensity features and show no evidence of a 
characteristic Fano dip for the satellite or valence band.  This result calls into question that 
interference effects characteristic of a Fano process are responsible for the resonance.   At this 
point the origin of the maxima in the NEXAFS should be discussed.   The kinetic energy of 
the 3d8 satellite and Auger emission were determined by a simple curve fitting algorithm and 
are shown in Figure 3.  Below the L3 threshold the energy of the 3d8 satellite disperses 
linearly until at threshold the decay of the core hole by autionisation to this doubly ionised 
final state dominates.   Above threshold the path of the photoemission feature is difficult to 
trace since it requires accurate curve fitting over almost two orders of magnitude.  However in 
the low intensities of the Auger tail it is readily picked up again.  At the L2 edge the behaviour 
is similar but a shift to higher kinetic energies is observed which is presumably due to 
additional screening resulting from shake-up and the Koster-Kronig decay.   
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Figure. 3.  Energy position of the  3d8 6eV satellite and the LMM Augers together with 
the satellite at 13.5eV.  The values were extracted from the data in Fig. 1. using a simple 
curve fitting routine over a small energy window.    

In addition to the well known 3d8 satellite we observe an additional weak photoemission 
feature at 13.5eV which is also present in the data of Weinelt et. al. [3] and Tjeng et. al.  [4].  
The latter work attributes this to a 3d7 satellite.  On tracking its energy dependence it is found 
to intersect with the maxima in the Nickel NEXAFS spectrum at 861eV.  Again it is a shake-
up satellite that is responsible for this feature in the NEXAFS.  Similar effects are also seen 
with copper metal the maxima in the NEXAFS spectra correlate with photoemission features  
which can only be shake-up satellites i.e. they are not simply density of state effects in the 
unoccupied band structure.   
 
The discrepancy with the work of Weinelt et. al. [3] needs to be pursued further.  Although X-
ray diffraction effects can be ruled out electron diffraction effects such as photoelectron 
diffraction may be responsible for the dip.  The new dispersive measurements are already 
showing the advantage of the new multiplex technique.  With the new beamline setup and its 
increased flexibility it will be possible to extend the experimental capabilities and improve the 
sensitivity even further.    
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Silica particle distribution in Styrol Butadien Rubber 
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Due to the widespread use, studying the structure of silica is of general interest for 

fundamental research and for applications. For example, it is well known that rubber 

filled with silica can be used to improve the mechanical properties of the composite 

material. The goal of many different material models is to describe this so called 

reinforcement effect. The models depend on reliable information about the structure 

of the filler. However, the length scales involved range from nanometres up to 

millimetres and thus a complete study does not exist. The new salient synchrotron 

tomography experiments, available at BAMline, offer the unique possibility to 

investigate the structure down to 675 nm and thus to investigate the micro dispersion 

of silica in rubber. 

The CT measurements are performed at an energy of 7 keV with a very low object to 

detector distance to minimise phase contrast. The voxel size of all data measured is 

675 nm. The intensity was increased by bending the second multilayer of the double 

multilayer monochromator at BAMline. 

For a better quantitative understanding of the attenuation contrast first Styrol 

Butadien Rubber (SBR) without silica particles was studied (Fig. 1 left). The average 

attenuation coefficient was found to be 8.0 cm-1. From the chemical composition of 

SBR at 7 keV a value of 6.2 cm-1 is expected assuming a density of 1 g/cm3. The 

significantly higher value as well as the stronger attenuating particles found can be 

attributed to additives. 

Furthermore a silica powder was studied (Fig. 1 right). It shows aggregates of 

particles with attenuation coefficients varying from 20 cm-1 to 32 cm-1 and a mean 

value of 24 cm-1. Applying the mass attenuation coefficient of SiO2 which is 53.6 

cm2/g at 7 keV the density of the silica powder can be derived. It varies from 0.37 

g/cm3 to 0.60 g/cm3 with a mean value of 0.45 g/cm3. 
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Fig. 1 Left: Cross section of SBR without silica particles. Right: Powder of silica 

particles in a polyethylene tube. The white bars represent 100 µm respectively. 

 

Three samples with a varying content of silica particles are studied (Fig. 1, Table 1). 

The CT-slices of the samples with silica particles show a large number of aggregates 

of silica particles embedded in a quite homogenous matrix. The size of the particles 

ranges from a few microns up to 100 µm diameter. Aggregate diameters of 5 – 20 µm 

appear most frequently. The aggregates show nearly the same attenuation as the 

silica powder. The mean attenuation of aggregates is only slightly higher than the 

mean attenuation of the powder, which can be explained either by a penetration of 

the aggregates with styrol butadiene or by a selection of denser aggregates due to a 

higher resistivity against dissolution in the styrol butadiene matrix. The latter is in 

agreement with the variation range of density in the silica powder. 

 

   
Fig. 2: Cross sections of samples S1-M2 (left), S1-M4 (middle), S1-M7 (right). The 

white bars represent 200 µm respectively. 
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Table 1: Initial silica content of the samples measured and the silica content of the 

matrix material calculated from the attenuation values. 

 

Additionally to the occurrence of aggregates an increased attenuation coefficient of 

the matrix is observed. The difference to the attenuation coefficient of the sample 

without silica allows to estimate the amount of particles distributed in the matrix 

material using the theoretical mass attenuation coefficient of SiO2. The values 

derived from the matrix attenuation coefficient given in the right column of Table1 are 

in good agreement with the initial content and the observed amount of aggregates. 

With an increase of the initial silica content first the number of aggregates increases 

strongly (Fig. 3). A further increase of the initial silica content of the matrix does not 

increase the amount of aggregates but the amount of silica particles distributed in the 

matrix. The high matrix attenuation reduces the contrast below the level which allows 

a reliable separation of matrix and aggregates for a surface representation. 

 

    
Fig. 3: The increase of particle becomes much more obvious in the surface 

representation of the silica aggregates within partial volumes of 270 µm × 170 µm × 

68 µm of sample S1-M2 and S1-M4. 

Silica content 

total 

(initial) 

matrix 

(measured) 

Sample 

vol. % M % [g/cm3] 

S1-M2 2 5 0.02 

S1-M4 9 17 0.11 

S1-M7 19 33 0.28 
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Self-assembly of nanostructures is a powerful tool overcoming the limits of traditional 

lithographic fabrication of devices and data storage units. Hence new self-organized 
nanostructures are of special interest. On the Si(001)2×1 surface self-organized rare earth 
silicide nanowires can be formed [1,2], while Au chains can be prepared on Si(557) [3]. In the 
present investigation we observed the formation of different wire like rare earth silicide 
structures on the Si(557) surface. Clean Si(557) is characterized by a stepped structure 
consisting of (111) and (112) facets [4]. 

The rare earth silicide structures were prepared in-situ by deposition of dysprosium 
and erbium on clean Si(557) surfaces. Afterwards the sample was annealed to 500-800°C for 
several minutes, resulting in different wire types. To prevent oxidation, excellent ultra high 
vacuum conditions are necessary: The base pressure was lower than 5×10-11 mbar and did not 
exceed 2×10-10 mbar during the preparation process. The amount of rare earth exposure was 
determined by using a quartz-crystal microbalance with an accuracy of ± 20%. The 
temperature was measured using an infrared pyrometer with an accuracy of ± 10%. The 
ARPES experiments were performed at the BUS beamline (U125/2-SGM) at BESSY II with 
a Scienta SES 100 spectrometer at a photon energy of 41 eV. For the STM experiments we 
used a non-commercial setup with tunneling currents up to 3 nA and sample voltages between 
+3 V and -3 V.  

In this work we show the band structure and topography of various dysprosium 
coverages on Si(557) samples. It should be noted that the STM and ARPES data of erbium 
silicide on Si(557) are essentially similar. STM images of the clean Si(557) sample show 
about 30 Å wide Si(111) terraces with a (7×7)-reconstruction. Depending on the coverage of 
dysprosium the width of the terraces is modified. 

For coverages close to one monolayer, nanowires grow on the Si(111) terraces, as 
shown in Fig. 1(a). These nanowires are characterized by widths of 50-80 Å and lengths 
exceeding 1 µm, and show hexagonal terminations with clear straight edges along { }011  
directions, as indicated by the ellipses in Fig. 1(a). These structural properties are 
characteristic for DySi2/Si(111) [5], but the lacking atomic resolution does not allow a clear 
assignment on the basis of the STM data alone. 

ARPES data of these nanowires for angles along the nanowire direction are shown in 
Fig. 1(b). The energy dispersion is characterized by parabolic bands crossing the Fermi 
energy at off-normal directions, while a wavy dispersion is found around 557Γ  at about 1 eV 
binding energy. The dispersion perpendicular to the nanowires, as shown in Fig. 1(c), is 
characterized by parabolic bands close to the Fermi level. In Fig. 1(d), our data are compared 
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with previous findings on ErSi2/Si(111), which are shown in Fig. 1(e) [6]. On a first glance, 
the band structure on Si(557) also shows parabolic bands close to the Fermi level like those 
around the 111M  points on Si(111), but differs around normal direction. The latter is not 
surprising, since our data were taken around the surface normal corresponding to 557Γ .  

In Fig. 1(d), the surface Brillouin zone of ErSi2/Si(111) is shown with the electron 
pockets around 111M  and the hole pocket around 111Γ , as reported in Ref. [6]. The red lines 
indicate the directions around 557Γ  where our data were taken. A detailed analysis shows an 
excellent agreement of our data taken along the nanowires with the ErSi2/Si(111) band 
structure. This is manifested in particular by the green markers labeled 1 to 4. Marker 1 is the 

557Γ  point, which lies 55% away from the 111Γ point on the way to the 111M  point. Marker 2 
lies on the way from the 111Γ  point to the 111K point. Markers 3 and 4 are located at the 111M  
point. Perpendicular to the nanowires, the DySi2/Si(111) band structure starting from 111Γ  can 
be observed directly, as indicated by the markers 3, 4, and 5. The latter indicates the point 
where the hole-like state around 111Γ  crosses the Fermi level. 

For a higher amount of dysprosium of 3 Å the system shows a different behavior, as 
shown in Fig. 2. We have also found nanowires on Si(111) terraces, but with rounded 
terminations, as indicated by the ellipse, and a different band structure was determined. A 
strong and more complex dispersion of states crossing the Fermi level is observed both along 
and perpendicular to the nanowires. The silicide terraces are characterized by a v3×v3 
superstructure, as observed in LEED experiments. These observations indicate that the 

     
 

   
 
Fig. 1: (a) STM image, (b) ARPES data along and (c) perpendicular to the nanowire direction of DySi2 
nanowires on Si(557) prepared with 1,5 Å Dy and an annealing temperature of 700°C. (d) Assignment of the 
band structure to DySi2 on Si(111) with a model of the surface Brillouin zone, (e) electronic structure of ErSi2 on 
Si(111) [6]. 
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Si(111) terraces are now covered by Dy3Si5 multilayers. A detailed comparison with literature 
data is currently under way.  

We have reported on different self-organized rare earth silicide nanostructures on the 
Si(557) surface. A dispersion of states crossing the Fermi energy was observed for different 
nanowire types, and an assignment to well-known silicide structures on the Si(111) surface 
could be made. However, the reported ARPES experiments could only be performed along 
specific directions in k-parallel space. A complete picture of the energy dispersion, also 
indicating possible quantum-size effects, could be derived from future measurements of the 
energy contours in k-parallel space. 

This work was supported by the Deutsche Forschungsgemeinschaft, project number 
DFG Da408/11. We thank the group of G. Kaindl and E. Weschke for providing the 
experimental chamber, and BESSY is acknowledged for providing the beamtime. 
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Fig. 2: (a) STM image and (b) ARPES data along nanowire direction, and (c) perpendicular to the nanowire 
direction of  DySi2-x nabowires on Si(557) prepared with 3 Å Dy and an annealing temperature of 700°C. 
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Small magnetic nanoparticles are of interest for magnetic recording and other 
nanoelectronic and nanomagnetic applications.  In order for small particles to display intrinsic 
ferromagnetism, they must either possess large magnetic anisotropy or be kept at very low 
temperatures (below their Curie temperature).   

Surprisingly high Curie temperatures have been reported with ferromagnetic iron 
nanoclusters (with diameters of 2.4 – 3.7 nm) prepared on Cu(111) using buffered layer 
growth techniques [1].  In these experiments, the clusters also display a strong magnetic 
anisotropy, with the hard axis along the surface normal. 

In order to investigate these claims, mass selected Fe105±2 was produced by laser 
vaporization of an iron target and deposited onto a Cu(111) surface at low temperatures (100 
K) and small kinetic energies (<< 1 eV/atom).  The copper surface was prepared by a series of 
sputtering and annealing cycles until a sharp LEED pattern showed high surface quality.  A 
coverage of 1.5(5) × 104 clusters/µm2 was achieved.  X-ray magnetic circular dichroism 
(XMCD) and X-ray absorption (XAS) spectra recorded using the PM-3 beamline at the 
BESSY-II synchrotron by using the sample drain current (total electron yield) under x-ray 
illumination.  XMCD curves were measured, as sensitive probes of magnetization, in applied 
magnetic fields of up to 2 T, at both normal incidence and 60º incidence with respect to the 
surface normal. 

 
Fig. 1 Superparamagnetic XMCD 
magnetization curves, measured at 
normal and oblique (60º) incidence 
measured at temperatures of 10 K, 30 
K and 60 K.  The inset shows the Fe L
absorption spectra, measured at app
fields of ±1 T at a 65 K temperat
Magnetization curves were measured
at the photon energy where the larges
difference (XMCD) is found between 
the two spectra (arrow). 
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The inset to Fig. 1 shows the Fe L3 absorption curves measured at 65 K in applied fields 
of ±1

d. 

K and
erved).  

 

 

 

 T.  This lineshape is characteristic of metallic Fe.  All XMCD magnetization curves 
were measured at the point where the largest magnetic circular dichroism (arrow) is obtaine

Fig. 1 shows the magnetization curves of the Fe105±2 sample at temperatures of 10 K, 30 
 60 K measured at both normal and oblique (60º) incidence.  Clearly, all are 

superparamagnetic at all temperatures measured (remnant magnetization is not obs
The effect of temperature is clearly seen as the lower temperature curves have a much more
sharp transition from a negative to positive magnetization state.  Also, the measurements at 
normal and oblique incidence essentially fall on top of one another.  Thus, we do not observe
significant magnetic anisotropy (contrary to the claims of Pierce et al who find essentially 
zero out of plain magnetization at an applied magnetic field of 0.25 T).  To further 
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substantiate our results, the experimental magnetization curves are fit to the model of classical 
Langevin paramagnetism to determine the magnetic moment per atom. 

 
 

 
Fig 2.  Magnetic moment per atom, 
as determined by least squares fit of 
the Langevin paramagnetic 
response.  Full symbols correspond 
to out of plane (normal incidence) 
magnetization measurements and 
open symbols are taken at oblique 
incidence.  The atomic moment of 
bulk bcc iron (2.2 µB) is indicated 
by the horizontal line. 

         Fig. 2 shows the resulting total magnetic moments per atom of the clusters as a function 
of temperature, evaluated from the individual magnetization curves in Fig. 1.  While there is 
some scatter in the experimental data, we see that atomic magnetic moments are consistently 
enhanced (2.5±0.3 µB) with respect to the bulk limit (2.2 µB), in particular at lower 
temperatures.  This finding of enhanced magnetization in the clusters is consistent with 
observation of gas phase Fe clusters.  Gas phase measurements yield even higher magnetic 
moments.  Hybridization with the Cu(111) substrate has the effect of reducing the cluster 
magnetic moments compared to that of free particles. 

We can estimate from the Pierce et al results a blocking temperature for our Fe105±2 
clusters of less than 3 K, if we assume that the effective Heisenberg Hamiltonian captures the 
indirect inter-particle exchange.  Thus our finding of superparamagnetism is not at odds with 
their results.  Since uniaxial magnetic anisotropy will be apparent if the anisotropy energy is 
on the same order as the thermal energy, we can state an upper bound to the anisotropy energy 
of 1 meV per cluster (or about 10 µeV per atom). 

In conclusion, we find superparamagnetism in Fe105±2 clusters deposited onto Cu(111) at  
temperatures as low as 10 K.  This gives an intrinsic anisotropy energy smaller than 10-5 eV 
per atom.  By Langevin analysis, we find an enhancement of magnetic moments by 10-20% 
from bulk iron.  Experiments to compare magnetic clusters of similar sizes and densities and 
generated under various conditions are presently under development to further elucidate this 
aspect of nanomagnetism on surfaces. 

 
[1] J.P. Pierce, M.A. Torija, Z. Gai, J. Shi, T.C. Schulthess, G.A. Farnan, J.F. Wendelken, 
E.W. Plummer, J. Shen, Phys. Rev. Lett. 92, 237201 (2004) 
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Diamond is considered an excellent electrode material for electrochemistry, with very low 

background current and the largest electrochemical potential window of all solids. Especially 

ultrananocrystalline diamond (UNCD) has received much attention for both biosensing 

applications and electron transfer investigations, since UNCD has the advantages of low 

production cost and the scalability to large area deposition. But the chemical modification of 

diamond or diamond-like surfaces remains difficult due to the almost inert nature of the 

substrate. In the last years aryl diazonium derivatives have recently attracted growing 

attention as promising candidates to functionalize diamond surfaces.  

We investigate the reaction of 4'-nitro-1,1-biphenyl-4-diazonium tetrafluoroborate (NBD) and 

hydrogenated ultrananocrystalline diamond (UNCD) surfaces, which results in a 

homogeneous self-assembled monolayer of 4'-nitro-1,1-biphenyl (NB)1. The proposed 

reaction is depicted in Figure 1a. NEXAFS experiments are suitable to investigate the 

presence of sp2-hybridized carbon on the modified diamond surface. All NEXAFS data were 

obtained at the U49-II-PGM-1 beamline. As depicted in Figure 1c (solid line), the NEXAFS 

spectrum of a NB-functionalized UNCD substrate shows unequivocally combined signals 

from both the grafted phenyl moiety and the diamond substrate. The strong peak (A′) at 285 

eV photon energy is assigned to the C1s π* resonance, corresponding to sp² C-C bonds of 

the surface bonded biphenyl moieties, which is absent in the UNCD hydrogenated reference 

sample spectrum shown (dotted line). The peak of low intensity (B′) at 288 eV can be 

attributed to C1s Rydberg states or C1s σ* transitions of C-H bonded carbon located on 

the phenyl rings of the biphenyl monolayer. Again, no corresponding feature can be detected 

for the non-modified surface. Spectral features at 292 eV (C′) with several small peaks are 
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associated with the C1s σ* resonance of C-C bonds. Of high interest are especially 

alternative materials that allow the controlled modification of functional surfaces groups by a 

precisely adjustable parameter such as the irradiation dose. We have found that nitro groups 

on aromatic SAMs are selectively converted to amino groups under irradiation with X-rays 

(Figure 1b)2. For the pristine NEXAFS spectra the X-ray beam was continuously moved over 

the samples throughout the data recording, for the purpose that, only non-radiated parts of the 

diamond surfaces were illuminated and contributed to the spectra. For the investigation of the 

radiation induced conversion subsequent spectra were recorded by scanning the manipulator 

over an already scanned surface. Figure 1d represents a set of nitrogen K edge excitation 

spectra of the NB monolayer on UNCD. The soft X-ray synchrotron radiation (500 eV) 

gradually alters the intensity and ratio of the different resonances in N1s region with radiation 

time. Two low energy N1s σ* (N-H) resonances are observed at 398 eV (A″) and at 399 eV 

(B″). Increasing exposure increases the intensity of these two σ* resonances, indicating the 

transformation process of the nitro group. The intensity of the two resonances at 404 eV (C″) 

and at 413 eV (D″) originating from the N1s π* (N-O) and N1s σ* (N-O) transitions 

decrease with longer irradiation times. Figure 1e shows the O1s NEXAFS of an irradiation 

sequence. The features A″′ from the O1s π* (O=N) and B″′ O1s σ* (O-N) transitions 

slightly diminish in intensity with increasing irradiation time, which is in accordance with the 

results found in the N1s region. Finally one can conclude that these NEXAFS studies showed 

that a major reaction pathway promoted by X-ray irradiation of surface grafted NB SAM 

involves the conversion of the functional nitro group to an amino group product on the 

surface.3   

We thank S. Neppl, U. Bauer and the staff of BESSY, in particular O. Schwarzkopf, H. Pfau 

and W. Braun for help during the experiments. This work was supported by the German 

BMBF (05 ES3XBA/5) and by the Deutsche Forschungsgemeinschaft (Fe 346/1-3 and SFB 

563 B15). 
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Fig. 1: (a) Reaction of the NBD with UNCD to form the SAM of NB. (b) Radiation induced 
conversion of the SAM of NB to the 4'-amino-1,1-biphenyl SAM. (c) Partial electron yield 
C1s NEXAFS spectra of a biphenyl grafted UNCD and a hydrogenated UNCD reference 
sample. (d) NEXAFS spectra recorded at the N1s edge of a biphenyl grafted UNCD. The 
subsequently recorded spectra show a radiation induced peak change of the σ* and π* 
resonances. (e) O1s NEXAFS spectra of a biphenyl grafted UNCD. 

(3) Lud, S. Q.; Steenackers, M.; Jordan, R.; Bruno, P.; Gruen, D. M.; Feulner, P.; Garrido, J. 

A.; Stutzmann, M., Journal of the American Chemical Society 2006, 128, (51), 16884-

16891. 
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For the investigation of small sample volumes, the use of an acoustic levitator was 

tested as a ‘sample holder’ for hovering droplets in a synchrotron beam. It might be 

advantageous to use levitated droplets instead of samples confined in solid holders, especially 

for the study of crystallization processes where the influence of containing walls has to be 

minimized. These measurements indicate the possibility to investigate evaporation-induced 

crystallization with simultaneous observation of visible optical radiance. Acoustic levitation is 

a useful technique that can be applied without difficulty. Owing to its favourable properties, 

determinations of phase transformations, crystal structures and the physical properties of 

materials are no longer hampered by contamination from the sample container. 

 

 

 
 
Figure 1. Setup and principle of the acoustic levitator in which sound level about 160 dB 

compensates for gravity 

Experiments were carried out at the new BAM microfocus beamline
1
 dedicated to 

scanning small (SAXS) and wide angle scattering (WAXS) and the EDR Beamline for 

energy-dispersive X-ray diffraction (EDXD)
2
. In a first experiment, the crystallisation of 

sodium chloride in a small droplet of aqueous solution has been followed with a time 

resolution of 30 s. The collected diffraction peaks are compared with data in the ICSD 

database and the positions of the observed diffraction peaks agree with records from the ICSD 

database. Time resolved measurements at the BAM µ-Spot beamline in the second range can 

be obtained and additional information in the small angle range are available. 

 

These measurements indicate the possibility to investigate evaporation-induced 

crystallization with simultaneous observation of visible optical radiance. Acoustic levitation is 

a useful technique that can be applied without difficulty. Owing to its favourable properties, 
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determinations of phase transformations, crystal structures and the physical properties of 

materials are no longer hampered by contamination from the sample container. 
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In contrast to the current paradigm in molecular magnetism to synthesizing molecules or clusters with 
large spins, the concept of designing supramolecular assemblies containing small magnetic units is 
flexible and tunable. An especially versatile approach relies on metallo-supramolecular polyelectrolyte 
amphiphile complexes self-assembled from bis-terpyridine ligands and amphiphilic molecules hosting 
octahedrally coordinated transition metal ions. Fe2+- and Co2+-ions can be induced to switch between a 
low-spin and a high-spin electronic state near room temperature, which is not possible for the Ni2+-ion. 
Using x-ray scattering, x-ray magnetic circular dichroism and magnetic measurements the spin 
transition of powdered materials has been identified as a transition from the S=0 (S = 1/2) low-spin 
state to the S=2 (S = 3/2) high-spin state of the Fe2+ (Co2+)-ions induced by a structural order-disorder 
transition of the amphiphilic matrix upon heating. The S=1 spin state of Ni2+ is not affected by the 
structural rearrangement. The temperature of the phase transition can be modified by the number and 
length of the amphiphiles attached to the polyelectrolyte backbone. In contrast to thin organized films 
the induced spin transition is not reversible but remains in the high-spin state, which might be 
stabilized by the disorder and interdigitation of amphiphilic molecules.   
 

1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
To explore the origin of the high-spin fraction 
Dispersive Reflectometer (EDR) at the BESSY 
patterns are collected as a function of temperatu
pattern for one heating and cooling cycle of the c
The structural phase transition, indicates with T
within the complex. The resulting new structura
remains stable during cooling down to room t
observed spin transition temperatures with increa
is no linear dependency observed. 
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Magnetic nano particles become of increased interest for applications. Especially in fields as 
magnetic  storage  devices,  where  grain sizes  already reached the  10nm length scale,  it  is 
important that synthesis processes deliver a high output of equally sized and stoichiometric 
structured  particles,  as  well  as  aging  stability  of  the  particle  properties.  Wet  chemical 
processes have generally the advantage to evaporation or sputter processes, that the output is 
always  macroscopic.  However  the  nano-particles  always  come  with  organic  ligands  and 
native oxide outer layers. The chemists have by now overcome the obstacle of tailoring sizes. 
The  sizes  of  the  CoPt  nano-particles  measured  by  us  were  controlled  with  the  hot 
organometallic synthesis .  This method has two major advantages namely the freedom of 
choice of the organic ligands and the high reproducibility of particle size in different batches. 
The different sizes are controlled by the reaction temperature (Figure 1), allowing to tailor 
CoPt particles from 1.5nm up to 14nm in diameter, which is a broad range for wet-chemically 
synthesized nano particles. The entire synthesis process is discussed in detail in [1,2]. The 

samples were produced in the institute of physical Chemistry 
in Hamburg. The Particles consist of  a CoPt (decreasing with 
size from CoPt3) core and an oxidized shell to which organic 
ligands are attached.  Pictures taken with Scanning Electron 
Microscopy(SEM)  and  High  resolution  Transmission 
Electron  Microscopy  (TEM)  have  shown  a  sharp  size 
distribution  of  10%  of  the  nano  particles  and  a  uniform 
crystallographic structure (GISAXS measurements have jet to 
be evaluated). There was no aging effects noticeable in TEM 
pictures of the same sample with time.
During  the  preparation  process  and  storage  the  reagents 
normally have contact with air and only the final synthesis 
process is under dry argon. To investigate the influence of the 
contact  with  air,  we  prepared  and  stored  some  samples 
completely  in  a  nitrogen  atmosphere.  The  entire  synthesis 
process was carried out in a nitrogen pressurized glove box, 
as well as the cleaning of the silicon wafers with acetone and 
isopropanol,  as  well  as  spin coating with the diluted nano 
particle solution. A second goal of our measurements was to 
investigate weather or not there are aging effect measurable 
in the nano-particles,  especially in  respect  to  the magnetic 
properties.  To  do  so  we  synthesized  particles  at  different 
times before the measurement, the referred age in days in this 
report is the age of the sample after synthesis. All samples 

were  measured  with  SEM before  the  measurement  at  the  synchrotron,  to  ensure  similar 
coverages. Some SEM pictures taken after the beamtime revealed that the organic seem not to 
suffer any damage under synchrotron radiation. We measured the total electron yield at the Co 
L2,3 – edge, keeping the constant external magnetic field parallel to the incoming light.

Figure 1: Temperature 
dependence of CoPt nano-
particle synthesis[2]
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 Switching the polarity of the 
light we measured spectra for 
X-ray  magnetic  circular 
dicroism  (XMCD).   Despite 
the  different  preparations  at 
air  and  under  nitrogen,  the 
absorption  spectra  of  equally 
sized nano particles show no 
distinguishable  differences  in 
their line shapes of the Cobalt 
L3 edge,  a  measure  of  the 
oxidization  state  of  the  nano 
particle (Figure 2). Therefore 
the native oxidization can not 
be  reduced  by  the  nitrogen 
atmosphere  during  the 
synthesis process and storage. 
The  oxidization  of  the 
particles  increase  with  the 
time since synthesis, as it has 
been observed with other Co 
nano-particles,  where  it  is 
reported that the oxide shell thickens with time up to 2.5nm[3,4]. However even particles of 
the same age differ  in their native oxidization state [5]. The larger the particles are ,  the 
stronger they are oxidized. This correlates with the change in stoichiometric ratio of Co to Pt 
from 1:3 to 1:1 with the particle size. Having similar native oxide shells, the oxidized Cobalt 
detected in the adsorption spectrum scales with the stoichiometric probability of Cobalt to be 
in the outer shell, since the escape probability of the secondary electrons decreases from the 
surface towards the center of the particle.
Using the XMCD sum rules an increase of magnetic orbital to spin moment with increasing 
oxidization was detected[5]. This is expected since the ratio of CoO is about thrice of that of 
pure Co. This already shows that the magnetic properties of the material changes with time, 
but even further time dependence was detectable. Measuring the same 7.6nm particle sample 
at the age of 53 and 210 days, the oxidization remained the same. However an increase of the 
orbital to spin magnetic moment (Figure 3) from 0.14 to 0.16 with age is detectable. There are 
two aging effects, one that simply shows an increase of oxide in the absorption spectrum and 
a second that only reduces the orbital magnetic moment. 
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 Figure 2: L3-edge absorption spectra and dicroic signals of a  
3.7nm CoPt sample prepared and stored normaly with contact  
to air and a 4.0nm CoPt sample synthesized and stored under  
nitrogen atmosphere until measurement
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   Fig.1. sample cell 
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The physisorption and capillary condensation of an organic fluid in a periodic mesoporous 
silica material (SBA-15) was investigated by in-situ synchrotron small-angle diffraction. 
This work forms part of a longer-term study aiming at (i) a detailed characterisation of the 
pore structure of ordered mesoporous materials and (ii) elucidation of the different stages 
of pore filling during physisorption of vapours. SBA-15 is a silica powder in which the 
individual particles constitute a two-dimensional (2D) hexagonal array of cylindrical 
mesopores of uniform size embedded in an otherwise amorphous microporous silica 
matrix. In our study, powder small-angle diffraction patterns 
resulting from the regular packing of the cylindrical 
mesopores in SBA-15 are collected in situ as a function of 
vapour pressure of the fluid. A specially designed sorption 
cell housed in a thermostated specimen chamber (aluminium) 
(Fig.1) and connected with a gas dosing system with gas 
pressure sensors was developed for these studies. It allows 
step-by-step pressure changes or a continuous adsorption or 
desorption of the fluid [1]. The cell is temperature-controlled 
by Peltier devices for measurements from 260 K to ambient 
temperature. The cell windows are sealed with Kapton foil. 
The experimental parameters (pressure and temperature) are 
controlled and recorded by computer software.  

SBA-15 silica was synthesized according to the procedure described by Zhao et al. 
[2].  The calcined material was characterized by nitrogen adsorption at 77 K and SAXD. 
The pore radius was derived from the nitrogen adsorption isotherm by means of the 
nonlocal density functional theory (DFT) [3].  SBA-15 powder was compacted to a stable 
pellet of 0.3 mm thickness and 3 mm diameter and placed into the sorption chamber.  
Fig. 2 shows the adsorption isotherm of dibromomethane (CH2Br2) in the SBA-15 material 
and SAXD curves for a series of gas pressures along the isotherm. Due to the similar 
electron densities of the silica matrix (6.5x1023 cm-3) and liquid CH2Br2 (6.75x1023 cm-3), 
this organic fluid is particularly well-suited to elucidate the sequence of stages of pore 
filling of the matrix. SAXD curves were measured in-situ at a series of gas pressures 
during continuous adsorption and desorption of the fluid (Fig. 2b). 
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Fig. 2. Adsorption of dibromomethane in SBA-15:  (a) sorption isotherm; (b) SAXD curves. 
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Fig. 3.  Four-density-level 
model of  SBA-15 silica.      
C: microporous corona  
L: adsorbed fluid film 

aS / m²g-1       vP / cm³g-1       2RDFT / nm        a / nm 
   SBA-15             800                1.04                8.1 ± 0.1           11.64        
Characterization of SBA-15: aS: specific surface area; vp: specific pore volume;  
RDFT: pore radius; a: lattice parameter of the 2D hexagonal pore lattice 
 

In Fig. 2b, the powder diffraction peaks result from 
the 2D hexagonal packing of the cylindrical pores. Using 
synchrotron radiation at the BESSY µ-Spot beamline, ten 
diffraction peaks and the systematic changes of their 
intensity with the gas pressure can be resolved. The 
integrated intensities of the diffraction peaks are analyzed 
with a structural model of a core-shell cylinder with four 
density levels (ρ0 to ρ3) as shown in Fig.3 [1]. This model, 
which represents an extension of a model proposed for the 
pore structure of SBA-15 [4], provides quantitative 
information about the pore structure of the evacuated 
sample, the filling of the microporous corona (C), and the 
growing thickness of the liquid film (L) in the mesopores 
as the gas pressure is increased.    
          From the integrated intensities of the diffraction 
peaks for the evacuated sample we derive a pore radius R2 of 4.05 nm, in very good 
agreement with the pore radius RDFT resulting from the nitrogen adsorption isotherm. 
Furthermore, we find a corona thickness R1-R2 of 1.1 nm and a corona porosity Pc of 
nearly 40%. The parameters R1, R2 and Pc are kept fixed in the subsequent data analysis. 
Gradual pore filling with the fluid is reflected in a gradual increase of the corona density ρ3 
(due to the filling of the corona) and the formation and growth of a liquid-like film of 
thickness d = R2-R3 at the pore walls. From these parameters one can calculate the amount 
of fluid adsorbed in the cylindrical pores and their corona as a function of the gas pressure. 
However, it is found that the amount of adsorbed fluid calculated on the basis of this model 
is considerably smaller than the amount obtained by direct gravimetric adsorption 
measurements, or from in-situ X-ray transmission measurements [5]. This implies that a 
significant amount of the fluid must be adsorbed in disordered regions of the sample. A 
preliminary analysis of the diffuse small-angle scattering from the sample and its 
dependence on gas pressure supports this conjecture. We are planning to modify our 
structural model by allowing microporosity of the matrix outside the corona to account for 
these observations.  
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Hydrogen in germanates as high-pressure models of mantle silicates? 
 
S.-M. Thomas, M. Koch-Müller 
GeoForschungszentrum Potsdam, Telegrafenberg, 14473 Potsdam 
 
There is considerable evidence from experiments that significant volumes of water may be stored in 
the Earth’s mantle, either stoichiometrically bound in hydrous compounds, e.g. in dense hydrous 
magnesium silicates (e.g. superhydrous phase B, ringwoodite), or as hydroxyl point defects in 
nominally anhydrous minerals (e.g. olivine). The presence of dense hydrous magnesium silicates in 
the Earth’s mantle could play a major role for a potential deep water cycle. Beyond this, experiments 
have also shown that even major mantle constituents that by their formulae do not contain any 
hydrogen, e.g. olivine and pyroxene are able to dissolve water in trace amounts. Due to the large 
volume of rock in the Earth’s mantle, even such trace concentrations are sufficient to form a 
substantial water reservoir that would seriously influence the Earth’s geodynamical processes as well 
as its water cycle. Even trace amounts of hydrogen have a major effect on physical mineral properties 
such as electrical conductivity and deformation strength. To understand those effects, it is crucial to 
know how hydrogen behaves at the atomic scale within the host phases.  
To study mantle silicates, germanates have been extensively used as low-pressure analogues, applying 
the close crystal chemical relationship to the corresponding silicon compounds due to similar outer 
electron structures and ionic radii of tetravalent silicon and germanium ions [1]. Recent computer 
simulations of OH-defects in Ge-ringwoodite suggest to use germanium phases as models to 
understand the hydrogen incorporation in the high pressure silicates [2]. But experimentally up to now 
only dry Ge-anhydrous phase B (Ge-anhB) [3] and Ge-ringwoodite containing a few wt ppm water [4] 
could be synthesized as high-pressure models of the aforementioned silicates. Obtained data provided 
useful facts on structure, crystal chemistry, phase transformations, pT-stabilities, etc., however, 
specific hydrogen incorporation mechanisms in those phases remain unclear.  
To get a more detailed insight in the system MgO-SiO2-H2O, feasible water concentrations and 
possible hydrogen incorporation mechanisms in mantle silicates as well as to verify the use of 
germanium models in studies of water-related defects and their effects on physical properties, our 
present work is focused on hydrogen incorporation in germanium equivalents.  
 
Experiments were made in a piston-cylinder apparatus at 2 GPa and 950 and 1000°C with up to 23 
wt% water. We synthesized the Ge-analogues of ringwoodite, anhydrous phase B and for the first time 
Ge-superhydrous phase B (Ge-shyB). Recovered single crystals were investigated by X-ray diffraction 
(XRD), electron microprobe (EMP), infrared (IR) and Raman spectroscopy as well as transmission 
electron microscopy.  
Single crystal XRD of the samples confirmed the space groups as observed for the corresponding 
silicon phases but with slightly larger lattice parameters due to the presence of germanium. EMP 
analysis yielded the chemical formulas Mg9.97Ge3.01O14(OH)4 (Ge-shyB) and Mg13.89Ge5.06O24 (Ge-
anhB), the latter indicating, that vacancies either at the Mg or the Ge sites, or both, exist. Single crystal 
IR spectra, taken in the spectral region 3000-4000 cm-1, revealed the presence of hydroxyl point 
defects in Ge-ringwoodite, Ge-shyB and even in Ge-anhB (Fig. 1), whose silicon form is known to be 
absolutely dry. Our results indicate, that water content and hydrogen incorporation mechanism in Ge-
shyB are identical to the Si-phase [5], but both, the water concentration and the OH incorporation 
mechanism of the nominally anhydrous phases Ge-anhB and Ge-ringwoodite differ significantly from 
the results obtained on the Si-phases. Water contents in Ge-anhB and Ge-ringwoodite were 
determined by polarized IR spectroscopy using the calibration of [6] to be about 0.5 wt% H2O and 0.2 
wt% H2O, respectively. Polarized IR spectra of Ge-anhB were obtained using synchrotron radiation 
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(Fig. 1). Due to its high brilliance and a smaller beam diameter, compared to a conventional light 
source, it was possible to measure even 30 to 50 µm sized single crystals. The synchrotron beam was 
additionally used to study the OH distribution in the samples with a local resolution of 15 x 15 µm. 
The resulting chemical maps indicated no heterogeneities and thus verified the homogeneous 
distribution of hydrogen in the crystal lattice.  
On the basis of our data we suggest new models for the OH incorporation in Ge-anhydrous phase B 
and Ge-ringwoodite. We propose two hydroxyl point defects for Ge-anhydrous phase B. The first 
defect (Fig. 2) is introduced into the structure by the hydrogarnet substitution – a vacant Ge2 
tetrahedron with four OH groups, which give rise to three vibrations ν1, ν2, ν a and ν3b. The second 
defect (Fig. 3) is most probably associated with the substitution of Mg1 by Ge4+ and two OH groups at 
the adjacent vacant Ge2 tetrahedron causing the vibrations ν1 and ν4. The bands ν1, ν2, ν3a, b und ν4 
can be explained by the vibration of dipoles O3-H1, O1-H2, O8-H3 and O8-H4, respectively (Fig. 1, 
2, 3). The corresponding OH distances were estimated from the observed band positions using the 
correlation of OH stretching frequencies and O-H...O distances given in [7]. The proposed hydrogen 
positions match the structure very well. O3-H1 dipoles are involved in both defects, which reflects the 
high intensity of the associated vibration in the IR spectra (Fig. 1, 2, 3).  
 

 
 
  
  

Fig. 1 Polarized IR spectra of Ge-anhB with E parallel to a, b and c pointing out the strong pleochroitic 
behavior of the OH-bands. 
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Our results on Ge-superhydrous phase B show its identical behavior in comparison to the Si-phase [5] 
and thus support suggestions to use Ge-analogues as silicate high-pressure models for hydrous phases. 
In contrast, water incorporation in the Ge-analogues of nominally anhydrous phases deviates 
significantly from the behavior of the Si-phases and is apparently governed by other factors like water 
fugacity, therewith pressure as well as intrinsic defects in their structures. 
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Fig. 3 Projection of a part of the structure of 
Ge-anhydrous phase B parallel (010) showing  
defect 2.  

Fig. 2 Projection of a part of the structure of Ge-
anhydrous phase B parallel (100) showing  defect 2. 

185



OH-mapping of synthetic Enstatite-crystals

Elke Schlechter, Roland Stalder
Department of Geoscience, Göttingen University

Enstatite is the second most abundant mineral in Earth’s upper mantle and is able to in-
corporate several tens ppm weight of hydrogen. The influence of hydrogen on the electrical con-
ductivity of Earth’s mantle is expected to be significant, but has so far not been investigated.
Magnetotelluric measurements (electrical conductivity of Earth’s deep interior) need systematic
laboratory data on the influence of hydrogen on the electrical conductivity of mantle minerals
for the interpretation of the data.

For this purpose, synthetic enstatite crystals of gem quality with cross section areas of about
1 - 2 mm2 have been synthesized at the Department of Geosciences in Göttingen and have been
checked for homogeneity applying an automatic X-Y-stage at the infrared beamline of BESSY
II. Large homogenous crystals are necessary, because the electrical conductivity measurements
require a minimum cross section area of about 500-2000 µm2 for the mounting of the electrodes.

Hydrogen is incorporated in enstatite mostly in association with defect-forming cations, and
forms hydroxyl molecules with oxygen atoms in the crystal lattice. Since the different mecha-
nisms of hydrogen incorporation cause different absorption bands at several wavenumbers bet-
ween 3000 and 3600 cm-1, the infrared spectra give information about the spatial distribution
of the different defect cations in the crystal. The enstatite crystals (chemical formula Mg2Si2O6)
contain a small amount of Fe2+, Fe3+ and Al3+. These cations participate in the formation of
the abovementioned defects. An example for the graphical result of the mapping is shown in
figure 1. Here, the peakheight at the wavenumber 3548 cm−1 has been measured systematically
all over a partial area of an enstatite single-crystal. The size of the aperture was 400 µm2 and
the distance between the measuring points was 20 µm. The green area at the crystal rim do not
indicate high absorbance but is a result of scattering of the IR-beam at the rough rim of the
crystal. It is regarded as erroneous measurement. This is a common feature in our mappings
of mm-size crystals with an irregular shape and affects only a narrow range at the rim of the
crystals (some µm, see figure 1). Several of this mappings had been measured during the visit
at BESSY II. Results from this hydrogen mappings clearly show that the distribution of the
different mechanisms of hydrogen incorporation over the whole crystal can be regarded as ho-
mogeneous.

Figure 1: Mapping with re-
spect to the peakheight at the
wavenumber 3548 cm−1, co-
lors indicate the peakheight
and the black line designates
the crystal-rim
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3D µ-SRXRF on monazite (CePO4) for in-situ chemical dating

Schmitz, S.1, Wilke, M.², Möller, A.², Bousquet, R.², Schefer, S.³, Malzer, W.4, Kanngießer, B.4

1 JWG Universität Frankfurt M., Inst. f. Mineralogie, Germany, ² Universität Potsdam, Inst. f. 
Geowissenschaften, Germany, ³ Universität Basel, Geologisch-Paläontologisches Institut, Switzerland, 

4 Technische Universität Berlin, Inst. f. Optik und Atomare Physik, Germany

Introduction

Monazite is an accessory LREE1 Phosphate - mineral rich in U (≤ 5 wt. %) and especially Th 
(3  -  15wt.  %).  It  is  an  ideal  mineral  for  (chemical)  dating  of  high  temperature  (HT) 
metamorphism in high-grade metasediments and granitic rocks [e.g.  1, 2] because the Th-Pb 
and U-Pb systems remain closed at high temperatures [3] and are therefore highly resistant to 
diffusive Pb loss.
The accuracy and precision of chemical age determination is dependent on the Pb concentration 
of the minerals and in the case of monazite the Pb content is assumed to be completely enriched 
by radioactive decay. 

The use of in-situ chemical dating of especially young monazite has been restricted either by high 
detection limits (EMP2 ca.  100 ppm) or low spatial  resolution (μ-XRF ca.  150  μm). Here we 
propose the use of the 3D experimental set–up which was developed by Kanngießer et al. [4] at 
the µ-spot beamline at BESSY. This 3D set-up restricts the excitation volume and  prevents the 
excitation of radiation from deeper parts of the sample which minimizes absorption effects and 
signals from other minerals.

The  set-up  was  tested  using  several  well-known  reference samples  of  known age  and  was 
applied to monazites from high-temperature rocks (sapphirine-bearing granulites) from the Alps 
(Gruf Complex, N-Italy). The aim of the study was to gain a HT age for the sapphirine bearing 
granulites (granulitefacies event). Liati  & Gebauer  [5] reported SHRIMP3 zircon ages that are 
younger than or coeval with the Bergell Intrusion (BI; 30 - 32 Ma [6]), but concerning structural 
observations the age is assumed to be slightly older than the BI [7-9].

Experimental set-up, measurements and data reduction

The 3D µ-XRF set-up at the µ-spot beamline (7T WLS) is realized 
by a confocal arrangement of two polycapillary half lenses. The 
spot  size  is  defined  by  overlapping  of  the  foci  (Fig. 1).  The 
probing-volume can be moved along the surface of the sample 
and into the depth which allows a chemical insight of the sample 
[4]. 
Characterization of the probed volume was carried out with a thin 
W-foil that was moved through the micro-volume. The FWHM of 
the W intensity-curve is about 25 μm (at 18 keV).  

For chemical  dating,  synchrotron X-ray fluorescence data were 
acquired for (1) isotopically well characterized reference samples 
(compositions  and  ages),  (2)  “internal”  comparative  reference 
samples  dated  by  other  verified  methods  and  (3)  monazite 
samples of unknown age from the Gruf Complex in the western 

1 LREE – Light Rare Earth Elements
2 EMP – Electron MicroProbe
3 SHRIMP – Sensitive High Resolution Ion MicroProbe

figure  1:  confocal  set-up  with 
defined probing volume; [10]
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Alps.  The  4  reference  samples  (number  of  measurement = 59)  were  measured  for 
500 – 1000 sec (depending on their age and Pb content) and the unknown samples (N = 18) for 
1000 sec (including 10 % dead time).

Data reduction is based on the method of Engi et al. [11] who used the fluorescence lines Pb Lα, 
Th Ll and U Ll. The intensities of the fluorescence peaks were determined at the beamline using a 
fitting program developed by Malzer et al. (unpubl.). 
Three isotopically dated (e.g. by SHRIMP, ID-TIMS4) and chemically well characterized  monazite 
reference samples and one “internal” comparative standard with ages between ~100 Ma and 
1821 ± 0.6 Ma covering a wide range of U - Th - Pb compositions were used to calibrate the 
parameters of Ranchin’s formula [12]. 

Age=
7550k Pb APb

k U AU0.36 k Th ATh

with k: empirical parameters, A: peak areas, intensities of the elements

The values of the coefficient kPb,  kTh and kU can be obtained with the help of the reference 
samples and are used later for  age calculation of the unknowns. The values depend on the 
analytical conditions and differ between different minerals.

Analytical techniques

The  reference  standards  are  seperated  and  polished  grains  that  are  placed  in  epoxy.  The 
unknown monazites were measured in-situ within rock thin sections (with textural context) on 
glass holders. To avoid detecting signals of underlying minerals (in thin sections), we used half of 
the incoming counts instead the entire count rate, placing only half the excitation volume inside 
the analysed grains. This depth calibration had to be performed for each analysis. 

Results

Fig. 2 shows a monazite XRF spectrum with the Pb, Th and U triplet which was used for the 
calculations. 

4 ID-TIMS – Isotope Dilution Thermal Ionization MassSpectrometer

figure  2:   monazite  energy  dispersive  (EDS) 
spectrum for a 1000 sec measurement 

figure  3:   XRF  spectrum  of  the  glass  slide  
underneath the rock thin sections shows a strong 
Pb signal at 10.55 keV which would influence the  
monazite  results  in  a  non-confocal  experimental  
set-up  or  if  the  radius  of  the  excitation  volume 
would  be  bigger  than  the  thickness  of  the  rock  
section.
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The age reproducibility of each single point is within 5 - 10% of the isotopic results, the average 
values have errors of 1 – 4 %. The difference between SRXRF method and reference methods is 
shown in tab. 1. The good reproducibility indicates that the Ranchin parameter can be used to 
determine the ages of the unknown monazites because the age of the younger reference sample 
(JUNCA) can be reproduced within 4 Ma.  The relative minimum detection limit (MDL  rel.) was 
calculated for the reference samples F6 and 3345 (T=500 sec) and is below 10 ppm for Pb, 
allowing the determination of ages as young as ca. 10 Ma. The absolute DLs for a volume with 
d = 25 µm are in the pg range (MDL abs.: Pb 50 ± 0.9 pg, Th 39 ± 20 pg, U 440 ± 6 pg).
Chemical U-Th-Pb ages obtained for the unknown monazites cover a range of 41 - 86 Ma, with 
the older dates interpreted as relics from protoliths, prograde remnants or artefacts by excess of 
common or radiogenic Pb. The large variation of these values might be explained with  a strong 
Pb  signal  (Fig.  3)  from the  sample  holder  beneath  the  minerals  which  might  influence  the 
assumed low concentration of Pb in the sample and creates older ages. The youngest dates, 
clustering at 41 - 43 Ma, are interpreted to be the age of the HT event of the Gruf Complex 
because these grains are inclusions in HT-minerals. Concerning further analysis one should use 
sample holder which contain no Pb (or below DL?) to avoid contamination of the Pb signal.

Table  1: comparison of data obtained by the BESSY 3D µ-SRXRF set-up with reference methods 
(N = total number of points)

Age reference (Ma) SRXRF mean age ± 1s (Ma) N Δ
GM3 483.2 ± 1.5 470.8 ± 23.4 14 -12
F6 560 ±1 569.8 ± 16.3 23 +10

3345 1821± 0.6 1834 ± 76 11 +13
JUNCA 100 104.3 ± 6.1 8 +4

Conclusion

Age  determination  with  3D  µ-SRXRF  shows  much  better  results  compared  to  EMP  (DL  for 
Pb > 100 ppm) or even conventional µ-XRF (~ 10 ppm MDL rel) and allows detection of much 
younger ages, making the technique useful for studies of recent mountain belts, such as the 
Alps, Andes and Himalayas. The spatial resolution is lower than EMP methods (~ 5 µm), but 
better than conventional µ-XRF (where only whole grain analysis is possible) and comparable to 
Laser-ICP/MS and ion microprobe. 
For further analysis we plan to use Pb-free SiO2 glass for sample holders and younger reference 
samples are required for the calibration.
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Introduction 
 
Samples of chernozem and lipid bilayers have been studied using the Scanning 
Transmission X-ray Microscope (STXM) at BESSY II. The STXM provides a 
combination of high spatial resolution (60 nm) and spectral resolution (E/ΔE=1700) 
for investigation of wet and dry samples. Chemical state mapping at the Carbon edge 
could be used to study the interactions between soil clay minerals and soil organic 
matter [1]. The elemental mapping of Carbon in the biological sample helps to study 
the morphology of the artificial lipid membrane-colloid composites and subsequently, 
the interactions between proteins and membranes. Spectra have been extracted 
from image stacks to obtain information about the chemical state. For the analysis of 
the latter, principal component analysis and cluster analysis have been applied. It 
was possible, for example, to discriminate clay particles from organic components. 
 

Materials and Methods 
 
An otherwise well characterized chernozem soil from an area close to Göttingen [2] 
has been taken as a first sample to demonstrate the performance of the STXM. 
Some general characteristics of this chernozem are homogeneity and alkalinity 
(pH = 8.2 – 8.4). The chemical composition of this soil shows a high organic content 
(4.1 %). A 1 % dispersion of chernozem has been made in deionized water. Thus, 
large associations of soil colloids fall apart, while small clusters of colloids in the 
range accessible to x-ray microscopy stay intact. A small quantity of approx. 50 μl of 
this dispersion has been placed on a 100 nm thick Si3N4-membrane, and let dry. As a 
result, small clusters of soil colloids will be found on the membrane.  
The second type of sample investigated with the STXM was lipid bilayers of 
DPPC/DPPS. Lipid bilayers are important as cell boundaries and are inherently 
complex forms of soft matter. Planar bilayer systems can serve as simple models for 
the much more complex biological counterparts. In our STXM experiment, colloidal 
particles (400nm latex microspheres) took the role of inclusions or adsorbed 
particles, which can in future be replaced by proteins specifically tagged by colloidal 
markers. We have prepared anionic lipids mixed with neutral lipids by vesicle fusion 
on 100 nm thin Si3N4- foil. Then colloidal particles had been added and a second 
Si3N4-foil was used to seal the wet sample chamber. STXM images have been taken 
below and above the K-absorption edge of Carbon.  
The STXM has been described in detail elsewhere [3]. With this instrument the 
absorption of x-rays as they pass through the specimen is measured. By tuning the 
energy of the monochromator below and above the K-absorption edge of Carbon, 
and by subsequently dividing the resulting images, the distribution of that element 
within the sample can be mapped (see Figure 1). 
The STXM can also be used for acquiring point spectra of samples by tuning 

190



undulator and monochromator synchronously and recording on the detector the 
transmitted intensity as a function of energy (see Figure 2).  
Another method which provides spectral and spatial information is to take a stack of 
images of the sample at many closely spaced energies (see Figure 3) [4]. In this way, 
not only an image of the sample is obtained for each energy but also a spectrum over 
the entire energy range can be extracted for each pixel. 

 
Results 

 
In Figure 1, images of an aqueous sample of unsaturated lipids DPPC/DPPS(4:1) 
and 400nm latex spheres have been taken at E = 284 eV (left) and E = 314 
eV(middle) and the Carbon map has been created by division (right).  
 

Figure 1: Aqueous sample of un-
saturated lipids DPPC/DPPS (4:1) 
and 400nm latex spheres. Image 
size 40×40 µm2, 200×200 pixel2, 
dwell time 6ms/pixel.  
 
 

Figure 2 shows the NEXAFS spectrum of a 130 nm thick polyimide foil. The π* 
resonances of the C-C, C-N and C=O bonds are clearly identified and in good 
agreement with literature values. 

 
Figure 2: NEXAFS-spectrum of a polyimi-
de foil. Plotted is the optical density -ln(I/I0) 
as a function of energy. I is the transmitted 
x-ray intensity through the sample, and I0 
is the incident x-ray intensity.  

 
 
 
 
 
 

Figure 3 shows some of a stack of images of the chernozem sample, taken around 
the K absorption edge of Carbon within the energy range 283-308 eV and with an 
energy step of 0.5 eV.  

Figure 3: Some of a stack of 
images at closely spaced 
energies (ΔE=0.5 eV), showing 
colloidal structures within a 
chernozem soil. Image size 
10x10 μm2, 100x100 pixel2, 
dwell time 10 ms/pixel. 
 
 
 
 
 

 
Three different analyzing methods can be applied to data sets obtained with the 
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STXM. Gaussian fitting can be used to identify functional groups in the sample. The 
principal component analysis reduces and noise-filters the data and the cluster 
analysis provides representative spectra and corresponding images [5]. As an 
example for results derived by the latter method, in figure 4 (left) the presence of 
Potassium as an indication for clay minerals in our specimen of figure 3 is clearly 
evidenced by the two absorption edges LIII  and LII. The organic components in the 
sample are spatially and spectrally separated as well.  

 
Figure 4: Applying cluster 
analysis to the stack of 
images seen in Figure 3 
results in maps of the 
spatial distribution of 
Potassium indicating clay 
particles and of organics. 

 
 

Outlook 
 
Improvements will be made on the instrumental side as well as on the analytical side. 
The replacement of the monochromator will result in a higher monochromaticity and 
a better stability. Experiments at the K absorption edge of Nitrogen and Oxygen will 
be done using a Helium environment for the sample stage to avoid absorption by air.  
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 (3)BESSY GmbH, 12489 Berlin, Germany  

 
Depending on the elemental composition of a material, SXES provides an information 

depth of 50 to 1000 nm. For studies of thin multilayer structures a tuning of this parameter is 
highly desirable. One possibility is the variation of the excitation energy, which is 
accompanied by a variation of the photoionisation cross sections. To avoid that, angle 
resolved SXES can be used to vary the information depth [1]. We are especially interested in 
chalcopyrite thin film solar cells, which are composed of multi-layer stacks with a typical 
structure of n+-ZnO/i-ZnO/buffer/Cu(In,Ga)(S,Se)2/Mo/glass with layer thicknesses of several 
tens of nanometers up to several micrometers. 

 
Model system Cu(In,Ga)Se2/Zn(S,O) 
 

To study the angle dependence in 
detail, we focused on the buffer material 
Zn(S,O) deposited on the chalcopyrite 
absorber Cu(In,Ga)Se2 (“CIGSe”).  

In Figure 1, the assumed layer 
structure used for the model is shown. It includes a Cu-poor surface region in the absorber 
(Ordered Vacancy Compound OVC [2]). SXES measurements on these samples were made in 
the CISSY end station using a Scienta Gammadata XES-300 spectrometer at the BESSY U 41 
PGM Beamline with an excitation energy of 1200 eV. In the 3D color map in Figure 2, Cu, 
Zn and Ga emission lines at different exit angles β are shown. The spectra clearly display 
increased surface sensitivity at small (grazing exit) and at large exit angles (grazing incidence) 
which is due to the fact that the detector is fixed in a position perpendicular to the incoming 
beam.  

 
 

Figure 1: Layer structure used for 
modeling 

Figure 2: Cu, Zn and Ga emission lines at different 
exit angles β.  
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The mathematical relation  

describes a simple model based on Beer-Lamberts law and the geometry of our setup 
(SXES- spectrometer orthogonal to synchrotron beam, compare Figure 1). Based on x-ray 
fluorescence (XRF) measurements we considered a slightly modified stoichiometry of 
CuIn0.72Ga0.43Se2.22 for the base layer of the absorber. Figure 3 displays both the experimental 
intensity ratio Zn L3M4,5 /Cu L3M4,5 as a function of the emission angle β and the fit based on 
our model, which is in reasonable agreement with the data. 
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Chalcopyrite (“CIGSSe”) thin film solar cells with a typical layer structure n+-ZnO/i-

ZnO/CdS/Cu(In,Ga)(S,Se)2/Mo/glass are promising candidates for future low-cost, high effi-
ciency power conversion devices [1]. Some functional materials in chalcopyrite thin film solar 
cells, e.g., buffer layers like CdS, are usually deposited wet-chemically. However, the exact 
mechanisms of material formation, inter-diffusion, and possible chemical changes of the ab-
sorber are often unknown. In-situ analysis is necessary to answer some of these questions. 
Therefore, we developed a UHV-compatible flow-through cell for in-situ soft x-ray emission 
spectroscopy (SXES) at liquid/solid or gaseous/solid interfaces. The set-up of the flow-through 
cell was shown in the BESSY annual report for 2005. A crucial part of the flow-through cell is 
the Si3N4 window with a membrane, which is only 100 nm thick (supplied by Silson Ltd, Eng-
land). Yet is has to withstand a pressure difference of around 1000 mbar between the inside of 
the flow-cell (which is under ambient pressure) and the UHV in the analysis chamber. There-
fore it was chosen to be as small as possible, i.e. the dimensions are 0.5 x 1 mm2.  

For two reasons the single membrane used so far has been unsatisfactory: First, prolonged 
irradiation of the membrane leads to its eventual rupture, which results in venting the UHV 
chamber. Secondly, a single, small membrane allows the analysis of only a single, small spot 
on the sample, which is also susceptible to irradiation damage. Therefore we designed a Si3N4 
window with four 100 nm thick, 0.5 x 1 mm2 membranes. This window is shown in Figure 1. 
Using this window we could, for the first time, detect a S L2,3 XES signal from a CIGSSe sam-
ple inside the wet cell in air. This spectrum is shown in Figure 2 together with a spectrum from 
the same sample obtained in UHV and a sulfate reference spectrum from a powder sample.  

While in UHV a typical sulfide spectrum was recorded, the spectrum from the air-exposed 
sample shows emission lines typical of sulfate and hardly any sulfide signal. The signal to noise 
ratio of the spectrum recorded through the wet-cell window is much lower than that of the 

UHV-sample due to absorption from the window. The 
acquisition time for this spectrum was 40 minutes. Fur-
thermore, the energy resolution is poor as compared to the 
reference spectrum, because the spectrometer entrance slit 
had to be fully opened to increase the signal intensity.  

Nevertheless, the spectrum gives clear evidence that a 
S L2,3 XES spectrum can be obtained even through a Si3N4 

membrane with a rather strong absorption in this energy 
range. Furthermore, the fact that sulfate is detected rather 
than the expected sulfide, shows that even in air chalcopy-
rite surfaces suffer severe radiation damage when irradi-
ated using a beam energy of 200 eV. The mechanism of 
this beam damage remains unknown but most likely the 

1 mm 

Figure 1: Detail of the wet cell win-
dow with four 100 nm membranes 
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presence of water vapour in the ambient air gives rise to photoelectrochemical reactions at the 
surface, leading to superficial oxidation. Similar reactions had been observed at irradiated chal-
copyrite surfaces immersed in aqueous solutions [2] and at hydroxide-containing interfaces, 
e.g. ZnO/CIGSSe [3]. However, even direct oxidation by oxygen cannot be excluded, so future 
experiments will utilize different gas mixtures to shed light on this process. Sacrificial com-
pounds such as alcohols will be added to liquid electrolytes used in the wet cell to avoid photo-
electrochemical corrosion. 
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Figure 2: S L2,3 spectra of CIGSSe in the wet cell in air (upper spectrum, blue) 
through 100 nm Si3N4 and in vacuum (lower spectrum, red). A sulfate spectrum is 
shown as reference (middle spectrum, black). Transitions leading to the observed 
peaks are denoted using the subshell with the main contribution to the valence band 
states. 
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At BESSY we run the experimental station SoLiAS, dedicated to solid-liquid interface 
analysis. SoLiAS allows for the transfer of wet chemically prepared surfaces to the ultra high 
vacuum without contact to ambient air. In addition in situ (co)adsorption of volatile solvent 
species onto liquid nitrogen cooled samples is possible. SoLiAS proves to be very useful in 
analyzing the chemical and electronic structure of solid-liquid interfaces e.g. of dye sensitized 
solar cells. A monolayer of Ru(N3)-dye was adsorbed from ethanol solution under clean N2 
atmosphere in an UHV-integrated electrochemical cell (EC). Acetonitrile or benzene were 
adsorbed from the liquid in the EC or in situ from the gas phase. Ex situ sintered nanocrystalline  
anatase substrates as well as in situ deposited polycrystalline TiO2 samples were used. Distinct 
reversible changes occur in synchrotron induced photoelectron valence band and core level 
spectra when the solvent is adsorbed to pristine and dye covered TiO2 substrates. Based on the 
experimental results the alignment of electronic states [1] and a model on the dye-solvent 
interaction have been deduced [2]. 

 
The valence band maximum of nc-TiO2 is found at EB = 3.6 eV binding energy while the 

fundamental gap is 3.2 eV only. Surface gap states related to Ti3+3d1 orbitals are found with a 
maximum at EB = 1.3 eV and in addition just below the Fermi level. In the rigid band model 
these states are assigned to occupied conduction band states but may be due to substochiometric 
TiO2-x. Adsorption of acetonitrile is accompanied by quenching of the surface gap states (Fig. 1). 
This finding is confirmed in Ti2p core orbital spectra by the quenching of the Ti3+ low binding 
energy shoulder of the Ti4+ bulk emission. Coadsorption of acetonitrile (Fig. 2) shifts the dye 
HOMO by 150 meV from 2.0 eV binding energy to 2.15 eV.   

   

        
 
Fig. 1: Intensity normalized (O2p valence band) SXPS 
spectra of the gap states of nanocrystalline anatase TiO2 
in the course of acetonitrile adsorption and desorption.  

           
 
Fig. 2: SXPS spectra of the gap states of nanocrystalline 
anatase TiO2 in the course of Ru(N3)-dye adsorption 
and acetonitrile coadsorption and desorption. 
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Fig. 3: Schematic of the photovoltaic-relevant valence 
states in the rigid band model a) the as prepared  
nanocrystalline TiO2 anatase film, b) after dye adsorption 
from ethanol solution with HOMO position, c) after 
coadsorption of the solvent acetonitrile with the HOMO 
shifted by 150meV to higher EB. Using the optical 
absorption maximum the LUMO is found 0.17 eV above 
the Fermi level.  

A schematic representation of the 
photovoltaic-relevant valence states as 
deduced in the simple rigid band model is 
displayed in Fig.3. The measured HOMO 
corresponds to the position of the lowest 
energy hole-state created by the 
photoemission of an electron i.e. the HOMO 
of the molecular cation. Except for a Franck 
Condon shift of approximately 0.1 eV away 
from the Fermi level due to vibrational 
excitation in the photoemission process, this 
is the relevant energy position for rereduction 
by the redox system. For the electron 
injection process the alignment of the LUMO 
to the conduction band edge is crucial. Using 
the energy of the optical absorption maximum 
(535nm=2.32eV), the LUMO is found 0.17 
eV above the Fermi level.  
 

 
While the shape of the S2p line of the dye NCS group does not change when benzene is 
coadsorbed (Fig 4a right), the S2p emission counterintuitively sharpens upon CH3CN 
coadsorption (Fig 4a left). In a simple model (Fig. 4b left) the polar solvent acetonitrile 
penetrates the dye layer and the interaction of the dye NCS groups with the TiO2 surface and 
with neighbouring dye molecules is suppressed due to a solvation shell. The S2p intensity 
development in the course of CH3CN adsorption suggests reorientation of the dye molecules 
pointing the NCS groups away from the surface towards the electrolyte. On the other hand 
nonpolar benzene just covers the dye layer (Fig. 4b right). The solvation and orientation of the 
dye by acetonitrile may be important for obtaining vectorial photovoltaic charge transfer of the 
electron from the dye LUMO to the TiO2 conduction band and the hole from the dye HOMO to 
the electrolyte. 
 

          

 
Fig. 4a: Ru(N3)-dye S2p level in the course of acetonitrile 
(left) and benzene (right) coadsorption and desorption. 

 
Fig. 4b: Cartoon of the Ru(N3)-dye/solvent 
interaction in the course of acetonitrile (left) and 
benzene (right) coadsorption and desorption. 
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Abstract: 
The formation of liquid water in operating, unmodified fuel cells has been investigated 
by means of synchrotron X-ray radiography. The overall transport process is split in 
two parts: initial water clusters at the micrometer range are formed in the gas 
diffusion layer under the ribs of the fuel cell flow field; for the transition from the gas 
diffusion layer to the flow field channel a new mechanism is found: besides the 
continuous flow some filled pores are emptied by an eruptive mechanism where the 
water content is transported from the porous media to the flow field channel. The 
process of pore filling and emptying resembles a periodicity depending on the 
operating conditions and load profile.  
 
 
Detailed report: 
 
A well-balanced water management is the major precondition for an optimum 
performance of state-of-the-art fuel cells: on the one hand, water is essential for the 
conductivity of the membrane, whereas flooding is one of the main problems which 
limit the current density at high power requests and/or low temperatures. The gas 
diffusion layer (GDL) and the flow field are the main modules in a fuel cell which have 
to fulfil several functions to achieve this aim: the optimum supply of the reaction layer 
with reactants should not be blocked by excess liquid water which in turn has to be 
transported towards the outlet and a certain amount of gaseous and/or liquid water 
has to be retained in the GDL to moisturise the membrane.  
 
In preceding ex-situ experiments the suitability of synchrotron tomography to resolve 
water structures in GDLs has been proved [1]. As a next step, the formation of liquid 
water has been observed in-situ. A state-of-the-art fuel cell setup has been employed 
for the measurements; the operating cell was investigated through small sealed holes 
of 8 mm diameter in the metallic end-plates of the cell. In previous investigations the 
water evolution in the same fuel cell was studied by means of neutron radiography to 
determine the most reactive areas inside the fuel cell; the resolution of this method is 
not sufficient to detect the initial spots of water formation, whereas a good choice has 
been made to select these areas for a detailed investigation to elucidate the process 
of water evolution. The flow field and the other components remained completely 
unmodified; thus the slight modification of the housing is assumed not to influence 
the thermal and electrical conductivity of the components and the water evolution and 
transport in the cell. The focus has been set on the formation of small water clusters 
in the GDL and the transition from the GDL to the flow field channels.  
 
The process of liquid water formation is governed by two mechanisms: the mode of 
water transport varies thereby between different locations in the observed areas. An 
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eruptive transport mechanism was observed at some spots while the well-known 
continuous flow of water takes place at others. The eruptive transport describes a 
mechanism where many droplets of liquid water in the gas diffusion layer are ejected 
into the channel and merge there into a single drop within a short period. This 
process has been observed for the first time at the micrometer level; additionally, the 
repeat time of the periodic process has been determined in dependence of operating 
conditions and applied load profile.  
 
In Figure 1, a series of images describing the eruptive transition from the gas 
diffusion media under the rib of the flow field to the channel is given. The initial 
formation of water under the land (yellow spots) can be identified (top). The next two 
consecutive images render the transition of the water droplets from the GDL to the 
channel of the flow field. The small water clusters merge and form a large droplet in 
the channel which evaporates (middle, bottom).  
 

 
Abbildung 1: Eruptive water evolution and transition from the gas diffusion layer to the flow 
field channel. Initial water clusters (top) merge and form a large droplet in the channel of the 
flow field (middle, bottom). 

 
The observed transport mechanism implies a periodicity where the eruption and 
evaporation steps follow each other; the frequency of this process is influenced by 
the utilization ratios (the percentage of fuel gas which is consumed along the reaction 
path) and the load profile (requested current) [2].  
 
 
References: 
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Abstract.   Transformation of photoelectron spectra of C60F18 film has been studied under synchrotron radiation 
(SR). Fragmentation of C60F18 molecules accompanied by detachment of fluorine atoms has been revealed both 
under intensive flux of “zero-order” SR and low intensity beam of monochromatic X-ray. Mechanism of mole-
cule excitation by photo-electrons is assumed to be the reason of the fragmentation. As a result, fluorinated 
fullerite was transformed into quite different material resembling some kind of amorphous carbon.  

The project was supported by the bilateral program “Russian-German Laboratory at BESSY” and by the 
Russian Academy of Sciences (program “Influence of atomic structure on the properties of condensed matter”, 
project 2.14, and “Quantum nanostructures”, project 5-22). 
 
 
Introduction  

Radiation stability of molecules is their important physical characteristic and is of in-
terest of some applied problems. Though fullerenes C60 is considered to be exceptionally sta-
ble molecules [1], modification of films of condensed fullerenes (fullerite films) have been 
observed recently under synchrotron radiation (SR) [2-3]. There is no information about ra-
diation stability of fullerene derivatives, such as fluorinated fullerenes С60F18 . But one can 
expect essentially lower stability of fluorinated fullerenes as compared to pure fullerenes tak-
ing into account the lately obtained results of modification of solid С60F18 by electrons [4]. 
High modification rate of С60F18 film has been revealed under electron beam. As a result of 
modification, non-evaporable substance was created. The conclusion was made that the re-
vealed process might be used in some kinds of electron lithography. The scientific goal of 
this research was to show that fluorinated fullerite C60F18 can be fragmented by synchrotron 
radiation and can be transformed into quite different material.   

 
Experimental details 

The experiment was performed at BESSY II storage ring (Berlin) on the Russian-
German synchrotron radiation (SR) beamline equipped with the plane-grating monochroma-
tor (PGM) and the experimental station of the Russian-German laboratory [5]. Photoelectron 
spectra were collected using a hemispherical analyzer VG CLAM-4. About 10 monolayers 
(MLs) of solid C60F18 were grown on silicon oxidized surface in the preparation chamber by 
evaporation of pure fluorite C60F18 powder. In present experiment, we used the C60F18 soot 
which was utilized in our previous research of this material [4,7]. Native silicon-oxide layer 
on silicon wafer was chosen as a substrate to take a more difficult conditions of molecule at-
tachment and to simulate conditions of fabrication of structures like “conductive cluster on 
insulator” for electronic devices. Core-level and valence band structure of pristine film as 
well as the film irradiated by monochromatic x-ray hν = 300 eV and intensive non-
monochromatic (“zero-order”) synchrotron radiation were measured.  

 
Transformation of  C1s core-level and valence-band spectra of C60F18 film under SR  

Modification of C60F18 film was observed in the course of irradiation. Extent of the film 
modification was controlled by measuring the number of fluorine atoms lost by fullerene 
cage. This number is proportional to the intensity of the photoemission line C1s of carbon 
atoms chemically bounded with fluorine atoms. Fig.1a shows C1s photoelectron spectrum of 
C60F18 molecule containing two peaks. One of them (right, Ek = 310.55 eV) corresponds to 
carbon atoms of fullerene cage being free of fluorine atoms, and another one, a satellite peak 

202



300 305 310 315

307.45

310.55

31
0.

4

 

 

   pristine  C60F18
   irradiated with hν   
   irradiated withZO  

in
te

ns
ity

 (a
rb

.u
n.

)
       C60F18
before heating

30
7.

3

C1s 

a)

    C60F18
after  heating 3

2

1

b)
31

0.
4

310.52

 

 

in
te

ns
ity

 (a
rb

.u
n.

)

kinetic energy (eV)

C1s 

(left, Ek = 307.45 eV) is connected to 
the carbon atoms chemically bounded 
with fluorine atoms. One can see that 
the line intensity of the fluorine de-
rived peak diminishes in the course of 
irradiation both by monochromatic 
(curve 2, blue) and intensive non-
monochromatic “zero-order” synchro-
tron radiation (curve 3, red). Relative 
intensity of the satellite peak charac-
terizes the average number of atoms 
remaining in molecule: ~ 14.5 fluorine 
atoms remain after monochromatic 
irradiation and only ~ 5 fluorine atoms 
- after “zero-order” irradiation. The 
conclusion can be made that modifica-
tion of the film is connected with de-
tachment of fluorine atoms from 
C60F18 mollecules.   

 
Fig.  1.  Core level C1s photoelectron spectra 
of C60F18 film before (a) and after (b) heating.  
Solid line corresponds to pristine film, dotted 
line – to the irradiated one by monochromatic 
x-ray and dashed one – to the film irradiated 
by intensive “zero order” SR flux.  

 
 Fig.1b shows C1s photoelectron spectrum of C60F18 molecule after heating. Only one 

C1s peak corresponding to pure carbon bondings is observed in this case. This fact evidences 
for complete liberation of fluorine atoms from the molecule due to heating both in pristine 
and irradiated films. We can conclude that heating, as well as irradiation, results in fragmen-
tation of molecule with complete or partial loss of fullerene atoms. The detached fluorine at-
oms probably form chemically stable molecules such as F2 and CF4. The essential part of 
these molecules stays in the film, and a part of them remains in the film even after heating as 
it can be seen in the valence band spectra shown below (Fig. 2).   

Modification of density of occupied valence states of C60F18 film due to irradiation by 
low-intensity monochromatic and intensive “zero-order” SR is shown in Fig.2a representing 
the valence band and adjoining photoelectron energy region. Intensity of fluorine shallow 
core F2s line (Ek = 83.4 eV) diminishes in the course of x-ray radiation. In addition, valence 
molecular peaks are smeared, density of states at the top of valence band becomes higher and 
the band gap gets narrower. Line shift to lower binding energy is also observed. The de-
scribed tendencies become stronger for “zero-order” radiation pointing out to creation of the 
phase of amorphous carbon [3]. Mechanism of the observed modification should include ex-
citation of valence electrons [3,4]. In the case of non-monochromatic “zero-order” radiation, 
adsorption of ultra-violet could result to this excitation. X-ray can not directly excite valence 
electron. Therefore, excitation by photo- and secondary electrons should be assumed.         

Transformation of element composition of the substrate covered by C60F18 film was 
studied in the course of heating by analysis of the intensities of valence band structure and of 
Si LVV Auger line of substrate. This analysis led to the following conclusion for of non-
irradiated film: the major part of C60F18 molecules are evaporated in heating, but about 1 ML 
of defected fullerene molecules and some amount of small fluorine rich molecules remain on 
the Si-oxide surface after heating. Behavior of the C60F18 film under heating proved to be 
similar to that of C60 film deposited to clean silicon surface when interface molecules are 
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strongly bounded to the surface due to 
charge transfer and 1 ML of mole-
cules remain on the surface after heat-
ing. 1 ML of fragmented molecules of 
fluorinated fullerene was assumed to 
be strongly coupled with rather inert 
Si-oxide surface due to a number of 
broken bonds created by thermo-
induced fragmentation.   

 
Fig.  2.  Photoelectron spectra of  C60F18 film 
before (a) and after (b) heating.  Solid line 
(black) corresponds to pristine film, dotted 
line (blue) – to the film irradiated by mono-
chromatic x-ray and dashed one (red) – to the 
film irradiated by “zero order” SR flux.  

 
We expected at the beginning of 

the research that C60F18 films modi-
fied by radiation would transform into 
quite different material - some kind of 
amorphous carbon which is not com-
pletely evaporated in heating. Indeed, 
this expectation was confirmed not 
only for intensive “zero-order” SR but 

also for low intensity monochromatic radiation (hν = 300 eV). The thickness of residual layer 
after the sample heating is ~ 3.5 ML in the case of “zero-order” irradiation and 1.6 ML in the 
case of X-ray. Taking into account the 1 ML thickness of the background layer covering all 
the irradiated and non-irradiated areas of the surface, we can conclude that the thickness of 
the film area irradiated by x-ray beam is 0.6 ML of fullerenes or about 1 ML of carbon at-
oms. In spite of low thickness, this experiment has demonstrated the possibility of transfor-
mation of molecular crystal into amorphous substance by a set of single X-ray quanta.  
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Conclusions  

Fragmentation of fluorinated fullerite C60F18 accompanied by detachment of fluorine 
atoms has been revealed both under intensive flux of “zero-order” synchrotron radiation and 
low intensity beam of monochromatic X-ray. Excitation of molecule by photo- and secon-
dary electrons was assumed to be a reason of fragmentation. As a result of fragmentation, 
fluorinated fullerite was transformed into quite different material resembling some kind of 
amorphous carbon. This conclusion is confirmed by modification of valence band spectrum 
towards that of amorphous carbon and by the fact that, contrary to high evaporability of 
fullerite C60F18 , the created substance is characterized by low evaporability, which makes 
possible fabrication of image of SR beam.     
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Introduction: In order to determine the success of different restoration processes on ink cor-
roded manuscripts we studied historical samples and artificial dummies before and after resto-
ration treatments. The results of this ongoing project demonstrate that the success naturally 
depends on the restoration method. However, in addition it becomes apparent that the state of 
the historical ink-paper system itself determines the effectivity of the method. 

Former investigations show that a combination of micro X-ray fluorescence analysis (micro-
XRF) and micro X-ray absorption near edge structure spectroscopy (micro-XANES) is a step 
forward in the understanding of the complicate and complex paper degradation process in the 
context of iron gall ink corrosion [1]. With elemental mapping by micro-XRF the correlation 
of the minor elements zinc, manganese and copper in the ink to the major element iron was 
investigated. Along concentration profiles of iron micro-XANES measurements were carried 
out in order to determine the oxidation state of iron and its local environment. First results 
indicate that everal treatments influence the chemical composition of the inks and therefore 
change the archaeometrical fingerprint [2] of the historical sample.  

Experimental: The experiments were carried out at the bending magnet beamline KMC-2 at 
BESSY. Final focussing to a spotsize of about 20 µm at the experiment was done by use of a 
polycapillary half-lens. In order to obtain higher fluorescence intensities and to decrease 
effects by sample inhomogeneities, the data were collected with a bigger spot size of 30 µm. 
The elemental mapping was performed with a step width of 50 µm. Micro-XANES spectra at 
the Fe K-edge were collected in fluorescence mode using an energy step width around the 
absorption edge of 0.5 eV. Total acquisition time for one absorption spectrum is about 15 
minutes. The XANES spectra were corrected for background absorption by subtracting a 
polynomial function that was fitted to the spectral region before the pre-edge. The spectra 
were then normalized for atomic absorption by fitting an arc tangent function and a gaussian 
function to the spectra and setting the arc tangent function to equal step height for all spectra. 
According to former investigations, we used the inflection point of the absorption edge as a 
figure of merit for determination of the valence state. The inflection point indicates the 
energetic shift of the edge position if the bulk chemical composition is not changing. 
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Results: We measured different samples - originals as well as artificial samples. Due to the 
chemical composition of the ink, storage conditions, and the quality of the paper or parchment 
the investigations reveal distinguishable preservation states. If the Fe2+/Fe3+ ratio may be 
taken as a proxy for the degradation process, measurements of this ratio allow estimating the 
degree of decomposition as well as the hazard potential for a given manuscript (Fig. 1).  

 

 

 

 

 

 

 

 

 
Fig. 1: Averaged XANES spectra of different iron gall ink samples. The first dummy contains only iron whereas 
the second one also contains copper ions. The first original iron gall ink sample on paper contains iron copper 
and zinc. The second original iron gall ink sample on parchment also contains iron copper and zinc.  
 
Concerning the monitoring of restoration treatments, Figure 2 shows the results of the measu-
ring series before treatment (black lines), after restoration (red), and after one year (blue). In 
accordance to former investigations [3], a local dependence of the Fe2+/Fe3+ ratio could be 
observed in the original ink material. In addition, a significant decrease of the Fe2+/Fe3+ ratio 
took place due to restoration. This new Fe2+/Fe3+ ratio shows no local dependence - it seems 
to be constant. However, after one year we could observe an obvious increase of the relative 
Fe2+ concentration. 

 

 

 

 

 

 

 

 

 

 
Fig. 2: XANES spectra of one historic iron gall ink sample (18th), taken from different sites. The investigations 
were carried out before restoration, after restoration, and after one year. 
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These measurements presented here describe again an equilibrium system which also was 
observed in former investigations. One may conclude that the restoration treatment affects an 
equilibrium state between Fe2+ and Fe3+ ions. This equilibrium state naturally depends on the 
chemical composition of the ink materials, storage conditions, and the quality of the paper or 
parchment. Aqueous restoration methods may reduce the concentration of the Fe2+- and other 
soluble components. However, after a certain time the primary equilibrium is “re-installed”. 

Conclusions: As demonstrated before, our results show that the combination of micro-XRF 
measurements with micro-XANES experiments is a versatile tool to monitor the impact of 
restoration treatments of ink corroded manuscripts.  

Up to now the sustainability of the restoration methods shows a strong dependence of the 
chemical composition of the ink materials. In view of our results we have to ask the question 
if other restoration methods would obtain better results. In order to examine further trends our 
different samples have now to be stored for at least one year. In 2008, more investigations 
will continue this long-term research project. The publication of our present results is 
intended [4].  
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Abstract 
Within micro electronic power devices (switching currents ~1A) the integrated circuit (IC) is laid out as switch-
ing modules on a thin Silicon single crystal, encapsulated in epoxy resin and soldered to a copper sheet metal for 
cooling purposes. Temperature fluctuations lead to a flexural load of the Silicon crystal due to different thermal 
expansion coefficients of the constituent materials. The knowledge of the real deformation of the crystal is essen-
tial for the proof of Finite Element Method (FEM) calculations and the associated predictions concerning nano 
fracture mechanics. To visualize the real deformation of the crystal a new inspection method was developed at 
the materials research beam line (BAMline) of the German Federal Institute for Materials research and testing 
(BAM) at BESSY [1]. The method (Synchrotron Laue Contrast Radiogrphy – SLCR) is based on the coherent 
scattering of monochromatic synchrotron radiation by the net planes of the silicon single crystal of the electronic 
device.  

Introduction 
Within a micro electronic component containing an IC the package establishes a link between switching entities 
of the chip such as pn-junctions implanted in silicon and the component’s outer pins designated to become sol-
dered to a printed circuit board (PCB). The mechanical interaction between package and chip (fig.1) induces 
deformations which may become starting points of mechanical flaws in principle [2-4]. Modern quality and 
reliability development ask for the extent of these interactions. The main reason for deformation of the chip is 
the layered structure of the overall system chip and package (OCP). To spread the heat from the chip switching 
currents of ~1A the silicon is soldered at 328°C by lead (its use is regulated by ROHS [5]) on a copper heat slug. 
Cooling down to room temperature the shrinking copper will distort the thermally more inert silicon chip. In a 
similar way a mold compound is used to fix and to cover the construction. It is processed at 175°C as a liquid 
which shrinks and hardens after cooling down. The final shape of the whole chip within the package can be 
evaluated non-destructively by hard x-rays. 

Experiment 
To explore the final shape of the whole chip the micro electronic device is placed in front of a CCD camera 
system (pixel size 14.4 µm x 14.4 µm) and irradiated by a parallel and monochromatic beam (55keV) delivered 
by the Double Multilayer Monochromator (DMM) of the BAMline, which is furnished with synchrotron radia-
tion by a 7 Tesla Wave Length Shifter (7T WLS). The surface normal of the chip is parallel to the beam axis and 
the beam cross-section covers the entire chip (fig. 2, left). 

 

 

Fig. 1: Cross-section of a micro 
electronic power device. 

Fig. 2: Experimental set up for SLCR measurements at the BAMline. 

The measurement is performed by rotating the device around an axis while recording in parallel the radiographs 
of the device. The axis is oriented perpendicular to the beam. In most cases the CCD camera displays the radio-
graph of the absorbing gold bonding wires (fig. 3, left). But for specific orientations of the device dark bands 
across the silicon crystal become visible (fig. 3, right). 

  
Fig. 3: Radiograph of the bonding wires, (left) without and (right) with dark bands, respectively 

The observed phenomenon can be explained with the help of fig. 4. X-rays will be deflected by a single crystal if 
d (the spacing between the planes in the atomic lattice of the single crystal), λ (the wavelength of the synchro-
tron beam) and Θ (the angle between the incident beam and the scattering planes) fulfil the Bragg condition. 
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nλ = 2d⋅sin(Θ)For a perfectly flat single crystal the condition is fulfilled across the entire crystal simultaneously 
(fig. 4, left). Thus the whole radiograph becomes dark (pseudo absorption), but not because of absorption. 
In flexural loaded single crystals the scattering planes are distorted. Thus the Bragg condition is only fulfilled in 
some local areas of the crystal (fig. 4, right). This leads to more ore less small dark bands in the radiograph (local 
pseudo absorption, fig. 3, right). The shape and the width of the local pseudo absorption bands depends on the 
shape and the radius of curvature of the flexural loaded crystal, respectively. By rotating the curved crystal the 
dark bands are moving across the radiograph. The measurement of one device takes a few minutes, so that e.g. 
time dependent (temperature) experiments can be performed. 

 

Fig. 4: Illustration of the pseudo absorption of single crys-
tals. Left: x-rays are deflected across the whole flat single 
crystal due to diffraction. No x-rays arrive at the detector 
(the radiograph would be dark). Right: for curved crystals 
the Bragg condition is only fulfilled in local parts. This 
leads to dark bands in the radiograph (local pseudo ab-
sorption, see fig. 3, right). The position of the dark band 
can be moved by rotating the crystal. 

Fig.5: Aggregation of all dark band positions (iso-
clines) during rotation (angle range 0.11°, step 
width 0.001°). In the background the radiograph of 
the chip is shown. In the centre part of the radio-
graph a lead void is visible by the brighter grey 
coloured area. 

The measurement of the electronic devices (photon energy 55 keV ( =λ 0.022 nm), angle scan range 0.11°, step 
width 0.001°) yields a series of dark band positions (isoclines) across the whole crystal. They are aggregated in a 
2D plot (fig. 5). The isoclines density represents the local radius of curvature of the crystal. It typically ranges 
between 5 m and 50 m (the higher the density the smaller the radius of curvature).  
A 3D surface profile of the flexural loaded Silicon crystal can be derived from the 2D isoclines plot with a very 
high resolution of about ±1 nm in height (fig. 6). 

Result 
The 3D surface profile of a chip just after packaging is shown in fig.6, left. As mentioned above, the temperature 
dependent shrinkage of the heat slug, which is situated beneath the profile, exceeds that of the chip and the mold 
compound. This leads to a smooth convex shape of the chip. The amplitude between the minimal an maximal 
height is about 1500 nm, witch may not harm the functionality of the electronic device. A second device was 
measured after a stress treatment of 1000 temperature cycles from −55°C to +150°C. The result is shown in 
fig.6, right. The shape has changed to a more irregularly profile (like a magic carpet) with a reduced height am-
plitude of about 300 nm. This is explained by a partial loss of the adhesive strength between the package and the 
chip caused by degradation e.g. of the solder during stress treatment. 

 
Fig. 6: 3D surface profiles (lateral resolution: 14.4 µm x 14.4 µm, height resolution: ±1 nm) deduced from  the 
isoclines plots (fig. 5). The Cu heat slug is situated beneath the profile. Left; chip just after packaging, right; 
chip after a stress treatment of 1000 temperature cycles from −55°C to +150°C. 
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It remains, however, to ask for the limit of detect ability of more minute mechanical influences of the package. 
Thus, we choose the following influences: 

• Gold wire bonds  
• Voids within the solder die attach to fix the chip to the copper heat slug 
• Higher order influences 

A void was found within the lead solder from X-ray absorption radiography (background of fig. 7, left). The 
SLCR measurement discovers the mechanical effect of the gold wire bonds and the lead solder void on the sur-
face of the silicon crystal impressively (fig. 7, left, distorted local pseudo absorption isoclines). Fig. 7, right 
shows the residual 3D surface profile of the crystal where a parabolic underground was subtracted. Notice, the 
height range is only within 10 nm. Finally even higher order effects such as interaction between void and bond-
ing wires can be detected.  
From these results SLCR can be considered as a new powerful inspection method to evaluate even minute deg-
radation processes in electronic devices. This is an essential for any prognostic reliability work in the future. 
 
 

 
 
 

 

 
Fig. 7: left: Detection of a void in the lead solder by x-ray absorption (heightened centre part of fig 6). The 
SLCR measurement discovers the impact of the gold wire bonds and the lead solder void on the silicon crystal, 
left: 2D plot of the local pseudo absorption isoclines, right: 3D surface profile deduced from left plot. A para-
bolic underground is subtracted. 
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KMC-1: a High Resolution and High Flux Beamline for HIKE-PES 
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Electron spectrometers with highly stabilised high voltage power supplies are available 
nowadays which have an ultra-high resolution of not more than 20 meV at kinetic energies up 
to 15 keV. This high kinetic energy photoemission at hard x-rays (HIKE or HAX-PES) is an 
ideal – non-destructive - tool to look deeply into bulk material (>5 nm) and to study (buried) 
interface layers /1,2/. For this technique hard x-rays with similar ultra-high energy resolution 
at highest flux are required. 
The BESSY bending magnet beamline KMC-1 /3/ has been used in the last years to 
successfully establish this HIKE technique employing a Gammadata Scienta R-4000 
hemispherical analyzer /4,5,6/ optimized for high kinetic energy electrons up to 10 keV. 
Despite of the low photoelectron cross sections at high excitation energies, core levels of 
multilayer interfaces and “real” solar cell samples at probing depths of more than 10 nm could 
be investigated. 
The reason for the good matching of this beamline to the experimental requirements is 
basically due to the facts that this beamline not only has a high flux (1011-1012 photons/sec) in 
a focus size of 0.3 x 0.4 mm2, which is well matched to the spectrometer acceptance, and a 
continuously tuneable working range between 1.7 and 12 keV, which fits ideally to the HIKE 
requirements, but also and - most important - a very good energy resolution. All this could be 

achieved by (1) the windowless setup under Ultra-High-Vacuum conditions up to the 
experiment, (2) by the use of only three optical elements to minimise reflection losses, (3) by 
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Figure 1   Bending magnet KMC-1 double crystal monochromator  beamline with high 

resolution (crystal backscattering) option  
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collecting a large horizontal radiation fan with the toroidal premirror (6 mrad acceptance), and 
(4) the optimisation of the crystal optics to the soft x-ray range (Emin = 1.7 keV@InSb, 2 
keV@Si 111). According to the Bragg equation this lowest energy requires a maximum 
Bragg angle of 82 degrees. This “built-in” normal incidence crystal optics (back-scattering 
geometry) is intrinsically coupled to a high energy resolution according to  
 
   θθ tan/Δ=Δ EE ,    θ: Bragg angle,  Δθ: rocking curve width. 
 
Thus any flux-consuming post-monochromatization employing Si (nnn) channelcut crystals is 
unnecessary in our case. The rocking curve width   

   ( ) ( )( )2222 8/tanθφψθθ ++Δ=Δ cr     
is determined by the intrinsic crystal Darwin width Δθc and by the sagittal and meridional 
beam divergences ψ and ϕ . Thus, crystal limited resolution is achievable using collimated 
incident light, with ψ and ϕ being close to zero. At large angles, however, the tangent is 
dominating, the beam divergence does not affect the resolution significantly and crystal 
limited resolution is possible.  

Figure 2 shows all the KMC-1 resolution data extracted from crystal-optical measurements 
and from HIKE photoemission. In the case of the HIKE measurements the Au 4f core levels 
were followed. The Au 4f7/2 line was fitted by a Doniach-Sunjic profile /7/ which - being a 
convolution of two functions, a Lorentzian and Gaussian – includes an asymmetry parameter. 
The Lorentzian function estimates the lifetime and the Gaussian function stands for the 
instrumental broadening given by spectrometer and beamline /8/ (see figure 4).  
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Figure 2 Calculated (open points and lines) 
and experimentally determined (solid circles, 
solid squares) resolving power of the KMC-1 
monochromator crystals InSb (111), and Si 
with (111), and (422) orientations. Si (333) 
and Si (444) correspond to higher order 
radiation. The solid circles have been 
measured by the photocurrent absorption 
drop (FWHM) in a single-crystalline Si 
photodiode with (nnn) and (400) orientation 
operated in back-reflection /9/.  
 

Figure 3 Higher order crystal reflections of 
Si (111) at a photon energy setting of 2010 
eV for a parallel setting of both crystals 
(blue curve), and for the detuning case (red 
curve). Note that the 2nd order reflection is 
forbidden. Spectra were obtained with an 
energy-dispersive Ge(Li)-detector. 
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The tangent-like behaviour of the resolution is clearly seen. At 6 keV a beamline resolution of 
50 meV using Si (111) in 3rd  order has been measured. This corresponds to a resolving power 
Ε/ΔΕ of as much as 120.000.  
By use of high crystal reflection orders (Si (333) und 444)) (see figure 3) this high resolution 
option (ΔE< 500 meV) is available nearly continuously within the complete spectral range. 
Ultrahigh resolution (ΔE< 200 meV) is available at selected photon energies ((2, 5.7, 6, 8 
keV)). The third and forth order excitation energy can be used simultaneously within a HIKE 
spectrum, such that in principle an in-situ depth profiling of a sample – within one scan - is 
possible. However, beamline optimisation for higher order intensity requires a slight detuning 
of the monochromator crystals. Taking into account that not only the flux in higher crystal 
orders, but also the cross section decreases dramatically with higher kinetic energy, the 
acquisition of typical high-resolution low-noise HAXPES-spectra such as Au 4f takes 
between one minute (Si (111)) and some hours (employing Si (333) or (444)) (see figure 4).  
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Figure 4 Photoelectron spectra of Au 4f5/2 and Au 4f7/2 valance bands obtained using the 
KMC-1 Si (111) crystal tuned to 2002 eV photon energy. 
Spectrometer passenergy 100 eV, entrance slit 0.5 mm  

 1st order  
Si (111) 

3rd order  
Si (333) 

4th order 
Si (444) 

Photon Energy 2002 eV 6006 eV 8008 eV 
Acquisition time 4 min. 40 min. 180 min. 
Lorentzian FWHM (eV) 0.348 0.348 0.348 
Gaussian FWHM (eV) 0.243 0.135 0.185 
Analyzer Resolution (eV) 0.125-0.140 0.125-0.140 0.125-0.140 
Beamline Resolution (eV) 0.21±0.01 0.050±0.02 0.073±0.02 
 
Concluding, soft x-ray bending magnet beamlines at medium energy storage rings provide 
good opportunities for HIKE spectroscopy. Especially the energy tuneability at high 
resolution is an exclusive option, since this is normally not available at undulator beamlines 
on high energy SR facilities, when fixed-energy channelcut monochromators are used. 
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Fig.1: Sketch of the experimental setup for 
simultaneous SAXS/WAXS/XRF at the µ-Spot 
beamline. 

 
 
Fig. 2: 2D scattering pattern from a gold-
coated, ≈10 µm thick bone section (left). The 
right side shows a magnification of the SAXS 
signal in the central region. The angular 
range covers 0.08° - 40°,  corresponding to a 
range of scattering vectors 0.1 nm-1 < q < 50 
nm-1. 

First microbeam diffraction results from biological and biomimetic 
materials at the µ-Spot beamline 
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Introduction 

The new microfocus beamline has recently been designed [1] and commissioned at the 7T 
wavelength-shifter source at BESSY II. An experimental station was developed and installed by the 
MPI of Colloids and Interfaces, in collaboration with BESSY, Bundesanstalt für Materialforschung 
und -prüfung (BAM) and the Technical University of Berlin. The goal of the MPI project part was to 
implement a microbeam scanning instrument for the combination of simultaneous small- and wide-
angle scattering (SAXS/WAXS) and X-ray fluorescence (XRF) from thin sample sections. This 
unique combination of methods allows mapping of structural parameters from the atomic/molecular to 
the nanometre scale by combined SAXS and WAXS, simultaneously with chemical composition by 
XRF. The lateral resolution for SAXS/WAXS mapping is given by the minimum beam size in the 
order of 5-10 µm. In this report we present the experimental station layout for scanning 
SAXS/WAXS/XRF, together with first SAXS/WAXS data from biological and bio-inspired materials 
acquired at the µ-Spot beamline.  
 
Experimental setup 

The microbeam was defined by a toroidal mirror 
together with a W/Si double multilayer monochromator 
(DMM) at 15keV and a beam defining pinhole close to 
the sample. Due to the broad bandpass of the DMM, this 
option provided a high intensity at the sample (> 109 
ph/s) at a beam size of ≈10 µm, and a divergence of ≈1 x 
0.1 mrad (h x v) [2]. Alternatively, a circular Fresnel 
zone plate in connection with the DMM delivered an 
intensity of ≈4x108 ph/s (E=8.9 keV) at a beam size of 
roughly 15 µm. A large area detector with high pixel 
resolution (MarMosaic), in connection with a small 
beamstop and a short sample-detector distance (≈200 
mm) allowed collecting the SAXS/WAXS signal 
simultaneously with a SAXS resolution of  ≈50 nm and 
almost three orders of magnitude in the range of the 
accessible scattering vector [2]. No evacuated flight path 
was necessary due to the short distance between the 
sample and the beamstop (<100 mm). An on-axis, long-
distance optical microscope permitted to visualize the 
sample and to define regions of interest for subsequent 
microbeam SAXS/WAXS with an accuracy of about 2-3 
µm. The specimens were typically mounted on a high 
resolution scanning stage (resolution 0.1 µm).  
 
Scanning SAXS/WAXS of bone 
The basic building block of bone can be considered as 
an organic/inorganic nanocomposite consisting of 
collagen fibrils reinforced with small, plate like calcium 
phosphate mineral particles. We studied the local 
structure of this composite in connection with bone 
diseases such as osteoporosis with scanning 
SAXS/WAXS using a microbeam of about 10 µm (Fig. 
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Fig. 4: SEM images (left) and corresponding 
SAXS/WAXS patterns (right) from 
biomimetic calcite particles. The Ca 
concentration (at fixed Ca / PEO22-PNaStS49 
ratio) was 10 mM and 2.5 mM for the 
particles in the upper and lower row, 
respectively

 
 
Fig. 3: Scanning SAXS of bone. The SAXS 
patterns were evaluated by a semi-automated 
procedure to provide maps of nanostructural 
parameters such as the thickness T of mineral 
platelets. 

2). The WAXS signal provided local information about 
the crystallographic orientation of the mineral crystals 
(crystallographic texture), as well as the lattice 
parameter determined accurately by using a thin (300 
nm) gold coating of the specimens as internal standard. 
Moreover, the SAXS signal allowed determining the 
local orientation and the mean thickness (T-parameter) 
of the mineral platelets. All these parameters were 
calculated by a semi automated data evaluation 
procedure [3], and maps of nanostructural parameters 
were created (Fig. 3) that can be compared with other 
imaging methods such as histology or backscattered 
electron microscopy. These maps provide crucial 
information about local microstructural changes due to 
bone diseases and their medical treatment.  
 
Biomimetic Mineralisation 
Inspired by the concept of biomineralization, block 
copolymers can be used as effective templates for 
mineralisation of calcium carbonate crystals from 
solution. The particle morphology can be greatly 
influenced by type and concentration of the polymer and 
by the calcium concentration in the solution. We have 
investigated single calcite particles grown in the 
presence of poly(ethylene oxide)-block-poly(sodium 4-
styrenesulfonate) [PEO22-PNaStS49]. The size of the 
particles was about 20 µm, ideally suited for microbeam 
SAXS/WAXS at the µ-Spot beamline using a 15 µm 
beam from a Fresnel zone plate (Fig. 4). We found that 
both, the SAXS and the WAXS signal differ 
considerably for different particles. Even though the 
particles look like polycrystalline aggregates in the 
scanning electron micrographs, the diffraction patterns 
show that they are strongly textured or they are even 
almost perfect single crystals. Application of different 
characterisation methods revealed for the first time a 
continuous structural transition in the product particles 
from polycrystalline, to mesocrystal to single crystal in 
the presence of the polymer at a fixed calcium/sulfonate molar ratio with variation in the calcium 
concentration. The existence of this structural sequence led us to the proposal of a unifying 
crystallization framework based on the aggregation of precursor subunits that span the limits from 
non-oriented aggregation of nanoparticles to classical ion-by-ion growth [4]. 
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We present the development of a new transmissive center–of–mass X–ray Beam Position Monitor
(XBPM), based on a thinned–down duo–lateral Position Sensitive Diode (PSD). In measurements
at the BESSY bending magnet beamline KMC–1, a first 3 mm x 3 mm detector prototype yielded
signal currents of up to 3 µA / 100 mA ring current at 5 keV photon energy using the monchromatic
beam. The detector thickness was measured to be 5 µm with a transmission of 93 % at 10 keV and
15 % at 2.5 keV. A proof-of-principle feedback system based on the detector signals and a piezo
actuator was successfully commissioned. As it stands, this monitor design approach promises a
generic solution for automation of state–of–the–art crystal monochromator beamlines.

Introduction

Contemporary X–ray beamlines based on crys-
tal monochromators require excellent stability of
the monochromatic beam. Moving further towards
higher brilliance, microfocus and automated beam-
line operation, as in case of protein crystallogra-
phy applications, beam monitoring and feedback
schemes are crucial. For monitoring, XBPMs can
provide information about intensity, position and
shape of an X–ray beam along a beamline. While
imaging monitors can provide all three parameters
at once for beam adjustment, they are inherently
limited in time resolution and occlude the beam in
most cases.

FIG. 1: Duo–lateral transmissive PSD–XBPM with
3 mm x 3 mm area as mounted for the experiment
(A) and corresponding wiring scheme (B).

Most center–of–mass type XBPMs, on the other
hand, can provide beam position information at
high time–resolution, a parameter of central im-
portance for monitors to be used in feedback
schemes. In–situ operating XBPMs (allowing for
on–the–fly intensity and position control) while

combining large active area at sub-micron resolu-
tion and full feedback capability are of great im-
portance. Paving the way in that direction, we
present first commissioning results from a new de-
tector type based on a thinned–down Silicon–PSD
detector developed within a joint project initiated
at BESSY [1] and shared by a semiconductor man-
ufacturer [2] and partners from several European
Storage Rings (BESSY, DESY, DIAMOND, ESRF
and SOLEIL). PSDs have proven their workability
as position monitors for visible and infrared light.
Their functional principle as depicted in Fig. 1
is the differential measurement of the photodiode
surface resistance by comparing the photocurrents
at a split anode or, in the duo–lateral detector case,
split anode and cathode.

Beam–occluding 1D–PSDs (a so–called lateral
diode) are already in use at BESSY beamlines
in horizontal beamline stabilization schemes [3] in
the VUV range. In order to extend the perfor-
mance of PSDs to the X–ray range, 2D duo–lateral
PSDs were manufactured on silicon thinned down
to thicknesses of 5 µm –10 µm at active areas of
up to 100 mm2. First prototypes (see image in
Fig. 1A) have been recently studied at the crystal
monochromator KMC-1 at BESSY with promising
results described below.

Measurements

The tests with a first PSD–XBPM proto-
type were performed at the BESSY double crys-
tal monochromator (DCM) beamline KMC–1 [5].
This beamline is on a bending magnet source and
covers an energy range from 1.7 keV to 12 keV
(InSb and Si–(111) crystals) at a maximum flux of
1011 photons/s/(100 mA ring current). The beam-
size at the monitor position was ∼ 500 µm and the
spectral resolution E/∆E=2·103 at 5 keV.

The measured transmission curve (Fig. 2) with
transmission values of 15 % at 2.5 keV, 84 % at
6 keV and 93 % at 10 keV corresponds to a Si
thickness of ∼ 5 µm. A scan over the whole detec-
tor area reveals a transmission variation over the
detector area of under 2 % (Fig. 3).
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FIG. 2: Measured PSD–XBPM transmission (blue)
versus the full KMC–1 beamline photon energy range.
Calculated X–ray transmission curves [4] of 3.5, 5 and
7.5 µm thick Si foils are plotted in red for comparison

FIG. 3: Transmission relative to maximum transmis-
sion at 5 keV over the entire area of the PSD–XBPM
measured with a second photo diode. The overall in-
homogeneity is at least ≤ 2%.

The device tested was a 3 mm x 3 mm duo–
lateral PSD mounted on a XYZ translation stage
(Fig. 1A). In a duo–lateral PSD, both the cath-
ode and anode are split, in orthogonal direction
with respect to each other. This design minimizes
crosstalk between the vertical and horizontal elec-
trodes and thus results in a smaller position detec-
tion error compared to a tetra–lateral type. The
anode and cathode currents were detected via four
Keithley electrometers (models 6517A and 6514,
Fig. 1 bottom) and the BESSY data acquisition
computer.

For scans of the beam across the detector area,
the detector was moved against the fixed beam in
both horizontal and vertical direction via the ma-
nipulator stage. In addition, horizontal sweeps of
the beam were performed via the piezo actuator
voltage of the roll axis of the second monochroma-
tor crystal. The current signals observed during
such a horizontal sweep are shown in Fig. 4, depict-
ing the low crosstalk between horizontal (measured

at the anode side) and vertical (cathode side) di-
rections. Short horizontal scans with piezo–mirror
control show sub–micron position resolution of the
detector.

FIG. 4: Anode currents IAi and cathode currents ICi

of the transmissive PSD–XBPM plotted against the
beam position for a horizontal sweep of the beam at 5
keV.

Nonlinearities in the separate electrode signals
cancel in the computation of the difference–over–
sum (D/S) position signal according to

IE2 − IE1

IE1 + IE2

=
2xE

LE

(1)

with IEi being the electrode currents measured at
contacts 1 and 2 of anode or cathode, xE the dis-
tance from the detector center in the direction of
the respective electrode and LE the length of the
active detector area in the direction of the respec-
tive electrode.

FIG. 5: Difference–over–sum (D/S) signal versus hor-
izontal translation stage position with linear fit and
residual. The linearity range of 2 mm was limited by
the finite beam size.

A linear fit to the observed D/S position depen-
dence of a horizontal sweep across the detector is
shown in Fig. 5. The large region of excellent lin-
earity over almost the entire 3 mm of the active
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area highlights one of the great advantages of the
PSD design in its use as an XBPM. The slight de-
viation of the slope from the expected value of 2/3
mm−1 is due to a reduction of the apparent active
region due to the finite X–ray beam diameter.

Measurements in the vertical direction revealed
a position–independent constant cathode current
resulting in a D/S slope diminished by a factor
of 5. This lower sensitivity could be traced to
an increased inter–cathode surface resistance. The
manufacturing process is currently being modified
to reduce this parameter into the same resistance
range as the ∼ 6 kΩ inter–anode resistance. Al-
ternatively, fabrication of a tetra–lateral detector
with a four–fold split anode for 2D–position detec-
tion is being discussed.

FIG. 6: A: Schematic of the KMC–1 beamline horizon-
tal feedback loop. B: Piezo actuator voltage (green)
and D/S position signal (blue) for feedback ON (left)
and feedback OFF (right).

The horizontal D/S signal was employed subse-
quently in a PID feedback loop to stabilize beam
drifts during energy sweeps. The piezo actuator
voltage for the roll movement of the second crys-
tal of the double crystal monochromator was con-
trolled to minimize the D/S position signal and
thus to lock the beam to the center of the PSD
detector 6.5 m downstream (see Fig. 6A). While
the photon flux within the monochromatic beam
is regulated by an intensity–feedback [6], the hor-
izontal angular travel of the beam is determined
by the mechanical accuracy of the rotation and

translation stages of the DCM assembly. For beam
stability the low energy end resembles the worst
case: the change of the Bragg angle θ per energy
is largest here (0.1 deg/eV). The translation of
the second crystal T2 is given by T2 = D/2cos (θ)
where D is the mutual offset of the two crystals.
Thus, an energy scan as shown in Fig. 6 requires
a Bragg angle change from 70 to 80 deg and a
translation T2=32 mm of the second crystal pro-
ducing a residual horizontal angular deviation of
0.18 mrad behind the DCM. At higher energies
(i.e. smaller Bragg angles) this problem becomes
negligible. A correction scheme based on the new
PSD detector as depicted in Fig. 6A was employed
here to fight the beam motion at low energies. In
Fig. 6B the cases with feedback ON and feedback
OFF are compared demonstrating that the feed-
back loop detects and locks the beam drift of up
to 0.8 D/S signal, corresponding to a motion of
1.2 mm off the detector center.

In conclusion, the first detector prototypes
for the transmissive PSD–XBPMs have already
proven their great potential for a generic solution
for beam monitoring and for their use in feed-
back schemes for crystal monochromator beam-
lines. Further studies, the long–term stability, the
maximum time– and position–resolution and the
final design for 2D operation (duo– versus tetra–
lateral PSD) are underway.
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Introduction: 
Preparation of water-rich samples while preserving their microstructure and the spatial distribution 

of their constituents is a major challenge in biological imaging applications. Rapid freezing of water 
rich samples with high cooling rates under minimization of ice-crystal formation (vitrification) does 
not impose major modifications on sample structure and composition. 

Three-dimensional Micro X-ray fluorescence 
analysis (3D-XRFA) allows tomography-like, spatial 
resolved analysis of trace elements in non-flat samples 
with dimensions of some hundred microns with a 
resolution of some 10 microns, depending on the X-ray 
energy of the exciting beam and the element detected 
[1]. The principle is shown in Fig. 1. 

At the new BESSY microfocus beamline “µSpot” a 
confocal setup for 3D Micro-XRF was equipped with a 
nitrogen cryogenic stream allowing small samples being 
analyzed under cryogenic conditions nearly without any 
sample preparation. Thus, delicate, water-rich biological 
samples can be investigated in a near native state while 
preserving physiological structures and the distribution 
of trace elements. 

For the first pilot experiment we selected a small rootlet of common duckweed (Lemna minor) as 
prototype for a delicate, water rich biological sample for investigation. The common duckweed is an 
important component of the aquatic food chain. The free floating plant grows on the surface of fresh 
water ponds and lakes. It readily takes up heavy metals and as such has been used for bioremediation 
of polluted waters and model organism for the study of the interaction between heavy metals and 
plants [2]. 

Experimental setup: 
 The µSpot beamline is located at the 7 T wavelength shifter WLS1 [3]. For fluorescence and 

absorption spectroscopy, the beam is pre-focused by a mirror situated close to the source, and final 
focussing is performed by glass capillaries. For this experiment, the beamline was operated in a pink 
beam mode with the monochromator removed and an Al-filter for low energy cut off. In this set up, 
photon flux on the sample was estimated to be more than 2 orders of magnitude higher than using the 
multilayer monochromator, by which a photon flux of about 1012 ph/s is obtained. Detection of the X-
ray fluorescence radiation from the sample was achieved by one element of an energy dispersive 7-
element Si(Li) detector with digital signal processor. The polycapillary halflenses for the confocal 
arrangement were purchased from IFG (Berlin, Germany), both with an X-ray focus of about 20µm at 
15 keV and a focal distance of ca. 7.5 mm for excitation and 4 mm for the detection path. 

The cryogenic system consists of a nitrogen cold gas source from KGW Isotherm (Karlsruhe, 
Germany) with a dry and CO2-free air sheath gas stream generated by a purge gas generator (CMC 
Instruments GmbH, Eschborn, Germany). The cold gas stream was operated at a temperature of 100 K 
at about 70 L cold gas/minute and the sheath gas was adjusted to 28 L/min. A sketch of the set up with 
cryo-jet, X-ray detector and focussing capillaries is shown in figure 2. 

X-ray lens

Incoming beam

X-ray lens

X-ray detector

Long distance optical 
microscope

Sample on high preciscion xyz-
sample stage

X-ray lens

Incoming beam

X-ray lens

X-ray detector

Long distance optical 
microscope

Sample on high preciscion xyz-
sample stage

Fig. 1: Principle of 3D-XRF operating with two 
polycapillary halflenses. 
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For sample preparation, one single root filament 
of duckweed was excised by stainless steel tweezers 
and mounted on a brass pin of a magnetic base from 
a small goniometer-stage by a small amount of bee’s 
wax. The fresh root tip was immediately shock 
frozen in situ by the cold gas stream (fig. 3): 

For the determination of the elemental 
distribution the root tip was scanned along virtual 
cross sections with a step size of 10µm and an 
acquisition time of 2 seconds per sampling point. A 
complete cross section of the root took about 45 
minutes. The X-ray fluorescence spectra were 
processed by a simple peak fitting algorithm and 
normalized to the beam current. The distribution of 
the elements is represented by the photopeak area of 
their K-line fluorescence radiation and visualized as 
contour plots. 

Results: 
A typical spectrum obtained in the center of the 

root is shown in Fig. 4. Under these experimental 
conditions, characteristic radiation of Ca, Fe, Cu, 
Zn, and Sr could be observed: 

Contour plots of the distribution of two elements 
are shown in figure 5. Each pixel represents one 
sampling point. In particular, Cu and Ca show 
different distribution patterns inside the rootlet, 

a) 

b) 
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Fig. 2: Set-up of the cryo- system: 
a) top view   b) side view (optical microscope 
omitted).

200 µm200 µm

Fig. 3: Frozen duckweed root tip with 
scanned cross section, as seen from 
the sample stage microscope

Fig 4: XRF spectrum from the center of the 
duckweed root with fluorescence peaks for 
Ca, Fe, Cu, Zn and Sr. 
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Fig. 5: Distribution of Ca and Cu in a virtual cross 
section of a root filament of Lemna minor. Arrows 
are indicating the position of detector, microscope 
and the direction of the incoming beam. 
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representing differences in the chemical and physiological behaviour of these elements. In the case of 
Cu, the highest elemental concentration is found in the peripheral part of the rootlet (epidermis or 
outer cortex), whereas the main amount of Ca is localized in the core of the rootlet, which harbours the 
central cylinder with one single tracheary xylem element surrounded by phloem tissue [4]. The 
asymmetry of the apparent distribution of Ca across the sample diameter is due to absorption of the Ca 
fluorescence inside the sample and does not represent a property of the specimen. 

Conclusion and perspectives: 
In this pilot experiment we demonstrated that it is possible to obtain 3D- images of trace element 

distributions in a biological, water rich sample without major sample preparation. The distribution of 
Iron, Copper, Zinc and Calcium was investigated by the new method of 3D Micro X-ray fluorescence 
analysis using cryogenic fixation by a nitrogen cold gas stream. Besides the in situ cryogenic fixation 
of the specimen, no further sample preparation was necessary. The next major improvement will be 
the transition to a continuous scanning mode, by which the acquisition time may be reduced to one 
quarter. Absorption correction and a full quantification procedure are under development. A more 
detailed description of this experiment can be found elsewhere [5].  

The equipment for cryogenic investigations is available for general use at the µSpot beamline and 
may be of interest not only for the investigation of samples from life sciences, but also for applications 
from various research areas, which benefit from measurements under cryogenic conditions down to 
about 80 K. 
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Quantitative Evaluation of 3D Micro X-ray Fluorescence

Measurements of Stratified Materials

W. Malzer1, I. Mantouvalou1, I. Schaumann2, L. Lühl1, R. Dargel2,
C. Vogt2 and B. Kanngießer1

1) Institut für Optik und Atomare Physik, TU Berlin,
Hardenbergstr. 36, 10623 Berlin, Germany

2) Institut für Anorganische Chemie, Leibniz Universität Hannover,
Callinstr. 9, 30167 Hannover, Germany

Introduction

3D micro X-ray fluorescence spectroscopy
(3D Micro-XRF) is a recent development in
X-ray fluorescence analysis [1, 2]. While a con-
siderable number of experiments using the new
technique for research in various fields are known,
reliable quantification procedures were missing up
to now.
With this work, a quantification procedure for
stratified materials is proposed and validated. It
facilitates the reconstruction of systems of layers,
viz the computation of their thicknesses and their
compositions, from the results of depth-sensitive
measurements with a 3D Micro-XRF setup. Basis
is a fundamental parameter expression for the
count rate depending on the probing depth, which
relies on an analytical model for the probing
volume [3]. This expression was extended for
stratified materials. In a series of experiments
the validity of the equations was tested and the
accuracy of the reconstruction was determined.
One of the obstacles was the lack of suitable
reference materials. Therefore specific stacks of
polymeres, containing varying amounts of metal,
have been manufactured as stratified reference
samples. This combination, metals in low-Z
matrix, is typical for most applications of 3D
Micro-XRF, like e.g. paint layers.

Theory

For a single homogeneous layer with boundaries at
d1 and d2 the count rate Φ(x) for a chemical element
depending on the probing depth x can be written

as:

Φ(x) = Φ0η̃σFρ exp (−µ̄linx) exp
(

1
2
(µ̄linσx)2

)
×

× 1
2

[
erf

(
d2 + µ̄linσ2

x − x√
2σx

)
− erf

(
d1 + µ̄linσ2

x − x√
2σx

) ]
The symbols have the following meaning:
Φ0 is the incoming flux in counts per second.
σF is the production cross section (cm2/g) for the
respective X-ray line.
The production cross section includes all atomic
processes leading to the emission of a specific X-ray
line.
µ̄lin is the effective linear mass attenuation coeffi-
cient, which takes into account the attenuation of
both, the incoming and the detected radiation.

The setup is characterized by two parameters
per chemical element: the integrated sensitivity η̃
and the width of the profile σx in the scanning
direction. According to the equation above, the
count rate is governed by four terms:
The product of the first four factors including the
local density ρ represents the intensity one would
obtain in the absence of absorption.
The Lamber-Beer term stands for the decrease of
the intensity due to absorption in probing depth x.
The Lambert-Beer factor would be sufficient for
an infinitesimal small probing volume. The second
exponential corrects for its actual extension.
The error functions are of importance if the probing
volume intersects the layer boundaries.

For a succession of n layers, this intensity equa-
tion must be extended by an additional factor for
the absorption of radiation by the layer on top of a
specific layer. If we designate the intensity contri-
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bution from a specific layer l with thickness D as
Φl(x), the overall count rate equates:

Φ(x) =
n∑

l=1

l∏
k=1

exp (−µlin,kDk) Φl(x)

For each chemical element detected, such an equa-
tion exists. They are coupled via the absorption
terms, because all elements contribute to the
attenuation of the radiation.

The equations are solved by using least square
fitting. For the calibration step a set of thick
multielement reference materials is used. The
composition and the mass density must be known.
The integral sensitivity η̃ and the profile width σx

are determined for each element. The values of
missing elements can be interpolated.
For the puropose of quantification, the local
densities ρ and the thicknesses of the layers are
computed as free parameter of the least square
fit. The number of layers and their qualitative
composition must be given a priori. The fraction
of light elements (H, O, etc.) or the stoechometry
of oxides must be given as well.

Experimental

The 3D Micro-XRF experiments have been carried
out at the µSpot beamline, which has a dedicated
setup for this type of chemical analysis. The poly-
capillary lens in the excitation channel has a focal
FWHM of 24 µm. The FWHM of the lens in the
detection channel is 12 µm. Both values are valid
for a photon energy of 18 keV.
Homogeneous glass reference material (Breitländer)
was used for calibration. The calibration was not
only performed for the standard scanning direction
(tilted 45o to the beam axis), but as well with 30o

and 600. In contrary to the profile widht σx, the
integrated sensitivity η̃ is predicted not to depend
on this angle.
The quantification procedure was validated and
tested with the glasses from Breitländer as bulk
samples on the one hand, and with the above men-
tioned systems of polymer layers on the other hand.

The basic material for the polymer layers was
ethylene propylene diene monomer rubber (EPDM)
with additives for vulcanization and ZnO in vary-
ing amounts. Slabs with thicknesses from ca. 35 µm
to 150 µm were produced and vulcanized to stacks.
The lateral homogeneity was thoroughly tested with
scanning Micro-XRF. The thicknesses were deter-
mined by light microscopy.

Figure 1: Integrated sensitivity η̃

Results

With the first step, the calibration, the integral sen-
sitivity η̃ and the profile width σx are determined as
the charactersitic parameters of the 3D Micro-XRF
spectrometer. Figure 1 shows an intercomparison
of the calibration values for the sensitivity η̃ for
three different glass reference materials and three
scanning directions. The statistical spread of the
sensitivity values is around 10%. In agreement
with the prediction of our model, no dependency
on the scanning direction can be observed. The
values for the profile width σx (not depicted here)
scatter with around 10%, as well. The sensitivity
η̃ is plotted versus the energy of the emission
lines, because interpolation of the characteristic
parameters between K-line and L-Line series is
possible.

In a second step, one of the glass reference ma-
terial was excluded from the calibration procedure
and treated like an unknown sample. The results
show, that for major and minor constituents, the
uncertainty is around 20%. For trace elements and
for low Z elements it may increase up to ca. 50%.
This is mainly caused by absorption effects.

Figure 2 shows a typical result for the recon-
struction of a EPDM layer system. The black dots
represent the count rates measured and the black
line the computed ones. With the red line, the
reconstructed weight percent profile is depicted.
As general result from almost 60 depth scans
we can summarize: The thicknesses obtained by
repeated depth scans on the same sample scatter
with ca. 10% to 15%.
The values for the layer thicknesses obtained by
light microscope and by 3D Micro-XRF agree
within their error bars.
The repeatability for the weight fractions is around
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Figure 2: Reconstruction of a 5 layer system

6%. We observed a systematic deviation of the
computed weight fraction to the nominal values.
This deviation was 25% at most.
The dynamic range of concentrations between
neighbouring layers can be up to ca. 100 for layer
thicknesses of around 40 µm. For example, an Zn
concentration of 0.1% can be determind adjacent
to a layer containing 10% of Zn.

Conclusions and Perspectives

We proposed and validated a fundamental param-
eter equation for the reconstruction of stratified
materials from depth-sensitive measurements with
a 3D Micro-XRF setup. Schemes for calibration,
measurement and evaluation have been established
and render the confocal Micro-XRF into a quanti-
tative analytical technique. Thicknesses and Com-
positions of layer can be determined. The uncer-
tainties are around 20% to 30%. In less favourable
situations, in particulare trace elements and strong
absorption, the uncertainty may increase substan-
tially.
With the specimen made on the basis of EPDM,
a suitable well characterised stratified material as
reference for 3D Micro-XRF became available. The
thickness of the layers and the concentration of the
metals added can be varied within a wide range.
Thus, it will be possible to produce specific refer-
ence materials for applications with edge require-
ments.
A more detailed publication of the results presented
in this report is in preparation and will be submit-
ted to Analytical Chemistry.

We plan to integrate theses computations with
the control software of the µSpot beamline. A
user friendly graphical interface shall allow for
convenient use.
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Status of 5m-NIM Beamline

Thorsten Zandt, Christof Janowitz and Recardo Manzke
Institut f. Physik, Humboldt-Universität zu Berlin, Newtonstraße 15, 12489 Berlin

Introduction

Application of highly brilliant synchrotron radiation in a
wide photon energy range from infrared up to the x-rays
leads to an ever increasing number of important results in all
scientific fields. This permanently growing scientific impact
stands in close interrelation with the rapid development of
new and more efficient sources of synchrotron radiation as
well as steadily improving and changing experimental end
stations, but also with a continuously prospering demand
for well-trained young scientists.
In order to meet in parts the demands, our team of the Hum-
boldt University started, in close collaboration with BESSY,
with the implementation of the HU Research and Train-
ing Beamline (5m-NIM) at BESSY II. On this beamline it
is planned to introduce and continuously qualify students
and young scientists into the fascinating possibilities of syn-
chrotron radiation research.

Description of the optical system

Figure 1: Optical lay-out of the 5m-NIM beamline

A 3m-NIM was up to then in successful user operation
at the dipol magnet DIP3-1B. This 3m-NIM was replaced
by our 5m-NIM. With the ray trace program ’Ray’ [1]
was calculated, which of the optical components can be
reused and how new parts to have designed. According
to the results of the computation, we used the old pre-

and post-monochromator optics of the 3m-NIM. Only the
mirror M2 and the grating had to be exchanged.

The new beamline will cover the energy range from
10 to 40 eV with a resolving power of nearly 20.000
(E/∆E). The schematic layout of the 5m-NIM beamline is
shown in figure 1. Optimal transmission is achieved with
only one reflection at the grating under normal incidence.
The pre-optics and the refocusing mirror are illuminated
under grazing incidence, so that here only small losses arise.

The pre-monochromator optics consists of two mirrors.
The first mirror M1 used from the old 3m-NIM [2]. M1 is
a 1 m long toroid and is 12.5 m far away from the dipole
source. The M1 is vertically lighted (2Θ = 168◦) and
producing in 12.5 m an intermediate vertical focus and in
13.6 m a horizontal focus. 0.9 m behind the intermediate
vertical focus is situated the new mirror M2, a plane ellipse
(130 mm x 20 mm), which is lighted under a angle of
176◦, ergo the mirror deflect the beam 4◦ upward. The M2
produces a line focus in 0.2 m distance on the entrance slit.
We use the mirror chamber of the 3m-NIM beamline with
the cartesian 6-struct system [3].

By the monochromator opening angle of 4◦, the light is
after reflection on the grating at the exit slit again parallel to
the ring level. The grating producing a 1:1 image on the exit
slit. 1.5 m after the exit slit is the focusing mirror M3, which
is vertically illuminate (2Θ = 155◦). The toroidal mirror
M3 produced 1m away a vertically and horizontally focus.
The radius of M3 was chosen to produce the best spot for
a photon energy of 21 eV in combination with a 1200 l/mm
grating. On account of the monochromator opening angle
of 4◦ the height in the experiment amounts to 1763 mm.

Monochromator

The monochromator is an off-Rowland circle normal inci-
dence monochromator with a deflection angle of 2Θ = 4◦.
Entrance slit and exit slit are fixed in position. The grating
unit is 5 m far away from the slits. The monochromator
action is performed by simultaneously rotating the grating
in vacuum and translating the whole grating chamber in
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air, whereas the translation only determines the degree of
focusing [4].
The rotation is measured by an in-vacuum angle encoder
(Heidenhain RON 905-UHV) with a resolution of 0.01

′′
,

which is mounted to the rotation axis. A high precision
worm gear transmission with a stepping motor enabled
the translation of the grating chamber. The position of the
chamber is measured with a linear encoder (Heidenhain
401R) with a resolution of 0.5 µm.

On the grating unit it is possible to position three grat-
ings, which are interchangeable in vacuum. At the be-
ginning we will use one 1200 l/mm grating (W-coated,
λopt = 80 nm). In the future we plan to use a 600 l/mm
(Al/MgF2-coated, λopt = 150 nm) and a second 1200 l/mm
or a 2400 l/mm grating (Pt-coated, λopt = 40nm).

Assembling of the beamline

Figure 2: View from the slit chamber to the monochromator

All necessary hardware and instrumentation for this
beamline has been designed and obtained. Either built,
purchased or used from the old 3m-NIM. This includes all

Figure 3: Width of entrance and exit slit versus micrometer
screw setting

the optical and engineering design work, fabrication, instal-
lation and testing of the slit assembly, the monochromator
and the vacuum chambers and programming a software
under Windows 2000 for the monochromator action.

Figure 4: Size, shape and intensity on the grating as cal-
culated with the program ’RAY’ and camera picture of the
light near the grating

Assembling started with the installation and testing of
the new slit chamber (figure 3). The 1200 l/mm grating and
the mirror M2 (all Carl Zeiss, Germany) were delivered
and tested at BESSY in 2005. Until end of April 2006,
the mirror M2 was installed in the mirror chamber of the
old 3m-NIM beamline. The M2 chamber was mounted by
a special flange on the new slit chamber. The following
steps performed were the alignment of the slit chamber and
all other vacuum chambers including the monochromator
chamber. The first tests with white light agree very well
with the ray trace calculations (figure 4).

At the beginning of the year 2007 we start with the in-
stallation of the grading and pumping the vacuum cham-
bers. Afterwards we will start with the commissioning of
the beamline.

Outlook
Initial operation of the 5m-NIM beamline on the Dipol
DIP3-1B is planned for januar 2007. The beamline will
then be available as a modern, high resolving beamline
(figure 5) in the VUV range and will be an additional, state
of the art beamline at BESSY II for measurements in the
spectral energy range smaller than 40 eV. Therefore, this
beamline is will suited for high-resolution photoemission,
angle-resolved ultra-violet photoelectron spectroscopy
(ARUPS) and Fermi surface mapping.

A new experiment station also belongs to the new
beamline. The experimental station is equipped with a
high-resolution photoelectron spectrometer SES-2002
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from Gamma Data, with a resolution of 500 µeV. A high
precision manipulator equipped with a He cryostat and a
high precision sample rotation stage is mounted on the ex-
perimental station. The manipulator allows angle-resolved
measurements over 2π steradian below 10 K.

Furthermore an OMICRON photo emission electron mi-
croscope (PEEM) with a resolution of 20 nm is available as
end station.

Figure 5: Approx 500 µV resolution at 20 eV photon energy
for 20 µm slits (calculated with ’RAY’).

The measurement time on this new beamline, about 20
weeks per year, are assigned in the context of a cooperation
treaty with BESSY and our workgroup. In this time training
courses for research with synchrotron radiation will be
offered, which are addressed to students of the natural
science departments and the new life science department in
Berlin, but also with the perspective of performing courses
for students from EU member states.

Todays planning provides besides the experiments for
the advanced practical training also the possibility to do re-
search for longer term projects like work on a thesis. The
offer is rounded off by lessons and exercises at the Hum-
boldt University.
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p-Reflectivity of different protective layers for Aluminium coatings above their 

transmission energy 

 

G. Reichardt 

BESSY, Albert-Einstein-Straße 15, 12489 Berlin, Bermany 

 

The refocussing optics of the high resolution monochromator U125/2-NIM 

consists of two toroidal mirrors with a platinum coating. Each mirror deflects the 

light by 21=155° in p-geometry. This is the reason for a significant reduction in 

the transmission for light below a photon energy of 10 eV (fig.1). In the design 

phase for this beamline this behaviour was not of interest. Caution with respect 

to the influence of the undulator on the storage ring at high K-values and the 

immense heatload made the limitation of the onset energy to 15eV a 

reasonable decision for this beamline. But the operation of the beamline 

meanwhile showed that this onset can easily be shifted down to 3 eV without 

any negative influence. Thus, the optical coating of the refocusing mirrors is not 

well matching the capabilities of the source and needs some redesign. 

 

In this low energy range Aluminium is a material with a very attractive high 

reflectivity. Unfortunately the rapid development of a natural oxide layer 

blemishes this attractive behaviour significantly. For most applications a 

protective layer of MgF2, SiO2 or AlF3 is deposited over the fresh Aluminium 

coating at the end of the production process. These materials are almost 100% 

transparent for low energy photons and preserve the high reflectivity of 

Aluminium in this range. Simulations with the code REFLEC [1] show that in the 

refocusing geometry of the U125/2-NIM these protective layers even become 

good reflectors with reflectivities almost equal to those of the existing Platinum 

coating (fig.1). So replacing the Platinum coating with a protected Aluminium 

coating would increase the obtainable flux by more than an order of magnitude 

below 10 eV without sacrificing much intensity on the high energy end. 
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Fig.1: Simulated p-reflectivity of Platinum and Al-SiO2(10nm)  
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The fact that these simulations are based on optical constants derived from 

crystalline materials and not from thin, in most cases porous films made some 

experimental investigations necessary. Three test mirrors Al-SiO2 (Fa. Halle, 

SPS1), Al-SiO2-uv-grade (Fa. Halle, SPS3) and Al-AlF3 (FhG IOF, Jena) were 

investigated in a simple reflectometry set-up. By means of a GaAsP-photodiode 

the intensity delivered by the bending magnet monochromator 3m-NIM was 

recorded. For prevention of higher order contamination a MgF2-Filter was used 

for the lower energy range. In a second step the SR was deflected by the test 

mirrors by 135° (given by the available test set-up). A photodiode of the same 

type was used to record these reflected intensities. 

 

From these measurements the p-reflectivity of the coatings under test could be 

determined (fig.2) and compared to the simulation results. The obtained values 

are rather promising for an application in the refocusing optics of the U125/2-

NIM system. Compared to the results obtained from simulations even better 

reflectivity values could be measured. The coatings Al-SiO2 (SPS3) and Al-AlF3 

both yield reflectivities of above 80% for photon energies below the 

transmission limit of the protective coating. AlF3 is even slightly more efficient in 

the range around 10 eV. Above 10 eV the reflectivity remains in the 20 to 30 % 

range up to more than 50 eV. 

 

 

 

 

10 20 30 40 50
0,0

0,2

0,4

0,6

0,8

1,0

0,

0,

0,

0,

0,

1,

January 2007

 

photon energy [eV]

 Al-AlF3

 Al-SiO2 (SPS3)
 Al-SiO2 (SPS1)
 Al-SiO2 (simulation) 

 re
fle

ct
iv

ity
 R

p

 

 

 p-reflectivity measured for  2Θ=135°

BESSY 3m-NIM, G. Reichardt

Fig. 2: measured p-reflectivity of the Aluminium samples under test. 
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The SPS1 coating shows significant oscillations in the reflectivity below 10eV.  

They can be understood in terms of an Al2O3 layer between the pure Aluminium 

and the SiO2 protective layer. This behaviour makes SPS1 less attractive for the 

desired application.   

 

Although the used simple reflectometry set-up definitely does not claim for 

highest precision, the obtained results are at least reasonable. Use of two 

different detectors, even if they are of the same type, bears a substantial risk 

of error. The imperfect removal of higher order contributions from the beamline 

(above 10 eV the MgF2-filter had to be removed from the optical path) is 

another error source. This error leads in general to a reduction of the measured 

reflectivity compared to measurements with light free of higher orders. 

 

So it is even less understandable that we measured partially even a better 

reflectivity than predicted from the simulations. To some extend this can be 

attributed to the unknown thickness of the Al2O3- and the SiO2-layers and their 

probably porous structure.   

 

From the measurements we can conclude, that for the given geometry in the 

refocusing optics of the U125/2-NIM the p-reflectivity of the different protective 

layers for Aluminium coatings can serve as an attractive optical coating in the 

photon energy range up to 50 eV. For energies below 10 eV the unprecedented 

reflectivity of Aluminium will give rise to an intensity increase of more than an 

order of magnitude for the beamline U125/2-NIM, whereas above 10 eV no 

significant loss compared to the existing Platinum coatings has to be assumed.  
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SPEEM at UE49 PGMa - commissioning status and first applications

F. Kronast, R. Ovsyannikov, A. Gloskovskii1, G.H. Fecher1, C. Felser1,
H.A. Dürr and W. Eberhardt

BESSY GmbH Berlin
1Institut für Anorganische Chemie und Analytische Chemie,

Johannes Gutenberg - Universität Mainz, D-55099 Mainz, German

Magnetic  nanostructures  are  at  the  heart  of  modern  data  storage  technology.  Typical  dimensions  of 
magnetic bits are in the sub-100nm region. In addition novel magnetoelectronic devices such as magnetic 
random access memory junctions are operated on the sub-µm scale. For an understanding of magnetic 
properties  of  such  low-dimensional  structures  spectro-microscopy tools  capable  of  appropriate  lateral 
resolution have to be used.   The new nanospectroscopy end-station at  BESSY achieves that  goal  by 
combining a novel spin-resolved photoemission microscope (SPEEM) with a dedicated microfocus PGM 
beamline with full x-ray polarization control (UE49-PGMa). A schematic view of the experimental setup 
is shown in Fig.1.  The end-station is equipped with a commercial PEEM (Elmitec GmbH) capable of 
20nm spatially  resolution for  x-ray excitation.  The integrated imaging energy analyzer  allows spatial 
resolved  photoemission  spectroscopy  with  an  energy  resolution  of  0.4eV  and  it  helps  to  minimize 
chromatic aberrations of the lenses. A specialty of this new instrument is the integrated spin analysis. 
Using two electrostatic deflectors the photoelectron beam can be defected into one of the two attached 
Mott polarimeters. All three Cartesian components of the photoelectron spin can be measured using the 
Mott detectors. Confining the electron beam with an adjustable aperture in the last image plane of the 
microscope the spin polarization of areas with a minimum size down to 200nm can be analyzed. 

Fig.  1:  The left  side  shows a high resolution image of  magnetic domains  in  a  Nickel  film. It  is  the  
difference of two PEEM images recorded with opposite helicities at Nickel L3 resonance. The right side  
schematic view of the SPEEM setup at the UE49 PGMa beamline. 
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The SPEEM experiment is set up at the new UE49PGMa microfocus beamline. This beamline delivers 
photons in an energy range from 110 to 1800eV with a flux of  1011 to 1013 ph/s/100mA and a spectral 
resolution E/∆E of about 10000 at 700eV. Due to the full polarization control of the insertion device over 
the whole spectral range techniques like x-ray magnetic circular dichroism (XMCD) and x-ray magnetic 
linear dichroism (XMLD) can be employed to image magnetic domains in the PEEM mode. Dedicated 
optics of this beamline focus the x-ray beam onto the sample with a spot size of 8 x 32µm. Thus high 
photon densities at the sample surface enable reasonably short integration times in the high resolution 
PEEM mode and laterally resolved spin analysis.

One of the first high resolution images obtained with the SPEEM during the commissioning period in 
2006  is shown on the left side of Fig. 1. It shows the magnetic domains of an in-situ prepared Nickel film, 
with magnetic domains of only about 100nm width.  The presented image is the difference of two PEEM 
images recorded with opposite helicities at the Nickel L3 resonance. 

Fig.2: The PEEM image on the left shows the magnetic domain pattern in the Co2FeSi single crystal. It is  
the difference of two images recorded with opposite helicities at the  iron L3 resonance. The right side  
shows the spin-resolved photoemission spectrum recorded from a single domain region  indicated by the 
red circle in the left image .

The spin detection has been tested and calibrated for different magnification levels of the microscope. 
Since the Elmitec PEEM uses magnetic lenses to image the  photoelectron distribution the in-plane spin 
components conduct a precessional motion while passing through the magnetic lenses of the microscope. 
The rotation angle of the in-plane spin components was determined for all relevant lens settings. 

The potential of laterally resolved spin detection was demonstrated on a Heusler alloy single crystal of 
Co2FeSi. This material is predicted to be a half metallic ferromagnet [1]. The high spin-polarization at the 
Fermi level in combination with a high Curie temperature makes such materials promising candidates for 
spintronics applications. Because of the difficult surface preparation and a complex domain pattern in 
remanence [2] a direct experimental prove of half-metallicity e.g. by spin-resolved photoemission is still 
missing. The magnetic domain pattern of the investigated Co2FeSi single crystal is visible in the PEEM 
image of Fig. 2. The surface was cleaned in-situ by several cycles of Ar+ ion sputtering and subsequent 
annealing at temperatures up to 500°C. This resulted in strongly reduced contamination levels of Carbon 
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and  Oxygen  as  measured  with  laterally  resolved  XPS.  But  the  surface  was  still  showing  non-
stoichiometric defects like the one visible on the right side of the red circle in Fig. 2. These defects contain 
an  increased  amount  of  Cobalt  and  large  magnetic  domains  are  located  around them.  The magnetic 
domains pinned at the defect sites were selected for spatially resolved spin analysis.  A spin resolved 
photoemission spectrum from single magnetic domain is shown in Fig. 2 (right side).  Linear polarized 
light with a photon energy of 120ev was used  for excitation.  The diameter of the selected region was 
about 13µm as indicated by the red circle in Fig. 2.

The measured spin polarization at the Fermi energy of 16% is considerably higher than the one reported 
by Wang et al [3] for Co2MnSi films (8-10%). But is still much lower than the expected 100% for an half 
metallic ferromagnet. The reduction of the spin polarization at room temperature may be caused by a 
thermal occupation of the minority conduction bands giving a hint on a partial loss of the half-metallicity 
in Co2FeSi at elevated temperatures[4]. But the observed reduction of the spin polarization may also be 
caused by a non-stoichiometric surface. A fully equipped sample preparation chamber  will be installed in 
the second half of 2007 allowing more detailed studies and in-situ preparation.

References
[1] S. Wurmehl et al. Phys. Prev. B 72 184434 (2005)
[2] C. Felser et al. J. of Phys. Cond. Matter 15, 7019 (2003)
[3] W. H. Wang et al. Phys. Rev. B. 71, 144416 (2005)
[4] A. Gloskovskii et al. Submitted to J. Phys. D: Appl. Phys.

233
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Introduction 
 
X-ray microscopes using X-rays in the energy range of the water window are very 
well suited to image samples within aqueous media of several micrometer thickness. 
Now we want to extend the possibilities of X-ray microscopy into the field of the 
dynamical behavior of samples by using stereo methods where tomography is not 
applicable. 
To study chemical changes as a function of time, we plan to insert soil colloids in 
aqueous media into the Scanning Transmission X-ray Microscope (STXM) at U41 
and to take images at different energies for elemental mapping as a time series as 
well as at different tilting angles for stereo image processing [3]. 
 

Materials and methods 
 
Stereo calculations can be done using the 
parallax equation: 
 
 
 
 
This equation relates the parallax ΔY to 
the vertical distance h, the magnification 
V, and the tilting angle 2θ (θ is called 
stereo angle). 
Based on the assumption of x-ray images 
as parallel projections and on the parallax  
equation, a program has been written to 
mark or select significant structures in a 
set of tilted x-ray images and derive 
information about the 3-D configuration, 
distances and lengths. 
One possibility of a tiltable sample holder for samples in aqueous media is a thin 
glass capillary, used successfully in X-ray tomography [1, 2]. We took borosilicate 
glass capillaries of 1 mm outer diameter and 0.1 mm wall thickness. For easier filling, 
the capillaries have a 0.1 mm thick glass filament attached to the inner wall, 
increasing the capillary forces when filled with a liquid. By adjusting the parameters 
of the pipette pulling process, capillary tips were made with thicknesses down to 
1 μm. The tips are short enough to avoid vibrations when inserted in the STXM. 
For first experiments, the capillary was glued onto a standard sample holder ring 
(figure 2). For further dynamics studies, a holder has been designed consisting of two 
Si3N4 windows pressed together by the holder ring. A 3 μm thick photo resist layer 
will implement two channels of decreasing diameter from 400 to 200 µm. They will be 
filled with two different aqueous samples via tubes connected to the holder ring. The 

θsin2V
Yh Δ

=

Figure 1: Parallel projection  
a tilted object 
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liquids will meet in the middle of the holder. Images of this area will visualize the 
products of reactions between the two liquids.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
First experiments with capillaries and the STXM 

 
First experiments with a capillary holder have demonstrated the suitability of the 
STXM for the planned experiments. No problems with sample drift or tip vibrations 
could be seen, and focus series showed cleary that an image focusing into the 
middle of the capillary includes all sample information.  
The images were taken of a capillary with a outermost thickness of approx. 4 μm and 
a wall thickness of about 0.4 μm. The glass filament is visible at the upper capillary 
wall. The X-ray transmission through the water filled capillary at the used energies is 
approx. 10 % 
 
. 

 

 

 
 

 

Figure 2: Capillary tip fixed improvised to standard sample holder 

Figure 3: Capillary filled with a cluster of colloids from a chernozem soil in water. 
Images were taken using a zoneplate with drn=50nm at E=400 eV. The dwell time 
was 10 ms/pixel and an area of 10x10 μm2 was imaged witl 200x200 px2. The 
focus stepsize is 3 μm, the total time from first to last image of this series was 1 h. 

Figure 4: Same sample as in figure 3. Images taken at E=390 eV same size 
parameters as in figure 3. Total time of imaging the same position (figure 3 and 4) 
was 3 h. 
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Outlook 
 
The STXM will be modified for controlled tilting the sample holder by a stepper motor. 
Further STXM improvements are described in G. Mitrea et al. in this volume. 
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          (a)                              (b)                            (c)                             (d) 
 
Figure 5: Line scans through 5th image of focus series shown in figure 4. (b) shows 
the blue line, (c) the green line, and (d) the red line visible in (a). 

Figure 6: Micrograph of a capillary 
tip and a linescan through it along 
the green line. Image parameters 
as above,        6 ms exposure time 
per pixel.  
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Extreme ultraviolet lithography (EUVL) is widely considered to be most promising for the 
production of next generation semiconductor chips [1-3]. Synchrotron based techniques are 
well suited to investigate the performances of EUVL at a chosen photon energy. One central 
issue for chip production using EUVL is the quality of reflective masks with patterned 
absorbers, employed for the structuring of semiconductor elements. Here, the density and the 
properties of defects is essential [4]. For multilayer optics, two different types of defects are 
generally distinguished: amplitude defects and phase defects (or “buried defects”) distorting 
the standing electrical wave inside the multilayer and leading to variations in the field strength 
at the surface. In our study, we exploit synchrotron based EUV photoemission electron 
microscopy (EUV-PEEM) in a standing-wave mode for an “at wavelength” inspection of 
buried defects in multilayer mask blanks [5,6].  

Fig. 1 shows the experimental scheme for EUV-PEEM measurements where the PEEM was 
designed for a sample illumination near normal incidence which resembles the geometry in an 
EUVL stepper. For this, a toroidal broadband Mo/Si multireflector (spectral range between 
80eV and 100eV) was installed at an angle of 4° to the electron optical axis, near the 
diffraction plane of the microscope. The EUV-PEEM allows a field of view between 2.3µm 
and 1mm. EUV radiation from beamline UE112-PGM-1 was used in an energy range between 
89eV and 97eV. 

 

 
 
Fig. 1. Schematic of the EUV- and electron 
optical setup of the PEEM utilizing near 
normal incidence illumination. 

For the resonant standing wave field arising from the superposition of incoming and reflected 
wave in multilayer mask blanks, the incident wave-field propagates several hundred nm deep 
into the Mo/Si multilayer-substrate interface. Thus, wave front distortions caused by defects 
can be probed with a PEEM at the multilayer surface taking advantage of high photoemission 
for surface regions being penetrated by standing wave antinodes and low photoemission for 
wave front nodes. 
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Fig. 2.  Photographs of the sample positioning 
setup: (a) view into the UHV chamber 
demonstrating the adoption of sample 
positioning to the PEEM setup; (b) vertical 
approach and tilt mechanism, especially suited 
for large samples; (c) view of the xy-
positioning table, (d) mount for six inches 
masks and mask blanks (for illustration, a six 
inches mask from AMTC GmbH & Co. KG is 
enclosed). 
 

 
A new stage for larger samples up to six inches was required to fulfill the needs for industrial 
masks. The design of the novel sample positioning system and the present up-graded setup are 
described here. Photographs of the relevant building blocks are shown in Fig.2. 
  
Basically, the novel repositioning system consists of a large motor-driven xy sample-
positioning stage (free path of motion: 180mm*250mm, motors: Nanomotion Ltd., maximum 
velocity: 250mm/s, attainable resolution up to 100nm) mounted onto a vertical distance 
approach and tilt mechanism. Optical repositioning encoders are integrated into the xy-
positioning system for a controlled sample movement, each with a resolution of 100nm. The 
entire unit is installed on top of the UHV chamber, the vertical distance approach and tilt 
mechanism thereby realizing the distance and angle adjustment relative to the PEEM installed 
beneath. Fig. 2a provides a view through the UHV chamber front window, the sample 
positioning unit mounted on top of the UHV chamber and the EUV-PEEM installed from 
below. Here, a provisional sample holder for first laboratory handling tests is shown. In Fig. 
2b, a photograph of the vertical approach and tilt mechanism is shown. The positioning wheel 
for the vertical distance approach as well as one of both buttons for the tilting are marked. Fig. 
2c shows the xy-positioning table. The sample holder is mounted onto the large disc visible in 
the center part. The large sample mount in Fig. 2d is conceived for six inches multilayer 
masks and mask blanks.  
 
A six inches Mo/Si multilayer blank sample with 11nm silicon capping on top from Schott 
Lithotec was investigated (with 41 bilayers; each bilayer: 7nm thickness). These parameters 
define a nominal photon energy (i.e. reflection maximum) at 92eV (13.5nm wavelength) for 
4° off-normal incidence. A field of view of ~ 300µm in diameter was chosen for the PEEM 
images, and the illumination occurred within a frame of ~100*300µm2 following the 
orientation of the exit slit in the beamline. PEEM images were recorded at different photon 
energies between 89eV and 97eV with energy increments of 0.5eV. 
 
Fig. 3a gives a zoomed view of the defect, showing up from the enhanced brightness at the 
photon energy of hν=92eV. The linescans performed across the dotted line in Fig. 3a is shown 
in Fig. 3b. Here, a Gaussian curve is applied for fitting. The brightness enhancement of the 
defect for different photon energies is shown in Fig. 3c. It is defined by the baseline-
subtracted peak maximum divided by the baseline value extracted from the direct vicinity of 
the defect, thus reaching values between zero and one for small brightness modulations on the 
baseline. At hν=89eV, only a shallow baseline modulation is recognized. At hν=91eV, a 
small but significant peak arises (signal-to-noise~1) which notably increases for hν=91.5eV, 
92eV and hν=92.5eV. It decreases for hν=93eV and finally vanishes above hν=96eV.  
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Fig. 3. Defect inspection on a six inches MoSi 
multilayer mask (Schott Lithotec AG).  
(a) Enlarged and contrast-enhanced view of the 
defect. A dotted line for linescan extractions is 
indicated. (b) Linescan across the dotted line in 
(a) for a photon energy of 92eV. A Gaussian 
function is applied for fitting. (c) Brightness 
enhancement of the defect relative to the 
background as a function of photon energy. 

From the FWHM width of the observed defect shown in Fig.3b the apparent diameter is 
determined to ~7µm which appears to be significantly larger than the expected defect sizes of 
the defect in the range over several to some tens of nanometers. The defect exclusively 
emerged in the energy interval between 90eV and 94eV, with an energetic center position at 
92eV corresponding to a wavelength of λ=13.5nm. The evolution of the brightness enhance-
ment (Fig.3c) is clear indication of an interference-type contrast with the standing wave field 
at the surface. In order to check that the feature does not result from chemical contrast, the 
electron binding energies of elements are figured out for the relevant energy range between 
90eV and 94eV, showing that the only entries correspond to Fe 3s (91.3eV) and to Zn 3p1/2 
(91.4eV) [7] both materials being very unlikely on this surface.  
 
Our results show that phase defects show up with high contrast at the nominal wavelength. 
Tunability is required to prove that we really observe phase defects (“buried defects”) and not 
structural defects like bumps or grains. Continuative work is foreseen aiming at the use of 
laboratory X-Ray sources for defect inspection of multilayer masks.  
 
This work is supported by the European Union (6th Framework program) within the project 
“Exploring new limits to Moore´s law- More Moore”. 
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Introduction

Femtosecond lasers are nowadays a common and powerful tool for investigations of ultrafast 

phenomena in matter. This type of laser is nevertheless limited in terms of wavelengths to the IR and 

visible   domain.  Numerous   processes   such   as   photoemission   spectroscopy   however   require   more 

energetic photons in the VUV range. For these wavelengths synchrotron radiation is the best suited 

source but it is limited in terms of pulse duration to the picosecond range.

Two   decades   ago   two   groups   showed   [1,2]   independently   that   interaction   of   a   intense 

femtosecond (fs) laser pulse with a gas target enables generation of high order harmonics (HOH). 

This discovery paved the way for fs studies in  the VUV and soft X ray domain. The highorder 

harmonic  generation   (HHG)   activity   at  BESSY  is   twofold.   A  first   experiment   is   optimized   for 

investigations of ultrafast molecular dynamics with time resolved spectroscopy (see contribution of 

Ph. Wernet  et al.  in this report). In this experiment we use a static gas cell, which is one of the 

possible technical solutions for HHG. But other setups such as a gas jet [3] or a glass capillary also 

denoted hollow core fiber [4] are possible. In order to investigate and compare the HHG efficiency of 

these different solutions while using the same laser, we chose to build, optimize and characterize a 

new HHG source based on a hollow core fiber in a second experiment. Both experiments aim at 

adressing science and technology of future free electron laser (FEL) sources.

Experimental results, theroritical modeling

The laser we used delivers pulses with energies up to 2,5 mJ and a duration of 60 fs (FWHM) 

at a 1 kHz repetition rate. The beam is focused by a 400 mm lens onto the capillary entrance. The 

alignment   is  achieved by maximizing  the  energy coupled   through  the  capillary  while  keeping a 

Gaussian beam profile. The capillary itself is a simple glass tube where the gas is injected via 2 

drilled holes. The aim is to get a homogeneous gas density along the beam path. The total, i.e. non 

monochromatized, photon flux was measured via a GaAs photodiode and a picoampermeter. The 
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fundamental IR laser beam  was blocked by a 150 nm thick Al filter. We also took images of the far 

field with a VUV CCD camera.

The main aim of the experiment was to determine the experimental parameters where the 

harmonic generation, i.e. the photon flux, is maximized. We have tested different diameters (200, 300 

and 400 µm) and lengths (1,2,3...10 cm) of the capillary. The nature of the gas and its pressure are also 

important parameters: we have used xenon and argon. Figure 1 shows an example for the generated 

photon   flux   as   a   function  of   gas   pressure.  The  quantum efficiency  of   the  diode   is  wavelength 

dependent but since we do not monochromatize the harmonics, we can only give an estimation of the 

measured total flux. With xenon (argon) we estimate to generate up to 5.107 (106) photons per pulse, 

with a 1 cm long 400 µm capillary. The efficiency is  comparable or even a bit higher than the one we 

obtained with the static gas cell.

In order to better understand the influence of the different parameters we simulated our results 

by using a simple 1D model [3]. This model enables to calculate the number of photons emitted for 1 

harmonic  on  the  propagation  axis   (figure 2).  Starting  from Maxwells   equations   it  describes   the 

propagation of both the fundamental laser and the harmonic beam. Even if this model is quite simple 

it   already  takes   into  account   several  parameters   such  as   the  microscopic   response  of   the  atoms 

(through calculated dipole moments), the effect of ionization of the medium, and the most important 

process on the macroscopic level: the phase matching between the fundamental and the harmonic 

field. This model is time dependent which allows us to take into account the fact that we deal with a 

Gaussian temporal profile.   As can be seen in figure 2 we obtain a qualitative agreement between 

measured and calculated photon flux. The differences between measured and calculated pressures can 

Figure 1: Photodiode signal as a function of  
pressure for xenon and argon. 

(fiber 8 cm long, 400 µm in diameter)

Figure 2: Caculated yield of harmonic 23 (hv=35 
eV) for xenon and argon. 

(fiber 8 cm long, 400 µm indiameter) 
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be explained by the fact that we did not measure the pressure in the capillary itself, but upstream in 

the gas line.

The   far   field   harmonic   beam   profile 

genrated with a 4 cm long fibre with 300 µm 

diamater shows a nearly Gaussian profile (see 

figure 3). The profile  is similar  for all   tested 

fibres.   We   measured   a   full   width   at   half 

maximum of 1.86 mm at a distance of 96 cm 

away from the source which gives a divergence 

of nearly 1 mrad. 

Conclusions and perspectives.

We have investigated and demonstrated that HHG with a capillary is an efficient source for 

ultrashort VUV pulses. The generation process and the influence of various parameters such as the 

nature of the gas and the diameter of the capillary could be approximated with a 1D model.

The next step will be to use a deformable optical miror in order to control the wavefront. By using an 

genetic algorithm we also hope to be able to enhance generation for the whole spectrum or for a 

specific harmonic. This could be combined with a more detailed model to get deeper insight into the 

HHG process. 

Finally, we are investigating the possibility to use the harmonic beam for ultrafast xray imaging or 

coherent scattering. Taking advantage of the good optical properties of the beam (small divergence, 

Gaussian   beam   profile)   we   are   planning   to   use   diffractive   optics   (i.e.   zone   plates)   to   achieve 

femtosecond time resolved imaging with a spatial resolution of a few hundreds of nm. 
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Figure 3 
Profile and 2D image of far field beam. 
(fiber 4 cm long, 300 µm in diameter) 
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Growth differentiation factors (GDFs) and bone morphogenetic proteins (BMPs) belong to 

the transforming growth factor-  (TGF- ) superfamily of multifunctional cytokines. Members 

of this superfamily control many steps of the embryonal development and are also crucial for 

organ homeostasis in the adult organism. Due to their involvement in the control of bone and 

cartilage formation several BMP proteins are already used in therapeutic treatments. Their 

importance for organ homeostasis however makes them an attractive target for the so-called 

regenerative medicine. 

Signaling of ligands of this superfamily is achieved by binding to two types of single 

transmembrane serine/threonine kinase receptor chains classified as type I and type II. 

Binding and activation of these receptors occurs usually via a sequential binding mechanism. 

The ligand binds first to its high-affinity receptor chain, depending on the ligand this can be 

either a type I or a type II receptor. Then the low-affinity receptor chain is recruited into the 

binary ligand-receptor complex initiating the intracellular signal cascade, e.g. via the SMAD 

signaling proteins. An interesting feature of all members of the TGF-  superfamily is that 

they can bind to more than receptor of a particular subtype. In addition a particular receptor 

can also bind more than one ligand. These special binding properties of members of the TGF-

 superfamily result in a pronounced promiscuity of the ligand-receptor interaction. It is thus 

especially remarkable that for some of the ligands receptor specificity is absolutely crucial 

(Sebald et al., 2004). GDF-5 binds to the type I receptors BMPR-IA and BMPR-IB with only 

a 10-fold difference in affinity, but only binding to BMPR-IB results in GDF-5 signaling 

(Nickel et al., 2005). This is related to observations in vivo that mutations in either GDF-5 or 

BMPR-IB (but not in BMPR-IA) result in a similar phenotypic disease called brachydactyly 

or symphalangism. 

We have crystallized two ligand-receptor complexes of GDF-5 bound to BMPR-IA and a 

chimeric variant of BMPR-IA resembling the BMPR-IB receptor. The complex of GDF-5 

bound to BMPR-IA was obtained by using a GDF-5 variant GDF-5R57A that exhibits a 10-

fold increased affinity for the BMPR-IA receptor. Interestingly despite the higher affinity this 

GDF-5 variant is still inactive in various cell-based assays showing that the lower affinity in 

the wildtype ligand-receptor interaction is not the reason for the lack of activity. The structure 
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of this complex could be determined from high-resolution data obtained at BESSY. The 

structure of the complex is highly similar to that of BMP-2 bound to BMPR-IA (Keller et al., 

2004). The location of the receptor on both ligands is almost identical, similar intermolecular 

polar interactions (H-bonds and salt bridges) suggest that recognition of the GDF-5 variant 

and BMP-2 by BMPR-IA is highly similar.  

 

Fig. 1: Structure of the complex of GDF-
5R57A (yellow) variant bound to two 
receptor ectodomains BMPR-IA (green). 
The N- and C-termini of the receptor 
ectodomains are indicated, both C-termini 
point towards the putative membrane 
surface. 

 

In order to understand whether binding and recognition of GDF-5 by BMPR-IA and BMPR-

IB are different, we have tried to crystallize the complex of GDF-5 bound to BMPR-IB, 

however, despite extensive screening all trials were unsuccessful so far. We have therefore 

used a chimeric variant of BMPR-IA in which all residues (18 residues) in the ligand binding 

epitope have been exchanged for those of BMPR-IB (Nickel et al., 2005). Analysis of the 

binding properties were tested with BMP-2 and GDF-5 showing that this chimeric variant 

(A3BEA6) exhibits all the binding properties of wildtype BMPR-IB and thus might be used 

as a model. Crystals of such a complex could be obtained, however initial analysis using 

molecular replacement techniques failed. We have therefore recorded a three wavelength 

MAD dataset using a Se-Met labeled GDF-5:A3BEA6 complex. Analysis of the complex 

structure is ongoing, but first results show that in both complexes the location of the receptor 

on the ligand is unchanged. The ligand itself seems not to adapt to the different receptor 

surface, but some parts of the receptor, BMPR-IA and the BMPR-IB-BMPR-IA chimera, 

exhibit different backbone and side chain conformations. The largest differences between 

both receptors are in the 1 2-loop and the short helical element (see figs. 2a,b). The latter is 

especially noteworthy since the helical element carries the main-binding determinants for the 

ligand-receptor interaction, thereby possibly explaining the differences in the binding 

affinities of the ligand to both receptor molecules. 
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Fig. 2: Segments of the receptors BMPR-
IA and BMPR-IA/BMPR-IB chimera 
that differ most in the ligand-receptor 
complex structures. The most prominent 
differences in the structures of both 
bound receptor molecules is the length of 
the helical element 1. In the receptor 
BMPR-IA the helix is longer and seems 
more stable, whereas in the chimera that 
resembles the binding properties of 
BMPR-IB this element is shortened. 
Since this element also carries the main 
binding determinants, this might explain 
the differences in binding affinities 
observed for the GDF-5 ligand receptor 
interaction. 

 
 
1. Keller, S., Nickel, J., Zhang, J.L., Sebald, W. and Mueller, T.D. (2004) Molecular 

recognition of BMP-2 and BMP receptor IA. Nat Struct Mol Biol, 11, 481-488. 
2. Sebald, W., Nickel, J., Zhang, J.L. and Mueller, T.D. (2004) Molecular recognition in 

bone morphogenetic protein (BMP)/receptor interaction. Biol Chem, 385, 697-710. 
3. Nickel, J., Kotzsch, A., Sebald, W. and Mueller, T.D. (2005) A single residue of GDF-

5 defines binding specificity to BMP receptor IB. J Mol Biol, 349, 933-947. 
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We propose a method for the determination of the effective mass attenuation coefficient and 
the effective atomic number, Zeff, of human nails using Synchrotron Radiation (SR) X-ray 
transmission.  In materials with complex structure and composition, such as biological samples, 
the effective atomic number Zeff is considered as the atomic number of an imaginary element that 
scatters and absorbs equivalently to the average of all the elements that comprise the nail1. 
Scattered radiation is used to evaluate absorption effects from light element matrix in biological 
materials. In the analysis of environmental, biological and geological samples, where the 
presence of low - Z elements dominates the absorption effects, the X-ray transmission method 
can be applied in order to get an estimation of the mass absorption coefficient of the irradiated 
mass and consequently the effective atomic number2.  

The studied samples are nails that were collected from thirteen donors at the Hospital of 
Venereal and Dermatological diseases of Thessaloniki.  Human nails, in a similar fashion to hair, 
are considered a modified type of epidermis that consists of compact layers of dead cells of 
epithelium formed by α – keratin.  Both materials can be used to monitor the concentration of the 
essential for the organism elements which, on the basis of their concentration, are usually 
grouped as major (e.g. Mg, Ca) or trace (e.g. Cu, Zn). Thus, human nails can be viewed as 
layered materials that consist of relatively heavy elements embedded in a light matrix.  In order 
to test the reliability of the applied method for the determination of the Zeff, a PET (Polyethylene 
Terephthalate) sample of known composition (C10H8O4) was used as a reference material.  The 
PET sample was chosen because polymers consist of light elements and thus mimic the nail 
matrix.  The thickness of the nails and the PET sample was measured using an electronic calliper.  
The X-ray transmission measurements were conducted at the KMC-II beamline.  The intensity of 
the transmitted X-rays was measured at 7.5keV and 10.5keV with the sample positioned normal 
to the beam.  The intensity of the impinging, I0, and the transmitted, I, beam was measured using 
two ionization chambers.  The I/I0 ratio was normalized with the corresponding ratio measured in 
the absence of any sample in order to account for the different characteristics of the detectors, as 
for example the internal and electronic amplification.  

The attenuation of the X-ray beam after penetrating a sample of thickness d and density ρ is 
given by Beer’s law I = I0exp[-ρd(µ/ρ)eff] [eq. 1].  The subscript “effective” is referred to the 
mass attenuation coefficient of the irradiated mass.  Thus, if the I/I0 ratio is experimentally 
determined and the ρd product is known, the effective mass attenuation coefficient can be 
calculated.  The value of the mass attenuation coefficient of an element is mainly determined by 
its atomic number.  For a sample of known composition the effective atomic number, Zeff, is 

defined as1 
∑

∑
=

i
ii

i
iii

eff Aw

ZAw
Z [eq. 2], where wi, Ai and Zi are the weight fraction, the atomic mass 

and the atomic number of the element i, respectively.  For a sample of unknown composition the 
Zeff can be calculated after interpolating the known µ/ρ values of the elements in a specific range 
of values of Z.  

As far as the PET sample is concerned the Zeff was calculated using equation [2] and is found 
equal to 6.81. The corresponding values of µ/ρ were determined using the law of Beer and the 
values of ρ= 1.37gr/cm2 and d= 0.021cm. The experimentally determined values of µ/ρ were 
found equal to 8.627±0.302 cm2/gr and 2.793±0.097 cm2/gr at 7.5 and 10.5 keV, respectively. 
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The Zeff of PET can be graphically determined from the µ/ρ versus Z plots shown in Fig. 1, which 
were constructed using the data of absorption coefficients published by Henke et al3, for elements 
with Z ranging from 1 to 10.  By performing least square fitting of the two curves shown in Fig. 
1, using polynomial functions for 4≤Z≤10, it is possible to determine the values of Z and the 
corresponding errors.  Indeed, by following this procedure it is shown that the Zeff of PET is equal 
to 6.947±0.071 and 6.679±0.068 at 7.5 and 10.5 keV, respectively.  These values yield an 
average of Zeff= 6.86±0.09 which is in very good agreement with the value of Zeff which is 
determined using the analytical equation [2].  Therefore, by following the same procedure, we 
can determine the Zeff of the nail samples. The variation of ln(I/I0) on ρd for all studied nails at 
the energies of 7.5keV and 10.5keV is shown in Fig. 2.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: Dependence of the mass attenuation 
coefficient on the atomic number of the first 10 
elements of the periodic Table at 7.5keV (open circles) 
and 10.5 keV (solid circles).  

Figure 2: Neperian logarithm of the I0/I as a 
function of the product of the density with the 
thickness of the nail samples at 7.5keV (solid 
circles) and 10.5 keV (open circles).  

 
The average effective mass attenuation coefficient of the nail samples can be determined from 

the slope of the curves shown in Fig. 2 and is found equal to 10.68±0.37 and 4.03±0.16cm2/gr, at 
7.5keV and 10.5keV, respectively.  The assigned errors are the uncertainties in the determination 
of the slope with the least square fitting method.  As in the case of the PET sample, the Zeff of the 
nails at 7.5 and 10.5keV can be determined from the curves shown in Fig. 1, either graphically or 
using the least square fitting method described above.  Indeed, the value of the Zeff is found equal 
to 7.399±0.077 and 7.539±0.090, at 7.5 and 10.5keV, respectively, resulting to an average Zeff 
equal to 7.47±0.07.  This value is very close to the Zeff of hair which was found equal to 6.73 with 
the application of a similar method4.  

The Zeff of human nail is also calculated analytically using equation [2] and by taking into 
account the mass fractions of the various amino acids that are present in the nails. The 
concentrations of seventeen amino acids in human nails, which range from 0.7-16.7 wt % have 
been reported previously5. In particular, these amino acids are alanine (C3H7O2N), arginine 
(C6H14O2N4), aspartic acid (C4H7O4N), cysteine (C3H7O2NS), glutamic acid (C5H9O4N), glycine 
(C2H5O2N), histidine (C6H9O2N3), isoleucine (C6H12O2N), leucine (C6H13O2N), lycine 
(C6H14O2N2), methionine (C5H11O2NS), phenylalanine (C9H11ON), proline (C5H9O2N), serine 
(C3H7O2N), threonine (C4H9O3N), tyrosine (C9H11O3N) and valine (C5H11O2N).  Using the 
concentrations of the various amino acids reported by Greaves and Moll the value of the Zeff is 
found equal to 7.47. These values are in very good agreement with the value of the Zeff that is 
determined experimentally with X-ray transmission measurements.  
 
1 R. P. Alvarez, P. Van Espen, A. A. Quintana, X-Ray Spectrometry, 33, 74 (2004).  
2 S. X. Bao, X-Ray Spectrometry 27, 332 (1998).  
3 B. L. Henke, E. M. Gullikson, J.C. Davis, Atomic Data and Nuclear Data Tables, 54, 213 (1993). 
4 H. Kubo, Phys. Med. Biol. 26, 867 (1981).  
5 M. S. Greaves, M. H. J. Moll, Clinical Chemistry, 22/10, 1608 (1976). 
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 Biotechnological applications show an ever-increasing need for surfaces permitting 

control over cell functions. These so-called "smart" surfaces are specifically engineered to 

provide solutions to particular challenges. One possible solution involves the use of engineered 

surfaces that permit better control of the cell environment and thus obtaining phenotype 

conservation and control over gene expression. It is known that most cell types do not adhere to 

hydrophobic polymer surfaces like polyethylene, polypropylene, polystyrene or PTFE. However, 

hydrophilic surfaces, for example those functionalized by plasma or VUV treatments, are known 

to promote cell adhesion. We report a promising novel material, nitrogen-rich plasma-

polymerised small hydrocarbons (PP:N), which are deposited on various substrates of interest, 

using an atmospheric pressure dielectric barrier discharge (DBD) apparatus [1]. Their 

characteristics, high nitrogen content and high surface energy, render them promising candidates 

for providing tailored solutions to the challenges described above. We have previously reported 

[1] that plasma polymerised ethylene films (PPE:N) with high nitrogen content ([N]) were 

particularly good at influencing cell processes. We demonstrated reproducible, selective adhesion 

for, e.g., U-937 human macrophages on PPE:N surfaces. We have also shown the critical 

importance of nitrogen concentration, [N], by correlating the adhesion of different cell types on 

surfaces with varying [N]. However, the mechanisms involved in these processes are still elusive. 

Given the high chemical complexity of PPE:N surfaces, careful analysis is required in order to 

proceed forward in our understanding of cell-surface interactions. In this case, the combined 

information yielded by many techniques is required in order to obtain a chemical mapping of the 

material's surface. In this short communication we demonstrate the effectiveness of near edge x-

ray absorption spectroscopy (NEXAFS) for that purpose. 
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 For the experiments reported here, PPE:N films were deposited on biaxially oriented 

polypropylene (BOPP) for cell culture experiments, on glass for XPS and FT-IR characterisations 

and on silicon wafers for NEXAFS. The atmospheric pressure plasma deposition system is 

described in detail in refs. [1]. Essentially it comprised a moveable aluminium plate electrode, on 

which substrates were uniformly coated by a dielectric barrier discharge (DBD). Using this 

apparatus, films containing a high and controllable total nitrogen content, [N], were deposited 

from the precursor gas mixture composed of nitrogen (N2, 10 slm) and a small hydrocarbon such 

as methane, ethylene or acetylene (CH4, C2H4, C2H2, from 10 to 60 sccm). The surface 

compositions of films were determined by XPS. Analyses of unsaturated groups were performed 

by NEXAFS (C, N and O K-edges) and FT-IR. Noteworthy is the partial characterization of 

chemical functionalities: derivatisation experiments have always given primary amine 

concentrations < 10% of [N]. Details of used cell culture methodology are available in refs. [1].  

 In order to demonstrate the great potential of PPE:N for cell culture and tissue 

engineering, a wide variety of experiments have been conducted, using nominally 200 nm of 

PPE:N with a certain N surface concentration, deposited on the substrate of particular interest. 

One of these experiments was testing the cell adhesion of U-937 macrophages. Coated substrates 

with [N] values ranging from 36.3% downward to 17.5% were then exposed to concentrated cell 

suspensions. Figure 1 show such micrographs of macrophages for the cases [N] = 25% and 23%, 

respectively. Obviously a "critical" value of nitrogen concentration, [N]crit, exists between 25% 

and 23%, a value below which this cell-type does not adhere to PPE:N. 

 

 

 

 

 

Figure 1: Cell culture results from refs. [1]: Adhesion of U-937 macrophages to PPE:N films on 
BOPP, after 1hr of culture: (C) 25% [N], (D) 23% [N] 
 

 Composition of PP:N films with regards to both elemental composition and specific 

functional groups was thoroughly investigated with the final goal to correlate cell adhesion with 

surface chemistry data. NEXAFS C, N and O K-edges were acquired at the HE-SGM beamline 
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for each of the PP:N films but, for length concerns, only the results gathered from PPE:N C K-

edges are shown as an example here. First results revealed that for all films the structures 

originating from alkenyl, imine and nitrile groups were identified in accordance with the 

literature and standard materials such as poly(acrylonitrile), as a nitrile reference, and 

poly(ethyleneimine) as an amine reference. Obviously, the surface concentrations of unsaturated 

N species exceed that of amines in many cases. With the help of N K-edge NEXAFS different 

unsaturated N species can be semi-quantitatively differentiated and the influence of plasma 

parameters on these features can be studied. It is expected that this information will promote the 

understanding of cell adhesion phenomena. 
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Figure 2: C K-edges of PPE:N films with [N] varying from 20% to 38%. The respective edges of 
the references poly(acrylonitrile), PAN, and poly(ethyleneimine), PEI, are given, too. 
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1. ABSTRACT 
Nowadays several drug delivery systems are available e.g. liposomes, lipid emulsion, micellar 
solution, nanoparticles, etc. This present work is based on these systems in order to 
understand deeply their structures during formulations. Finally the most suitable system for 
being used as a site specific delivery system of the model drugs can be chosen. The 
determination of the structure in nanoscale was performed by using synchrotron radiation in 
different instruments e.g. SAXS and X-ray microscopy.  
 
2. INTRODUCTION 
Different nano-delivery systems e.g. liposomes, niosomes, lipid emulsion, micellar solution 
and nanoparticles are available as drug delivery systems in the pharmaceutical field. 
Advantages and disadvantages of these systems are discussed in the literature [1]. However, 
there are only few systems which work as an active site delivery system. Therefore the target 
of the project is to find out the most suitable system for delivery of model drugs (hydrophilic 
and hydrophobic drugs). Formerly researchers have mostly used the classical techniques e.g. 
light scattering, electron microscopy, etc. in order to characterize these delivery systems. The 
interpretation of the structure in nanoscale is mostly built up on the approximation base on 
theory. In this project the modern characterizing techniques such as small angle x-ray 
scattering (SAXS) and x-ray microscopy were used additionally to the classical one and the 
results can provide a better understanding in nanoscale of the structure of these delivery 
systems [2]. The modern synchrotron sources, like BESSY II, with their intense and highly 
collimated x-ray beams and the development of suitable lenses, i.e. Fresnel zone plates, have 
involved that x-ray microscopy is a powerful imaging method in different application fields. 
Nowadays, x-ray microscopy offers a lateral resolution of about 20 nm. Moreover the 
measurements can be performed with wet samples with only small volume (~ µl). The 
structure of the core and shell of the wet systems e.g. micelles or nanoparticles can be 
determined. On the other hand the SAXS technique can give information about the secondary 
structure (gel-, liquid crystalline-, hexagonal phase) as well as the phase transition 
temperatures.   
 
3. MATERIALS  
Different nano drug delivery systems e.g. polymer micelles, lipid emulsion and liposomes 
were investigated in this present work.   
3.1 Polymer Micelles:  
The synthetic polymer N-phthaloylchitosan-grafted poly (ethylene glycol) methyl ether was 
used to entrap different drugs (hydrophilic and hydrophobic) by a dialysis method [3].  
3.2 Lipid Emulsion:  
In order to prepare lipid emulsion the medium chain triglyceride, lecithin, surfactant, drug and 
water were mixed together by the emulsification method [4].  
3.3 Liposomes:  
The dry film method was used to prepare liposomes from different phospholipids. Different 
drugs were incorporated into the liposomes [5]. 
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4. METHODS 
 
4.1 Small Angle X-ray Scattering (SAXS) 
The experiments were performed at the new SAXS instrument of the Hahn-Meitner Institute 
(7T-MPW-SAXS) installed at the synchrotron source BESSY in Berlin, Germany. The 
scattering patterns were acquired using a 2D position sensitive gas detector with delay line 
read out (Molecular Metrology). The samples (3.1-3.3) were measured at room temperature 
under vacuum conditions by using quartz capillaries of about 1 mm of thicknesses as sample 
holders (Fig. 2) at energy of 8000 eV. The resolution is about 1 nm. 
 
4.2 X-ray Microscopy  
The experiments were performed at the soft x-ray microscope (U41-TXM), BESSY, Berlin, 
Germany. About 5 µl of the sample (3.1) was placed in the sample holder (Fig. 4) and the 
thickness of the sample was adjusted to below 10 µm. The images were taken in amplitude 
contrast mode at the wavelength of 2.4 nm (~ 524 eV) at room temperature. The sample was 
placed vertically to the radiation with the dimension of maximum 3 mm. The lateral 
resolutions during the experiments were about 25 nm due to the objective in use. 
 
5. RESULTS AND DISCUSSION 
 
5.1 SAXS 
The x-ray scattering curve (Fig. 2) of the liposomes loaded with the drug lidocaine HCl (water 
soluble) shows two peaks at different Q-values. The peak positions differ after addition of the 
drug to the liposomes which means that the structure of the liposomes had changed. The 
similar result was shown with the SAXS data from the lipid emulsion (Fig 3). The scattering 
curve of the polymer micelles showed a broad spectrum which means that the micelles has an 
small unilamellar structure (data not shown).    
 

 

Peak 1; Q = 0.93, d = 6.74 nm 
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Figure 2: (a) SAXS data of liposomes loaded with the drug lidocaine HCl, the magnification 
of sample holders, (b) the repeat distance consists of lipid bilayer and water layer.    
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Figure 3: Lipid emulsion without drug (Q = 1.07 nm-1, d = 5.89 nm) and with the drug 
camptothecin (Q = 1.20 nm-1, d = 5.23 nm) studied by SAXS.  
 
5.2 X-ray Microscopy  
The direct imaging can give information of the structures formed by polymer micelles from 
chitosan loaded with a drug (Fig. 4). For this, x-ray microscopy will give additional input for 
the models of nano-delivery systems. 
 
 
 
 
 
 
 
                                                                      
 
 
 
 
          (a)      (b)         (c)   
Figure 4: (a) a sample holder for x-ray microscopy, (b) x-ray micrograph and (c) scheme of 
the structure of polymer micelles from chitosan loaded with a drug. It can be seen that the 
structure of polymer micelles has a core with a diameter of about 0.5 µm and the shell with a 
thickness of about 1.0-1.5 µm.   
 
6. REFERENCES 
1.Hillery, A.M., Lloyd, A.W. and Swarbrick, J. (Eds.), Drug Delivery and targeting for 
pharmacist and pharmaceutical scientists, Taylor&Francis, 2001 
2.Lindner, P. and Zemb, T., Eds. Neutrons, x-rays and light scattering methods applied to soft 
condensed matter. Elsevier B.V., Amsterdam, Netherland. (2004)  
3.Opanasopit, P., et al, European Journal of Pharmaceutics and Biopharmaceutics, 64(3):269-
76. (2006)  
4.Chinsriwongkul, A., et al, The 5th World Meeting on Pharmaceutics Biopharmaceutics and 
Pharmaceutical Technology, 27-30 March, Geneva, Switzerland. (2006) 
5.Kumpugdee, M., et al, Proceeding of the International Meeting on Pharmaceutics, 
Biopharmaceutics and Pharmaceutical Technology, 15-18 March, Nürnberg, Germany, 121-
122. (2004)      

1 µm

Sample holder

2 µm

253



In situ research of radiation damage of thin bio-molecular films 
 

Yu.S. Gordeev, V.M. Mikoushkin, V.V. Shnitov 
Ioffe Physical-Technical Institute, Russian Academy of Sciences, 194021, St.-Petersburg, Russia 

F. Alvarado, R. Morgenstern, T. Schlathölter   
KVI, Rijksuniversiteit Groningen, 9747 AA Groningen, The Netherlands 

S.L. Molodtsov,  D.V. Vyalikh   
Institut für Festkörperphysik, Technische Universität Dresden, D-01062 Dresden, Germany 

 
Abstract.  Modification of thin films of thymine and adenine was revealed under irradiation by synchrotron ra-
diation. The modification manifests itself in transformation of photoelectron spectra. It is accompanied by loos-
ing nitrogen and oxygen atoms. X-rays of different wavelength modify these molecules differently. Mechanism 
of the modification includes molecular excitation by a swarm of secondary electrons generated by photoelec-
trons.  

The project was supported by the bilateral program “Russian-German Laboratory at BESSY” and by the 
Russian Academy of Sciences (program “Influence of atomic structure on the properties of condensed matter”, 
project 2.14, and “Quantum nanostructures”, project 5-22). 
 
 
Introduction  

Radiation damages of bio-molecules play an important role in the life of cells. However, 
mechanisms of the damages are not completely clear yet. Ionization and electron excitation of 
molecule were considered to be important stages of the damage generation. An essential role 
of photoelectrons and secondary electrons can be assumed in this process. Indeed, attachment 
of low energy electrons (0-20 eV) was found to induce dissociation of DNA building blocks 
such as the nucleobases uracil and thymine [1]. Similar resonances as found for electron in-
duced nucleobase dissociation have been observed before in study of low energy electron in-
duced single- and double-strand-break formation of plasmid DNA deposited on surfaces [2]. 
It is now known that even electrons of almost zero kinetic energy can induce single strand 
breaks [3]. It might be concluded from the similarity between the nucleobase and the plasmid 
DNA results that one important step in biological radiation damage is dissociative electron at-
tachment to single nucleobases. Pioneering studies of the last few years [e.g.1-3] showed that 
investigations focusing on the molecular level are an excellent tool to understand the basic 
processes involved in biological radiation damage. To clarify mechanisms of radiation dam-
ages, one needs in situ control of element composition, chemical state of atoms and electron 
structure of bio-molecules. There are only a few of such studies. Using electron and adsorp-
tion spectroscopy for such in situ control was a methodological approach of this research. Sci-
entific goal of our project was to reveal changes in bio-molecular films under synchrotron ra-
diation (SR) and to get information about mechanisms of creation of SR- induced damages.  

 
Experimental details 

The experiment has been carried out at BESSY using the plane-grating monochromator 
(PGM) beamline and the experimental facilities of the Russian-German laboratory. Experi-
mental technique of in vacuum fabrication of thymine and adenine films was developed. 
Films of these nucleobases were grown on the silicon (100) surface cleaned by annealing up 
to 1100 oC. The films were repeatedly exposed to different doses of non-monochromatic SR 
provided by a “zero-order” mode of the PGM or of monochromatic SR with photon energy hν 
=150 eV. Photoelectron spectra of the thymine and adenine films were measured in parallel 
with near edge x-ray absorption fine structure (NEXAFS) spectra, to our knowledge for the 
first time. Spectra were measured repeatedly after each of the radiation exposure.  
 
Transformation of photoelectron valence-band spectrum of thymine under SR  

Modification of thymine (C5N2O2H6) and adenine (C5N5O2H5) was revealed under irra-
diation by both monochromatic x-rays and non-monochromatic SR. Rapid changes in XPS 
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and NEXAFS spectra were observed in the first 
several minutes even under low intensity mono-
chromatic irradiation. The fact of rapid modifica-
tion should be taken into account in obtaining cor-
rect information about electronic structure of pris-
tine bio-molecules.  
 
Fig.1.  Photoelectron valence-band spectra of thymine corre-
sponding to pristine (1) and irradiated by monochromatic SR 
[hν = 150 eV] (2-4) films.  
 

Fig.1 shows transformation of photoelectron 
valence-band spectrum of thymine under irradiation 
by x-rays with the energy hν = 150 eV and inten-
sity Io < 6*1011 photons/s1mm2. Curve 1 corre-
sponds to pristine film. Curves 2-4 correspond to 
increasing radiation doses. X-rays with the same 
energy were used to measure the spectra. Fig. 1 

demonstrates drastic (3.5 eV) rigid shift of all molecular peaks to higher binding energies (to 
the left) and essential decreasing (1.75 times) the intensity of the nitrogen (N2s) and some of 
the carbon derived (2 and 3) signals. Dependence of the peak position on the irradiation dose 
is shown in Fig.2. The dependence is described by two exponents evidencing two stages of 
the modification. The dose dependence of nitrogen concentration (not shown here) is also de-
scribed by two exponents in the same dose intervals. Therefore the conclusion was made that 
the observed line shift is strictly connected with loosing nitrogen atoms, some of which can 
remain in the film as interstitial atoms. As a result, the ring hexagon structure of the molecule 
must be broken and can be transformed into pentagon ring. New states affecting the position 
of the Fermi level can be created, which can be one of the reasons of the observed rigid line 
shift. Taking into account the direction of the shift, these states are the n-type ones, e.g. that 
of N interstitial atoms.  
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One should notice that thymine film is a dielectric material with the band gap Δ=5.2 eV. 
Therefore photoelectron spectrum of pristine film (curve 1) is shifted to higher binding ener-
gies (to the left) due to static positive charging the film being initiated by photoionization. 
The charging line shift was estimated from Fig.1 to be 5.0 eV (if the Fermi level is in the 
middle of the band gap). Defect creation could enhance the conductivity, reduce charging and 
the observed line shift, but this is not the case according to Fig.1. Moreover, n-type state gen-
eration can be responsible only for a part of the observed line shift (Δ/2=2.6 eV). The possi-

bility of radiation induced creation of the 
substance with higher dielectric properties 
must be assumed to explain the observed 
line shift by increasing charging the mate-
rial.   
 
Fig.2. Dependence of the peak position (1) on the ir-
radiation dose of x-rays with the energy hν = 150 
eV.  
 

Modification of thymine under much 
more intensive “zero-order” SR looks quite 
differently. Fig.3 shows the transformation 
of the valence-band photoelectron spectrum 
of thymine. Curve 1 is the reference curve 

255



corresponding to the film irradiated by monochromatic SR (curve 4 in Fig.1). Curves 2-5 
were measured after irradiation with increasing 
doses of “zero-order” SR. One can observe drastic 
line shift to the lower binding energies, that is to 
the different direction as compared to the mono-
chromatic irradiation case. Redistribution of the 
line intensities evidencing for  
 
Fig.3. Photoelectron spectra of the thymine valence band. 
Curve 1 corresponds to the film irradiated by monochro-
matic SR. Curves 2-5 correspond to increasing “zero-order” 
irradiation doses.  
 
loosing nitrogen, and oxygen atoms is also seen. 
Finally, contribution of quasi-continuous back-
ground, new carbon-derived line (CC) and quasi-
metallic shape of photoelectron spectrum in the 
vicinity of the Fermi level arise. This background 
and new lines are related to the phase of some 
kind of conductive amorphous carbon, which is 
confirmed by the appearance of the satellite line in 

the C1s core-level spectrum corresponding to C=C bonds. The constant energy position of the 
new line evidences for the absence of the static charging in this stage of the film modification. 
Thus, creation of p-type states (e.g. C- interstitial atoms) and diminution of static charging 
due to formation of the phase of amorphous carbon  might be reasons for the observed line 
shift.  
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Analogous modification of adenine under monochromatic and non-monochromatic SR 
was observed. The first quick stage of the dose dependence is finished at the value of about 
1*1015 ph/mm2 (Fig.2). Taking into account the cross section of the valence electron 
photoionization σ ~ 2*10-19 cm2, the density of ionized atoms was estimated to be 1019 1/cm3, 
that is less than 1% of the material atoms. Therefore x-ray can’t be a direct cause of the ob-
served modification with loosing 20% of nitrogen atoms. Indeed, x-ray can’t neither directly 
eject molecular atoms no directly excite valence electrons to initiate the first step of the mo-
lecular fragmentation. Therefore, the conclusion was made that thymine is modified by pho-
toelectrons and by a swarm of secondary electrons. Electrons can excite anti-bonding states or 
can heat the molecule through electron-phonon interaction followed by evaporation of atom 
or fragment. Contrary to monochromatic x-rays, “zero-order” SR can directly excite valence 
electrons by ultra-violet or indirectly by photoelectrons of higher energies. This difference 
can be a reason of quite different modification behavior for these two types of SR: different 
wavelength or different energies of photoelectrons influence different atomic cites of the nu-
clear-bases.          

Thus, modification of thymine and adenine was revealed under irradiation by both 
monochromatic and non-monochromatic (“zero-order”) synchrotron radiation for the first 
time. Modification is induced mainly by a swarm of secondary electrons and is accompanied 
by ejection of nitrogen and oxygen atoms. SR of different wavelength regions modifies these 
bio-molecules differently.  
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The shikimate pathway leading to chorismate as an intermediate compound in the 
production of aromatic aminoacids is essential for Mycobacterium tuberculosis 
(Parish and Stoker, 2002). The absence of the shikimate pathway in mammals 
makes the enzymes involved in it to interesting targets for a possible rational design 
of new antimicrobial drugs. Shikimate kinase, a P-loop kinase, catalyzes the ATP-
dependent phosphorylation of shikimate (SKM) to shikimate-3-phosphate (S3P) as 
the fifth step of the pathway. In order to provide a structural basis for a detailed 
understanding of the catalytic functioning on a molecular level, we investigated 
enzymatic reaction states of shikimate kinase from M. tuberculosis (MtSK). After 
having determined several crystal structures of MtSK in different ligandation states 
on the basis of cocrystallizations, we systematically explored possibilities to initiate 
the enzymatic reaction in crystals by soaking techniques and study phosphoryl 
transfer 3D. These exploratory experiments were carried out at the BESSY PX 
beamline BL14.1 and at the MPG beamline BW6 at DORIS. Diffraction data sets 
were measured under a number of different soaking and timing conditions, aiming to 
achieve high populations of intermediate states of catalytic turnover in the crystalline 
enzyme. 
 
In the end we succeeded in starting a productive enzymatic reaction by diffusing 
MgATP into crystals of MtSK in complex with SKM. The initial structure exhibited a 
fully occupied SKM molecule bound to the ESB domain and a sulfate ion interacting 
with the P-loop. Flash-freezing of crystals after a number of different time points after 
soaking with ATP, the enzyme was trapped in two different intermediate states. The 
first showed the enzyme immediately after the catalytic step in complex with the in-
situ formed products S3P and ADP. The second corresponded to the state after 
release of ADP to the solvent. The knowledge of the structures immediately before 
and after initiation of the enzymatic reaction in the crystal provided the basis for 
identifying the reaction as a predominantly associative in-line phosphoryl transfer 
(Hartmann et al., 2006) depicted in Figure 1. We further identified domain motions, 
which are required for proper orientation of the substrates for phosphotransfer and of 
the products prior to stepwise release, and synergic effects in the random sequential 
substrate binding. 
 
The work was supported by the Bundesministerium für Bildung und Forschung, 
BMBF/PTJ, under grant number BIO/0312992A (to H.D.B.). 
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Figure 1:   
Structural model of the phosphoryl transfer of the transition state for in-
line associative phosphoryl transfer from crystal structures determined 
immediately before and after the catalytic reaction in the crystalline 
state. The P- loop is shown as a grey ribbon. 
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1 Introduction 

The goal of the overall work of our project is to describe the mineral structure of newly 
formed bone surrounding implants in comparison to bone which was present before im-
plantation but not influenced by the surgical procedure. An osteoporotic animal model 
with and without a hormone therapy was investigated. To describe mineral structure, the 
data of different analytical methods have to be combined to gain information on different 
hierarchical structure levels (mm to chemical relationships). In this study, based on 
SRµCT-data, mechanical properties of bone mineral should be determined two-dimen-
sionally as a function of the conditions ’healthy’, ’osteoporotic’ and ’hormone treated os-
teoporotic’ with the help of nanoindentation measurements for selected areas of exam-
ined explants. Additionally, the influence of the implant biofunctionalisation on the char-
acteristics of the mineral phase should be investigated. New knowledge is expected for 
the osseointegration of biofunctionalised titanium implants for normal as well as disor-
dered bone regeneration.  

2 Materials and Methods 

Ovariectomised rats with and without hormone treatments were used as the animal 
model. Titanium wires with a diameter of 0.8 mm with biofunctional coatings of collagen-
type I + chondroitin sulphate (CS), CS + Bone Morphogenetic Protein 4 (hBMP-4) and a 
blank control (cp-Ti) were placed in the tibia of ovariectomised rats for 4 weeks. After the 
animal experiments, the rat tibiae were freed from adherent soft tissue, fixed in parafor-
maldehyde and dehydrated in a series of ethanol solutions with gradually increasing 
ethanol content. The embedding was performed in Polymethylmetacrylate (PMMA). At 
the BAMline (BESSY II) 24 specimens in total, with 4 samples for each condition, were 
evaluated with Synchrotron Microcomputed Tomography (SRµCT). For each sample 
720 x-ray attenuation projections with a local resolution of 11 µm were acquired using an 
x-ray energy of 30 keV. After investigation with SRµCT, the specimens were cut within 
the measured CT-volume perpendicular to the bone length axis in 1 mm thick sections 
with an IsoMet low speed saw (Buehler GmbH, Düsseldorf, Germany). To locate differ-
ences in bone mineral density with an environmental scanning electron microscope 
(ESEM, QUANTA 600F, FEI, Hillsboro, USA) micrographs were made for each slice 
(Fig. 1). The nanoindentations were performed in a grid-like manner with a spacing per-
pendicular to the sleeve boundary of 10 µm and of 50 µm parallel to the sleeve. Af-
terwards, the reliability of the indents was checked with the ESEM. In order to obtain a 
suitable sample surface by the polishing process it was necessary to remove the im-
plants. Afterwards the cavity of the former implant site was filled with Loctite 9434 (Hen-
kel, Munich, Germany). 
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The nanoindentation was performed with a Triboindenter nanomechanical test instru-
ment (Hysitron INC., Minneapolis, USA) equipped with a Berkovich diamond tip and cou-
pled with an atomic force microscope (Nanoscope III, Digital Instruments). The in-
dentations were perfor-
med with a maximum 
load of 5000 µN. The 
loading/unloading curves 
were used to calculate 
the reduced E-modulus 
(E*). In order to transfer 
the x- and y-coordinates 
of the selected bone ar-
eas from the BSE im-
ages to the nanoindenter 
system, AFM-imaging 
(contact mode) was per-
formed after a rough po-
sitioning with the instru-
ment optics. After identi-
fying osseous structures 
on AFM images, it was 
possible to determine the 
exact indenter position 
over the selected region 
of interest (ROI). The mechanical property maps created were digitally overlaid and 
matched with the BSE images of the same area (Fig. 3). 

3 Results and Discussion 

The SRµCT reconstruction of the explants shows a detailed visualisation of bone forma-
tion around the titanium implants (Fig. 2). Assigning different colours to the attenuation 
(grey levels) of mineralised bone, local areas of higher (orange) and lower (yellow) min-
eral content are visible. The colour maps for the reduced E-moduli (E*) of the hard tissue 
around the implant are in good relation to the density differences found in the SRµCT- 
and ESEM-visualisations. The local areas of a higher and lower mineralization degree, 
which can be recognized by means of SRµCT and SEM (Fig. 2 and 3), correspond with 
highly stiff areas (stiffness: 20.5 – 24.7 GPa) and areas with lower stiffness (9.6 –
 15.9 GPa) respectively, 
as shown in the related 
colour maps (Fig. 3). The 
mean value of E* with 
19.45 ± 3.49 GPa for the 
newly formed bone 
around the implant shows 
a similar stiffness to the 
highly mineralized cortical 
bone (19.69 ± 1.92 GPa). 
In the present study we 
were able to show that 
the E*-moduli of statio-
nary and newly formed 
cortical bone is in the 

 

Figure 1: ESEM and histological images of tibial Diaphysis in an 
ovariectomised rat (sample CSO-481 with removed implant, H&E 
stain, original magnification 25x). 

 

 

Figure 2: SRµCT reconstruction of a titanium wire (black, diame-
ter = 0.8 mm) coated with collagen and chondroitin sulphate in-
side a tibia of an ovariectomised rat after a healing time of 
4 weeks (sample CSO-481). 
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range of the stiffness for stationary trabecular bone in ovariectomized rats which is given 
by the literature (15.8 -21.0 GPa [1]). 

Using the E* values of the embedding material (E*-PMMA: 4.82 ± 0.21 GPa) as a 
reference value, we could prove the reliability of mechanical tests found in the literature 
(4.0 – 5.4 GPa [2]). The next steps in our investigations are to find out if there are re-
lationships between the type of bone regeneration and/or biofunctional coatings and the 
mechanical properties of the newly formed bone around the implants. SAXS- and FT-IR-
measurements should furthermore expand the understanding of the mineralisation 
process with this osteoporosis model. 

4 Acknowledgements 
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Figure 3: Imaging of the reduced E-modulus (E*) in 3 different ROI’s of the sample CSO-481 
after removal of the implant from inside a tibia of an ovarectomised rat after a healing time of 4 
weeks.  
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1. Introduction 
Recent world events have increased the interest in powerful detection methods for explosives 
and their precursors as well as chemical warfare agents (CWAs). But also drugs and their 
precursors are interesting to trace. It is security relevant to identify lowest concentrations of 
these substances not only in public transit terminals but also for identifying illegal drug labo-
ratories or to discover land mines.  
The main difficulty is that these security relevant substances appear in very low concentra-
tions due to their low vapor pressures One possibility to increase the concentration in a gase-
ous matrix is to increase the temperature. This implies that solid samples have to be taken and 
vaporized at high temperature. Wipe test desorbers, known from airports, are based on this 
technique. Thereby the surface of a suspicious object is wiped with a swab. This swab is put 
inside a thermal desorber where it is heated up and the substances on the swap vaporize into a 
hot flushing gas like nitrogen. As a result relatively high concentrations of the substances can 
be generated. 
Unfortunately, not only the trace substances are collected on the swab but also a large amount 
of other substances in much higher concentrations leading to a complex matrix containing 
besides the flushing gas e.g. oils and fats. Thus, a separation of the matrix from the relevant 
trace compounds is necessary for a sensitive detection. 
A possibility to detect low concentrations of different substances in complex matrices is sin-
gle photon ionization mass spectrometry (SPI-MS). This method uses vacuum ultraviolet 
(VUV) photons for soft photon ionization. Thereby a single photon is absorbed by the mole-
cule and if the photon energy is higher than the ionization potential (IP) of the molecule, an 
electron is separated. The charged molecule can then be detected by the mass spectrometer 
(MS). Hence, substances with an IP higher than the photon energy are not ionized and not 
detected. Most matrix molecules like nitrogen (IP = 15.58 eV), oxygen (IP = 12.06 eV), car-
bon dioxide (IP = 13.77 eV) and water (IP = 12.62 eV)[1] have relatively high IPs. If the IPs of 
the security relevant substances are all below the IPs of the matrix components, it is possible 
to use an intermediate photon energy, thus, the matrix elements would not be ionized. This is 
very favorable as a high density of ions causes unwanted ion scatter and space charge effects 
in the MS resulting in an increase of the limit of detection (LOD) for the trace compounds due 
to high noise signals. 
Choosing a photon energy just above the IPs of the relevant substances will have another ad-
vantage. Only little additional energy is transferred to the molecule resulting in little fragmen-
tation (soft ionization) as the appearance energy (AE) of many fragments is not reached. The 
advantage of such a soft ionization technique is that the number of unwanted fragment signals 
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Fig. 1: Measurement Setup 

in mass spectra is reduced. Therefore labeling of signals from complex mixtures is more 
likely. 
For soft ionization of trace compounds a wavelength between their IPs and the lowest IP of 
the matrix elements has to be applied. Unfortunately, for most security relevant substances the 
IPs are not known from literature. Therefore, the IPs of several security relevant substances 
were determined in this work. To detect the IPs, SPI spectra at various photon energies be-
tween 7 eV and 11.8 eV (177 nm–105 nm) were recorded and the onsets of the molecular ion 
peaks were determined.  
The measurements described in this work were performed by using monochromatized syn-
chrotron radiation from the “Berliner Elektronenspeicherring-Gesellschaft für Synchrotron-
strahlung” (BESSY). The Federal Criminal Police Office of Germany provided 10 different 
drugs and drug precursors, 12 explosives and related substances as well as DIMP and DMMP 
as simulants for CWAs.  

2. Experimental Method 
To obtain SPI spectra at different wave-
lengths, a time of flight mass spectrometer 
(TOFMS) was installed behind a mono-
chromator at the beamline U125/2-NIM of 
BESSY[2]. The 10 m normal incidence 
monochromator was designed for photon 
energies from 10 eV to 40 eV, but for the 
measurements performed here energies be-
tween 7 eV and 11.8 eV were used. Unfortu-
nately, in this range some photons with 
wavelengths of higher order appeared which 
had to be blocked using a LiF-window. 
The experimental setup is shown in Fig. 1. 
The gas streamed through a heated capillary 
(200 °C) effusively into the ion source where 
the security relevant substances were ionized 
by the VUV synchrotron photons. The ions 
were mass separated and detected with a 
reflectron time of flight mass spectrometer 
described in [3]. For determination of the 

IPs, it was necessary to maintain a constant concentration of the substances while recording 
the spectra. Two home made standard gas generators were used for that purpose. 

3. Results and Discussion 
Using the standard gas generators mentioned above concentrations of the substance could be 
held constant during the measurements. Thus photo ionization efficiency plots (PIEs) could 
be generated from single spectra at different wavelengths. Therefore signals were integrated, 
divided by the respective VUV light intensity and displayed vs. photon energy. 
Finally, the lowest photon energy where the molecular ion could be detected was taken as IP. 
Unfortunately, for some substances the molecular ion peak could not be seen. However by 
determining the AE of a main fragment a rough estimate of the IP could be found. For the 
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Fig. 2: a) EI spectrum [1],  
 b) SPI spectrum and  

c) PIE plot. 

selection of the fragment it had to be ensured, that it is a photo ionization fragment and not a 
thermal decomposition product. Therefore only peaks which could be found in high levels in 
the EI spectrum as well were selected.  
Due to the rather low signal to noise ratio 
and the width of the wavelength steps the IPs 
and AEs are not more accurate than 
± 0.1 eV. This could have been improved by 
averaging more spectra at each wavelength 
and reducing the step width. Unfortunately, 
the beam time and the availability of the 
security relevant substances were limited 
and therefore the averaging time at every 
wavelength step was 10 s with 0.1 eV steps. 
Fig. 2 shows exemplarily the EI spectrum 
with 70 eV [1], a SPI spectrum measured at 
BESSY as well as the PIE plot of 2,4-DNT. 
It is a decomposition product of TNT. Due 
to its higher vapor pressure it is used to de-
tect TNT. 
The molecular ion peak (182 amu) appears 
at 10.0 eV which therefore is assigned as its 
IP (Fig. 2c) and it remains the main peak up 
to 10.6 eV. At higher photon energies three 
fragments at m/z = 119, 165 and 167 appear. 
All three fragments are present in the EI-
Spectrum, as well. The signal at 119 m/z is 
caused by the separation of NO2 and OH 
from the molecule. The fragment m/z = 165 results from the loss of OH and the one at 167 m/z 
results from a loss of the CH3-group. 
As a summary of our measurements it can be said, that despite the problems with the low 
concentrations due to the low vapor pressure of the security relevant substances we were able 
to determine 12 new ionization potentials and to verify 6 known ones. None of the measured 
IPs was standing in discrepancy with available data from the NIST data base[1]. For 7 sub-
stances only the AEs of fragments could be determined.  
It can be concluded, that the IPs of the drugs are in the interval of 7 eV to 10 eV and the IPs 
of the explosives are in the interval from 8 eV to 11 eV. Hence, all yet known IPs from secu-
rity relevant substances can be found below the IPs of the most common matrix molecules, 
amongst them oxygen shows the lowest with 12.06 eV [1]. According to this it is possible to 
find a photon energy so that substances of interest can be detected in very low concentration 
without being screened due to the shielding of the matrix molecules. 

4. References 
[1] G. Mallard et al., National Institute of Standards and Technology (NIST): 

http://webbook.nist.gov/chemistry, Vol. 2000, NIST database 
[2] G. Reichardt et al., Nuc. Inst. a. Meth. in Phys. Res. Sec. A, Vol. 467-468, Part 1, 21 July 2001, P. 462-465. 
[3] F. Mühlberger et al., Analytical Chemistry 2005, Vol. 77, P. 7408-7414. 
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Introduction 

Living cells are separated from their surrounding by lipid bilayer membranes which fence off 
the interior of the cell, the cytosol, from the outside world. In addition, the cells of all higher 
organisms contain specialized compartments which are separated from the cytosol also by 
lipid membranes. The exchange of proteins and other molecules between different compart-
ments or between the cell and the outside world is achieved by vesicular transport. The whole 
process of transporting a vesicle with a specific cargo from a donor compartment to an 
acceptor compartment can be considered a functional module [1]. The different trafficking 
pathways in eukaryotic cells are all organized based on the same underlying principle, but 
differ in their components. The individual steps that are required to fulfill this complex task 
are carried out by submodular entities, which work together in a coordinated concert. These 
include the sorting of cargo, budding and scission of the vesicle from the donor membrane, 
uncoating, and tethering, docking and membrane fusion at the acceptor compartment 
(Figure 1). Main regulators of vesicular transport are the Arf GTPases, which control vesicle 
budding, and the Rab GTPases, which coordinate membrane fusion. 

 

Fig. 1: The functional modul of 
vesicular transport can be 
dissected into submodular entities 
that constitute of conserved sets 
of proteins (after [1]). 

We are interested in the TRAPP (Transport Protein Particle) tethering complex which is 
involved in the transport of vesicles from the endoplasmic reticulum (ER), where proteins are 
synthesized, to the Golgi network, where proteins are further processed. TRAPP was shown 
to interact with ER-derived vesicles and to promote nucleotide exchange of a regulatory 
protein, the Rab-GTPase Ypt1p. 
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The TRAPP subunits Bet3 and Tpc6 form a heterodimeric subcomplex of TRAPP 

We had previously determined the crystal structures of the TRAPP subunits Bet3 [2] and 
Tpc6 [3] (Figure 2). Both proteins revealed a novel α/β-plait protein fold: the secondary 
structural elements are arranged in a topology constructed by a twisted, antiparallel, four-
stranded β-sheet on one side, with helices forming the other side of the structural motif. Bet3 
and Tpc6 form homodimers, which primarily involves the interactions between the helices α1 
and α2. In spite of only 17% sequence identity, the superposition of the α-carbon backbones 
of the monomers of both proteins shows high similarity. Differences in structure are mainly 
confined to the loop regions, whereas the α/β-plait cores of both proteins show little diver-
gence. The similarity between Bet3 and Tpc6 is especially prominent at the dimerization 
interfaces of the proteins leading to the intriguing possibility of a heterodimerization between 
Tpc6 and Bet3. Heterodimerization could be demonstrated by in vitro and in vivo association 
studies [3]. We pursued the crystallization of the heterocomplex of both proteins that was 
postulated based on these structural and biochemical data [4]. 

 

Fig. 2: Structure of the Bet3:Tpc6 
complex. (A) Bet3 and (B) Tpc6 
monomers as they are observed in the 
homodimer crystal structures are shown 
in comparison to (C) Bet3:Tpc6 with 
labeled secondary structure elements. 

The structure of the Bet3:Tpc6 complex closely resembles the model proposed before (Figure 
2). Only limited structural rearrangement in the α1-α2 loop region of Tpc6 when compared 
with the homodimeric structures is observed. This leads to the formation of a groove in the 
heterocomplex that might represent a binding interface for a further TRAPP subunit or inter-
acting protein. The buried surface area of the heterocomplex is smaller than that of Bet3  and 
similar to that of Tpc6 homodimers. Instead, more polar contacts are formed in the hetero-
dimer, of which a conserved salt bridge between Bet3 Arg62 and Tpc6 Asp3 is the most 
prominent. These polar interactions seem to be responsible for a stabilization of the hetero-
dimer compared with the homodimers as seen with the coexpression of Bet3 and Tpc6 which 
favored the formation of heterocomplexes.  
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A conserved surface patch of Tpc6 might mediate membrane association of TRAPP 

Crystallographic studies have revealed the existence of two Tpc6 paralogs A and B that both 
can form a stable heterodimeric complex with Bet3 [3, 5]. Further experiments showed 
similar expression levels of both tpc6 paralogs and that both isocomplexes are able to partici-
pate in TRAPP complex formation.  
Sequence comparison of TPC6 paralogs and orthologs led to the identification of a conserved 
surface patch with uncharged pockets that, according to the current model, faces towards the 
membrane. Interestingly, the conserved patch is located at a structurally similar position 
where the entrance to a hydrophobic channel, which has been suggested to be involved in 
membrane association of TRAPP, is found in Bet3. Biochemical and genetic data show that 
the yeast Tpc6 homolog is indeed able to recruit Bet3 to the membrane and to suppress the 
growth defect of Bet3 mutants lacking proper membrane localization [5].  

 

Fig. 3: (A) View on the 
conserved surface patch of Tpc6. 
Bet3 is colored cyan and Tpc6 
red, with conserved and residues 
of Tpc6 highlighted green and 
yellow. (B) Electrostatic potential 
map revealing two uncharged 
pockets (P1 and P2). 

These studies suggest that Tpc6 helps anchoring Bet3 to a proposed anchoring moiety with 
residues located in the conserved patch of Tpc6. We envisage that the patch is involved in 
recruitment of TRAPP to the Golgi membrane via the interaction with an anchoring protein 
that might be the same moiety that binds to Bet3. This model could explain the additional 
contribution of Tpc6 for membrane binding of TRAPP, and the identification of the conserved 
patch might help find the anchor protein for TRAPP at the Golgi. 
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Bacterial cold shock proteins (CSP) regulate cellular adaptation to cold stress. Functions 

ascribed to CSP include roles as RNA chaperones [1] and in transcription antitermination [2]. 

Using the BESSY PX beamlines 14.1 and 14.2 we have determined structures of the cold 

shock proteins Bs-CspB of Bacillus subtilis and Bc-Csp of Bacillus caldolyticus both com-

plexed with hexathymidine DNA single strands at resolutions of 1.78 Å and 1.29 Å, 

respectively [3-5]. These are the first reported structures of proteins with cold shock domain 

in complex with an oligonucleotide ligand. In both structures, individual binding subsites 

interact with single nucleobases through stacking interactions and hydrogen bonding. The 

sugar-phosphate backbone and the methyl groups of the thymine nucleobases remain solvent 

exposed and are not contacted by protein groups. Fluorescence titration experiments moni-

toring the binding of oligopyrimidines reveal binding preferences at individual subsites and 

allow the design of an optimised heptapyrimidine ligand, which is bound with subnanomolar 

affinity. Based on crystallographic and biochemical studies of deoxyoligonucleotide binding 

to CSP, we suggest a common mode of binding of single-stranded heptanucleotide motifs to 

proteins containing cold shock domains, including the eukaryotic Y-box factors (Figure 1). 

In addition to ligand binding, web observed a remarkable structural transition: Bc-Csp 

in the dT6-complexed structure adopts the conformation of a domain-swapped dimer in which 

β-strands 1 to 3 associate with strands 4 and 5 from the other subunit to form a closed β-barrel 

and vice versa (Figure 2). The globular units of dimeric Bc-Csp closely resemble the well 

known structure of monomeric CSP. The structural re-organization from the monomer to the 

domain-swapped dimer involves a strictly localized change of the peptide bond linking Glu36 

and Gly37 of Bc-Csp. Similar structural re-organizations have not been observed in any other 

CSP or OB-fold structures. Each dT6 ligand is bound to one globular unit of Bc-Csp via an 

amphipathic protein surface. Although a similar arrangement of cold shock proteins has not  

yet been reported in solution, this rearrangement emphasizes their great structural flexibility 

and needs to be further analyzed in the context biological function. 
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Figures 
 
Figure 1: The ligand-binding surfaces of 
CSP and Y-box proteins are highly con-
served. Most residues forming the ligand 
interaction site are conserved on the level of 
at least 75% identity (dark green) and simi-
larity (light green). Invariant regions which 
originate from the protein backbone are 
colored light blue. In total 7 nucleobase 
binding subsites were identified which can 
interact with a single thymine-based hepta-
nucleotides (sticks). 
 
 
 
 

 

Figure 2: Crystal structure a the domain-
swapped  Bc-Csp·dT6 complex. a) The DNA 
strands (backbone - red, bases - beige) bind 
to globular units of a swapped Bc-Csp dimer 
(chain A - green, chain B - blue). Each glob-
ular unit is composed of residues 1-35 and 
38-66 of two different protein chains. The 
base of the terminal nucleotide T6 occupies 
two different positions in chain D (dotted 
arrow). b) The region of the domain swap in 
chain B revealed by Fo-Fc difference electron 
density calculated from a model devoid of 
residues 35 to 38. The map (gray wireframe) 
was contoured at 2.5σ. 
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Saposins (Sap) A, B, C and D are homologous amphipathic glycoproteins involved in a 

variety of cellular processes accompanied by lipid transport and modulation of lipid bilayers. 

They are non-enzymatic activator proteins that belong to the large and divergent family of 

more than 200 known saposin-like proteins and domains containing the saposin fold. Saposins 

mediate amongst others the interaction between membrane-bound glycosphingolipids and 

water-soluble specific exohydrolases facilitating access of the active site of enzymes to short 

head groups of oligosaccharides. Inherited deficiencies of either lysosomal hydrolases or 

saposins give rise to more than 40 glycosphingolipid storage disorders, including Gaucher, 

Fabry and Niemann-Pick diseases. Besides the saposins themselves, which play a major role 

in mediating membrane degradation in the lysosome, saposin folds have been identified in 

proteins as diverse as cytolytic proteins from amoeba and human natural killer cells, jellyfish 

lens crystallin, lipopolysaccharide hydrolase, plant aspartic proteases, and neurotrophic 

factors. Despite their similar structures, each saposin promotes the degradation of specific 

sphingolipids in lysosomes. SapD for instance accelerates the sphingomyelinase activity and 

is involved in ceramide hydrolysis and the catabolism of glycosphingolipids containing alpha-

hydroxylated acyl chains. It is a primary saposin that is stored in the liver of patients with 

Nieman-Pick disease. 
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We expressed the recombinant SapD and variant SapD-K9/E9 in the yeast P. pastoris 

expression system. After purification, the proteins were crystallised in acidic solution 

containing sulfate ions. Using synchrotron radiation from BESSY II / Berlin, we were able to 

obtain X-ray diffraction data from these crystals suitable for structure determination. The 

crystal structure allowed us not only to visualize the tertiary structures of human SapD and 

variant SapD-K9/E9, but also its higher structural (quaternary) organisation. SapD crystallises 

as dimer and adopts the well known compact saposin fold common to other non-liganded 

members of the family. Comparison of different crystal forms of SapD suggested the most 

likely physiological dimer interface (Fig. 1). Analytical ultracentrifugation experiments 

confirmed that SapD forms homo-dimers also in solution.  

 

 

Fig 1. SapD forms a homo-dimer. The crystal structure of SapD revealed that Lys10 and 
Arg17 are binding sites for sulfate ion and may serve as one of the phosphate binding sites, 
promoting the initial binding of SapD to biological membranes. Conserved aromatic residues 
Tyr4, Phe50 and Tyr54 are proposed to be involved in specific protein-sphingolipid 
interactions.  
 

Negatively charged lipids are known to be important for saposin-membrane interactions. At 

low pH, the cluster of positively charged amino acids lysine and arginine are supposed to 

promote the initial binding of saposins to negatively charged phosphate groups. The crystal 

structure of SapD revealed Lys10 and Arg17 as binding sites for sulfate and may serve as one 
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of the phosphate binding sites, promoting the initial binding of the saposin to biological 

membranes (Fig 2).  

 

Fig 2. Crystal structure of the SapD monomer (left). Positively charged lysine and arginine 
residues of Helix 1 are involved in sulfate binding (right). The electron density surrounding 
the side chain atoms, sulfate ions and water molecules is contoured at 1σ. 
 

Residue Lys9 is strongly conserved among SapD’s from different organisms. Surprisingly no 

sulfate atoms were found bound at Lys9. To investigate the role of this residue we mutated the 

Lys9 to negatively charged glutamate. The crystal structure of this SapD variant revealed that 

the mutation did not affect the binding of sulfate ions to Lys10 and/or Arg17. 

The crystal structure of SapD provides insights into the saposin-lipid interaction. These 

studies would also be of importance for the whole growing class of lipid binding proteins. 
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FKBP38 is a member of the the peptidyl prolyl cis/trans isomerase (PPIase) family of FK506-
binding proteins (FKBPs). This enzyme class catalyzes protein folding processes by the 
interconversion of cis/trans peptide bonds preceding proline residues in the polypeptide chain.  
FKBPs are also involved in immunosuppression by forming tight complexes with the low-
molecular-weight compound FK506, which ultimately results in prevention of T-cell 
proliferation by inhibition of the protein phosphatase calcineurin. 
FKBP38 possesses unique properties among the human FKBPs in that its enzymatic activity 
was found to be calmodulin/Ca2+-dependent1. Hence, FKBP38 is the only human FKBP that 
is regulated by a secondary messenger, implying different structural features compared to 
constitutively active FKBPs. The elucidation of the three-dimensional structures of FKBP38 
and its complexes will contribute to understanding the molecular basis of its biological 
function(s) and the mechanism(s) by which its enzymatic activity is controlled.  
 
The structure of the FK506-binding domain of human FKBP38 was recently solved by 
NMR2. In parallel, high-resolution structural analysis using X-ray crystallography were 
initiated, to study the interactions of the FK506-binding domain in complex with different 
ligands and inhibitors at molecular level. 
 
The isolated FK506-binding domain was crystallized in the spacegroup P21 (see table Data 
collection statistics). A high-resolution dataset (1.05Å) was collected at BESSY BL14.1 and 
the structure solved by molecular replacement. 
 
 

Data collection statistics  
Space group P21 
Cell dimensions    

a, b, c (Å) 29.06, 60.29, 30.84   
α, β, γ  (°) 90, 97.59, 90 

Resolution (Å) 1.05 
Completeness (%) 90.4 (52.4) 
Unique reflections 18,643 
Rmerge 4.3 (11.8) 
I / σ[I] 20.1 (5.6) 

The values in parentheses are for the highest-resolution shell (1.05-1.11 Å).  
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Crystal structure of the FK506-binding domain of human FKBP38   2 

Figure 1 represents the overall structure of the FK506-binding domain of FKBP38. It adopts 
the half β-barrel fold, consisting of an antiparallel β-sheet wrapped around a central α-helix 
that encloses the active site, thereby exhibiting the typical fold of FKBP domains.  
 

 
 
 
 

 
 
 
 
 
 
 
 
Figure (1) Stereo-view of the half-β-barrel fold adopted by the FK506-binding domain of human FKBP38. (2) 
2FO-FC electron density map (blue mesh) contoured at 1.5σ shown for selected residues (stick representation) 
that form part of the interface between the β-sheet and central α-helix. 
 
 
The key question why the FK506-binding domain of FKBP38 - in contrast to other FKBPs - 
exhibits neither PPIase activity nor affinity to the inhibitor FK506 in the absence of 
calmodulin remains unclear. Further crystallographic studies on FKBP38 will help to 
understand the structural basis of its binding properties, and reveal how the enzyme is 
regulated by Ca2+/calmodulin. 
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Lipids constitute a diverse group of compounds of which some are involved in structural organization of 
the cell, some in intracellular signaling, and others in energy storage. The aims of experiments in this 
proposal are to investigate interactions between lipids and proteins in the peroxisomal -oxidation 
pathway and in the fatty acid synthesizing pathways. The interplay between these opposing pathways 
determines the level of free fatty acids in the cell and is essential in regulation of cell viability versus 
apoptotic processes. 

Enzymes involved in fatty acid synthesis have come into focus as targets for new antibiotics and in 
cancer treatment. The fatty acid synthase found in mammalian cytosol is multifunctional and encoded by a 
single gene, while mitochondria, plant chloroplast and bacteria fatty acid synthases (FASes) have the 
individual enzymatic activities encoded by discrete genes. A description of the exact role, electrostatic 
properties, and hydrogen bonding potentials of active site residues in the different FASes would facilitate 
inhibitor optimization and differentiation. 

β-ketoacyl-ACP synthase (KAS) catalyze the first devoted step in fatty acid synthesis. KAS I from 
Escherichia coli represent the group of decarboxylating condensing enzymes with a cysteine nucleophile 
and two active site histidines (CHH enzymes) to which also the KAS domain of the mammalian FAS 
belongs. While mammalian FAS only have one type of KAS domain, bacteria most often have three or 
more KAS isozymes with different but overlapping substrate specificity. In vitro E. coli KAS I catalyzes 
all condensation reactions needed for synthesis of long chain fatty acids, except elongation of 
palmitoleoyl-ACP. Diffraction data have been collected on wild type KAS I crystals soaked with C10-
CoA and C14-CoA. Data from the C10-CoA soaked crystals showed diffraction to 1.65Å resolution and 
the structure has been refined to Rfree/Rcryst of 0.17/0.19, respectively (Table 1). Several data sets from 
C14-CoA soaked crystals were collected. The crystals was soaked using a range of conditions as C14-
CoA is not readily soluble in water. Data were collected 1.94 Å.  

  

Table 1. Data collection and refinement statistics 

 KASI:C10 KASI:C14 

Resolution (Å) 27.00 - 1.65 45.60-1.94 

Rmerge 0.088 0.089 

I/ I 6.7 6.1 

Rfree/Rcryst 0.16/0.19 0.18/0.21 

<B> (Å2) 19.4 20.2 

Rmsd bond lengths (Å) 1.19 0.93 

Rmsd bond angles (°) 0.010 0.006 
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Although several studies have addressed inhibitor binding to E. coli KAS enzymes no systematic study of 
the acyl-binding pocket possibilities has been made. We are characterizing the acyl-binding pocket 
plasticity by introducing acyl chains of different length to the active site of E. coli KAS I and have 
obtained data suggesting that the arrangement of residues in the deep end of the acyl binding pocket does 
not allow substrates longer than twelve carbon atoms to bind to both subunits at the same time.  

The peroxisomal -oxidation pathway is responsible for the majority of fatty acid oxidation in plants. 
The products of the pathway are multiform and include jasmonic acid, indole-acetic acid, H2O2 and acetyl-
CoA, the entry molecule for Krebs cycle. Control over fatty acid oxidation appears to be required for 
controlled production of specific fatty acids in plants and for incrementing the fatty acid level. Fatty acids 
enter the cycle in the form of acyl-CoA thioesters but are shortened by a two-carbon unit during one 
reaction cycle. One acetyl-CoA molecule is produced by each reaction cycle. The first and rate limiting 
step in the peroxisomal β-oxidation is the introduction of a double bond into the acyl-CoA substrate. This 
reaction is catalyzed by the FAD containing acyl-CoA oxidases (ACXs). The second (enoyl-CoA 
hydratase) and third (hydroxyacyl-CoA dehydrogenase) step in the reaction is catalyzed by 
multifunctional proteins, MFPs, while the last thiolytic cleavage of the carbon-carbon bond are catalyzed 
by thiolases (KATs). Crystal structures of peroxisomal ACXs and KATs are known. 

We have collected native data from Arabidopsis thaliana MFP2 crystals to solve the structure of this 
enzyme and analyze enzyme interactions in the peroxisomal -oxidation. Data in space group P61/65 were 
collected to 3.5 Å, with a completeness of 81% and a multiplicity of 2.4. Data analysis using the xtriage 
program shows the data to originate from twinned crystals and structure determination is being pursued 
with MR techniques and production of Se-Met protein.  
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Biphenyls  and  dibenzofurans  are  the  phytoalexins  of  the  Maloideae,  a  subfamily  of  the 
economically important Rosaceae. The most important fruits are apples, pears and stone fruits 
such as  peach,  apricot,  cherry,  plum and almond.  Other  members  of  the  rose  family are 
strawberries  as  well  as  blackberries  and  raspberries.  Despite  this  considerable  economic 
importance  of  rosaceous  plants,  their  disease  resistance  mechanisms are  relatively poorly 
understood.  Following  fungal  infection,  biphenyls  and  dibenzofurans  accumulate  as 
phytoalexins  in  the  sapwood of  a  number  of  Maloideae  species.  In  the  leaves  of  Sorbus 
aucuparia the biphenyl aucuparin accumulate in response to biotic and abiotic elicitation. The 
carbon  skeleton  of  the  two  classes  of  antimicrobial  secondary  metabolites  is  formed  by 
biphenyl  synthase  (BIS).  The  homodimeric  enzyme  catalyzes  the  formation  of  the  C12 
skeleton of biphenyls and likely dibenzofurans (Hrazdina 2003). 
BIS is a novel type III polyketide synthase (PKS) that shares about 60% amino acid sequence 
identity  with  other  members  of  the  enzyme superfamily.  Its  preferred  starter  substrate  is 
benzoyl-CoA that undergoes iterative condensation with three molecules of malonyl-CoA to 
give 3,5-dihydroxybiphenyl via intramolecular aldol condensation. In contrast to the closely 
related chalcone synthase (CHS) BIS does not accept CoA-linked cinnamic acids such as 4-
coumaroyl-CoA.  In  a  phylogenetic  tree,  BIS  group  together  closely  with  benzophenone 
synthase (BPS)  that  also uses  benzoyl-CoA as  starter  molecule  but  cyclizes  the  common 
intermediate via intramolecular Claisen condensation. 
  
BIS mechanism

The starter substrate for BIS is benzoyl-CoA a rare starter molecule for PKSs. Both BIS and 
BPS catalyze the iterative condensation of benzoyl-CoA with three acetyl units from malonyl-
CoA to give identical linear tetraketides (Fig 1). While BPS cyclizes this intermediate via an 
intramolecular  C6!C1 Claisen condensation,  BIS catalyzes  an intramolecular  C2!C7 aldol 
condensation and decarboxylative elimination of the terminal carboxyl group. The two type 
III  PKSs  share  54%  amino  acid  sequence  identity  over  their  approx.  400  amino  acids. 
Biphenyl  synthase and BPS each are inactive with CoA-linked cinnamic acids such as 4-
coumaroyl-CoA, the preferred starter molecule for CHS and STS. Side products released by 
derailment  after  two  and  three  condensation  reactions  with  malonyl-CoA  are  frequently 
observed  with type  III  PKSs,  especially CHSs.  Both  benzoyl-CoA and 4-coumaroyl-CoA 
arise from cinnamic acid that is in turn derived from phenylalanine.

Structure determination of biphenyl synthase   1
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Fig.  1  Reactions catalyzed by type  III  PKSs.  BIS  biphenyl  synthase,  BPS benzophenone 
synthase, CHS chalcone synthase, STS stilbene synthase. The biogenic relationship of their 
starter substrates is also shown.

The structure solution

Biphenyl synthase (BIS) crystallizes in space group P2(1) with unit cell dimensions  of a = 
73.182 Å, b = 117.306 Å, c = 92.223 Å, beta 112.670° and four monomers (two independent 
dimers)  in  the  asymmetric  unit.  The  structure  was  determined  by molecular  replacement 
method (MR) and refined to a resolution of 3.0 Å. The starting model for MR was the CHS 
monomer (Noel 1999). The final model contains residues from 15 to 392 for each of the 
monomers.  The missing protein residues exhibit no interpretable electron density maps and 
are most likely disordered. The final R and Rfree  are 21.92% and 27.94% respectively. 

The second crystal form of BIS crystallizes in space group P1 with unit cell dimensions of a = 
73.410 Å, b = 93.880 Å, c = 117.930 Å, alpha = 73.27°, beta =  89.80°, gamma =  68.30° and 
eight monomers (four independent dimers) in the asymmetric unit. The structure was also 
determined by MR and refined to a resolution of 3.0 Å. The final R and Rfree  are 28.82% 
and 31.62% respectively.

Table 1. The crystallographic statistic for BIS in P2(1) and P1 space groups.
                                       
Data collection BIS P21 BIS P1

Wavelength (Å)
Max. resolution (Å)
Rmerge
% complete
No. of reflections
No. of unique reflections
<I/σ(I)>

λ = 1.5418
3.0
0.232 (0.644)
98.0 (97.1)
84844
28260
4.9 (1.8)

λ = 1.5418
3.0
17.4 (31.0)
95.7 (94.4)
104956
53385
4.72 (2.6)

Structure determination of biphenyl synthase   2
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Fig 2. The BIS dimer, each monomer is colored according to the residue number.

Due to the problems with cryo conditions, we were not able to collect any higher resolution 
data at BESSY for either crystal form of BIS. This will be the major emphasis of our further 
work, together with ligand binding studies.
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Introduction 
Driven by the absorption of four light quanta (photons), plants and cyanobacteria produce the 
atmospheric dioxygen by splitting of water according to the  net equation:   
 2 H2O + 4 photons => 4 H+ + 4 e- + O2,    (1) 
where e- denotes the electrons extracted from water (water oxidation), which eventually serve 
as reducing equivalents in the carbon fixation chemistry of the Benson-Calvin cycle. The 
locus of water splitting is a manganese-calcium complex bound to the proteins of 
Photosystem II (PSII) which cycle through various intermediate states [1-5]. Water oxidation 
by PSII is a process of fundamental importance for the atmosphere (O2 production) and 
biosphere (primary biomass formation) of the Earth. Furthermore, it is foreseeable that 
biotechnological and biomimetic approaches for light-driven H2-production from water need 
to become a cornerstone in the worldwide endeavor to move from fossil fuels to hydrogen-
based fuel technologies [6]. The crucial and chemically especially challenging step in light-
driven H2 production, namely the splitting of water according to Eq. 1, takes place in PSII. In 
this realm, elucidation of the mechanism photosynthetic water oxidation by PSII―including 
the light-driven assembly of the Mn4Ca complex, photodestruction, photoprotection, and 
repair mechanisms―is of prime interest. Furthermore, studies on biomimetic model 
complexes do (i) promote an improved understanding of the PSII chemistry and (ii) are of 
interest in the effort to develop systems for artificial photosynthesis [7, 8]. Here we report, 
inter alia, the characterisation of two synthetic compounds at beamline KMC1 in an XAS-
experiment for ultra-dilute samples.  

Materials and Methods 

XAS measurements were carried out at the bending-magnet beamline KMC-1 using a double 
crystal monochromator in a scan range of 6400-7200 eV. For X-ray fluorescence detection, a 
photodiode and an energy-resolving single-element solid-state detector were employed. 
Further details of the KMC1 experiment are described in [9]. The setup for XAS was 
improved with respect to previous measuring periods: (1) The cryostat was moved to the end 
of the beamline by ~4 m. The result was that the spot size of the X-ray beam on the sample 
was increased to about 5 mm x 0.5 mm, thereby reducing the problem X-ray induced 
modifications of the protein samples (2) A newly purchased heavy experimental table was 
employed to mount the cryostat system, improving the vibration resistance of the setup. (3) 
Besides of the energy-resolving detector we employed a photodiode for fluorescence 
measurements on high-concentration samples to avoid saturation effects. (4) As a next step, 
we are purchasing an high-stability ion chamber to be mounted in the vacuum line for 
enhanced  precision of the I0-measurement. 

Results 
Two Mn compounds were studied by XAS: (1) A dimanganese complex (Fig. 1A) which 
catalyzes the oxidation of water by tert-butylhydrogenperoxide or cerium nitrate to dioxygen 
[10]. This complex is assumed to be stable in aqueous solution. (2) A tri-nuclear Mn complex 
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(Fig. 1B) in its crystalline form which previously has been studied by us in acetonitrile 
solution by XAS measurements at BESSY (Limberg and coworkers, unpublished). In addition, 
XAS measurements were performed on the native manganese complex of photosystem II. 
Respective PSII protein samples were prepared aiming at the population of intermediates in 
the light-driven assembly of the Mn complex [9]. 

XAS measurements were performed in a temperature range from 10 K to room temperature 
using a helium-cryostat system. The analysis of the temperature dependence of EXAFS 
spectra of model compounds and PSII was expected to provide information whether specific 
dynamics at the atomic level contribute to efficient Mn oxidation in photosystem II.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2A shows a representative EXAFS spectrum of the compound in Fig. 1A measured at 
20 K in aqueous solution. In the FT (Fig. 2B), two main peaks are resolved and weak features 
around 4 Å are discernable. Peak I is due to Mn-O/N vectors. Preliminary data analysis 
suggests that peak II may be attributable to multiple-scattering effects. The Mn-Mn vector 
presumably corresponds to peak III. A similar EXAFS spectrum was observed when the 
complex was measured in its crystalline state, proving that surprisingly it is stable in water. 
Fig. 3 shows the FT of a 20 K EXAFS spectrum of the complex in Fig. 1B in its crystalline 
state. Mn-Mn distances at ~2.9 Å are clearly visible. Comparison of Mn K-edge energies (not 
shown) revealed that a Mn(IV) atom becomes Mn(III) in acetonitrile solution. The 
temperature dependence of the EXAFS spectra of both complexes currently is analyzed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

HH

Fig. 1B: Crystal structure of a 
trinuclear Mn complex which has 
been synthesized in the group of 
Prof. C. Limberg at Humboldt 
University. Mn-Mn distances are 
on the order of 2.9 Å. 

Fig. 1A: Crystal structure [3] of  
[MnII

2(mgbpen)2(H2O)2](ClO4)2 which has been 
synthesized in the laboratory at Uppsala University. The 
Mn-Mn distance is ~4.1 Å.

Fig. 2: FT of EXAFS of the dinuclear Mn complex in Fig. 1A at 
20 K in aqueous solution. Inset: Raw EXAFS data. 
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Fig. 3: FT of EXAFS of the 
trinuclear Mn complex in Fig. 
1B (crystalline state) at 20 K. 

Mn-Mn 
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Conclusion 
EXAFS spectra of good quality were obtained on two Mn model compounds in solution and 
in the crystalline state and in a broad temperature range. Comparison of XANES and EXAFS 
spectra indicate that the complex of Fig. 1A is largely stable also in an aqueous environment 
(i. e. dissolved in water), in contrast to most synthetic Mn complexes. This property is of 
obvious importance for water oxidation by synthetic complexes. The measurements of the 
complex of Fig. 1B provided interesting insights in its structure, for various states of the 
molecule. The measurements on the Mn complex of PSII protein revealed that further 
upgrading of the setup is necessary to improve the spectra of ultra-dilute samples. Such 
improvements will be implemented during the next measuring period. 
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In previous synchrotron studies nanostructured and biomolecular films have been 
characterized by IR ellipsometry [1-5] and complementary methods (VUV ellipsometry, XRD 
and AFM) with respect to the thin film structure. Recently in cooperation with Sentech 
Instruments the IR synchrotron mapping ellipsometer was upgraded with a rotating retarder 
option (see Fig. 1). This rotating retarder delivers a continuous change of the introduced phase 
shift without changing the optical path of the reflected radiation. This additional phase shift 
e.g. allows more sensitive measurements when cosΔ is close to one. Previously for this 
purpose a prism in ATR geometry was used, which afforded a change of the optical path.  
 

 
In the following the first results taken with the upgraded IR synchrotron mapping ellipsometer 
are shown. 
 

A) Biosensors  
Currently used standard methods to read out microarrays are dependent on fluorescence and 
chemiluminesence-imaging techniques. These methods require labeling of a component by a 
marker and usually only detect the concentration of the marker molecule. A label-free 
imaging method that also enables a quantitative spectroscopic analysis of the composition 
and, moreover, possible interaction of components would be of great advantage. Therefore IR 
mapping ellipsometry (Fig. 1) was applied for the label-free imaging of a biochip before and 

   

micro aperture 

2D- mapping stage +
Sample mounting and tilt 

detector 

goniometer 

 rotating compensator 

polarizer

autocollimation  

analyzer

Fig. 1: Infrared (IR)-
Mapping ellipsometer with 
2-dimensional mapping 
stage, autocollimation, 
rotating retarder and 
microfocus unit at the IR 
synchrotron beamline at 
BESSY in Berlin.  

 

285



after incubation with peptide solution [3]. The general principle of such biosensors is based 
on the fact that peptides, proteins, enzymes, antibodies, antigens and DNA-fragments can be 
attached via specific linker molecules to a silicon chip. Electronic recognition of the specific 
adsorption site can serve for fast analysis of the samples under investigation. Our 
measurements show that IR ellipsometry is a sensitive tool for laterally resolved identification 
of the different materials and determination of the composition of a biosensor. The biosensor 
has been prepared by photo-electrochemical deposition of the linker (TFPAM-3 (N-(4-azido-
2,3,5,6-tetrafluorobenzyl)-3-maleimidopropionamide)) on a hydrogen passivated silicon 
surface. After that, part of the linker covered wafer was incubated with peptide (Cys-GCN4) 
solution. Ellipsometric spectra of the biosensor were taken before and after incubation with 
the peptide solution. Fig. 2 shows maps (6 mm x 6 mm) of amplitudes of a linker specific 
band at 1288 cm-1 and a peptide specific band at 1547 cm-1. From both maps linker and 
peptide covered regions of a sample surface are easily identified. As expected, the peptide 
was only found on those sample regions which were initially incubated by peptide solution, 
while the non-modified “linker regions” do not show the characteristic peptide band at 1547 
cm-1. Under certain assumptions (isotropic film, thickness independent structure of the films) 
the band amplitudes of a thin film directly correlate with the thickness of the film. Presently 
the qualitative interpretation of the band shapes is in agreement with an isotropic film 
structure. However, future work will be directed onto a more comprehensive evaluation of the 
experimental spectra by optical simulations.  
 
 
 

 
 
 
 
 
 
 
 
 

B) Thin cytosine film 
In order to test the upgraded ellipsometer with rotating retarder a 110 nm thin cytosine 
film has been measured over an area of 3x3 mm2. The probed spots had a size of approx. 1 
mm2 in this case. By reducing the micro aperture 250x250 µm2 lateral resolution can be 
achieved. Fig. 3 shows the average of the single spot spectra of the 3x3 mm2 area in 
comparison to the lab measurement of the same sample.  
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Fig. 2: Infrared ellipsometric maps 
of a biochip: tanΨ band amplitudes 
of a linker specific band at 1288 
cm-1 and a peptide specific band at
1547 cm-1 for  a 6 mm x 6 mm area
[3]. 
 

Fig. 3: Comparison of 
averaged synchrotron 
measurements (blue) 
of 1 mm2 spots from a 
3x3 mm2 area and lab 
measurements (green) 
of a larger sample
area (~7x7 mm2). The 
sample was 110 nm 
thick cytosine film on 
silicon. 
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A good agreement between lab and synchrotron measurements is found. However the spectra 
show slight deviations. This might be explained by the following reasons: 1) The high 
brilliance of the synchrotron radiation (e.g. smaller opening angle, less radiation is reflected 
from the backside of the transparent substrate on the detector); 2) selectively irradiated parts 
of not homogeneous optical elements (polarizer, detector) 3) in lab experiments the irradiated 
spot was larger then the sample area (~7x7 mm2), therefore also contributions of the 
inhomogeneous edges of the sample have to be considered in this case. 
  
Fig. 4 shows maps of tanΨ and Δ values at a frequency above the frequency range of   
vibrational bands of cytosine (at 1911 cm-1). The maps prove that the prepared cytosine film is 
of homogeneous thickness. The maximum deviation of Δ is 0.2 °. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Infrared ellipsometric maps of the thin cytosine film: absolute values of tanΨ and Δ at 
1911 cm-1for an angle of incidence of 64°. 
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GYF domains play an import role in mediating protein-protein interactions. The GYF 

domain is a eukaryotic protein domain, which recognizes proline-rich sequences. 

Two classes of GYF domains are structurally characterized, namely the CD2BP2- 

type and the SMY2-type. For the CD2BP2-GYF domain the binding of a peptide 

derived from CD2 has been characterized, whereas for the SMY2-type so far only the 

unbound structure of one representative (hypothetical protein At5g08430) has been 

determined. 

Our goal was to determine the structure of the GYF domain of the SMY2 protein in 

free and peptide bound state. 

 

Data collection at BESSY resulted in a 1.8Å resolution data set for crystals containing 

the free SMY2-GYF domain. Peptide bound SMY2-GYF crystals diffracted to 4.0Å. 

The data of the free SMY2-GYF domain showed hexagonal crystal lattice with cell 

dimensions of a=68.2Å, b=68.2Å, c=111.1Å, α=β=90°, γ=120°, a completeness of 

96.9% (86.9%), an average I/σ(I) of 23.8 (4.4%) and an Rsym of 6.3% (49.9%). Data 

in brackets belong to highest resolution shell (1.77Å – 1.85Å). 

Molecular Replacement failed to solve the structure using the existing NMR structure 

of the SMY2-type GYF domain (1WH2) as a model. 

 

Recently we succeeded to obtain crystals with selenomethionine substituted SMY2-

GYF domain. Crystals have not been tested for diffraction yet, but size and 

morphology look promising. 
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Introduction 
 
The stratum corneum (SC) forms the outermost region of the epidermis, which makes 
it responsible for protection against external influences like substances or UV 
radiation, and against water loss. The basic structure of this 10 -20 μm thin skin layer 
reminds of a brick wall because of the order of lipid lamellar phase where keratin-rich 
corneocytes are embedded. Both physiology and kinetics are being investigated. 
For optical microscopic examination of the SC, various even noninvasive techniques 
have been developed like confocal laser scanning microscopy. For other microscopic 
investigation methods, thin samples are needed, which are easily gained by adhesive 
tape stripping, a common and well known technique to prepare certain skin samples. 
 

 
Figure 1: Scheme of skin structure 

 
 

X-ray microscopy of stratum corneum 
 

The examined samples were skin tissues taken with glue from the forearm by C. 
Harding. The adhesive was nearly completely removed and the remaining sample 
sent to Göttingen in small pieces of about 15 - 20 μm thickness (figure 2). 
To compare the structures with fresh skin, skin samples were detached with tweezers 
from the experimentator`s forearm (figure 3). 
The Transmission X-ray Microscope (TXM) at undulator U41 was used to study these 
tissues. The images were taken at λ = 2.4 nm wavelength. With an outermost zone 
width of drn = 25 nm of the zoneplate the achievable resolution is around δ = 30 nm 
and the depth of focus Δf = 0.65 μm. Smaller structures than 40 nm, however, could 
not be observed. The samples were held between two Si3N4 foils in air. 
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Figure 2: Micrographs of skin samples taken from a forearm. The images are taken 
with t = 10 s exposure time. (c) and (d): Images of the same sample region taken 
with a focus difference of 2 nm, so different layers of the skin are imaged in focus. 
Scale bar = 1μm. 
 

 
Figure 3: Micrographs of a fresh skin 
sample detached with tweezers from 
the forearm. The sample layer is about 
10-15 μm thick. The images were 
taken with the TXM with t = 20 s 
exposure time. Scale bar = 1μm. 
 
 
 

 
Results and outlook 

 
The presented work is about using the advantages from x-ray microscopy to examine 
human skin cell structures. These first experiments were meant to show principle 
applicability and the requirements for sample preparation. The next step for imaging 
stratum corneum with x-ray microscopy will be a more appropriate sample 
preparation: most areas of the sample layers were thicker than 15 μm. A higher water 
content in the samples may lead to a lower density of then finer structure and thus to 
better visible structure in the images. Thinner layers would decrease the exposure 
time, so finer structures which are now not visible due to movements during long 
exposure time could be imaged sharply. Another aim of further work will be 
spectromicroscopy studies of skin samples using the Scanning Transmission X-ray 
Microscope at the undulator U41, obtaining spatially resolved information of chemical 
bonds in the skin. 
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First-order phase transition near 40 ◦C in MnAs nanodisks
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The phase transition near 40 ◦C of both as-grown thin epitaxial MnAs films prepared by molecular
beam epitaxy on GaAs(001) and nanometer-scale disks fabricated from the same films is studied. The
disks are found to exhibit a pronounced hysteresis in the temperature curve of the phase composition.
In contrast, supercooling and overheating take place far less in the samples of continuous layers.

Manganese arsenide on GaAs is a promising materials combination for spintronic applications based
on spin injection [1]. MnAs is ferromagnetic at room temperature and has a large carrier spin po-
larization. It can serve as a source of spin polarized electrons. Furthermore MnAs may be applied
for sensors and actuators thanks to its magnetoelastic response [2]. The room temperature ferromag-
netic α-phase is metallic and crystallizes in the hexagonal NiAs(B81) structure. Near 40 ◦C MnAs
transforms into the orthorhombic β-phase exhibiting the MnP(B31) structure. The temperature de-
pendence of the magnetization near the transition was investigated in [2, 3], and a 20 K wide hysteresis
loop was observed. At this first order structural phase transition a significant change in the lattice
parameter a is found, which amounts to ≈1.2% [4, 5].

During epitaxy [6, 7] the MnAs(11̄00) film on GaAs(001) is attached by the side facet of the hexag-
onal unit cell) , so that the c lattice direction MnAs[0001] is parallel to GaAs[11̄0]. The deformations
in the layer lead to the phenomenon of phase coexistence, i.e. the phase content ξ does not change
abruptly between zero and unity at a certain temperature as expected from the Gibbs phase rule.
Two coexisting phases are found, on the contrary, in a wide temperature range [8]. Elastic domains
of both phases form a periodic stripe pattern [9] in a self organized way. The domain period amounts
to approximately five times the film thickness [10, 11]. Application of hydrostatic pressure [12, 13] or
biaxial stress [14] has a considerable influence on the transition temperatures.

The phase transition can be affected further by imposing artificial constraints on the stripe pattern.
Significant effects are expected from a lateral confinement when a film is patterned to small disks.
Such disks with smaller sizes than the widths of the elastic domains enable elastic relaxation of the
laterally periodic stresses accumulated inside the epitaxial layer. The tight restriction of the MnAs
lattice along the interface is then released. As a consequence the formation of elastic domains in MnAs
nanodisks seems to be no longer energetically favourable. The distribution of magnetic domains in
such MnAs disks was investigated in [15]. The aim of the present work is to study in more detail the
influence of such a lateral structuring on the phase coexistence of α and βMnAs. We investigate the
temperature dependence of the phase composition in epitaxial MnAs films prior to and following the
artificial modification using microfabrication technologies.

The MnAs layers were grown by solid source molecular beam epitaxy (MBE) as described elsewhere
[7, 16, 17]. The nanostructuring was carried out using electron beam lithography and Ar ion milling.
The resulting disks were assembled in the form of a square array. In this sample, the diameter of
the disks is smaller than 100 nm, i.e. well below the equilibrium size of the elastic domains in the
original continuous MnAs layer. Temperature dependent synchrotron x-ray diffraction experiments
were performed at the MAGS beamline at the BESSY storage ring using a Si(111) double crystal
monochromator and 8 keV radiation. A six circle diffractometer equipped with a special cryostat was
employed for the measurements. Preliminary experiments were performed at a similar diffractometer of
the KMC 2 beamline at BESSY. In addition we performed laboratory experiments using a Panalytical
X’Pert System with Ge (220) hybrid monochromator and Ge (220) analyzer crystal.

The phase contents of the MnAs samples were obtained from the ratio of the integrated intensities
of the corresponding αMnAs and βMnAs reflections measured in symmetrical ω/2θ-scans. The (3̄300)
and (060) or the (1̄100) and (020) were analyzed [11, 18], and the layer reflections were fitted by
Gaussian curves. The intensity ratio changes with temperature in the phase coexistence range [8].
The samples reached their equilibrium composition almost immediately after a certain temperature
had been set, i.e. the relaxation times are significantly small. Samples consisting of MnAs disks having
various diameters on the GaAs substrate were compared to their parent unstructured samples. The
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lateral period of the domain structure of the original MnAs epitaxial layer can be obtained from the
distance between satellite maxima ∆ωS in the x-ray triple crystal ω-scan. The period Λd is calculated
from the formula Λd=2π/(∆Qx)=λ/(2∆ωS sinΘB), where ∆Qx is the distance of the satellite maxima
in reciprocal space, λ is the x-ray wavelength, and ΘB is the Bragg angle [19]. The x-axis is defined
to be perpendicular to the c-direction of MnAs and parallel to the interface. The angular distance of
the satellite maxima measured at room temperature yields an average lateral period of the domain
structure of 247 nm. The thickness of the original MnAs film was determined to be 38 nm using x-ray
reflectivity measurements [11]. The equilibrium domain period is thus estimated to be 190 nm [9]. As
the diameters of the smallest disks are sufficiently small (≈80 nm) only one elastic phase domain exists
in an individual disk, which was confirmed at room temperature using magnetic force microscopy [15].

The full triangles in Fig. 1 show the temperature dependence of the phase content ξ of αMnAs
in the unpatterned continuous epitaxial layer. As reported in [8] the heating and cooling curves
roughly coincide and hence the temperature hysteresis in the range of phase coexistence is negligible.
In the present sample this range extends quite broad between 270 and 315 K. The overall phase
coexistence range amounts to 45 K. In the vicinity of the transition temperature of 315 K the αMnAs
content rises from zero almost linearly. When lowering the temperature further the rise of the phase
content weakens, and the content gradually reaches the saturation level at unity. The temperature
dependence of the phase content ξ in the small MnAs disks is also shown in Fig. 1 (hollow symbols).
When cooling down the MnAs disks, αMnAs first emerges in the disks only at a temperature as low as
298 K. We observe a significant supercooling of the disks, i.e. all of them remain to be in the β-phase.
Subsequently, the αMnAs content rises with further cooling until all the disks are transformed to the
α-phase at 270 K. Once the α-phase had been realized entirely in all the disks, the sample was heated.
Similar to the cooling case the temperature was as high as 285 K when the disks began transforming
into the β-phase. Therefore, a significant extent of overheating takes place in the disks in contrast to
the continuous MnAs layer. The behavior of the MnAs nanodisks at the first order phase transition is
similar to that of bulk MnAs [2, 3]. The same widths of the hysteresis in the temperature dependencies
of the magnetization in bulk MnAs [2] and of the phase content ξ(T ) in the MnAs disk ensemble are
found. Moreover no phase coexistence takes place in the individual disks [15]. Nevertheless, the phase
transition in the disk ensemble does not occur abruptly at a certain temperature. The slope of the
temperature curve dξ/dT has increased only by a factor of 2-3 compared to that of the layer curve.
The fact that the experimental disks are not perfectly identical due to small fluctuations in their
sizes and shapes and the random presence of defects may be responsible for the finite temperature
window at the phase transition. The strong temperature hysteresis observed in the experiment (Fig.
1) manifests the supersaturation in individual disks.
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FIG. 1: Temperature dependence of the volume fraction ξ of the MnAs α-phase illustrating the coexistence
of the two phases in the MnAs layer (full symbols) and the MnAs disk (hollow symbols) system. Upwards
(downwards) directed triangles correspond to the heating (cooling) curve. The changes of the composition
with temperature are more steep in the disk system than in the continuous layer system. The range of phase
coexistence in the layer system is as large as 45 degrees and only a very small hysteresis is observed.The disk
system changes from one phase to the other within 15 to 20 degrees and a strong hysteresis (width 20± 5 K)
of the temperature curve is found.
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for their support and for helpful discussions.

[1] M. Ramsteiner, H. J. Hao, A. Kawahrazuka, H. J. Zhu, M. Kästner, R. Hey, L. Däweritz, H. T. Grahn,
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and S. Sanvito, Phys. Rev. Lett. 95, 077203 (2005).
[15] Y. Takagagi, B. Jenichen, C. Herrmann, E. Wiebecke, L. Däweritz, and K. H. Ploog, Phys. Rev. B 73,
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The volume of the solid waste that originates from the steel industry increases globally and 

thus its management must be efficient and environmentally friendly.  Electric arc furnace dust 
(EAFD) is the largest solid waste stream produced by steel mills and it comprises mainly of heavy 
metals which are toxic when disposed to the environment.  A simple and cost effective method 
used to stabilize these metals is vitrification which produces vitreous or glass-ceramic materials1.  
Application of this process immobilizes metallic Zn and Fe and thus leads to the formation of safe 
for disposal EAFD-rich materials2.  Since the structural rigidity and hence the chemical stability 
of the final products is strongly correlated to the presence of the metals, it is crucial to study the 
structural role of Fe in the vitrified EAFD-rich industrial wastes, i.e. the type of polyhedra that Fe 
constitute the glassy matrix.  

The studied samples are vitrified materials, rich in EAFD (which mainly consists of ZnO and 
ferric oxides (ZnFe2O4)), which is co-melted with SiO2, Na2O and CaO and casted at 1400oC.  
The EAFD concentration in the resulting glasses increases with a step of 5wt% in the range 10 to 
30wt% while the SiO2/Na2O ratio is equal to 11, i.e. in all samples the glassy network is a silica 
matrix.  The Fe-K-EXAFS measurements were conducted at the KMC2 beamline and the spectra 
were recorded in the fluorescence yield mode using a Si-PIN photodiode.  The fluorescence 
detector was positioned normal to the beam while the angle of incidence of the impinging X-rays 
was 85o, so as to limit self-absorption phenomena.   
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igure 1: (a) The Fourier transforms (FT) of the k3×χ(k) Fe-K edge spectra of all studied glasses.  (b) Modulation of
he Fe-O bondlength and coordination number of Fe as a function of the EAFD concentration in the glasses.  (c) The
T of the k3×χ(k) Fe-K edge spectra of all glasses where the fitting was performed using the mixed model.  The raw
ata and the fitting are shown in thin and thick solid lines, respectively.
 
The Fourier transforms (FT) of the k3-weighted χ(k) Fe-K edge EXAFS spectra (k-range 2.8-

.5Å-1) of all vitrified samples are shown in Fig 1(a).  As it is evident from the profiles of the FTs 
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only the 1st nearest neighbor (nn) shell is resolved indicating that the samples are amorphous and 
homogeneous.  Therefore, the Fe-K EXAFS spectra of all the EAFD-containing glasses were 
fitted in the 1st nearest neighbor shell that consists of oxygen atoms.  The EXAFS analysis reveals 
that the coordination environment around Fe changes with increasing the EAFD content.  More 
specifically, as the EAFD concentration increases from 10 to 30 wt% the Fe-O bond length (RFe-

O) decreases from 1.93 to 1.88Å while the number of O atoms attached to the FeOx polyhedra 
(N(O)) decreases from 5.1 to 3.8.  The simultaneous decrease of the Fe-O bondlength and the 
coordination number of Fe as a function of the waste concentration, are shown in Fig. 1(b).  
Hence, the EXAFS analysis results demonstrate that the local coordination of Fe is mixed, i.e. Fe 
forms both FeO4 tetrahedra and FeO6 octahedra.  The coordination environment of Fe changes 
gradually from octahedral to tetrahedral when the EAFD content increases.  The intermediate role 
of Fe, i.e. the mixed tetrahedral and octahedral coordination of Fe, in the glass has been also 
reported in previous work conducted on Fe and Pb-rich vitrified industrial wastes3.  

In an effort to determine the percentage of the different FeOx polyhedra in the glassy matrix of 
the studied samples we fitted the Fe-K EXAFS spectra again using the mixed model, according to 
which X% of the Fe atoms belong to octahedral sites while the rest (100-X)% is bonded in 
tetrahedra.  The fitting of the Fourier transforms (FT) of the k3-weighted χ(k) Fe-K edge EXAFS 
spectra (k-range 2.8-9.5Å-1), using the mixed model, are shown in Fig 1(c).  The spectra were 
fitted in the 1st nn shell and the fitting parameters were the percentage of the Fe tetrahedra and 
octahedra and the value of the Debye-Waller (DW) factor.  The fitting was performed 
simultaneously for all the samples and the distance in the tetrahedral coordination was kept fixed 
to the value derived from the previous EXAFS analysis (1.88Å).   

The EXAFS analysis results using the mixed model are listed in Table 1.  The use of the 
mixed model discloses that in the glass with the lowest EAFD concentration (10wt%), 
approximately 50at% (±12%) of the Fe atoms are octahedrally coordinated in the vitreous matrix, 
while the rest constitute tetrahedra.  The same percentage of Fe atoms that are bonded in 
octahedra is also detected in the glass with a 
slightly higher EAFD concentration (15wt%).  
But as the EAFD content increases further, the 
percentage of the FeO4 polyhedra increases 
significantly, i.e. in the glasses with 20 and 
25wt% EAFD, the percentage of the 
octahedrally coordinated Fe is approximately 
equal to 30at% (±7%), while it is drastically 
reduced to 19at% (±5%) when the EAFD 
content reaches the value of 30wt%.  Thus, the 
intermediate role of Fe is also verified by the 
EXAFS results using the mixed model, i.e. Fe 
acts as a glass modifier and former when the 
EAFD content ranges from 10 to 30wt%.  In 
particular, in the glass with the highest waste 
concentration (30wt%), the dominant role of 
Fe is that of network former since the number 
of the FeO6 octahedra is only19at%. 

Table 1: Fe-K EXAFS results of the glasses with 10- 30 
wt% EAFD, using the mixed model.  The parameters 
that were fixed during the analysis are denoted with an 
asterisk (*). 

Sample Percentage of FeOx 
polyhedra (at%) 

RFe-Ο (Å) 
(±0.01 Å) 

DW 
(x10-3 Å2)

10 wt% 
EAFD 

FeO6 = 50 ± 12 
FeO4 = 53 

1.95 
1.88* 

5.4 
4.1* 

15 wt% 
EAFD 

FeO6 = 58 ± 9 
FeO4 = 43 

1.97* 
1.88* 

5.4* 
4.1* 

20 wt% 
EAFD 

FeO6 = 31 ± 7 
FeO4 = 69 

1.97* 
1.88* 

5.4* 
4.1* 

25 wt% 
EAFD 

FeO6 = 35 ± 7 
FeO4 = 65 

1.97 
1.88* 

5.4* 
4.1* 

30 wt% 
EAFD 

FeO6 = 19 ± 5 
FeO4 = 81 

1.96 
1.88* 

5.4* 
4.1* 

 
 

1 F.G.F. Gibb, J. Geol. Soc., 157, 27 (2000). 
2 M. Pellino, A. Karamanov, P. Pisciella, S. Criscussi and D. Zonetti, Waste Management, 22, 945 (2002). 
3 F. Pinakidou et al, J. Non-Crystal. Solids, 352, 2933 (2006). 
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Introduction: The interactions among the electrons in condensed matter lead to a plenty of fascinating 

physical phenomena of high technological potential. Recently,  the 

NaxCoO2 cobalt oxides have garnered significant interest, thanks to 

their unusual physics. These materials consist of layers of covalent 

edge-sharing CoO6-octahedra, which alternate along the 

perpendicular stacking direction with ionic Na-layers (Fig.1). The 

CoO2-layers in these compounds constitute a realization of a 

correlated electron system based on a triangular lattice; a geometry 

which is known to be in favour of unconventional electronic ground 

states.  

O 
Co 

In addition to this, NaxCoO2 behaves very much like a rechargeable 

battery: sodium can be added or removed electrochemically, similar 

to the charging/discharging process of a battery. It is even possible to 

intercalate water molecules.  

Adding Na adds electrons to the CoO2-layers, providing a convenient 

way to dope these correlated electron systems. Both changing x and 

water intercalation have dramatic effects on the electronic properties. Most notably, superconductivity 

emerges upon hydration and the non-hydrated compounds around x=0.7 display an anomalously high 

thermopower.  

Figure 1: Crystal structure of 

γ-NaxCoO2 [1]. 

 

Aim: In this project we focus on the non-hydrated compounds NaxCoO2 with 0.5≤ x≤0.9. In these 

materials unconventional ordering phenomena associated with the CoO2-layers as well as strong 

tendencies towards sodium order have been reported recently.   

In order to unravel the complex physics of NaxCoO2, it is important to clarify whether or not the 

electronic ordering within the CoO2-layers is coupled to, or even induced by, the ionic ordering in the 

Na-planes. This relation is currently largely unclear and it is the aim of this project to shed light on this 

issue.  
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Experimental techniques: The experimental technique employed for this purpose is resonant hard x-

ray scattering (RXS) at the Co K-edge (7710eV). Since the resonant scattering process at this energy 

involves 1s→4p transition, RXS is highly sensitive to local distortions around the Co-site. This means, 

however, that it does not provide a direct probe for Co-valence ordering. But since an ordering of Co-

valences is connected to Co-sites with different local environments, RXS at the Co K-edge is very 

well suited to detect this type of charge ordering nonetheless. The advantage of this hard x-ray 

scattering experiment over the more direct resonant soft x-ray scattering is a larger region in reciprocal 

space that can be accessed and the possibility to perform an effective polarization analysis of the 

scattered beam.  

The RXS experiments have been performed at the MAGS-beamline located at the 7T Wiggler of 

BESSY.  Polarization analysis of the diffracted beam was performed using the (222) reflection of Al. 

Regarding the sample preparation the following approach was used: First, high-quality single crystals 

of NaxCoO2 with x=0.75 were prepared using chlorine flux methods. These crystals were then doped 

by electrochemical extraction or enrichment of Na in order to achieve different values of x. 

  

Results: Here we will report the first RXS results obtained from an electrochemically doped 

Na0.66CoO2 single crystal. In Fig. 2, low-temperature RXS data for this crystal are shown. As 

demonstrated in Fig.2 (a) well defined superlattice peaks were observed off-resonance, which can be 

attributed to the ionic ordering within the Na-planes [2]. In addition, weak incommensurate reflections 

have also been observed. The intensity the incommensurate peaks could be considerably reduced upon 
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Figure 2: Data collected at T=30 K. 

(a): (H ¼ 4)-scan taken off-resonance. 

Well defined superlattice peaks are 

observed. The weak peaks at 

incommensurate positions are reduced 

after “annealing” at 350 K. (b): 

Illustration of a typical RXS 

experiment. (c): Energy dependence of 

the (0 ½ 4) reflection in the σσ-

channel (charge scattering). (d): 

Energy dependence of the (0 ½ 4) 

reflection in the σπ-channel after cross 

talk correction. This intensity is 

largest, when the charge scattering is 

lowest. 
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Figure 3: Comparison between 

the temperature dependences of 

the resonant σπ-scattering at the 

(0 ½ 4) position (x=0.66) and the 

electrical resistivity for x=0.68 

(from Ref. 3)   

“annealing” the sample at 350K. Most likely, the incommensurate peaks are related to Na 

inhomogeneities just after the electrochemical treatment.  

In the following we focus on the (0 ½ 4) reflection. The energy dependence of this reflection in the 

σσ-channel (cf. Fig.2 (b)) is shown in Fig. 2 (c). Below the Co K-edge, a high intensity at the (0 ½ 4) 

position is observed, which is dramatically reduced due to absorption effects as the photon energy 

crosses the Co K-edge. The intensity in the σσ-channel is due to charge scattering caused by the ionic 

ordering of the Na-ions. In striking contrast to the behaviour of the σσ-intensity, we observe an 

enhancement around the Co K-edge in the σπ-channel. Up to our knowledge, this is the first time that 

this is observed for NaxCoO2.  

The resonant enhancement of the (0 ½ 4) reflection at the Co K-edge implies that the Na-order 

generates inequivalent Co-sites. This is not unexpected. However, the charge scattering observed in 

the σσ-channel is constant below 250 K, i.e. the Na-order does not change in this temperature regime. 

The resonant scattering in the σπ-channel, on the other hand, is temperature dependent as shown in 

Fig. 3. In addition to this, the increase of the resonant scattering correlates with a cross-over behaviour 

observed in the electrical resistivity (Fig.3). This is strong evidence for charge correlations in the 

CoO2-planes induced by the Na-order. 

The experiment described above demonstrates that RXS at the Co K-edge is capable to study the 

interplay of ionic and charge ordering in NaxCoO2, which is important to develop a better 

understanding of these complex materials. In the future we plan to extend our studies to different 

doping levels. In particular, we want to study these effects for the commensurate doping x=0.5. 

 
References: 
[1] D.P. Chen et al., Phys. Rev. B 70, 024506 (2004) 
[2] H.W. Zandbergen et al., Phys. Rev. B 70, 024101 (2004) 
[3] M.L. Foo et al., Phys. Rev. Lett. 92, 247001 (2004) 
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ABSTRACT 
It is reported that shed snake skins can be used successfully as model membrane for in-vitro 
(outside human body) studies. There are many types (species) of snakes that can be used for 
this purpose and the skins can be received without killing and without any cost from the 
snake-farm or zoo. Therefore many species are used in this project in order to determine 
which skins have similarity to human skin. These skins can then be used as alternative model 
membranes in in-vitro test of medical products e.g. transdermal drug delivery systems (TDDs) 
as creams, ointment, gel, etc. to observe their pharmacological activities. Because of the high 
resolution of the small angle x-ray scattering (SAXS), this technique was mainly used in this 
project. The data from shed snake skins from different species and human skin were finally 
compared.        
 
INTRODUCTION 
Shed snake skin has been reported to have many advantages more than other natural skins [1]. 
The permeability profiles through the shed snake skin closely match that through human 
stratum corneum. There are many advantages in using the shed snake skin as a model 
membrane. It can be obtained without killing the animal. The variation in permeability was 
lower than that of cadaver and fresh human skin. It can be kept for months under 
refrigeration. It releases fewer interfering substances in analytical procedure. The behaviour 
of the shed snake skin is also very similar to that of human stratum corneum. There are two 
parallel permeation pathways: lipid and pore pathways in shed snake skin as in human stratum 
corneum. The lipid content of the shed snake skin is nearly equal to the human stratum 
corneum [2]. The lack of hair follicles and skin appendage, however, as well as the existence 
of scale in shed snake skin are the main differences between shed snake skins and human 
skin. 
There are some studies about shed snake skins, however, the basic permeation data of various 
drugs through the snake skin has been mainly performed by using shed snake skin of black rat 
snake Elaphae obsoleta [3] and found that it can be used as a model membrane for the in-
vitro skin permeation studies of transdermal delivery systems (TDDs), especially lipophilic 
drugs. In Thailand are various species of Thai snakes such as Thai cobra (Naja kaouthia) and 
Thai python (Python molurus bivittatus), which were used in this present study compared to 
other skins. The small angle X-ray scattering (SAXS) can give details of the secondary 
structure up to nano-scale and was successfully used for characterizing the human stratum 
corneum [4]. Therefore SAXS was mainly used in this project.  
  
MATERIALS AND METHODS 
Materials 
For this present study four species of shed snake skins i.e. Naja kaouthia (NK), Viper 
calloselasma (VC), Python molurus bivittatus (Pml) and E. obsoleta (EO) were obtained from 
Pata Department Store’ Snake farm, Bangkok, Thailand. They were collected after the snake 
shed the skin from the body within 1 day. Human skin (human) was obtained from surgery 
department of a hospital. All the samples were stored at room temperature under dry 
conditions prior to use.    
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Method  
Small Angle X-ray Scattering (SAXS) 
The experiments were performed at the new SAXS instrument of the Hahn-Meitner Institute 
(7T-MPW-SAXS) installed at the synchrotron source BESSY in Berlin, Germany. The 
scattering patterns were acquired using a 2D position sensitive gas detector with delay line 
read out (Molecular Metrology). About 5 mg of dry skins of both parts (hinge and scale area) 
were measured by SAXS, while increasing the temperatures of the samples in steps of 5 °C 
from 25 °C to 100 °C at X-ray energy of 8000 eV under vacuum. The effect of swelling was 
determined by soaking the skins in sterile water for at least 14 h. The samples were mounted 
then into the sample holder between two sealed capton foils and measured at temperatures 
between 25 °C to 100 °C in steps of 5 °C. The difference was that a wet sample was purged 
with helium gas during measurement in order to reduce air scattering background in the 
sample chamber.  
 
RESULTS AND DISCUSSION 
Figure 1 shows that the morphology of the skin from different snakes is different in diameter 
und a number of hinge and scale region. These differences may affect the secondary structure, 
which will be studied in the next project by using the setup that can focus on a particular 
region. Figure 2 shows that there are differences between SAXS-patterns on shed snake and 
human skins. This means that the repeat distance of components e.g. lipids and proteins have 
different thicknesses because the peak maxima are at different scattering vectors (q). The 
heating has an effect on the structure both for shed snake and human skins, which can be seen 
in the shifting of the peak maxima to the right with increasing temperature. This means that 
the repeat distance gets smaller because the peak maximum is shifting to larger scattering 
angles or larger magnitudes of scattering vectors. This may be due to the fact that lipids are in 
both the skins which can be oriented in different forms e.g. gel-, crystalline-, hexagonal-
phase. This hypothesis may be proved in further experiments. If the SAXS technique is 
combined with other techniques e.g. calorimetry (DSC) and spectroscopy (FTIR) a deeper 
understanding about the structure of the skins can be deduced. The data from DSC and FTIR 
were formerly shown in another report [5].  
 

  
                                                                                              

 
 
Figure 1: Photographs of different species of shed snake skins showing different diameters 
and a number of hinge and scale regions.   
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Figure 2: (a) SAXS curves show a significant difference of the shape of wet shed snake skins 
compared to human skin measured at 25°C, (b) SAXS curves of wet shed snake skins 
compared to human skin indicate a peak shifting to the right with increasing temperature.  
 
CONCLUSION/PROSPECTIVE PLAN  
 
The next step will be the challenge to find out the phase of lipids or lipid-mixtures by using 
the mathematical model. The effect of different surroundings during measurement to simulate 
the conditions, which will be used in in-vitro-test, will be studied as well. The further type of 
model skins e.g. shed snake skin from snake types existing in Germany e.g. Kreuzotter 
(Vipera berus), etc. will be studied and compared with other commonly used skins e.g. pig 
skin, synthetic skin. The data from SAXS and eventually combined with that from other 
techniques can give deeper understanding why the in-vitro-test with a model membrane from 
shed snake skins is comparable or even better than that from other commonly used skin 
models. The number of in-vivo-tests or direct tests at the human bodies can therefore be 
reduced. 
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Refractories.
Refractories are used as linings in melting furnaces in the glass and metal producing industries. They are
also used as coatings for sensors in hostile atmospheres and high-temperature environments as process
control becomes more important to reduce waste and energy consumption. In some applications, clever
nano-scale engineering can increase the mechanical strength of refractories as has been shown in the case of
turbine blade coatings [1].
We are using a nano-scale analogue of an industrial alumina-zirconia-silicate refractory (cf. Fig. 1) as a
physical model to understand the sintering and corrosion kinetics of this material class. The increased
surface-to-volume ratio makes the model system ideally suited to kinetic investigations. We have studied
this material by NMR [2] and SAXS [3], and we have recently published the first in-situ kinetic study of a
heterogeneous material, silicate glass-forming batch, by NMR [4].

Refractory corrosion occurs when mobile ions from
the glass melt penetrate into the amorphous binder
phase of the refractory. We are looking into ways of
increasing the viscosity of the refractory binder phase
in order to reduce the penetration depth of the cor-
rosives. One way to achieve this may be based on the
mixed-alkali effect, the reduction of ionic conductivity
when two mobile ions compete for conduction path-
ways in an amorphous structure [5] as ionic motion
contributes to the flexibility of the network and hence
decreases viscosity.

Fig. 1: Nano-scale refractory analogue: Alu-
mina and zirconia nanoparticles embedded in a
sodium / potassium silicate glass matrix.

Anomalous small-angle x-ray scattering.
Anomalous scattering is the chemical contrast enhancement that occurs around the absorption edge of a
probe element due to the resonance between scattering and absorption [6]. Near the edge, an energy-
dependent complex correction f ′ + i f ′′ is applied to the scattering factor to account for this resonance. As a
consequence, the total scattering function splits into three parts,
I(q, E) = I0(q) + f ′ I0r(q, E) +

(
f ′2 + f ′′2

)
Ir(q, E) , (1)

i.e. the non-resonant, cross, and self terms.
There are only a small number of ASAXS studies reported in the literature so far, and even fewer attempt
to monitor materials in situ while varying a process parameter. Systems that have been investigated by
ASAXS so far are concerned with phase separation in alloys [7, 8], distribution of counter-ions in polymer-
coated core-shell particles [9], and porosity of catalyst supports [10]. The only in-situ studies so far are a
kinetic study of an organometallic reaction leading to the formation of nano-particles [11], degradation of
an electrocatalyst in operation [12] (both at room temperature) and phase separation kinetics in an alloy at
moderate annealing temperatures [13].
Not all of the previous ASAXS studies make full use of the potential inherent in eq. (1) to separate the
cross term, which contains the correlation between the probe and the remaining scatterers, from the self
term, which relates to the autocorrelation of the probes themselves, i.e. the pattern that one might expect
if the phase containing the probe was in an otherwise perfectly index-matched environment. In order to
solve eq. (1), measurements at a great deal more than three energies are required, and in addition to the
usual corrections, the data need to be corrected for fluorescence, the width of the beam spectrum, and any
chemical shifts of the edge occurring during an in-situ experiment [14].
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Experimental.
The in-situ experiments were designed to repeat
cycles of four beam energies plus edge scan while
heating a sample at a fixed temperature up to 1 000◦C
(cf. Fig. 2). To study corrosion, the refractory ana-
logue was mixed with another glass, with a higher
content of mobile ions than the refractory’s matrix.
This glass is known as the corrosive. While the cor-
rosive is the same sodium-based glass in all experi-
ments, versions of the nano-scale refractory analogue
with both sodium and potassium based binder phases
were used. We therefore contrast the conventional
case, where there is a concentration gradient of Na+

ions from the melt into the refractory, with a situation
where the total mobile ion concentration gradient is
the same but Na+ ions diffuse into a K+-based struc-
ture.

Fig. 2: Experiment protocol for a typical in-situ ASAXS
experiment using the Rostock furnace on the HMI SAXS
beamline at Bessy.

Results and Discussion.
We can see a difference in the energy dependence of the scattering pattern depending on whether a sodium
or a potassium based corrosive is used. After the necessary corrections, radial averaging and absolute
scaling of the scattering level by normalisation against an amorphous carbon sample, the straightforward
difference is taken between runs near and well below the edge. A more detailed analysis is necessary but
requires further software development, which is still work in progress. Figs. 3 and 4 show the difference
plots for the sodium and the potassium based refractory, respectively, as three-dimensional data sets relat-
ing difference scattering intensity with momentum transfer (here shown as detector channel number) and
time elapsed at a temperature of 820◦C. Each time slice corresponds to about 3 min. Positive differences
mean that the normalised scattering is stronger well below the Zr K edge than in the resonant region just
below the edge, i.e. that scattering from Zr is greater than average in these positive-difference regions of
the pattern. While a conclusive interpretation will require a more detailed analysis once the required soft-
ware is available, the fact that the potassium corrosive shows an effect on the zirconium signal while the
sodium corrosive does not is a significant result. Sodium is the only mobile ion in the refractory’s glassy
binder phase. A sodium-based corrosive, although containing a significantly higher amount of sodium ions,
does not seem to affect the zirconia phase in the refractory. However, the potassium corrosive does change
the zirconia nanostructure right from the beginning of the experiment, although an equilibrium is reached
after about 15 min. The slight remnant curvature along the q axis suggests that the Guinier radius of the
embedded zirconia particles is reduced during the initial reaction.

Fig. 3: ASAXS difference patterns as a function of time
for the sodium-based refractory.

Fig. 4: ASAXS difference patterns as a function of time
for the potassium-based refractory.

Conclusions and Outlook.
This first in-situ ASAXS experiment at the HMI SAXS beamline at Bessy has demonstrated that the beamline
can provide the necessary time and energy resolution to enable us to study the kinetics of solid state reac-
tions such as refractory corrosion. However, the temperatures available on the furnace used at the beamline
at the time were not sufficient for the corrosion studies intended. Ways of improving and testing the fur-
nace have been identified which will enable us to finish off this work in a follow-up experiment. These
include operating the furnace with an inert gas atmosphere and placing the sample, which is a powder
pellet, between two slivers of mica to improve mechanical stability.
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Dissemination.
Preliminary results of this work have been presented at the European Society of Glass Science and Technol-
ogy conference at Sunderland and at the Synchrotron Radiation User Meeting at Diamond, both in Septem-
ber 2006. A journal publication is underway but needs some further software development as indicated
above. Follow-on beamtime at Bessy has been awarded and scheduled for March 2007, which will provide
further in-situ ASAXS data on refractories to complete the picture.
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Oligomers such as sexiphenyl (6P), sexithiophene (6T) and pentacene (5A) are attracting 
renewed interest not only as models for their related polymers, but also in their own right as 
active materials in organic devices such as FETs, LEDs and solar cells. The bonding 
interaction at the organic-inorganic interface has been shown to be important to the electronic 
properties via the band alignment [1], and there is much interest regarding molecular 
geometry in this interfacial region as it is crucial to many aspects of organic devices, from 
charge injection and transport to thin film growth. Further, organic devices often consist of a 
multiplicity of organic layers making the understanding of the organic/organic interface and 
organic-on-organic growth a technologically important issue. Here we report investigations 
into, first, a novel form of strain release at the 6P/Cu(110)-(2x1)O interface, followed by the 
growth of a 6P/5A/6T heterostructure. During the heterostructure growth, the orientation of 
5A molecules from monolayer coverages to thin films (up to 25 nm) grown on a highly 
crystalline (20-3) oriented 6P film was monitored, as was the orientation of subsequently 
deposited 6T on the previous 5A film. The surfaces were prepared and investigated in the 
MUSTANG end station attached to the Russian-German beamline. CK- and SL- edge Auger 
yield Near Edge X-ray Absorption Spectroscopy (NEXAFS) spectra were obtained with a 
Phoibus 150 analyser from SPECS. 
Low Temperature Scanning Tunneling Microscopy (LT-STM) studies have shown that the 
molecules in a monolayer (ML) of 6P on Cu(110)-(2x1)O are uniaxially oriented along the 
Cu[001] direction, i.e. along the oxygen rows. Further 6P growth results in crystallites where 
the 6P(20-3) plane of the bulk crystal structure is parallel to the underlying substrate surface 
in which the molecules maintain their orientation from the monolayer. [2,3] The 6P surface 
unit cell of the monolayer, however, shows a compression of -8.4% in the [1-10] direction and 
-1.1% in the [001] direction when compared to the two-dimensional unit cell of the 6P(20-3) 
plane. It is unlikely that the observed surface layer is simply a compressed (20-3) bulk plane 
forced by the substrate due to the high pressures this would require. One stress release 
mechanism which does not require simple compression would be a change of the inclination 
of the individual molecular planes with respect to the surface. A rotation of the molecular 
planes about the long molecular axis by only 4° is enough to allow commensurability without 
compromising the van der Waals spacing.[3] A change in the inclination of the molecular 
planes of this size should be measureable by NEXAFS. 
Polarisation dependent C1s-NEXAFS spectra have been recorded to determine the molecular 
orientation and to check this hypothesis. If the molecules have the ability to release stress by 
increasing their tilt angle at the interface, then a different inclination angle in the monolayer 
and the 6P(20-3) crystallites that grow on it, should be detectable using the C1s → π* 
resonance in the high resolution C1s-NEXAFS spectra. Figure 1 displays NEXAFS 
measurements performed with photon angles of incidence from normal (θ=0°) to grazing 
(θ=80°) along the high symmetry directions [001] and [1-10] for both a ML (Fig.1a) and a 32 
nm thick film (Fig.1b) of 6P. For normal incidence with the polarisation plane parallel to 
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[001] the π* excitation is largely forbidden for both the monolayer and the multilayer films 
indicating that the molecular axes are parallel to the surface and the [001] azimuthal direction, 
as observed in STM and XRD measurements [3]. In the [1-10] direction, perpendicular to the 
molecules, the inclination angle of the molecules with respect to the substrate can be 
determined from the π* intensity variations. In the NEXAFS spectra of the monolayer the C1s 
→ π* resonance is strong and does not change upon changing the photon incidence angle θ as 
can be seen in the inset of Fig.1a. In contrast, the intensity of the C1s → π* resonance for the 
thick layer changes considerably upon increasing the incidence angle θ as is shown in the 
inset of Fig.1b. To determine the molecular tilt angle, the calculated intensity ratio plots I(θ = 
0°)/I(θ) are shown as a function of the π*-orbital vector tilt angle α and for various X-ray 
incidence angles θ, together with the experimentally determined C1s → π* transition ratios. 
The resulting tilt angle of the molecular plane in the case of the monolayer on the (2x1)-O 
reconstructed surface is determined to be 44° ± 5°. The same experiment for the thick film 
reveals an angle of 37° ± 5°. Although there is a systematic error making the results of both 
systems slightly larger than expected, the decrease in tilt angle from the monolayer to the 
thick bulk-like film is significant and reproducible and supports the proposed geometrical 
model.  
The (20-3)-oriented 6P film shown in Fig.1b was used as the substrate for 6P/5A/6T 
heterostructure growth. The inset of Fig.2a shows CK-edge NEXAFS spectra of a 250 Å thick 
5A film grown on the 6P film at RT. As before, the spectra were recorded with the 
polarisation parallel to the [001] and [1-10] substrate azimuth and for incidence angles α 
between normal and grazing incidence. Some π* features of 5A exist over a 1 eV range just 
before the 6P X-ray absorption edge. For normal incidence and polarisation along [001], these 
5A features are very weak, whereas they are strong in [1-10] polarisation, indicating that the 
5A molecules align parallel to the underlying 6P molecules (and to the Cu-O [001] direction). 
For both polarisation directions they have there maximum at grazing incidence, indicating that 
the molecular axis is parallel to the [001] azimuth and that the molecular plane is tilted with 
respect to the substrate surface. Nearly identical behavior was found for previous growth steps 
(not shown here) from the monolayer up to this coverage. A molecular orbital tilt angle 

 
Figure 1: CK – edge NEXAFS spectra for (a) 2.2 Å of p-6P and (b) 320 Å p-6P grown on Cu(110) – (2x1)O 
together with the calculated intensity ratio plots I(θ = 0°)/ I(θ) as a function of the π*-orbital (MO) tilt angle 
(α) for various X-ray incidence angles (taking the two-fold symmetry of the substrate into account). The dashed 
vertical lines indicate the derived molecular tilt angles with respect to the substrate. The respective NEXAFS 
spectra are shown in the inserts. (θ = 0° � normal incidence) 

(a) (b) 
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analysis, shown in Fig.2a, yielded a tilt of 33° ± 5° of the molecular plane relative to the 
substrate surface and a value of 37° ± 5° for the monolayer, which can be expected for 
uniaxially oriented 5A due to the herring-bone configuration of the bulk crystal structure. 
In Fig.2b the S2p-NEXAFS spectra of a 3 Å and 200 Å thick 6T films grown on the oriented 
5A layer at RT are shown. Comparable to the underlying 6P and 5A spectra little or no π* 
features can be observed at normal incidence in [001] and the spectrum is dominated by the 
S2p to σ*(C-S) resonance at 165.0 and 166.2 eV (spin-orbit splitting), while for x-ray 
polarisation along [1-10] in normal incidence both π* and σ* transition are strong. On 
increasing the incidence angle to G.I. the π* transitions increase for both polarisations. This 
shows that the 6T molecules are aligned parallel to the Cu-O [001] direction and the 
underlying 5A molecules. C1s-NEXAFS of the completed heterostructure (not shown) reveal 
a superposition of 6P, 5A and 6T spectra, suggesting that islanding occurs during 5A and 6T 
growth. The uniaxial alignment of the long molecular axes of organic molecules in 
heterostructures, in which the orientation of the underlying organic substrate is imposed upon 
the overlayer molecules, appears to drive organic-on-organic growth for rod-like molecules 
[4,5]. 
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Figure 2: CK – edge NEXAFS spectra for (a) 250 Å of 5A grown on 320 Å p-6P(20-3) together with the 
calculated intensity ratio plots I(θ = 0°)/ I(θ) as a function of the π*-orbital (MO) tilt angle (α) for various X-
ray incidence angles (taking the two-fold symmetry of the substrate into account) and SL – edge NEXAFS 
spectra for (b) 3 Å and, subsequently, 200 Å α-6T grown on the film in (a). The dashed vertical line in (a) 
indicate the derived molecular tilt angles with respect to the substrate and the respective NEXAFS spectra are 
shown in the insert. (θ = 0° � normal incidence) 

(a) 
(b) 
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Planar molecules with π-conjugated electron systems and end-group functionalization are 
frequently tested in the context of self-assembled monolayers on surfaces with specific 
electronic or geometric properties. Particularly, we investigate one-dimensional (1D) H-bonded 
structures made of pairs of molecules with linear shape and complimentary end-group 
functionalization. We have shown in a recent STM study [1], that 1D assembly is achieved in a 
1:1 mixture of naphtalene tetracarboxylic diimide (NTCDI, C14H8N2O4), and 1,4-di(4,6-
diamino-1,3,5-triazin-2-yl) benzene (BDG, C12H12N10) adsorbed on Au(111). 
 

Using X-ray photoemission spectroscopy 
(XPS) and near edge X-ray absorption fine 
structure spectroscopy (NEXAFS) we aim at 
understanding the underlying 
molecule/molecule and surface/molecule 
interactions. Our first experiments have been 
focused on the ability to assess the molecular 
level structure using NEXAFS. To achieve 
this, we have prepared monolayers of each 
molecule on Au(111). Both molecules self-
organize forming the two-dimensional, H-
bonded networks shown in the top panel of 
Fig. 1. The results are compared with ground 
state DFT calculations. 
 
XPS and NEXAFS experiments were carried 
out at the UE56/2-PGM1 beamline using a 
SPECS Phoibos 100 analyser equipped with a 
CCD detector. NEXAFS spectra are recorded 
in Auger yield mode, using 100 eV pass 
energy and 260 eV, 375 eV, and 510 eV 
kinetic energies for C-, N-, and O- K-edges, 
respectively. BDG and NTCDI were 
deposited at room temperature from e-beam 
evaporators and the Au(111) substrate was 
prepared by standard sputtering-annealing 
cycles. The monolayer (ML) coverage was 
calibrated by the characteristic LEED 
patterns. 
 
XPS is known to be element-specific and 
sensitive to the chemical environment. The 
bottom panel of Fig. 1 shows the N 1s XPS 
spectra for 1 ML NTCDI and BDG. In BDG 
the peak exhibits two different components at 

402.2 eV and 401.2 eV, with approximately a 2:3 intensity ratio. That is indeed expected from 

 
Figure 1: N 1s XPS spectra for NTCDI and 
BDG monolayers self-assembled on Au(111) 
(Top, STM topography). In BDG, two distinct 
components are observed for N in triazene rings 
(N) and amine groups (N). In NTCDI the single 
N line characterizes the imide group. 

 
Figure 1: N 1s XPS spectra for NTCDI and 
BDG monolayers self-assembled on Au(111) 
(Top; STM topography). In BDG, two distinct 
components are observed for N in triazine rings 
(N) and amine groups (N). In NTCDI the single 
N line characterizes the imide group. 
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the proportion of N atoms within 
triazine rings (blue N in Fig. 1) and at 
amine groups (black N), respectively. 
For NTCDI only a single N atom is 
present in the imide group, and hence 
a single peak feature defines the 1s 
spectrum. Similarly, a single 
component is observed in the O 1s 
emission (not shown).  
 
Such simplicity in the 1s spectra for O 
and N contrasts with the variety of 
shifted components in C 1s, which in 
turn reflect the different bonding 
configurations within the molecules. It 
suggests that NEXAFS at the O and N 
K-edges are better suited to explore 
molecular levels. The latter are 
expected to become very important in 
supramolecular structures since they 
are subject to changes upon weak 
intermolecular interactions.  
 
In Fig. 2 we show the NEXAFS 
spectra for a NTCDI layer taken at the 
respective K-edges of N, O and C. The 
spectra are aligned with respect to the 
vacuum level, which in turn is 
straightforwardly determined from the 
binding energies of the respective XPS 
1s peaks [2]. For N and O, the series 
of empty molecular levels are well 
identified by comparing with the 
ground state DFT calculation for free-
standing molecules. For C the 
NEXAFS spectrum is difficult to 
interpret beyond the LUMO peak, due 
to the presence of chemically shifted components in the XPS 1s spectra (not shown). 

 
 
Figure 2:  NEXAFS spectra at the different K-edges for 
NTCDI/Au(111). For the sake of comparison, the energy 
scale is referred to the vacuum level, which is determined 
from the respective XPS 1s peaks. The different features are 
assigned to molecular levels by comparing with a 
theoretical calculation. On top we show the spatial 
distribution of charge in the lowest unoccupied levels. The 
quenching of the LUMO feature in the N spectrum is 
naturally explained by a local zero in the density of states.  

 
Our calculation lacks an absolute energy scale, which can be obtained by matching theory and 
experiment at the LUMO+3 feature. Such orbital is the closest to the vacuum level, and hence it 
is expected to exhibit negligible core-hole effects. By comparing NEXAFS peaks and 
theoretical levels one can estimate the core-hole exciton energy, since that is not accounted for 
in the ground state calculation. In Fig. 2 one can observe and increasingly higher core-hole 
energy away from the vacuum level, i.e. from 0.10 eV to 0.26 eV and 0.60 eV for the LUMO+2, 
to LUMO+1 and LUMO levels, respectively. Such behaviour, as well as the relatively low core-
hole energy value, is indeed expected for molecules adsorbed on metallic surfaces [2]. 
 
It is striking to observe that the LUMO and LUMO+2 emissions are quenched in the N 
spectrum. This is naturally explained by a locally depleted density of states at N sites, and hence 
by a lack of overlap between core-level and molecular orbital wave functions. On top of Fig. 2 
we show the spatial charge distribution for LUMO and LUMO+1 orbitals in NTCDI molecules. 
The LUMO and LUMO+2 (not shown) charge density is zero at N sites (blue balls), in contrast 
to the significant charge density in the LUMO+1. 
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NEXAFS spectra in Fig. 3 correspond to the C and N K-edges for the BDG layer. Our ground 
state calculation gives three effective features. The LUMO, the LUMO+1,+2  levels that define 
a 0.1 eV band, and the LUMO +3,+4,+5 levels that lie within a 0.24 eV wide band. Such three 
features are well observed in the N spectrum of Fig. 3. Since the LUMO +3,+4,+5 is the closest 
to the vacuum level, it is used to define the absolute energy in the ground state calculation. 
Consequently we estimate both LUMO+1,+2 and LUMO core-hole energies at 0.40 eV. The 
calculation shows a significant charge density at N sites in all molecular levels, and hence no 
quenching is observed in NEXAFS, in contrast to NTCDI.  
 

As in NTCDI, the peak assignment for 
the C K-edge spectrum for BDG in 
Fig. 3 is not straightforward. The 
LUMO displays a strong shoulder 
separated by 0.75 eV. In the C 1s XPS 
spectrum (superimposed, dotted line), 
a higher binding energy component 
(C2) is in fact observed, shifted by 0.8 
eV from the main C1 peak. Beyond the 
LUMO, the complexity increases due 
to extra core-level emission at higher 
binding energies (C3 and C4), and 
hence NEXAFS peaks are difficult to 
assign following the molecular level 
calculation.  
 
In summary, we have found a 
straightforward relationship between 
the series of molecular levels in 
theoretical calculations and NEXAFS 
peaks at the N K-edge and O K-edges 
of π-conjugated molecule layers. That 
is possible due to the presence of 
single chemical species of O and N 
within functional end-groups. In 
contrast C atoms exhibit a variety of 
bonding configurations across the 
molecule that give rise to chemically 
shifted components in XPS, and hence 
to more complex NEXAFS spectra. 
  
Work at BESSY is supported by the 

European Community I3 Contract (RII 3-CT-2004-506008). 

 
 
 
Figure 3:  NEXAFS spectra at the N and C K-edges for a 
BDG layer on Au(111). In the N spectrum, the different 
peaks are assigned to molecular levels by comparing with 
a ground state, DFT calculation. In the C spectrum, the 
assignments are more complex due to the multiple core-
level shifts in XPS (C 1s spectrum inserted, with the C1 
component aligned with the LUMO). 
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1. Introduction 

Glass-in-glass phase separation has been of interest, because it has an effect on numerous 

properties and the crystallization behaviour of glasses. The Na2O-CaO-SiO2 system, which is 

the basis of most commercial glasses, has a metastable miscibility gap in the high-silica 

corner of the ternary phase diagram. The glass investigated (NCS glass) with nominal 

composition 13 Na2O-11CaO-76SiO2 (mol%) separates via a binodal mechanism into droplet-

like precipitates of nearly pure silica (Fig. 1) and a residual glass matrix [1]. The process has 

three stages which are nucleation, growth and Ostwald ripening. In previous small-angle X-

ray scattering (SAXS) studies, we investigated the effect of minor anionic additives, Cl¯  [2] 

and OH¯  [3], on the phase separation behaviour of the NCS glass. Here, the effect of small 

amounts of MoO3 on the phase separation characteristics of the NCS glass is studied. In 

particular, the influence of MoO3 on the two competitive parameters thermodynamic driving 

force, ∆µ, and interface tension between droplet phase and matrix, σ, controlling the phase 

separation process is investigated. 

 

2. Glass samples 

The glasses investigated were prepared from the same batch mixed to obtain the pure NCS 

glass with nominal composition 13Na2O-11CaO-76SiO2 (mol%). To one part of this batch, a 

certain amount of MoO3 was added in order to obtain 

NCS glass doped with 0.5 mol% MoO3. Details of the 

glass melting procedure are given elsewhere [3]. By wet 

chemical analysis, a Na2O deficit of 1.4 mol% and a 

CaO excess of 0.6 mol% with regard to the nominal 

composition has been determined. Therefore, ∆µ is a 

little increased for the NCS glass (Fig. 4 and Table) in 

comparison with a glass of nominal composition [1]. 

(The glasses were prepared and analyzed in the Jena
er

 

Glaswerk GmbH.) 

In order to obtain comparable SAXS results (Figs. 3 and 

4) from the glasses with and without MoO3, the heat 

treatment of all glasses was performed simultaneously 

at 600 °C for each of the times indicated in Fig. 3. 

311



3. Interface tension 

The effect of MoO3 on the interface tension, σ, was established by determining the wetting 

angle, α, at T=1200 °C of a drop of the liquid NCS melt, without and with 0.5 mol% MoO3, 

on the flat surface of pure silica glass. It was estimated that the value of σ for the pure NCS 

glass at 600 °C amounts to about 0.08 N/m, that of the doped glass is nearly 40% higher. 

                  

Fig. 2.    a) Drop of the pure NCS glass; � = 30°.         b) Drop of the glass doped with 0.5 mol% MoO3; �=37°. 

 

4. Kinetics by SAXS 

The kinetics of the phase separation process has been studied by conventional SAXS 

measurements using a Kratky instrument. A description of the SAXS experiment and of the 

analysis of the scattering data is given in [4]. 
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Fig. 4. Mean square of electron density 

fluctuations, …(∆ρ)2�, versus reciprocal average 

radius of the droplets. Plotted data are obtained 

from samples of the pure NCS glass (�) and of 

NCS glass doped with 0.5 mol% MoO3 (∆)

phase separated at 600 °C in the time interval 

0 h [ t [ 100 h. The arrows illustrate the 

direction of increasing time of heat treatment. 
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Fig. 3. Average droplet radius, Rl, internal 

surface per unit volume, Sv, and particle 

number density, Nv, of the pure NCS glass 

(�) and NCS glass doped with 0.5 mol%  

MoO3 (∆) as a function of the time, t, of 

isothermal heat treatment at 600 °C. The 

black dotted lines correspond to the power 

laws of the classical theory [5] of diffusion 

controlled Ostwald ripening. 
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Fig. 3 demonstrates that during heat treatment both the pure and the doped NCS glass get to 

the stage of Ostwald ripening [5] but with varying kinetics. In Fig. 4, the SAXS parameters Rl 

and …(∆ρ)2� = w (1 - w) (∆ρ)
2
 are fitted with the expression …(∆ρ)2� = …(∆ρ)2�e - …(∆ρ)

2�e R*/Rl, 

developed for the first non-asymptotic stage of Ostwald ripening [2,6], where R*~σ/∆µ is the 

critical Gibbs-Thomson radius. It has been estimated that the scattering contrast, (∆ρ)
2
, cannot 

account for the largly increased value of …(∆ρ)2�e for the MoO3 containing glass (Table). So, 

we have to conclude that the volume fraction, w, of the precipitated droplet phase is larger 

than that of the pure NCS glass. 
 

5. Binodal temperature, Tb, by in situ high-temperature SAXS 

In order to find out the cause of the increased precipitation of silica-rich droplets in the NCS 

glass doped with MoO3, in situ high-temperature SAXS measurements were performed at the 

HMI SAXS beamline at BESSY, Berlin. 

Fig. 5 shows that the silica precipitates in the pure NCS glass dissolve completely during a 

heat treatment at 710 °C, i.e. Tb< 710°C (compare Fig. 1). By contrast, during heat treatment 

of the NCS glass with 0.5 mol% MoO3 at 770 

°C, two processes can be observed. At first, 

the silica precipitates shrink in a reversion 

process until the silica concentration in the 

matrix reaches its new equilibrium value. 

Afterwards, the largest droplets grow again by 

slow ripening, i.e. Tb> 770°C. Obviously, the 

MoO3 content of the glass gives rise to a shift 

of the miscibility gap to higher temperatures.  

Therefore, the increased value of …(∆ρ)2�e of the 

MoO3 containing glass (Table) is caused by an 

increased precipitated volume fraction, w, 

resulting from a higher thermodynamic driving 

force, ∆µ ~ (Tb-600 °C). 
 

6. Conclusions 

The presence of small amounts of MoO3 in the NCS glass alters the kinetics as well as the 

equilibrium state of phase separation. Both the competitive parameters, thermodynamic 

driving force and interface tension, increase by an addition of MoO3 to the base glass. The 

increased thermodynamic driving force results in a shift of the miscibility gap to higher 

temperatures and so to an increase of the precipitated volume fraction of the droplet phase. 
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Fig. 5. Mean square of electron density fluctuations 

versus reciprocal average radius of the droplets. 

Plotted data points are obtained from glass samples, 

phase separated previously at 600 °C (filled 
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Thin films of Barium Strontium Titanate (BST) in the paraelectric state are used for tunable 
microwave devices as phase shifters, band pass filters and matching networks while ferroelectric BST 
thin films are applied in ferroelectric memories. Although the interfaces of these materials are known 
to have a significant impact on device performance, these are only poorly understood so far.  

We have performed BaxSr1-xTiO3 photoemission experiments of in-situ deposited films using the 
SoLiAS experimental station at the U49/2-PGM-2 beamline. Thin films of BST and Pt were prepared 
by rf-magnetron sputtering in a deposition chamber connected to the SoLiAS. The BST films (x=1, 
0.6) were deposited from ceramic targets with 1% oxygen in the sputter gas at 650°C substrate 
temperature. In Fig. 1a the dependence of the Ba 4d emission of the surface of a BaTiO3 thin film on 
excitation energy is presented. Two barium components, Ba(I) at 88.9 eV and Ba(II) at 89.9 eV are 
observed. The intensity of Ba(II) is clearly reduced with respect to Ba(I) with increasing excitation 
energy. Obviously the high binding energy component Ba(II) is due to a surface species. Using a 
simple bi-layer model, the thickness of the surface layer containing the Ba(II) species is calculated to 
be ~0.5 nm thick. A mean free path for the electrons as proposed by Tanuma, Powell and Penn has 
been used in this calculation.  

Fig 1 (b) and (c) shows the Ba 4d emission of a Ba0.6Sr0.4TiO3 and a BaTiO3 thin film in the course of 
increasing Pt deposition. The spectra were recorded with an excitation energy of hν=140eV yielding 
maximum surface sensitivity. With increasing Pt deposition the energy difference between the two Ba 
components is clearly reduced and only one Barium component is observed for a Pt thickness larger 
than ~1nm.  
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Fig. 1: (a) background subtracted Ba4d emission of a BTO thin film with varying excitation energy. 
The intensity of the Ba(II) component decreases with increasing excitation energy. Ba4d emissions of a 
BST (b) and BTO (c) thin film in the course of Pt-deposition. The energy difference between the two 
Ba components is reduced with increasing Pt coverage. 
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The surface Ba component at higher binding energies has been explained by various models such as a 
structurally relaxed surface layer [1], a surface core level shift [2], BaO, BaCO3 and others. None of 
these explanations are likely in the light of the present results. First, our surfaces are free of carbon 
contaminations ruling out BaCO3. Second, the surface layer is too thick to be explained by a surface 
core level shift as it is known for many semiconductors. In addition, deposition of Pt on top of a 
defective surface layer or a BaO surface species should preferentially change the surface Ba(II) 
component and not decrease the binding energy difference between the two species. Unfortunately, no 
explanation of the surface species an be given yet. However, as binding energies in photoemission are 
associated with atomic charges, it seems likely that the two components have an electronic, rather than 
a structural origin.   

The relative band edge positions of Strontium Titanate (STO) and BaTiO3 (BTO) are important to 
understand the different contact behaviour of these materials. We have therefore determined the band 
alignment between STO and BTO by stepwise deposition of BTO on a STO single crystal doped with 
0.05 wt% Nb. The XP-spectra are shown in Fig. 2. The valence band maximum of the clean SrTiO3 
surface is found at 3.0 eV and only a small (100 meV) downward band bending is observed in the 
SrTiO3 substrate in the course of BTO deposition. As the valence band maximum of the thick BTO 
films is observed at 3.3 eV binding energy, it is found 0.4 eV below the valence band maximum of 
STO. This result is in good agreement with recent calculations in literature if transitivity of the 
calculated band alignments is assumed [3]. The lower valence band maximum of BTO suggest larger 
barrier heights for electrons at the contact. This corresponds well with measurements of the STO/Pt 
and BTO/Pt interface which were also performed during the beamtime.  

In Fig. 2, the Ba 4d level does not show the characteristic splitting discussed above. Currently, we 
assign this difference to the different Fermi level position in the film. Due to the band gap of BTO of 
3.2 eV, a valence band maximum at 3.3 eV corresponds to a Fermi level inside the conduction band., 
which will modify the charge distribution and be in accordance with the suggestion of an electronic 
origin for the splitting of the Ba level. However, the dependence of the splitting of the Ba level on the 
Fermi level position remains to be studied more systematically.  
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Fig. 2: Core level as well as valence band spectra of a SrTiO3 single crystal during stepwise deposition 
of BaTiO3. Spectra are excited with hν = 630 eV.  
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Properties of ferroelectric oxides have been thoroughly studied since years for possible 
applications in microelectronics. Ferroelectric oxides are usually considered as switchable 
dielectrics. Since these oxides can also be made semiconductor by doping [1,2], the question 
arises whether switchable p-n- or Schottky diode structures can be prepared using them. This 
would be beneficial e.g. for a further miniaturization of non-volatile memories. We would like to 
study the relation between the direction of the spontaneous polarization and the transversal carrier 
transport in heterojunctions between BaTiO3 and metals or semiconductors in the future. The 
carrier transport is determined by the band diagram of the junction, in particular by the band 
bending and by the band offsets at the interface. These effects should depend on the spontaneous 
polarization state in the ferroelectrics, as it can be predicted from theories of band discontinuities 
[3]. Using photoelectron spectroscopy, we observed shifts of the core spectral lines which can be 
interpreted as a change in the abrupt band bending after heating the BaTiO3 crystal above the 
Curie temperature, explained in the following in more detail.  
 
The experimental setup included ROSA experimental chamber equipped with a photoelectron 
energy analyzer and with a field plate. This field plate could be pressed in vacuum towards the 
surface of a conductive BaTiO3 single crystal while the plate was electrically grounded. The 
sample could be electrically biased and simultaneously heated. The sample treatment sequence 
included: 1) heat treatment of the sample 2) applying a negative sample bias of about a hundred 
volts while cycling the temperature to above the Curie temperature and cooling down to the room 
temperature under the field plate 3) deposition of 3Å CuI 4) applying a positive bias of about a 
hundred volts while cycling the temperature to above the Curie temperature under the field plate. 
Between the steps of the sample treatment, the field plate was removed and the photoelectron 
spectroscopy measurements at several kinetic energies were performed using Ba3d5, Ti2p3 and 
O1s core levels of the substrate, as well as Cu2p3 and I3d5 levels of the film. The figure shows 
Ba3d5 and O1s core line spectra of the substrate. The energy resolution of about 2 eV along with 
a significant noise due to a small sensitivity makes exact interpretation of the spectra difficult. A 
significant core level shift was observed at large kinetic energies in all spectral lines of the 
substrate after the initial heating of BaTiO3. Surprisingly, this shift is absent at lower kinetic 
energies of photoelectrons. A possible interpretation by a poor reproducibility (~3eV) of the 
excitation energy of the U41PGM beamline at energies above 1000 eV does not explain why the 
reproducibility improves during the subsequent measurements after the initial heating. Our 
interpretation is that the core level shift is caused by an abrupt band bending near the surface due 
to a double layer of polarization and self-screening charge [4], explained in the following. The 
internal spontaneous polarization state may cause an external electric field around a non-
conductive material. In our experiment, BaTiO3 was made conductive by an intrinsic doping. The 
surface charge due to the spontaneous polarization is screened by the redistribution of the free 
carriers, so that the external electric field is not observed [4]. However, the bulk of the material 
remains in the polarized state. Due to this surface dipole, the core level energies in the surface 
region are strongly depth dependent, as soon as the information depth of the XPS becomes larger 
than the correlation length. For BaTiO3, the correlation length was estimated as 2 nm [4] and it is 
larger than the information depth at 50 eV kinetic energy, but it is typical for larger kinetic 
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energies of photoelectrons. This interpretation is also supported by the observation of the 
linewidth of the shifted emission line at the large kinetic energies, which is larger than at small 
kinetic energies, due to contributions from various depth regions with different potential. The 
energy of the photoelectron lines was found independent from an external static external electric 
field. No distinct trend was concluded from the minor shifts observed. The probable reason is that 
the static external field was screened by the conductivity in the sample.  
 
In conclusion, using the variable kinetic energy in photoelectron spectroscopy measurements we 
observed shifts of core levels depending on the kinetic energy, which can be interpreted in terms 
of the internal screening in the conductive ferroelectric material. The estimate of the thickness of 
the screening sheet is close to the correlation length and to the lattice constant. These preliminary 
results need however to be additionally confirmed as to the effectiveness of the measures taken 
for changing the polarization of the sample. 
 
[1] J. Nowotny, M. Rekas, Ceramics International 1994, 20 225. 
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Appl. Phys. 2002, 41 3798. 
[3] F. Capasso, A. Y. Cho, K. Mohammed, P. W. Foy, Appl. Phys. Lett. 1985, 46 664. 
[4] V. M. Fridkin, Ferroelectric semiconductors. New York: Consultants Bureau, 1980. 
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Organic-based devices have the advantage of lower fabrication costs, large-area 
scalability, efficient visible-UV-VUV light emission, and low operating voltages making them 
suitable for colour displays and lighting applications [1].  

The spiro-linkage concept is employed to modify the steric demands of small molecular 
organic compounds to improve their processability and morphologic stability, while their 
electronic properties are retained [1]. Spiro-linked organic materials have been proven to be 
very stable candidates [1] for organic optoelectronics and can be employed in charge transport 
and emitting layers of organic light-emitting diodes (OLEDs) [2] as well as solid-state lasers [3]. 
They form stable nonpolymeric organic glasses with high glass transition temperatures, usually 
associated with amorphous polymers. Currently, special attention is paid to those spiro-linked 
derivatives with strong absorption in the UV-VUV 
energy range. Compared to green-light-emitting 
materials, many efforts are still needed to further 
improve the performance of organic blue-light-
emitting materials. Especially, information about the 
effective refractive index is needed in the case of 
organic (spiro derivatives) solid-state UV-lasers 
based on distributed feedback (DFB) resonators. 
The emission of such DFB lasers strongly depends 

on the period of the Bragg grating ΛΛΛΛ and the effective 
refractive index neff of the waveguide [3]. Thus, the 
knowledge of optical constants is indispensable for 
optimizing the design of spiro-based electronic and 
optoelectronic devices. 

Novel organic compounds of e.g. Octo1 
(2,2',4,4',7,7'-hexaphenyl-9,9'-spirobifluorene) and 
Octo2 (2,2',4,4',7,7'-hexakis(biphenyl-4-yl)-9,9'-
spirobifluorene) were synthesized at Universität 
Kassel in the group of Prof. Dr. Josef Salbeck. The 
molecular structure of a typical spiro-linked molecule 
i.e. Octo1 is presented in the fig. 1. The thin films 
were grown by organic molecular beam deposition 
(OMBD) on silicon substrates kept at room 
temperature. The source materials were deposited 
under ultrahigh vacuum conditions with an 
evaporation rate of 1 Å/sec on the rotating substrate 
in order to avoid thickness inhomogeneities.  

Fig. 2(a) shows an example of the measured 
and simulated ellipsometric spectra for a thin film of Octo1. The optical response of the organic 
films was described by an isotropic model based on a sum of Tauc-Lorentz oscillators. These 
types of oscillators work particularly well for amorphous materials [4], even though they were 
employed only in the case of inorganic materials so far. 

The optical constants calculated from the ellipsometric parameters, ΨΨΨΨ and ∆∆∆∆, of the 
investigated spiro-linked organic films of Octo1 (130 nm) and Octo2 (170 nm) are displayed in 
the fig. 2(b). The OMBD prepared organic films on SiO2 substrates are found to be smooth, 
homogeneous and optically isotropic as expected since the spiro-linkage approach suppresses 
the crystallization giving rise to amorphous organic films (see fig. 2). The strongest light 

 
 

 
 

 
 
Fig.1 Molecular structure of 2,2',4,4',7,7'-

hexaphenyl-9,9'-spirobifluorene (C61H40)→Octo1. 
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absorption occurs for both types of spiro-molecules in the deep UV energy range above 6 eV. 

As expected, the more effective π-conjugation of the Octo2 molecule red shifts its absorption 
edge by 200 meV compared to Octo1. On the other hand, the increased non-planarity of the 
Octo2 leads to a decrease of the electronic absorption or optical constants i.e. n and k (see 
fig.2b). For a thorough understanding of the optoelectronic behaviour of these spiro-molecules, 
density functional theory (DFT) calculations must be employed. 

 
(a) 

 
(b) 
 

 
Fig.2 (a) Example of measured and simulated Ψ and ∆ spectra of Octo1 thin film (130 nm) 
on silicon substrate. (b) Determined optical constants of Octo1 and Octo2. 
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Worldwide demand for energy is growing at an increasing rate.  Currently, this 
demand is being met largely by fossil fuels, particularly crude oil.  However, those 
reserves are diminishing and their exploration will become increasingly expensive.  
Hydrogen and methanol as energy carriers can be produced from both, fossil and 
renewable energy sources.  By direct conversion into energy through an electro-
chemical reaction, fuel cells extract more power out of the same quantity of fuel when 
compared with traditional combustion.  Due to their high activity, the use of platinum-
based electrocatalyst in low temperature proton exchange membrane fuel cells 
(PEMFC) is present state of the art.  However, the fact that commercial applicability 
of PEMFC technology is almost exclusively bound to this expensive and rare metal, 
may become a prohibitive factor for the successful adoption of fuel cells as mass-
produced units. 

As recently successfully demonstrated, Ruthenium based catalysts modified 
with Selenium also exhibit high catalytic activity for the oxygen reduction reaction [1].  
One advantage of Ruthenium is that it is by a factor of 40 more common in the earth 
crust and its price presently amounts to only 17% of that of platinum.  Furthermore, in 
direct methanol fuel cells (DMFC) the undesired crossover of methanol through the 
membrane from the anode space into the cathode compartment is still an unsolved 
issue.  Therefore, platinum cathode catalysts suffer from activity losses due to 
methanol oxidation.  As alternative, carbon supported Ruthenium nano-particles 
modified with Selenium feature absolute methanol tolerance.  Although intense 
studies of these catalysts were performed during the last decade, no definite 
conclusion with respect to the nature of the catalytically active sites and the 
constitution of the RuSe nano-particles could be drawn.  However, only a better 
understanding of the underlying principles is believed to pave the way towards higher 
active catalysts, thus making DMFCs more efficient and reliable. 

Investigating RuSe electrocatalysts, data about the Selenium distribution over 
the catalyst’s surface are particularly necessary, because catalytic efficiency 
depends strongly on the Selenium content of the catalysts.  Anomalous Small Angle 
X-ray Scattering (ASAXS) represents a powerful tool for element sensitive analysis of 
nano-structured catalytic materials, whereas also useful data about the chemical 
composition in the sub-nanometer scale can be obtained.  Using the ASAXS 
technique one takes advantage of the so-called anomalous or resonant behaviour of 
the atomic scattering amplitude of an element near its absorption edge to separate 
the scattering from different elements. 
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To clarify the structural features of these catalytically active Se-modified 
Ruthenium nano-particles, such materials were prepared by thermolysis of Ru3(CO)12 
in an organic solvent with and without the presence of dissolved Selenium.  The 
resultant Ruthenium nano-particles were supported on the commercial Black Pearls 
2000® carbon black from Cabot. 

We investigated with ASAXS a complete set of samples, including the final 
working RuSe catalyst supported on a commercial carbon black, and some 
intermediate preparation states such as non-modified (Selenium free) Ruthenium 
nano-particles or the bare carbon support.  The scattering curves were taken in the 
vicinity below the Selenium and the Ruthenium K absorption edges, respectively. 

Figure 1a shows that Ru and Se form nano-structures that alter the shape of the 
Black Pearls scattering curve dramatically. The sample which contains Selenium 
(Fig. 1 b) shows a small hump at Q ~ 7 nm-1 that is visible also at the Ru-K edge 
(Fig. 1 a). It was deduced that Selenium within the sample generates structural 
features clearly detectable and analysable by ASAXS (Fig. 1 c). 

 
(a) 

Ru + Se on Black Pearls and pure 
Black Pearls 
Ru-K edge 

(b) 
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Figure 1: ASAXS scattering curves measured near below the K-absorption edges of 
Ruthenium (a) and Selenium (b and c). 

Taken into account the anomalous dispersion effect, in the vicinity of the Se- 
and the Ru-edge as well, of the scattering intensity of all measured samples, a 
structure model of the catalytically active metallic nano-particles has been deduced. 
That model suggests a nearly spherical Ru particle with a mean diameter of 2.3 nm 
decorated with Se aggregates. These structures onto the Ruthenium nano-
crystallites feature a diameter around 0.5 nm. The results are supported by data from 
XRD, XPS, and EXAFS measurements, obtained from the same materials [2, 3]. 
Even so, the real shape of these small Selenium clusters is not yet finally clarified. 
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However, free Selenium clusters of few atoms will form symmetric ring structures [4]. 

We also confirmed that the Selenium modified Ruthenium nano-particles are 
extremely resistant against agglomeration and particle growth.  Even after annealing 
at 800°C the average particle size of the Ruthenium particles was found to remain 
below 2.5 nm in diameter. 

Volume size distributions determined 
from ASAXS Suggested structure model 

Figure 2: Structural model for Ruthenium based electrocatalysts supported on 
activated carbon and modified with Selenium at 800°C. 

Conclusions [5] 
ASAXS revealed nano sized features of the samples that are hidden for SAXS 

or SANS methods alone. A structure model of the catalytically active metallic nano-
particles has been deduced suggesting a Ruthenium core, with an average diameter 
of 2.3 nm, decorated with Selenium aggregates. 

The Selenium structures onto these Ruthenium nano-crystallites feature a 
diameter less around 0.5 nm. Therefore, no closed Selenium coverage of the 
Ruthenium core particles could be affirmed.  

Selenium modified Ruthenium nano-particles are extremely resistant against 
agglomeration and particle growth. Even after annealing at 800°C the average 
particle size was found to remain below 2.5 nm in diameter. 
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Valence and spin states of 3d ions in complex oxides
La1−xCaxMn0.5Co0.5O3 determined by X-ray absorption
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The solid solution system LaMn1−yCoyO3 has recently attracted much attention owing to ferro-
magnetic interactions dominating for intermediate values of y [1–7]. Although the Mn and Co ions
are in trivalent states in the ternary compounds LaMnO3 and LaCoO3, there is a tendence towards
charge disproportionation in the quarternary materials LaMn1−yCoyO3 (i.e., a combination of Mn4+

and Co2+). Magnetic properties of LaMn1−yCoyO3 are discussed in terms of competition between
the ferromagnetic Mn3+–O–Mn4+, Mn3+–O–Mn3+, Co2+–O–Mn4+, and antiferromagnetic Mn4+–
O–Mn4+, Co2+–O–Co2+, Mn3+–O–Co2+, superexchange interactions, considering also a tendency
to Co2+/Mn4+ ionic ordering of the NaCl type [1–7].

According to the XPS and XAS studies, dopant Co ions in these compounds are divalent [8–11].
It means that the Mn ions are in a Mn3+–Mn4+ mixed valence and that the ferromagnetic interactions
were attributed to the double exchange between Mn3+ and Mn4+. On the other hand, it has been
shown that magnetic properties of LaMn0.5Co0.5MnO3 and valence states of Co and Mn ions depend
on the synthesis conditions [3–5].

The phase prepared by the low-temperature nitrate method at 700 ◦C (P1) undergoes a transition
to the ferromagnetic state at the Curie temperature Tc ≈ 230 K. The phase synthesized by solid state
reaction at 1300 ◦C (P2) has the Curie temperature Tc ≈ 150 K [3–5]. Core-level Mn and Co 2p X-
ray photoelectron spectroscopic studies at room temperature and magnetical measurements indicate
that the spin states of Mn and Co are different in these two phases of LaMn0.5Co0.5MnO3: Mn and
Co ions are both in their trivalent states with Co in the low-spin configuration in the P1 phase and
as Mn4+ and high-spin Co2+ in the P2 phase [4, 5].

Here we report the XAS and XPS studies of the two phases of La1−xCaxMn0.5Co0.5O3. The
phases P1 were prepared by a low-temperture citrate method at 700 ◦C. The samples P2 were
synthesized by a ceramic method at 1300 ◦C. The oxygen content of the samples was determined
by means of a thermogravimetric analysis during reduction in hydrogen flow at 900 ◦C. The Co 2p
and Mn 2p x-ray absorption spectra (XAS) were carried out at the Russian-German Beam Line at
the BESSY storage ring. The spectra were normalized to the incident current as measured from a
gold grid located at the entrance chamber. The Mn 3s X-ray photoelectron spectra were measured
using a PHI 5600 ci multitechnique system. The Al Kα radiation was monochromatized by a
double-focusing monochromator.

Figure 1 shows the Mn 2p X-ray absorption spectra of two phases of La1−xCaxMn0.5Co0.5MnO3,
P1 and P2, in comparison with the spectra of some manganites. The spectra of the P1 and P2
phases of La1−xCaxMn0.5Co0.5MnO3 are more closely to those of La0.07Ca0.93MnO3 than to those of

∗e-mail: galakhov@ifmlrs.uran.ru
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Fig. 1: Mn 2p X-ray absorption spec-
tra of the phases P1 and P2 of
La1−xCaxMn0.5Co0.5O3. For compari-
son, the Mn 2p XAS spectra of some
manganites are shown.
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Fig. 2: Co 2p3/2 X-ray absorption
spectra of the phases P1 and P2 of
La1−xCaxMn0.5Co0.5O3. For comparison,
the Co 2p XAS spectra of some cobaltites
are shown.

LaMnO3. Therefore, valence states of manganese ions in both phases of La0.75Ca0.25Mn0.5Co0.5MnO3,
P1 and P2, are closer to 4+ than to 3+.

We have performed Co 2p X-ray absorption measurements to investigate the valence of Co ions in
these compounds (see Fig. 2). One can see that the spectrum of the phase P1 of LaMn0.5Co0.5O3 is
almost identical to the spectrum of CoO (Co2+ ions). The doping with Ca leads to a transformation
of the spectra, and the spectra of the samples with x = 0.5 are practically identical to the spectrum
of LaCoO3, where Co3+ ions are in the low-spin state. Assuming that the Co ions in the sample P1
of LaMn0.5Co0.5O3 are in the 3+ state, we have estimated the valence states of Co ions in other
samples of La1−xCaxMn0.5Co0.5MnO3.

Valence states of Mn ions were estimated using the Mn 3s level splitting obtained by means of
X-ray photoelectron spectroscopy (see Fig. 3). The magnitude of the splitting is proportional to
(2S + 1), where S is the local spin of the 3d electrons in the ground state. One can see that the
magnitude of the Mn 3s splitting increases with decreasing x. Using both the Mn 3s XPS and Co
2p XPS data, we have estimated valence states of Mn and Co ions in the phases P1 and P2, of
La1−xCaxMn0.5Co0.5MnO3. The results are presented in Fig. 4. The fact that the mean valence
states of (Mn+Co) ions are less than that expected from the chemical contents of the samples, can
be described to the oxygen nonstoichiometry of the samples. Note that the samples P1 prepared
by the low-temperature citrate method are nanocrystalline [5] with an average grain size of about
40–160 nm [6]. One can suggest that the change of the valence states of Co and Mn ions going from
P2 to P1 is due to the nanoparticle nature of the P1 phase. It is known that nanooxides are more
defective than bulk oxides. Deficiencies of oxygen atoms must lead to the increase of the mean 3d
valences.

This work was supported by the grant “Cooperation between the Ural and Sibirian Divisions of
the Russian Academy of Sciences”, the Research Council of the President of the Russian Federation
(Project NSH-4192.2006.2), and by the bilateral Program “Russian-German Laboratory at BESSY”.
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Abstract 
Gold nanoparticles in soda lime silica glass were prepared by doping the glass precursors with small amounts of 
AuCl3 and a following melting process at 1450°C, irradiation of the polished glasses with x-rays and subsequent 
annealing. Enhanced particle formation is observed in the irradiated areas. Anomalous small-angle x-ray 
scattering reveals that the gold particles are homogeneous. The determined volume fraction of the particles is in 
the range of 10-5 to 10-3 %. The amount of the precipitated gold is about 0.0007 mol%. The determined particle 
radii range from 0.5 nm after 20 minutes to 2.3 nm after 60 minutes annealing at 550°C.  

 
Introduction 

Metal nanoparticles have attracted the scientists’ attention in the last years due to their 
exceptional magnetic, catalytic and optical properties. The production and conservation of 
especially very small metal clusters is however a difficult process. An effective way to 
produce metallic nanoparticles and to study their optical properties is to precipitate them in a 
transparent glass. Gold and silver clusters with monodisperse size distributions can be 
generated by synchrotron irradiation of glass samples and a subsequent annealing process [1]. 
This way, noble metal clusters even smaller than one nanometer become accessible, which 
reveal extraordinary optical properties like high quantum yield photoluminescence.  

A system of Au or Ag particles in glass is suitable for small-angle x-ray scattering since 
the heavier metal atoms provide high scattering contrast against the light element matrix. 
According to TEM investigations, the particle shape is spherical [1, 2], which facilitates the 
SAXS data analysis.    

 
Experimental 

Gold and silver nanoclusters were produced by local activation of soda lime silica glasses 
with X-rays provided by the dipole scanner DEX02 at the AZM beamline in co-operation 
with Dr. Löchel. The glass composition was 70SiO2-20Na2O-10CaO (mol%). The gold and 
silver contents were 0.01 and 0.04 mol%, respectively. The gold containing samples for 
SAXS measurement were annealed at 550oC for 1, 3, 5, 10, 20, 30, 45, and 60 minutes. Small-
angle x-ray scattering experiments were performed at the 7T-MPW-SAXS beamline. 
Anomalous scattering was measured at energies near the Au absorption edge of 11919 eV.   

 
Results and discussion 

During heat treatment, gold particles grow only in the activated glass areas. For longer 
annealing times, the activated areas colour in ruby red due to the surface plasmon resonance 
at 525 nm of gold nanoparticles. Significant SAXS scattering over the background is observed 
after 20 minutes of annealing – Figure 1. The curves show both increase of the scattered 
intensity as well as growth of the size of the scattering objects. The intensity increase at high 
q values is the tail of the first wide angle scattering peak of the glass matrix.  

The anomalous SAXS effect near the gold absorption edge (11919 eV) is depicted in 
Figure 2 for one sample. The decrease of the scattered intensity with the energy approaching 
the edge reveals the presence of gold in the particles. Guinier plots [3] of the samples 
annealed longer times contain extended linear parts from which the particle radius can be 
extracted. Figure 3 shows the Guinier plots of a sample annealed for 45 min at 550oC. The 
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slope of the linear fits corresponding to the different x-ray energies is the same within the 
accuracy of the measurement. The calculated Guinier radius and spherical particle radius are  
1.68±0.02 and 2.16±0.02 nm correspondingly. The fact that the Guinier radius does not 
depend on the x-ray energy proves that the gold particles are homogeneous, i.e. the system 
has typical two-phase behaviour.  
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Figure 1. Scattering curves obtained from synchrotron 
activated gold containing glasses annealed for 
different time periods at 550oC. 
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Figure 2. Anomalous SAXS effect at the Au 
absorption edge for a Au glass activated and annealed 
for 45 minutes at 550oC. 

 
The solid lines in Figure 1 represent fits obtained by a model of pure Au spherical 

particles with a log-normal size distribution. The scattering of the glass matrix was 
approximated with an A+Bq2 term [4]. The so obtained size distributions are shown in Figure 
4, and the particle mean radii, particle numbers per unit volume and volume fractions in 
Figure 5. After approximately 35 minutes annealing at 550oC, the particle growth rate starts to 
diminish, the volume fraction levels to a constant, but the number of particles decreases. This 
behaviour is typical for the Ostwald ripening stage of the phase separation. To be noted is that 
the volume fraction is rather low in the ripening regime. An estimate shows that maximum 
7% of the added gold, or only 0.0007 mol% had precipitated. X-ray fluorescence analysis of 
the glass however showed that only about 10% of the added gold (0.01 mol%) or 0.001 mol% 
remains in the as prepared glass. The rest of the added gold is lost during the glass 
preparation. During the Ostwald ripening process, the content of the gold remaining in the 
glass matrix should approach the equilibrium solubility at the annealing temperature. 

 Small angle scattering measurements were also done on silver containing glasses. The 
determined particle radii range between 0.5 and 0.6 nm.  
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Figure 3. Guinier plots of a synchrotron activated Au 
glass annealed for 45 minutes at 550oC at 4 different 
x-ray energies. The determined radius of the spherical 
particles from all curves is 2.16±0.02 nm. 
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Figure 4. Size distributions of gold clusters in 
synchrotron activated glasses after different annealing 
times at 550°C..  
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Figure 5. Mean particle radius, <R>, volume fraction, 
w, and number of particles per unit volume, N, as a 
function of the annealing time at 550oC.   

 
Supposing the Au particle has the mass density of the bulk gold, the number of atoms in a 

particle with 0.5 nm radius is about 31. This number is still high enough to approximate the 
particle electron density as a continuum. Moreover, the data accuracy and the signal to 
background ratio are currently low enough do distinguish between uniform and non-uniform 
particle electron density. This is manifested by the large error of the particle radii at annealing 
times of 20 and 30 minutes. Despite the large scattering contrast the attempt to reveal the very 
initial stages of phase formation has always to deal with vanishing volume fraction and 
consequently decreasing scattering intensity.    

 
Conclusions 

Gold particles with radii between 0.5 and 2 nm and narrow size distributions can be 
generated on demand in soda lime silica glasses by X-ray irradiation and subsequent 
annealing.  For the Au particles, the Ostwald ripening stage of the phase separation already 
starts after 30-40 minutes annealing at 550oC.  The maximum volume fraction of the particles 
obtained at the ripening stage is about 10-3 %. The anomalous small-angle scattering effect 
indicates clearly that the particles are homogeneous and the system is well described by the 
two-phase approximation.  
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The future trends of applications of organic semiconductor thin films (OMTF’s) in 

electronic and optoelectronic devices [1, 2] has initialise significant research activity since 
about twenty years. Among them, the family of the phthalocyanines (Pc’s) plays an essential 
role [3]. Thus the information about their electronic structure and properties, obtained by 
standard modern techniques as well as by calculations, is of crucial significance for both 
understanding of the fundamental physics and many applications. 

In this work we have studied the electronic valence band structure of CuPc molecules 
and CuPc thin films.  The CuPc molecule  (Fig. 1) consists of the central Cu atom, which is 
surrounded by four pyrrole nitrogen atoms (N1); four other nitrogen atoms (N2) – bridging aza 
and 32 carbon atoms – the pyrrole (C1) and the benzene (C2, C3 and C4). The investigations 
were performed by using a combination of experimental and theoretical techniques, by means 
of near-edge x-ray absorption fine structure (NEXAFS), conventional and resonant 
photoemission spectroscopy (PES and ResPES), and by first principles calculations. 
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align the spectra the first occupied peak was shifted to the binding energy position of the 
experimental peak arising from highest occupied molecular orbital. The Fig. 2 (a, lower 
panel) presents the DOS projected onto various atomic species. Each curve corresponds to a 
DOS summarized for both spin channels. The CuPc electronic structure is weakly modified 
by inter-molecular interaction in the solid state [9] and the measured spectra and the 
calculated ground-state molecular orbitals can be interrelated. Fig. 2 (b) shows the charge 
distribution (red) characteristic for the corresponding peaks of the valence band. In this way 
and taking into account the DOS projected onto various atomic species, we obtain a proper 
assignment of the different VB peaks.  
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

(b) 

(a) 

 
 
 
 
 
 
 
 
 
 

 
 
 

 

Figure 2 (a). Circles: PES of the VB of the CuPc film grown 
under UHV conditions on a clean (100) surface of a Au single 
crystal (normal emission, hν = 110 eV). 0 eV of the energy 
scale corresponds to the Fermi level. Thick/thin line: calculated 
DOS spectrum of isolated CuPc molecules, after application of 
a Gaussian function to each calculated state with a FWHM = 
0.5/0.01 eV. Lower panel presents the DOS projected onto 
various atomic species. Note, the calculated DOS is the sum of 
the density of states for both spin-channels.  

(b). CuPc molecules and calculated charge distribution 
contributing to corresponding peaks of the valence band (as 
labeled). 
2
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Figura 3. Spectra from a pristine 
CuPc film of 70 Å thickness, 
deposited on a Au(100) surface 
under UHV conditions.  
Top panel: N 1s NEXAFS 
spectrum.  
Bottom panel: valence band 
spectra, recorded at excitation 
photon energy around resonance 
(N 1s → π*). The bottom VB 
spectrum was recorded using hν = 
110 eV.
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For example, the HOMO (labeled with A) is mainly comprised of the spectral weight 
from the wave functions of carbon pyrrole C1 atoms (see Fig. 1). Additional contributions to 
the HOMO stem from the benzene atoms C3 and C4. The analysis of molecular orbitals allows 
to separate peak B into three independent groups. The first two groups situated in the same 
energy range from -2.55 to -3.77 eV reflect contributions from hybrid Cu (d x2-y2) and N1 (px, 
py) orbitals as well as benzene and pyrrole π states. This is in contradiction with other 
theoretical results at LDA level [9, 10], where the Cu (dx2-y2) state is the HOMO. We have 
reproduced these results by using the same local-density exchange-correlation functional.  

Since it is known that LDA has deficiencies in the description of localized highly 
correlated electronic configurations, particularly for 3d transition metals, we conclude that the 
ordering of levels obtained with LDA is an artifact. The third group arises from σ - bonding 
orbitals between bridging aza N2 and pyrolle C1, with main contribution from the nitrogen 
atoms. 

A deeper understanding of valence-band peaks was achieved utilizing resonant 
photoemission [11, 12]. Typical resonant photoemission spectra of CuPc thin films obtained 
by tuning the photon energy across the N 1s absorption edge are depicted in the bottom panels 
in Fig. 3. The VB spectra in Fig. 3 show resonant enhancement of the sharp VB spectral 
feature B (3.7 eV binding energy) as hν is varied across the first N 1s - π* excitation, which is 
marked by 5 in the N 1s NEXAFS spectrum (Fig. 3, top panel). According to our wave-
function analysis the resonance is a result of a filling of N 1s core hole by the electron initially 
excited in the pyrolle π* state. Simultaneously an intense hump appears at higher binding 
energies. This feature is assigned to spectator decay.  

Regarding the HOMO peak, we cannot draw any conclusion, because the N 1s core-
level emission excited by second order light overlaps the HOMO signal.  

In conclusion, we have presented results of our studies of the occupied electronic 
states (valence band) of copper phthalocyanine by means of NEXAFS, photoemission, as well 
as resonant photoemission spectroscopy. The experimentally obtained valence-band features 
of CuPc are in very good agreement with ab initio density of states results, allowing the 
derivation of detailed site specific information. 
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The third generation x-ray source BESSY II provides coherent x-ray radiation which can be 
used for static speckle analysis. Continuing our work on coherent x-ray scattering using white 
beam at EDR beamline [1-3] static speckle experiments were performed to verify the phase 
retrieval algorithm. Static speckle patterns from smooth and patterned semiconductor surfaces 
under grazing-angle incidence ware measured over a wide energy range simultaneously. The 
inverse Fourier-transform of the speckle pattern can then be used to obtain the real height 
distribution of the surface. 
 

 
 
Fig. 1: Scheme of the different set ups for coherent experiments at the EDR-Beamline. 
 
The static speckle pattern is influenced by the incident beam spectrum which already contains 
features of Fresnel diffraction of the initial pinhole. Therefore the approximation that the 
incident beam is a Gaussian is no longer justified. The measurement of illumination function 
was performed earlier [3, 4]. There is a good agreement between measured and calculated 
illumination function for diffraction at circular aperture. The amplitude and the phase of the 
incoming radiation calculated using Lommel formalism [5] are used to replace the Gaussian 
function for data analysis [6, 7] in future.  
 
This formalism is tested for real surfaces. As test structure, we used a surface grating created 
by photolithography on GaAs. The grating lateral spacing is D0 = 500 nm and the depth is 100 
nm. The sample surface was inspected at a fixed incidence angle of αi = 0.1 degree. 
Reciprocal space maps were recorded by collecting the spectra while moving the detector at 
different z positions perpendicular to the incident beam. z = 5 mm corresponds to maximum 
exit angle αf = 0.143 degree. The inspected z-range corresponds to the maximum lateral 
momentum transfer of qx,max = ± 3 µm-1. The peaks due to the grating are expected at 
positions z � 0 at ∆qx= 2π/D, where D=D0/cosω is the projection of D0 to the incident beam 
direction obtained by rotation of the grating vector by an azimuth angle ω. Fig.2 shows the 
reciprocal space map of the sample recorded under coherent illumination condition using a 
incident pinhole with diameter δ=10µm and a detector pinhole of same diameter. The map 
exhibits a series of line parallel qz.  Due to the small incident angle used (the critical qzc of 
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Fig. 2:  Coherent reflectivity map of a  Fig. 3:  Line scans for 10keV and 
           GaAs-surface grating     16keV extracted from (E,z) map 
        and simulated Fresnel intensities 
 
another pinhole diameter (not shown here) is used. Fig. 3 shows line scans for 10 keV (red) 
and 16 keV (blue) extracted from the measured (E,z) map, i.e. before re-calculation into the 
reciprocal space. The line scans exhibit a series of pronounced peaks decreasing in distance 
for increasing energy proportional to (Eδ)−1. Therefore these peaks are mainly due to 
diffraction from the incident pinhole. However, not all peaks appear equidistant. Several of 
them are merging together caused by the speckle like scattering from the sample surface. The 
black lines in fig. 3 show the Fresnel function for a pinhole diameter of 10 µm. Only a few 
peaks of simulation match the experiment. Nevertheless, several of measured peaks display 
the same peak width as the Fresnel function changing as function of energy. All deviations 
from pure Fresnel behaviour may identify speckle from the sample.  
In order to de-convolute the height- height fluctuation from the speckle pattern one has to 
consider the correct illumination function. Unfortunately the inversion procedure published 
recently [7] has less chance of success considering the correct illumination function instead of 
a Gaussian as input. . Therefore we try to determine the height-height fluctuation of the 
sample by direct simulation of the complex scattering amplitude A(qx)  
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for a set of qz –values assuming a model surface where individual grating ridges are  
fluctuating in height. 
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Figure 2: Time resolved energy spectra 
taken from a coherent reflectivity 
experiment. The intensities for some 
energies are changing (label B to C) 
there others stays constant (label A and 
E). This can be interpreted as dynamic 
speckle behaviour for the positions B, C 
and D. 
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Time and energy resolved coherent X-ray 
reflectivity measurements 
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The third generation X-ray source BESSY II (Berlin, Germany) provides coherent radiation 
which can be used for statistic and dynamic speckle analysis.  
 
 

 

 
 

Figure 1: The experimental setup at the EDR beam line at the BESSY II in Berlin, Germany 
 

 
Preventing thermal effects at the experimental setup like expansion of the sample table and 
other movements we choose a light sensitive polymer [1] as sample. To induce a slow surface 
changing process this polymer is illuminated by a laser. A slow process is needed because the 
time resolution is restricted by the used detector to 2.7 seconds (1 second is minimum of 
detector illumination time and 1.7 seconds for the read-out of the spectra to the computer). 
The time resolved energy spectra are measured at an off-speculare position in a coherent 
reflectivity set up (shown in Figure 1). These spectra gives access to the observation of 
dynamic speckle movement (important technique for the investigation of time depending 
sample surface processes). The result of one of these measurements is shown in Figure 2. One 
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can clearly identify different time behaviours for different energies. The constant peaks 
(labelled A and E) are purely caused by the Fresnel rings of the illumination function. The 
changing peaks (B to C) are caused by the illumination function as well but additionally 
convoluted with time depending speckles. This can be interpreted as a real dynamic process in 
the polymer induced by the illumination with laser light and therefore as a dynamic speckle 
observation in energy dispersive set up mode. The calculated autocorrelation function like 
map, which is shown in Figure 3, shows cosine-like oscillation only for some energies. It 
seems that there is also a different behaviour for the surface itself (below the critical energy) 
and the sub surface regions (above the critical energy). Due to these promising results the 
work in this direction of coherent experiments with a white X-ray beam will be continued in 
future.  
 

 
  
 
Fig. 3:  Autocorrelation-like map for 
the whole data set from the time   
resolved coherent experiment. One can 
clearly see the oscillations in the range 
from 7 keV to 9.5 keV. The time 
behaviour above the critical energy 
seems to differ from the one below.   
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It is well known, that the ordering and orientation of organic molecules is crucial for 
charge transport properties and thus for essential for the efficiency of devices based on these 
materials. Different mechanisms for the charge transport are debated, depending on the 
system under consideration. The localization energy based on electron-phonon coupling 
decreases significantly at low temperature, as a consequence different transport channels are 
possible: a band-like transport in organic materials e.g. is favoured at low temperatures [1]. 
The increase of electron-phonon coupling at higher temperatures may furthermore cause a 
reduction of width of electronic bands, which was shown experimentally for pentacene [2]. In 
this report we study whether these phenomena are accompanied by changes of the 
intermolecular interaction and thus the orientation of the molecules. We compare the 
orientation of zinc phthalocyanine (ZnPc) molecules on polycrystalline gold using 
polarization dependent X-ray absorption spectroscopy. The measurements were performed at 
the UE 52-PGM beamline. The energy resolution was set to 80 meV at a photon energy of 
400 eV. The absorption was monitored indirectly by measuring the partial electron yield using 
a channeltron with an applied bias voltage of 360 V (N 1s edge). The raw data are corrected 
by the energy dependent photon flux and by an additional linear background due to energy 
dependent cross sections for the absorption. The spectra were normalized to have the same 
absorption edge step height well above the threshold. 

In Fig. 1 we compare N1s excitation spectra for ZnPc evaporated on Au foil as a 
function of polarization of the synchrotron radiation. For flat sp2-hybridised carbon systems, 
such as phthalocyanines, a maximum intensity for dipolar transitions into groups of individual 
π* states is observed if the electric field vector E is perpendicular oriented with respect to 
molecular plane. In our experiment, the direction of E of the incoming light was changed at 
grazing beam incidence, see insets of Fig. 1c. For standing molecules, as observed recently 
for CuPc on gold foil [3], we expect the most intense π* resonances (E < 402 eV) for s-
polarized light (i.e. the electric field vector is parallel to the beam – sample surface plane) and 
the opposite behavior is expected for the 1s σ* resonances.  

The spectra for a ZnPc evaporated on gold at room temperature show only a weak 
variation of the N1s-π* intensity for p- and s-polarized light (Fig. 1a), indicating a relatively 
ill defined orientation. The preferred orientation of the ZnPc molecules is perpendicular with 
respect to the sample surface (standing molecules). In contrast, after cooling to about 20 K a 
clear dependence of the π* resonance intensity on the polarization of the incoming light can 
be recognized, the degree of ordering is obviously increased. And finally, after reheating to 
room temperature differences between spectra for p- and s-polarization are reduced. The 
corresponding π* resonance intensity ratios (p/s-polarized light) are 1/1.4 at room temperature 
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(before and after cooling) and 1/1.8 at liquid helium temperature. A similar behavior was 
observed for preferred lying ZnPc molecules on Au (the orientation of the molecules depends 
on the substrate preparation conditions): the degree of ordering increases at lower 
temperature.   

The increase of molecular ordering at low temperatures can be understood by an 
increase of the intermolecular interaction and by a decrease of the electron-phonon coupling. 
The changes of the orientation may therefore contribute to experimentally observed variations 
in the electronic band widths as a function of the temperature. 

For valuable discussions and technical assistance we thank Ch. Jung, S. Pohl, W. Neu 
and R. Hübel. Financial support by BESSY is gratefully acknowledged.  
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Fig. 1 N1s excitation spectra for 8 nm ZnPc on polycrystalline gold a) at room temperature, b) at 
liquid He temperature (~ 20 K), and c) at room temperature after cooling. The comparison of the N1s-
π* intensity ratios for s- and p-polarized light reveal that the degree of orientation is significantly 
higher during cooling. 
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Electrochemical deposition has become the method of choice for manufacturing 
functional thin copper films, because it provides excellent filling behavior for small vias 
and trenches as required for the ongoing miniaturization of advanced microelectronic 
devices. The functionality and reliability of electrochemically deposited thin films 
depend on their microstructure – however, the thermodynamically non-equilibrium state 
of as-deposited films causes substantial changes of the microstructure and related 
properties with time already at room temperature and/or at elevated (operating) 
temperatures.  
Copper, which has become the dominant material for interconnects in integrated circuits 
in microelectronics, is unstable even at room temperature; this phenomenon is called self-
annealing. Recently, in-situ studies applying conventional X-ray diffraction with 
simultaneous measurements of the electrical resistivity have been carried out to 
investigate the evolution of the microstructure in electrodeposited copper layers [1]. It 
has been reported [1] that considerable growth of the as-deposited nanocrystalline grains 
and a drastic weakening of the crystallographic texture occur as function of time at room 
temperature and multiple twinning was suggested as the mechanism for self-annealing in 
copper electrodeposits [1,2].  
In contrast, electrodeposited nickel, a promising material to realize movable structures for 
micro-electro-mechanical applications, is relatively stable at room temperature, but well-
known for changes of the internal structure at elevated temperatures resulting in a 
dramatic deterioration of mechanical properties. Annealing the nickel layers in a 
conventional furnace or oil bath with subsequent microstructure characterization (ex-
situ), as usually applied, allows just a comparison between as-deposited and annealed 
microstructures, but does not yield information on its time dependent evolution, which, 
however, is essential for understanding the mechanisms of (self-)annealing.  
The factors controlling these processes in the nanocrystalline thin films and limiting their 
long-term applicability are at present largely unknown. In-situ experiments applying 
synchrotron diffraction were carried out in order to supplement current research work on 
electrochemically deposited copper, silver and nickel layers.  
 
At BESSY at the beamline EDDI (part of ID 7T-MPW), the room temperature evolution 
of the microstructure was investigated for copper and silver layers. Great importance was 
attached to start the experiments before the onset of self-annealing; for this purpose, the 
as-deposited layers were frozen down to -20°C and first subjected to room temperature 
when the experiments were ready to start. For investigations of the self-annealing kinetics 
room temperature atmosphere was essential, i.e. radiation induced heat input into the 
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sample had to be avoided. By inserting appropriate absorbers in the primary beam path, 
the temperature could be reduced down to about 25°C, whereas without absorbers the 
sample would have been subjected to a temperature of 85°C, which would have triggered 
self-annealing considerably. The kinetics of self-annealing was studied with 
energydispersive diffraction by repeating measurements of the complete energy spectra 
both for copper and for silver layers with various thicknesses in the range of a few 
micrometers. Energydispersive diffraction spectra were collected at a fixed diffraction 
angle of 2Θ = 15°, for which a multitude of reflections was expected in a wide energy 
range. As an example, Fig. 1 shows a part of an energy dispersive diffraction spectrum 
recorded within only 30s (i.e. information can be obtained extremely fast) for a 2.6 µm 
thick copper layer deposited onto a Si-wafer with a Au-film on top.   
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Fig. 1: Energy dispersive 
diffraction spectrum measured 
for a copper layer with 2.6 µm 
thickness electrochemically 
deposited onto a Au covered 
Si-wafer.  
Various diffraction lines are 
marked: Cu (red), Au (blue), Si 
(green).  
Only part of the spectrum is 
shown, although lines can be 
identified up to about 100 keV. 

 
For the analysis of lattice strain (stress) the samples were tilted applying azimuth angles 0 
≤ ψ ≤ 89º with a step size of Δψ = 5º, which allows to determine residual stresses 
according to the sin2ψ-method. The variety of information contained in the energy 
spectra (a multitude of reflections corresponding to different lattice planes is recorded 
simultaneously and each reflection originates from a specific penetration depth) allows 
the determination of stress gradients perpendicular to the surface [3] and additionally, due 
to repeated measurements over the period of about one week, the evolution of stresses 
can be followed with time. Furthermore, the room temperature evolution of the 
microstructure can be followed with time by line profile analysis, i.e. separating the 
effects of grain size (size of coherently diffracting domains) and microstrain on the 
broadening of the measured diffraction lines. Evaluation of the diffraction spectra 
measured for the electrodeposits, however, indicated that diffraction line profile analysis 
for the interesting copper phase is not straightforward because of partly overlapping lines 
and weak intensities due to the very low layer thicknesses. Furthermore, line profile 
analysis for energydispersive diffraction is not a standard technique yet and the relatively 
broad instrumental profile as measured on a standard Si-powder (NIST 640c) as well as 
the even broader lines of the samples requires careful profile fitting, which is still the 
subject of current work. 
 

 2
340

Stephan
Rectangle



For nickel electrodeposits preliminary diffraction studies with conventional X-rays 
revealed that the microstructure of nickel layers is stable at room temperature, in contrast 
to the behavior of copper and silver layers. At BESSY, the behavior of nickel at elevated 
temperatures was investigated in-situ at the beamline MagS (part of ID 7T-MPW) 
applying a heating facility for temperatures up to 800 K. Measurements were carried out 
applying a monochromated beam with photon energies of 12.4 eV (wavelength λ = 0.1 
nm). Different temperature regimes were applied: i) isothermal annealing at different 
times (3h…8h) at various temperatures (400K…600K) and ii) isochronal annealing 
between 300K and 750K with temperature intervals of 50K. During the isothermal 
experiments, line profiles were successively measured for the 111, 222, 200, 400 and 311 
reflections of nickel and measurements were repeated until no further changes of the line 
profiles could be detected. For the isochronal experiments, one series of the various 
nickel reflections was measured at each temperature, i.e. the holding time at the 
individual temperatures amounted to a few minutes only. Line profile analysis was 
applied to separate the various contributions to line broadening: the size of coherently 
diffracting domains, which is interpreted as the grain size, and microstrains were 
determined as a function of time and/or temperature. Furthermore, the evolution of 
preferred grain orientations was evaluated based on the integrated intensities of the 
various reflections. Fig.2 shows some examples of observed changes of the measured 
diffraction lines.   
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Fig.2: Examples of diffraction lines measured for electrochemically deposited nickel 
layers as function of time and/or temperature: stepwise increase of the temperature from 
300 K to 600 K (a) and isothermal annealing at 400 K (b) or 500 K (c). 
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Fig.2a indicates that only temperatures above 400K yield considerable changes of the line 
profiles (similarly as shown here for the 111 diffraction line, it also was observed for the 
222, 200, 400 and 311 lines), i.e. grain growth and crystallographic texture changes 
occurred more pronounced for higher temperatures. Figs.2b and c also emphasize the 
effect of the temperature: while during isothermal annealing at 400K no changes of the 
line profiles were observed even after several hours indicating a stable microstructure at 
that temperature, at 500K grain growth occurred immediately (actually, it started already 
during the heating phase) and was completed after isothermal holding of less than one 
hour. The as-deposited nanocrystalline grains with grain sizes of about 20 nm increased 
by grain growth during annealing to grain sizes of up to 180nm as obtained for the 
annealed microstructure. The kinetics of grain growth was found to be strongly affected 
by the applied temperature regime, while it was less dependent on both the 
electrochemical deposition parameters of the nickel layers and the applied substrate. 
From the observed annealing behavior of the nickel layers during isothermal and 
isochronal annealing the activation energy of grain growth was calculated based on the 
kinetics and the temperature dependence of the evolution of the line profiles, 
respectively. The obtained results will essentially contribute to a model description of 
(self-) annealing in electrochemically deposited films taking into account the effect of 
surface, interface and grain boundary energies on the driving force.  
 
[1]  K. Pantleon, M.A.J. Somers, J. Appl. Phys. 100 (2006) 114319-1-7. 
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[3] Ch. Genzel, I.A. Denks, M. Klaus, Mat. Sci. For. 524-525 (2006) 193-198.  
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1. Introduction 
Clinical application of hydroxyapatite (HA)-coated Ti–6Al–4V implants has attracted 
considerable attention because such implants can promote good bonding with natural bone 
owing to the bioactive hydroxyapatite coatings (HACs) [1,2].  
Many deposition methods have been proposed to coat HA on Ti-alloy substrate including 
thermal spraying, hydrotherm and electrodeposition, etc. [3–6]. Among these methods, HACs 
processed by electrodeposition can achieve high crystallinity, few impurity phases and 
aqueous immersion stability [6], as compared with plasma-sprayed coatings [7,8]. Plasma 
spraying is a widely adopted process mainly due to its high deposition rate and the good 
bonding strength of the coatings [9–11].  
It is well known that in this kind of process the final mechanical performances are determined 
by microstructural features such as porosity and residual stresses [12] of the deposited 
powder. The HA/substrate interface or HA itself can be fractured even under a relatively low 
stress because of the low adhesion strength and brittleness of the sprayed layer itself. 
Therefore, the use of nano-particulate materials has been proposed to solve this problem. In 
fact, it is know that, compared with conventionally crystallized HA, nano-crystallized HA can 
promote osteoblast adhesion and proliferation, osseointegration, and the deposition of 
calcium-containing minerals on its surface [13]. It is also believed that nano-structured HA 
can improve sintering kinetics because of higher surface area and subsequently improve 
mechanical properties.  
In this study we investigated the structural characteristics of the nano-hydroxyapatite coating, 
including the surface morphology, ohase, cristallinity and porosity. To evaluate the 
mechanical state of the coatings, the residual stress was measured. Because residual stress 
measurements by conventional X-ray techniques are limited to just surface states, the analysis 
of the residual stresses both in the coatings and in the substrate was done by performing an 
energy dispersive diffraction experiment, which allows the determination of stress gradients 
in a non-destructive way. 
2. Materials and methods 
2.1 Samples preparation 
Nanosized HA powders used are composed by nanocrystalline agglomerates (50–100 nm) 
particles [14]. These powders were were added to aqueous solution of 10% gelatin content 
that was prepared by dissolution of 10 g in 100 ml distilled water at 39 0C. The slurry 
prepared from this powder mixture was dispersed in oil in a flask by stirring with a glass 
paddle stirrer at 1000 rpm at oil temperature of 25 0C to form micrometer-sized granules (50-
200 µm). The granules so obtained were subsequently sprayed on to commercial Ti6Al4V 
substrate. Coatigs of thickness in the range 50-100 µm were obtained. 
2.2 X-ray diffraction sinψ2 method 
The residual stresses formed in the nano-HAC coatings were analyzed by energy dispersive 
X-ray diffraction. The measurements have been performed at the beamline EDDY of the 
BESSY Synchrotron (Berlin, Germany).  
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Diffraction measurements were taken at a fixed 2θ angle of 5˚ and at sixteen ψ values (ψ is 
the angle of tilt for the spicemen, ψ = 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 
75˚). 
The analysis was done for the different samples described in Table 1.  

Table 1 

Characteristics of the plasma-sprayed HACs 
Sample Powder Thickness coating (µm) 

HA275_S1 Nano-HA 100 
HA296_S1 Nano-HA 80 
HA311_S1 Nano-HA 50 
HA309_S1 Commercial HA 50 

 
3. Results and discussion 
The residual stress data measured from the sinψ2 method are shown in Fig.1 and in Fig.2. 
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• For the all HACs, the residual stresses close to the top surface are higher than those 
closer to the interface between the HAC and Ti substrate. 

 
4. Conclusion 
There were several studies undertaken to determine residual stresses of plasma-sprayed HA 
coatings. From the past literature, different results were obtained. In this study, consistently 
tensile stress states were obtained in the HACs. The present results are supported by Tsui et 
al. [16], Tadano et al. [17] and Han et al. [19], but were opposed by Millet et al. [15], 
Heimann et al. [18] and partly by Sergo et al. [9], who calculated compressive residual 
stresses in the HACs. These contradictory results are in dispute still. 
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Highly efficient thin film solar cells based on chalcopyrite materials such as Cu(In,Ga)Se2 

show record efficiencies of up to 19.5% on the laboratory scale [1]. Solar cells made of plain 
CuInS2 have not reached these record efficiencies yet but are also of significant interest due to 
a number of advantages in comparison with the more widely investigated selenium containing 
chalcopyrites. The main advandtage lies in the much faster deposition process. CuInS2 thin 
films are deposited by a rapid thermal process, whereby sputtered Cu/In precursors are 
completely sulphurized within a few minutes. Both, solar cells made of Cu(In,Ga)Se2 as well 
as CuInS2, are on the verge to large scale industrial production. A detailed understanding of 
the deposition process is indispensable. 
The high flux available at the recently commissioned EDDI beam line facilitates energy 
dispersive X-ray diffraction (EDXRD) experiments at fixed geometry with a rather short 
acquisition time of typical 10sec per spectrum. Thereby the in situ monitoring of the solid 
state reactions during the rapid thermal process (RTP) of metallic precursors (i.e.: Cu and In) 
with  elemental  sulphur  or  selenium is  possible. The analysis of  a whole series  of EDXRD  
 

  
 

  
 Figure 1: a) Schematic drawing of the in-situ 
EDXRD rapid thermal processing reaction 
chamber. b) View inside the vacuum chamber with 
the inner graphite reaction chamber. 

spectra gives valuable information on  the 
reaction pathway leading from the 
metallic precursors to the chalcopyrite 
thin films. The aim of the experiment is 
to investigate RTP type processes for the 
synthesis of chalcopyrite and chalco-
pyrite related thin films. Of particular 
interest is the influence of the maximum 
pressure of the chalcogen during the 
reaction. 
A special reaction chamber was construc-
ted, suitable for in situ EDXRD experi-
ments at the EDDI beam line. Glass sub-
strates with metallic precursors are 
placed in an evacuated graphite reactor 
which is enclosed itself in a vacuum 
chamber equipped with two banks of 
high performance quartz lamp heaters 
(Fig. 1). The graphite reactor has a quartz 
glass window at top and on the bottom 
and can be sealed with graphite valve. 
Maximum heating rates are up to 250K/ 
min. The temperature is monitored by 
two thermocouples placed close to the 
quartz lamp heaters and directly at the 
graphite reactor. Depending on the 
amount of  elemental sulphur  the   maxi -  
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mum pressure during the reaction can be adjusted. Metallic precursors where deposited by 
sequential sputtering of the elements on molybdenum coated soda lime glass according to the 
HMI baseline process for CuInS2 solar cells [2]. Copper is supplied in excess (Cu/In=1.6) and 
segregates during the sulphurization as binary Cu-S phase on top of the CuInS2 thin film. It 
can be removed after the process by etching in a suitable KCN solution. A well defined 
amount of elemental sulphur (40% excess) is placed on the bottom of the graphite reaction 
chamber next to the precursor substrate. The graphite reaction chamber is closed with a quartz 
glass window and the vacuum chamber is closed and evacuated to a pressure below 1x10-4 
mbar. Subsequently the graphite valve is closed and the computer controlled RTP-process is 
started while simultaneously acquiring EDXRD spectra. The maximum pressure in the 
reaction chamber of about 1.5 mbar and corresponds to the state when all sulphur is 
completely evaporated but not consumed by the solid state reaction. The angle of the incident 
and emerging x-ray beam with the sample surface is the same (3.7°) and is kept fixed during 
the whole experimtent (see Fig. 1a). The diffractometer setup at the EDDI beamline allows 
the arrangement of a nearly perfect parallel beam geometry. Thus, the sample postion can be 
optimized easily for high count rates of the thin film and low background of the (amorphous) 
signal of soda-lime glass. This is important because small movements of the sample due to 
thermal expansion of the entire sample stage (in the RTP zone) may be compensated during 
the experiment without loss of accuracy in the position of diffraction peaks (∆E<10eV @ 
40keV). Figure 2 shows two typical EDXRD spectra of the Cu/In precursor (Cu/In=1.8) 
before and after the sulphurization. The comparison shows that the metallic CuIn2 phase 
disappears in favour of a single chalcopyrite CuInS2 phase at the end of the process. The 
signal very high since the spectra where acquired for 240 sec prior to the start an after the end  
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Figure 2: Typical in-situ EDXRD spectra before and after sulphurization of a sputtered Cu/In 
precursor on a Mo/Glass substrate. The metallic phases like CuIn2 and Cu are completely consumed 
and single phase CuInS2 is formed after the RTP process. 
 
of the RTP process. So far the information can also be obtained by conventional laboratory 
based XRD experiments (not energy dispersive). However, the power of using the synchro-
tron lies in the high flux available and the short time necessary to acquire a spectrum which 
entails the qualitative information of all crystallographic phases present in the thin film at a 
particular time during the solid state reaction. Figure 3 shows a whole series of EDXRD 
spectra in a 2D representation which is obtained if the consecutively recorded spectra are plot- 

347



   

 

 
 
 
 
Figure 3: 2D representation of a 
whole series of EDXRD patterns 
of the RTP processing of a 
metallic Cu/In precursor thin film 
under sulphur atmosphere. The 
plot shows directly the phase 
predominance in the thin film at a 
given time. Thereby the dominant 
reaction pathway of the solid state 
reaction can be identified. The 
temperature of the sample lies 
between the nominal temperature 
of the heaters (red) and the gra-
phite reactor (black).  

  
ted next to each other as a line in a grey scale format. The top axis shows the process time (?  

spectrum number) and the left axis identifies the photon energy. The intensity of the 
diffraction pattern is represented by the grey scale. Brighter areas signify diffraction peaks 
with higher intensity. On top the nominal temperatures of the heater (red) and the graphite 
box (black) are shown as a function of process time. The heating rate for this paticular 
experiment was 63K/min with a subsequent annealing time of 15 min. at a top temperature of 
630°C. The chosen representation as 2D image allows very quickly to discern the qualitative 
phase predominance at a given time and thereby to identify the various stages of the absorber 
formation. During the sulphurization of the Cu-rich Cu/In precursor different crystallographic 
phases can be identified: Cu, CuIn2, Cu11In9, Cu16In9, CuS, Cu2S, InS, CuIn5S8 and finally 
CuInS2. In contrast to other experiments carried out at much lower sulphur partial pressure 
(pmax< 10-3 mbar) [3] the reaction pathway follows the formation of the chalcopyrite from 
binary intermediate phases (CuS and InS) via a Cu-deficient defect phase (CuIn5S8) [4]. Other 
experiments with a much higher amount of elemental sulphur show a different behaviour in 
the onset of the chalcopyrite phase in comparison to the binary phases InS and CuS. The first 
results of this new experiment already confirm that the chalcogenide thin film formation is 
very sensitive to the vapour pressure in the gas phase during the solid state reaction. The 
experiment allows to systematically control this parameter and to study the absorber 
formation very close to the industrial process conditions. Therefore the optimization of the 
process conditions can be significantly accelerated and principle features of the growth 
mechanism can be identified. Preliminary experiments have shown that the time for the 
spectral acquisition can be further reduced to 3-5 seconds per spectrum. Real time 
experiments very similar to the HMI baseline RTP process with a much shorter the heat up 
phase of 2 min (instead of 10 min) will then be investigated by in situ EDXRD. 
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Within the framework of the European project  "Fullerene-based Opportunities for Robust 
Engineering: Making Optimized Surfaces for Tribology (FOREMOST)", we have studied by 
XANES  a variety of carbon-based coatings with an intrinsic fullerene-based structure, and also 
nanocomposite coatings containing fullerene-like nanoparticles. The experiments were 
conducted at beamline PM4. Some results are described as follows.  

 
A. Monolythic fullerene-like (FL) coatings based on Carbon and BCN. 
 
The term fullene-like (FL) material is applied to layered solids with curved planes that may form 
either closed cages or extendend structures, based on the similarity with the carbon fullerenes. A 
monolythic FL coating is a single phase thin films formed by an extended layered compound 
with curved and interconnected basal planes. The curvature and interconnection of basal planes 
provides a significant improvement on the physical properties (mainly mechanical) of the FL 
coating compared to thin films of the same compound in conventional plane-layered form [1].  
 
We have studied the XANES spectra of carbon, carbon nitride [2] and BCN coatings with FL 
structures in comparison with conventional planar hexagonal structures. The samples were 
prepared as Thin Films by Physical Vapor Deposition (PVD) [3] and Chemical Vapor 
Deposition (CVD) techniques [4].  
 
Here, we report on the XANES spectra  for 
partially hydrogenated carbon films 
prepared by CVD techniques, with and 
without a FL structure. There is a significant 
improvement of the tribomechanical 
properties for the FL sample compared to 
the conventional, with an change in 
hardness from 2 to 17 GPa, in elastic 
modulus from 30 to 150 GPa, in friction 
coefficient from 0.3 to 0.1 for tests against a 
WC/Co counterface, and in the wear 
coefficient from 10-3 to 10-7 mm3/Nm. The 
XANES spectra for both samples, labeled 
as polymeric-carbon and FL-carbon are 
show in Figure 1, together with references 
from graphite, diamond, C60 and a 
tetrahedral amorphous carbon. Clearly, 
new features appear in the FL sample, that 
can be directly compared with the features 
of the C60 molecule. .  
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Fig.1. C(1s) XANES from carbon films with 
fullerene-like and polymer-like structures, 
compared to different reference materials. 
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Similar studies have been performed for the carbon nitrides and ternary BCN compounds.  
 
 
 
B. Nanocomposite coatings based on fullerene-like particles. 
 
A second family of fullere-based coatings is that in which FL particles are incorporated into a 
matrix material, hence forming a composite material. If the FL are particles have nanometric 
size, the resulting coating is a nanocomposite.  
 
In our work we have considered several nanoparticles, including carbon nanotubes (CNT), C60 
fullerene, BCN nanoparticles prepared by ball milling [5], and inorganic fullerene-like WS2 (IF-
WS2). This last material consists in an onion-like structure of the layered chalcogenide WS2 with 
concentric curved planes, yielding particles with an average diameter of 80 nm. The IF-WS2 
particles have been incorporated into various materials, namely carbon, CN and BCN films, and 
thermoplastic polymer coatings. 
 
Regarding the performace of the nanocomposite, an important point is the interfacial interaction 
between the matrix material and the nanoparticle, which can be modified by surface treatments 
of the nanoparticles or the addition of surfactants. One of the possible methods for surface 
modification is a plasma oxidation of the nanoparticles. Here, we present in Figure 2, the 
XANES data for the Oxygen plasma modification of the IF-WS2 nanoparticles.  

Fig. 2. XANES data from inorganic fullerene WS2 particles treated with an O2 plasma for controlled 
oxidation of the surface layer. 
 
 
Different types of nanoparticle surface modification were performed on all the materials 
considered in this study, including plasma treatment with different gases and chemical 
treatments. XANES appears as a well suited method to characterize the surface modification 
induced in the nanoparticles, and to follow if this surface treatments remains in the 
nanocomposite.  
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Decomposition and oxidation behaviour of ZrH2 powder for metal foaming 
Jimenez Catalina, Garcia-Moreno Francisco, Zizak Ivo, Schumacher Gerhard, Banhart 
John 
Introduction 
 
The Powder Metallurgical (PM) route is one of the most successful methods to produce metallic 
foams. Basically the PM route consists of admixing metal powders and 0.5-1 wt% blowing agent, 
e.g. hydrides or carbonates. Then, the mix is hot pressed, yielding a dense compacted precursor. 
The foaming process is initiated by heating the precursor up to the foaming temperature. Next, 
there is an isothermal stage to stabilize the liquid foam. And finally, the metallic porous structure 
is retained by cooling in air to room temperature. By now, pre oxidized TiH2 for 3 hours at 
480 °C has proved to be the best choice to make aluminum or aluminum-based alloy foams 
through the PM route. The oxide layer shifts the gas release onset of H2 to higher temperatures. It 
also provides one single peak in the curve of H2 evolution measured by mass spectrometry as a 
function of temperature [1, 2]. However in the large scale, pre oxidizing TiH2 leads to important 
hydrogen loses. Lower costs alternative blowing agents are eager to be found. ZrH2 has been 
considered as a suitable blowing agent for some aluminum alloys [3] and Zn.  
KMC-2 beamline at Bessy synchrotron light source has shown successfully in-situ phase 
transformation and oxide formation in TiH2 [4]. In our measurements, the 6-circle diffractometer 
and its 2D detector permitted to follow in-situ phase transformations of ZrHx at high 
temperatures. Time resolution was high enough to heat up far faster than 10 °K/min, under Ar 
atmosphere, thus approximating better the conditions during foaming.  
 
Experimental 
 

As received ZrH2 powders with an 
average size of 8 µm, were sieved to 
get from a second powder of particle 
size r<25 µm. Tablets of 0.2 g and 6 
mm diameter were cold compacted 
using both powders. A hole of 0.6 mm 
diameter was drilled on the surface of 
the sample to insert a thermocouple 
beside the beam path. The tablet was 
tightened to a Tantalum plate, which 
was subsequently mounted on a 
resistive heater. The whole system was 
sealed within a Beryllium dome. The 
samples were heated up with the 
temperature profile shown in Fig 1. A 
high purity Ar flow was used to keep 
the atmosphere at normal pressure. 
430 °C is a typical foaming 

temperature for Zinc, and 700 °C permitted to follow the sequence of phase transformations. 
Cooling down to room temperature was also done under Ar flow. The photon energy used was 
12 keV, which corresponds to λ = 1.03 Å. The projected beam size on the specimen was between 
0.7-0.8 mm. In order to obtain diffractograms containing the main peaks of fct ε–ZrH2, fcc δ-
ZrHx, bcc β–Zr, α-Zr and monoclinic ZrO2, the 2θ range selected was 17-33 degrees. The 
acquisition time per frame, i.e. per diffractogram, was 5 seconds. Scans in 2θ between 17-98 
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Fig 1. Heating profiles of samples held at 430 and 700 °C. 
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degrees were performed before heating, at the holding temperature, and after cooling, as 
indicated also in Fig 1.   
 
 
Results 
 
In Fig. 2, 2θ scans between 17- 98 degrees 
corresponding to the sample heated up to 430°C are 
plotted. These 2θ scans were performed without the 
Beryllium dome, at room temperature, before heating, 
and after cooling. No phase transformations from  
ε-ZrH

   
x to δ-ZrHx, or to α–Zr were observed. After 

cooling, it was possible to identify peaks of 
the monoclinic ZrO2 and ε–ZrHx. 
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Fig 2. 2θ scans of the sample held at 430 °C. 

The tablets heated up to 700 °C under Ar 
atmosphere presented all the phases 
expected except β–Zr, which was not 
observed. Fig. 3 shows the sequence of 
phase transformation for ZrHx acquired   
in-situ during heating.  
The fct phase ε–ZrH2 was observed from 
room temperature to 603 °C. The fcc phase 
δ-ZrHx, was observed in range of 
temperatures 583-690 °C. The metallic hcp 
phase, α-Zr, appeared at 648 °C. The 
monoclinic oxide ZrO2 appeared at 554 °C. 
Both of them, α-Zr and ZrO2 are the final 
products, i.e. no further phase 
transformations were observed during the 
isothermal step, or during cooling. 
At around 26 degrees of 2θ, there is a little 
peak that comes from the Beryllium dome. 
At 698 °C, slightly above 32 degrees of 2θ, 
there is a group of peaks corresponding 
most probably to the ZrO2 phase.   
 
 

Fig 3. Sequence of phase transformations for ZrHx during 
heating up to 700°C under Ar atmosphere. 
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Discussion 
 
The use of ε-ZrH2 as blowing agent to foam Zn, was found not to be the best choice. After 
foaming Zn with ZrH2, at 430 °C, most of the hydrogen would remain in the foam as hydride, 
which is inefficient. That leads to possible secondary expansions of the foam, and or crack 
development in the cell walls.      
In-situ experiments under Ar atmosphere, at normal pressure holding at 700 °C permitted to 
follow in-situ the decomposition of the hydrides and the oxidation at high temperatures. It is 
extensively reported that oxygen, especially at high temperatures, stabilizes α–Zr and destabilizes 
β–Zr. It is therefore not surprising that β–Zr did not appear. However, in the selected range of 2θ 
for the in-situ measurements, bcc β–Zr has only one peak, the 110. That peak is rather close to 
the angle where the peak 101 of the hcp phase α–Zr has appeared. Thus, overlapping of both 
main peaks is not discarded.   
At least two additional experiments should be done: first, in-situ acquisition in a wider range of 
2θ, to figure out whether β–Zr appears or not. Second, heating rates of 10 K/min going to 430°C, 
700 °C or even higher temperatures, to attempt to correlate this phase transformations with 
standard techniques of thermal analysis, like differential scanning calorimetry and thermal 
gravimetry. Additional information, like mass spectroscopy is necessary to determine, through 
the hydrogen signal, the mechanisms that govern the decomposition behavior of ZrH2 in metal 
foams.   
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Modification of a solid surface with thin covalently attached polymeric coatings 
(brush) has received increasing interest in chemistry, physics in and in biology, particularly in 
the area of sensor development - especially for “chemical sensors”. The polyelectrolyte 
brushes represent a very attractive group of surface immobilized polymer coatings. In 
particular, polyelectrolyte brushes are very promising for biotechnological applications 
because their properties can be switched in aqueous environment by changing pH, ion 
strength, temperature, etc. In this work we chose the pH as a variable parameter to determine 
the structural changes of a poly(acrylic acid) (PAA) brush which can show strong response to 
the presence of low molecular weight electrolytes (KOH, pH 10). For instance, Treat et al. [1] 
characterized the swelling behaviour of PAA brush in the electrolyte solutions of different pH 
by ellipsometry. They found that dissociation of PAA carboxylic groups leads to the 
conformational changes of polymer chains due to repulsive forces between fully ionized 
carboxylic groups. 

The FT-IR ellipsometer at the IRIS beam-line utilizes the high brilliance of the 
synchrotron source for the investigation of small samples or sample areas [2,3]. Infrared 
spectral range is dedicated for investigations of the vibrational bands and thus the molecular 
structure of the film. We monitored vibrational bands of the 3.3 nm thick PAA brush on a 
gold-covered glass substrate which was partially dipped into KOH solution (pH 10). Figure 1 
shows mapping results in two orthogonal directions (3x4 spots, 2 mm lateral step scan). As 
expected, the ν(C=O) stretching vibration of carboxyl groups was strongly influenced by the 
environment. In the part of the sample that was brought in contact with a KOH solution, a 
band belonging to the asymmetric stretching vibration (1586 cm-1, νasCOO-) of carboxylate 
groups of PAA anion is clearly seen. By these spectral differences two chemically different 
areas can be clearly distinguished. The concentration of PAA molecules in the brush 
decreases from Col. 1 to Col. 3.  
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Future work will be focused on research of biosensor application and composition-

dependent structural properties of gradient brushes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 (a) Reaction and peak assignment upon a dip of the PAA brush into a KOH 
solution (pH 10).  (b) Ellipsometric parameters (tan ψ and cos Δ) of the sample. Blue: spectra 
from the non-dipped area; red: spectra from the dipped area of the sample. Several lines were 
scanned for homogeneity check in two dimensions. A clear discrimination between the 
immersed part and non-dipped part into the KOH is seen in all spectra. (c) Schematic 
drawing of the sample and of the performed scan. 
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Electronic Structure of Molecular Magnets 
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Molecular nanomagnets like Mn12 and Fe8 are interesting objects because of their peculiar mag-

netic properties. Below about 1 K these materials show remanent magnetization and spin tunnelling 

leading to steps in hysteresis loops due to quantum coherence effects [1]. They are regarded as promis-

ing candidates for ultra-high-density magnetic storage devices and quantum computing applications.  

We have investigated the electronic structure and spin state of the so-called “ferric star”(Fe4) [1] 

and several “manganese wheels”[2] using NEXAFS and XMCD spectroscopy. These compounds fea-

ture four Fe
3+

 ions (for Fe4) respectively four Mn
3+

 and three Mn
2+

 ions (for Mn7), the coordination 

sphere being distorted octahedra of oxygen, nitrogen and chloro donors. Both prototype complexes 

have a blocking temperature TB of around 1 K. In order to distinguish the spectral contribution of Mn 

ions in the two different oxidation states, two partially In-substituted  Mn3In4 and Mn4In3
-
(PPh4)

+ 
sub-

stances were investigated, both containing Mn
2+

 only. The substances were prepared in a straightfor-

ward one-pot synthesis and cleaned by recrystallization except for the heteronuclear Mn-In com-

pounds. The samples were prepared by drop-coating from chloroform solutions onto Au-plated Si 

wafers and handled under inert gas atmosphere. 

Room temperature NEXAFS measurements were carried out at the UE52-PGM beamline. To 

reduce radiation damage, advantage was taken of single-bunch mode. The open 3d shell of Mn
2+

 (d
5
), 

Mn
3+

 (d
4
) and Fe

3+
 (d

5
) gives rise to a strong XMCD effect. The XMCD measurements were carried 

out at UE46-PGM and PM3 beamlines with a static magnetic field up to 6.5 Tesla and a switched 

magnetic field of 2 T at temperatures of about 1.5 K (or higher). Unfortunately, no equipment was 

available to reach temperatures below TB. 

Results and Discussion 

The NEXAFS and XMCD data of Fe4 are shown in Fig. 1 together with its structural formula. 

 

 

Fig. 1: (a) Structural formula of the investigated polynuclear Fe4 complex. (b) Sequence of Fe L-edge NEXAFS 

spectra. (c) XMCD spectrum of Fe4 measured for two different magnetic field orientations.  

As demonstrated in Fig. 1b, the material is very sensitive to radiation. The ratio of the two resonances 

at the Fe L3 edge changes with increasing dose, which is interpreted as a radiation induced reduction, 

because the low energy resonances are regarded to be an indication for Fe
2+

 rather than Fe
3+

 (as ex-

pected for pristine Fe4). A possible explanation for the pronounced sensitivity is the insufficient core-
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hole shielding for the metal ions within these weakly coupled supramolecular aggregates or reduction 

of the Fe ion by transferring a ligand electron to the Fe 2p hole upon destructive oxidation of a ligand 

molecule (as observed in C 1s NEXAFS). On the other hand, this might lead to an oxidic Fe species 

with much stronger ligand field. Note that the experimental NEXAFS spectra of Fe4 do not resemble a 

calculated multiplet spectrum for Fe
3+

 in a weak octahedral field [3]. Therefore, a better quantitative 

understanding of the present spectra requires multiplet calculations taking the unsymmetric special 

coordination spheres into account.  

XMCD spectra in Fig. 1c reflect only a summation over the (non-interacting) four Fe
3+

 ions 

since the temperature was not low enough for quantum effects to be effective. XMCD shows a negli-

gible orbit momentum using the sum rules[4], which is usually expected for d
5
-high spin systems. 

Fig. 2 shows NEXAFS and XMCD data of the Mn7 and MnxIny compounds. 

 

 

 

 

 

Fig. 2: (a) Structural formulae of the investigated polynuclear Mn7/MnxIny clusters. (b) Mn L-edge NEXAFS 

spectra for the various MnxIny-wheels. (c) Comparison of the respective XMCD spectra. 

Astonishingly, the Mn L-edge NEXAFS of Mn7 and its In derivatives are very similar and resemble a 

calculation for Mn
2+

 (d
5
) (Fig. 2b). This was expected for Mn3In4- and Mn4In3-“wheels”, since both 

contain Mn
2+

 only. However, Mn7 wheels also should have contributions from Mn
3+

, so the spectrum 

should definitely differ from the other two substances. From this experimental finding one may specu-

late about a much higher radiation sensitivity of Mn
3+

 compared to Fe
3+

. XMCD spectroscopy of all 

“manganese wheels” (again a summation over all uncoupled Mn ions, since T>TB) clearly shows a 

small but easily detectable orbit momentum (µL : µS = 1 : 7). The dichroic effect is roughly propor-

tional to the number of Mn ions per molecule, strongest for Mn7 (Fig. 2c). 

The major drawback of the present investigations is the fact that we could not reach temperatures be-

low the blocking temperature to investigate the magnetic correlations within the nanomagnets. Radia-

tion sensitivity can be overcome using single-bunch rather than multibunch mode.  
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Alkyl-modified Si(111) surfaces for sensing applications in wet-FETs 
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Figure 1 shows the schematics of a “wet” field-effect transistor (w-FET) acting as a biochemical sensor 
[1]. The central idea of this device is that biochemical sensor molecules with highly specific binding 
properties are attached on the gate electrode of a w-FET.  This is the active region of the electrochemical 
sensing device, which is contacted by an electrolyte.  Realizing this device in silicon technology requires 
two technological preconditions: a) The gate electrode surface needs to be stable against the electrolyte 
(corrosion resistance) [2]. b) sensor molecules need to be fixed to the gate electrode in a defined way, and 
(lateral) spatial pattern, thus “chemical lithography” is required [3]. 

Figure 1:  

Schematics of an 
electrochemical, “wet” field 
effect transistor, w-FET, for 
biosensing applications. 

 
Alkyl-modified silicon surfaces are one interesting class of materials considered for surface passivation 
and structuring [2-4]. Cyclic voltammograms of various alkyl-modified Si(111) surfaces are shown in 
Figure 2. The onset of electron transfer from the semiconductor to into the Fe2+/3+ redox electrolyte 
depended on the type of organic termination. The charge transfer is easiest, i.e. the onset of cathodic 
current is observed for lowest overpotentials for 
methylated Si(111) [5].  Apart from that, a 
remarkable property Si(111)-CH3 is its p-type 
surface channel action in “wet” or humid 
condiditions which makes this modification 
particularly interesting for w-FET sensing 
applications [6].  The mechanism leading to p-
type surface channels is not yet understood and 
serves as a further starting point for our 
investigations. Another particularity is of 
Si(111)-CH3 is the fact that it is the only alkyl 
species by which a 100% surface termination, 
i.e. chemical saturation of every Si(111) surface 
atom is accomplished [7]. All longer alkyl chain 
moieties appear to fail to give a full monolayer 
coverage due to steric hindrances (cf. Figure 3). 
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Figure 2: Cyclic Voltammograms (1st scan, cathodic 
branch only) of differently modified Si(111) surfaces 
in contact with a Fe2+/3+ redox electrolyte 

Alkylated Si(111) surfaces were prepared in a wet chemical two-step process, where the Si(111) surface 
is first chlorinated, and subsequently alkylated in Grignard reagent solutions e.g. CH3MgCl in THF [2, 5]. 
The samples were analysed by photoemission in the SoLiAS station [8] on the U49/2-PGM2 beamline of 
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the CRG BTU Cottbus-HMI-TUDarmstadt.  Spectra were acquired in normal emission using a Phoibos 
150 MCD 9 analyser, and referenced to the Fermi level. 

Figure 3 shows photoelectron spectra of differently modified silicon surfaces in the valence band and the 
C 1s core level regions. The direct bonding of of the terminator group to surface Si atoms is evidenced by 
the emission from the σSi-C bond (or analogously the σSi-H bond) at around 5 eV [9].  Another 
characteristic feature of direct Si-C linkage is the low BE component CSi at around 284.3 eV (silicon-
bound carbon) in the C 1s emission.  The second component CCH2 at 285.0 eV is related to C-C or C-H 
bonded, aliphatic species.  With increasing alkyl chain length the intensity of the aliphatic component  
increases (Data for ethylated-Si from [10]). For ethylated Si(111), the ratio CCH2 / CSi is about 1:1, for 
butylated Si 1:3 in accordance with expectations. 
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Figure 3:  Photoelectron spectra of various alkylated Si(111) surfaces. The direct Si-C linkage is evidenced by the 

the surface state emission from the σSi-C bond orbital and the CSi labelled low BE component in the C 1s 
emission, which is associated with silicon-bound aliphatic carbon. CCH2 corresponds to aliphatic, only 
C-C and C-H coordinated carbon.  

As mentioned above, one important issue concerning organic modification, which is related to its stability 
in a humid environment, is the degree of termination, i.e. the question of how many of the surface Si 
dangling bonds are saturated by methyl/methylene bonding.  Usually, such surface coverage 
quantification is derived from an intensity analysis.  The data shown in Figure 4, however, illustrate that 
such approaches have to be undertaken with great care.  An excitation energy-scan of the Si 2p and C 1s 
emissions of methylated Si(111)-CH3 was performed, where the excitation energy was varied from 300 
eV to 470 eV in steps of 5 eV. A substantial modulation of detected photoelectron intensity due to 
photoelectron diffraction (PED, [11]) was evidenced.  The large modulation amplitude reflects the high 
structural perfection of the methyl monolayer which is as well monitored by LEED [9].  The 
contamination level from non-silicon-bound hydrocarbons CxHy is much lower than in earlier PED 
studies [11]. Concludingly, for the quantification of surface coverage, excitation energies no too close to 
the ionization treshhold of C 1s are recommended in order to minimize PED effects [10]. 

In summary, very interesting organic monolayer termination structures of Si(111) can be prepared by 
chemical processing. In future studies, the contact behaviour of such alkyl-modified surfaces with 
electrolytes and organic or inorganic semiconductors will be investigated. 
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Figure 4:  C1s and Si2p photoelectron spectra series of Si(111)-CH3 measured in normal emission, where the 

excitation energy was varied from 300 to 470 eV in steps of 5 eV. The periodic intensity modulation of 
the core level emissions is caused by photoelectron diffraction. At around 90 eV kinetic energy the C1s 
core level emissions pass across the substrate Si LVV Auger emission structure.  
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        The core level photoelectron spectrum of free rare gas clusters is fairly well understood. 
It contains peaks attributed to surface and to bulk atoms [1]. The largest contribution to the 
width of these peaks is due to binding energy differences between inequivalent sites in a 
cluster [2]. On the surface of a cluster, there is a larger variation in coordination than in the 
bulk. For this reason it is expected that the surface peak is wider than the bulk peak, which 
also is observed. 
        We have recorded the Xe 4d photoelectron spectrum for free Xe clusters of several sizes 
at the beamline UE112-lowE-PGM-a, using a Scienta SES-200 spectrometer. The 
spectrometer was mounted in the so-called magic angle to the polarization of the ionizing 
radiation, to decrease the angular distribution effects on relative intensities. In Fig. 1, the 
surface and bulk peak widths of the Xe 4d photoelectron lines for a series of different cluster 
sizes are shown. 
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          Fig.1. Xe 4d photoelectron spectra of clusters produced by expansion of pure Xe (black symbols) 
and several mixtures of Xe and He (blue, green and red symbols). We show the widths of the bulk and 
surface components of the photoemission lines as obtained from a curve fit. Data are plotted against 
energy difference of the surface peak to the atomic reference signal. This quantity is a monotonous 
function of cluster size. Cluster sizes obtained from a scaling law [3] are shown for pure clusters.  
         The experimental broadening from spectrometer and photon band width, (in total ≈80 meV), has  
been deconvoluted. 

        One would further expect that the variations in coordination decrease with size, both for 
surface and bulk atoms. This would lead to a narrowing of the peaks for larger clusters. For 
Xe clusters, this narrowing is essentially observed for the bulk peak, but the surface peak 
exhibits an anomalous behavior: For small sizes, the surface peak width decreases with size as 
expected, but for clusters larger than 100 atoms, the width increases (see Fig. 1). 
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        To investigate if this observation is an effect of entropy, we have attempted to vary the 
Xe cluster temperature by co-expansion with a buffer gas – He – in various fractions. But as 
seen in Fig. 1, the He cooled clusters exhibit a very similar behavior. This indicates that 
temperature is not affecting the width of the surface peak to any large degree. 
        In Fig. 2, the ratio of the surface and bulk peak areas are plotted. It shows a monotonous 
decrease as a function of size, which is the expected behavior. This supports the observation 
that the increase of the surface width with size is a physical effect, and not an artifact 
of the curve fitting. 
 

 
Fig. 2. The ratio of surface and bulk peak areas for the same data as in Fig. 1. 

The data for the two Xe 4d spin-orbit components are presented separately. 
 
        It has been suggested that free rare gas clusters go through a series of phase changes, 
from icosahedral to decahedral to fcc crystal structure, as a function of size [4]. These phase 
changes are due to the competition of strain inside the bulk of the cluster and the drive to 
minimize the surface area: For small sizes the gain in surface energy by using the icosahedral 
structure is larger than the strain induced in the bulk. In the size range of a transition from one 
structure to another, the spectra will contain contributions from both types of structures. For 
the bulk, the phase change should mean a smaller variation in inequivalent sites, but this need 
not be the case for the surface. However, it is expected that the first phase change occurs for 
clusters of many hundred or even thousand atoms, clearly at odds with the present 
observation. Further experimental and theoretical investigations are in progress to shed light 
on the issue. 
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The ongoing miniaturization of electronic circuits has motivated the study of a possible use of 
single molecules in the design of logic or memory units of future electronic devices. 
Implementation of single molecules in electronic components demands an understanding of 
their electronic properties which ensures the possibility to control the electronic transport 
through single molecule junctions. With respect to this, single molecule magnets (SMMs) like 
Mn12-acetate [1, 2] and its derivatives, combining low-temperature magnetic hysteresis and 
quantum effects, represent a material class with a promising perspective for application in 
ultra-high density data storage devices or quantum computing. The ability to deposit intact 
spatially isolated single molecule magnets on surfaces is an indispensable prerequisite to 
perform electronic transport measurements on individual molecules. So far, the investigation 
of Mn12 clusters on surfaces had mostly been limited to scanning probe and core-level x-ray 
photoelectron spectroscopy (XPS) studies (e.g. Ref. [3]). Scanning probe results on Mn12 
clusters revealed hints of a possible fragmentation of the molecular magnets while core-level 
XPS could not be used for the 
unambiguous determination of the 
chemical integrity of such complex 
molecules.  

In this work, we performed a 
combined scanning tunneling 
microscopy (STM), x-ray absorption 
spectroscopy (XAS) and resonant 
photemission (ResPES) study on two 
Mn12 derivatives: Mn12-thiophene-3-
carboxylate (Mn12-th) and Mn12-
biphenyl-carboxylate (Mn12-biph) [Fig. 
1]. The Mn12 clusters were grafted to 
Au(111) surfaces [(111) oriented Au 
layer on a silicon wafer with Ti adhesion 
layer] via ligand exchange reaction with 
4-mercapto-tetrafluorobenzoic acid (4-
MTBA) and via physisorption due to a 
strong S-Au interaction between the 
thiophene ligands and the Au substrate. 
Previous STM measurements revealed 
the presence of a sub-monolayer of 
nearly identical sized clusters on the 
surface after deposition via ligand 
exchange reaction while small molecular 
fragments were visible after direct 
deposition of Mn12-th onto Au(111) 
[Fig. 2]. However, XPS measurements 

 
Fig.1. (a) Crystallographic ctructure of Mn12-thiophene-
3-carboxylate (Mn12-th). (b) Schematic representation of 
thiophene and biphenyl ligands. (c) Schematic 
representation of the grafting procedure via ligand 
exchange reaction with 4-MTBA. 
 

 
Fig. 2. (a) 200 × 200 nm2 STM image of Mn12-th on 
functionalized Au(111). (b) 200 × 200 nm2 STM image 
of Mn12-th on clean Au(111). 
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showed no difference in PES spectra obtained from monolayers prepared by either of the 
preparation techniques. Thus STM and XPS measurements alone cannot be used to determine 
the chemical and structural integrity of Mn12 molecules on surfaces. To this end, XAS 
provides a tool for the determination of the oxidation states of Mn ions within the Mn12 core. 

Mn L2,3 XAS measurements were performed at the RGBL-PGM (BESSY) beam line 
since this beam line provides low-intensity radiation continuously distributed over a wide 
energy range and is thus suitable for spectroscopic studies of fragile molecular samples. XAS 
spectra were obtained in total electron yield mode. Sample spectra recorded within 2 hours 
were compared to each other and showed no hints of any change of the spectral line shape due 
to radiation damages to the molecules. The results derived from XAS measurements revealed 
a significant difference in the Mn L2,3 line shape depending on the selected preparation 
technique. Furthermore a significant deviation from the usual Mn12 single crystal XAS spectra 
was observed in case of Mn12 monolayers (Fig. 3). Instead of sole Mn3+ and Mn4+ 
contributions to the XAS spectrum a clear Mn2+ peak occured giving evidence for a Mn12 core 
reduction or fragmentation after surface deposition. In case of the direct deposition of Mn12-th 
on clean Au(111) the XAS Mn L2,3 line shape was nearly identical to that of a MnO (Mn2+) 
XAS reference spectrum suggesting a complete destruction of the Mn12 core.  

In addition, we performed ResPES measurements on Mn12-th and Mn12-biph deposited 
on functionalized surfaces via ligand exchange reaction by tuning the photon energy over the 
2p→3d excitation threshold. The photoelectron intensity which is proportional to the Mn 3d 
partial density of states (PDOS) of the Mn12 monolayers [Fig. 4] was obtained by subtracting 
the off-resonance spectra taken around 635.6 eV excitation energy [corresponding to label 
“O” in Fig. 3] from the on-resonance one [corresponding to label “D” in Fig. 3]. Due to the 
strong Mn2+ intensity in the XAS spectra [see Fig. 3] only the D-O difference spectra can be 
attributed to purely Mn3+ and Mn4+ contributions and thus to possibly intact Mn12 clusters. 
The PDOS is spread uniformly over a range of about 10 eV while a band gap sets in about 
1 eV below the Fermi level, supporting the insulating nature of Mn12 clusters. The comparison 
of experimentally obtained difference curves with previous LDA + U calculations on Mn12 for  

 
Fig. 3: XAS Mn L2,3 spectra of Mn12 single crystals (left-hand panel) as well as Mn12 monolayers chemically 

grafted on the functionalized Au surface together with the reference samples (right-hand panel). 
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U=4 eV [4, 5] showed a very good 
agreement between theory and 
experimental results [6]. This result 
provides evidence for the presence of a 
finite number of intact Mn12 single 
molecule magnets on suitably 
functionalized surfaces. Due to the 
good agreement between experimental 
and theoretical results the assumption 
of coexisting Mn12 molecules and 
molecular fragments seems to be 
adequate and thus the monolayers 
prepared by the ligand exchange 
technique are suitable for both 
spectroscopic and scanning probe 
studies offering a possibility to address 
magnetism and quantum effects on a 
molecular scale. Further studies 
concerning the electronic and magnetic 
properties of spatially isolated Mn12 
clusters on surfaces are now under 
way. 

This work was supported by the Deutsche Forschungsgemeinschaft (DFG) through 
Sonderforschungsbereich (SFB) 513. 
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Fig. 4: Mn 3d partial density of states derived from the 
ResPES spectra. The D-O-curves correspond to intact 
Mn12 clusters. The other curves include Mn2+ contribution 
of fragments. 
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The non-radiative decay of inner shell holes by emission of an Auger electron has been extensively 
studied by Auger spectroscopy. Less known are the processes whereby two or more Auger electrons are 
released. Their interest arises from the strong electronic correlation mechanisms that are at their origin, 
especially in the case of a ‘direct’ double Auger decay where two Auger electrons are simultaneously 
released. Conventional coincidence experiments with low angular acceptance electron spectrometers are 
limited to the detection of only two electrons. They can give important information in well defined cases 
(such as angular correlations [1]) but generally they fail to give a complete picture of the process. A 
complete coincidence detection of all released electrons is required for that. 

Our experimental set-up [2] consists in a time of flight spectrometer of the magnetic bottle type 
developed by J. Eland et al [3]. Its magnetic mirror configuration allows detection of all electrons emitted 
over the full 4π solid angle. This gives a high efficiency suitable for the observation of all the electrons 
released in multiple ionization events in a multi-coincidence mode. The single bunch operation of the 
BESSY synchrotron with a long time period of 800ns between light pulses was essential to separate 
overlapping processes. With our week of beam time in November 2006 at the UE125/2-SGM beam line we 
concluded our experiments on the 2p hole decay in argon [4] and the 3d one in krypton [5], and studied the 
Br 3d decay in CH3Br. We will present here in more details the Argon results.  

Figure 1 shows the two dimensional map of the double Auger decay after 2p inner shell ionization in 
argon and corresponds to triple coincidences since the two Auger electrons are selected by the 2p1/2 or 2p 3/2 
photoelectron. Coincidences are located on diagonal lines corresponding to specific Ar3+ final states. The 
weak continuous structure is associated to the previously investigated [1] direct Double Auger process. 
Most of the intensity is due to Auger electron pairs of energies around (10eV, 150eV), and originates from 
cascade processes. The electrons of Ekin ~150eV correspond to the first emitted Auger electron, associated 
to a transition between the 2p level and intermediate Ar2+ states. They are broadened by the 2p lifetime. 
This is not the case for the second step electrons of ~10eV for which, moreover, a high resolution can be 
achieved thanks to the time of flight technique. As a result, analysis of the second step electrons leads to a 
high resolution spectroscopy of the Ar2+ intermediate steps. This is shown in Figure 2 for the Ar 2p3/2 
decay. It gives evidence for Ar2+ states of high binding energies, embedded in the triple ionization 
continuum. They are attributed to satellite states of 3s-2 configuration.  

Double Auger decay was also observed after 3d ionization in Kr [5], Br 3d decay in CH3Br and C 1s 
ionization in CO. In this last case, a cascade process was observed to occur after dissociation, namely: 

CO+ (C1s-1) → CO++* + e-
AUGER 1  → C+* + O+ → C2+ + O++ e-

AUGER 2
Autoionization occurs in the C+* fragment after dissociation.  
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Figure 1: Decay of argon 2p holes by emission of two Auger electrons. Ionization was by photons of 
hν=337eV. Coincidence detection of the 3 released particles (the 2p photoelectron and the two Auger 
electrons) allows us to separate the double Auger spectra associated with the decay of the 2p3/2 or 2p1/2 hole. 
These data were obtained in 2005 at the UE56/2-PGM1 beamline [4].  
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Figure 2: Complete coincidence Auger spectrum of argon associated with the decay of the 2p3/2 hole (red 
lines) obtained from 2 particles photoelectron / Auger coincidences. The grey part (inset) gives the 
contribution of the double Auger decays populating Ar3+ 3p-3 states, deduced from the 3 particles 
coincidences from Figure 1. Thick black vertical bars indicate the Ar2+ intermediate states involved in the 
cascade double Auger decay, they are resolved thanks to the observation of their secondary decay. Blue 
vertical bars give the position of Ar3+ levels from the literature (NIST). 
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The interaction of the protic and polar solvent water with solutes is complex, and comprises

(de)protonation, dipole-dipole interactions and hydrogen bonding. For amino acids there is

chemical equilibrium between protonated and deprotonated species with a conversion rate on

the picosecond timescale. The equilibrium position depends on pH, and thus the mole fraction

for several different charge states can be controlled, e.g. by sequential protonation. This gives

unique access to species which are neither present in the gas phase nor in the solid state. Here,

we observed pronounced chemical shifts of the N 1s caused by protonation of the amino groups.

Photoelectron spectroscopy is combined with the liquid microjet technique. A 10µm diameter

liquid microjet is generated in a high-vacuum environment yielding nearly collisionless evapo-

ration [1]. The jet, having a temperature of 4 ◦C, is formed by injecting the liquid at 20 bar

through a 10µm diameter orifice [1, 2]. For 3-5 mm downstream from the nozzle the beam is

laminar, having a smooth surface [1,3]. The photoelectron (PE) measurements were performed

at the undulator beamline U41 PGM.

S(+)-lysine monohydrochloride (for synthesis) was purchased from Merck, and was used without

further purification. A 0.5 molal solution of lysine monohydrochloride in highly demineralized

1
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Figure 1: The N 1s PE spectra at different pH with the corresponding structures. a) At pH 13

both amino groups are neutral and have the same BE. b) At pH 9.5 Protonation of one amino

groups increases its BE by 2.2 eV. As one amino group remains neutral the peak splits. c) At

pH 5.5 the second amino group is also protonated and again only one peak appears.

water was used for all experiments.

At pH 13 more than 99% of lysine is present in the anionic form (I). Both nitrogens are neutral

and show the same BE of 404.3 eV. Lowering the pH value to 9.5 causes the protonation of

the nitrogen in the side chain. At this pH 75% of all lysine molecules are in the zwitterionic

form (II) and the remaining molecules are in the charge states (I) and (III) at equal amounts.

The protonation leads to a higher binding energy (BE) due to columbic attraction between the

PE and the additional positive charge on the nitrogen. Hence, a second peak appears in the

PE spectrum in Fig. 1b with a 2.2 eV higher BE, at 406.5 eV. The isoelectric point of lysine

is 9.74, i.e. close to the pH in Fig. 1b, and both peaks have similar intensities. The small

2

370

Stephan
Rectangle



discrepancy is caused by the measurement uncertainty of the pH value. At pH 5.5 (Fig. 1c)

both nitrogens are protonated in more than 99% of all lysine molecules. Thus only one peak

at 406.5 eV appears in the PE spectrum.

The sequential protonation enables the clear assignment of the two peaks in Fig. 1b: The peak

at 404.3 eV corresponds to the neutral, and the peak at 406.5 eV to the protonated nitrogen.

Hence, protonation causes a chemical shift in the N 1s level of 2.2 eV to higher binding energies.

It is noteworthy to mention that chemical shifts are also observed for the carbon atoms (data

not shown). Through-bond interaction induces a shift of ≈ 0.3 eV for carbons adjacent to

the amino group. Hence, the sequential protonation of lysine allows a clear assignment of the

measured BE to moieties of the molecule.

References

[1] M. Faubel and T. Kisters, Nature, 1989, 339, 527–529.

[2] B. Winter, R. Weber, W. Widdra, M. Dittmar, M. Faubel, and I. V. Hertel, J. Phys. Chem.

A, 2004, 108, 2625–2632.

[3] M. Faubel, B. Steiner, and J. P. Toennies, J. Chem. Phys., 1997, 106(22), 9013–9031.

3

371

Stephan
Rectangle



 
THE PHOTOABSORPTION AND PHOTOIONIZATION OF  

 BROMINE REVISITED. 
 

R. Locht1, B. Leyh1, H.W. Jochims2, H. Baumgärtel2. 
1 Molecular Dynamics Laboratory, Department of Chemistry, Institute of Chemistry, 

University of Liège, Sart-Tilman par B-4000 Liège 1, Belgium. 
2Institut für Physikalische und Theoretische Chemie, Freie Universität Berlin, 

Takustrasse 3, D-14195 Berlin, Germany. 
 
 
 During the last few years we proceeded with the investigation of the 
ionization and dissociation dynamics of bromine derivatives of ethylene [1]. 
Photoabsorption spectroscopy (PAS), photoionization mass spectrometry (PIMS) and 
photoelectron spectroscopy (PES and TPES) were applied. The disubstituted 
derivatives 1,1-C2H2Br2 and cis- and trans-1,2-C2H2Br2 are suspected to be more 
sensitive to photodissociation than their corresponding difluorinated and dichlo-
rinated compounds. Atomic Br or molecular Br2 could thus contaminate the spectra. 
This has been observed, e.g., in the PAS of CH3Br [2].  
 
 To be able to ensure the purity of the spectra of the above mentioned 
brominated derivatives, the molecular Br2 has been reinvestigated by PAS and PIMS 
in the 5-15 eV photon energy range. 
 
 The PAS of Br2 has been reported by Venkateswarlu [3] between 8.183eV and 
10.538 eV using a 10m concave grating spectrograph. PIMS has been applied to Br2 
by Dibeler et al. [4,5] between 10 eV and 13 eV photon energy. These authors studied 
the Br+ fragment ion formation between 10 eV and 12.5 eV. Only the ion-pair 
formation Br+/Br- takes place in this range. More recently, Yencha et al. [6] published 
a synchrotron radiation work on Br2. The ion-pair process is reported between 10.332 
eV and 10.875 eV and discussed in detail. These authors also measured the TPES of 
Br2 at high resolution [7]. 
 

 
Fig. 1: Photoabsorption Spectrum of Br2 in the 5.0 eV 
            to 15.0 eV photon energy range. 
 

 We investigated 

the PAS and the PIMS 
of Br2 by using the 
BESSY synchrotron ra-
diation dispersed by a 
3m-NIM monochro-
mator. For recording 
the PAS, slits were set 
at 40µm whereas for 
the PIMS work, 200 
µm slits were used. 
Fig.1 shows the PAS 
spec-trum as observed   

372



 
 
 

 
Fig. 2: Photoionization efficiency curve of Br2

+/Br2. 

 
has already been analyzed in great detail by Venkateswarlu [3].  
 
 At high energy (10.5-15.0 eV) several weak sharp as well as weak broad 
features are observed. Fig. 2(a) clearly shows the close correlation between the 
structures observed in the PAS and the photoionization (PIC) as indicated by vertical 
bars. The dashed region corresponds to the dense fine structure measured in the 
threshold region.  
 
 Fig.  2(b) shows the ionization threshold region of Br2 on an expanded energy 
scale. Vertical bars are positioned at critical energies corresponding to the two 
adiabatic ionization energies X2Π3/2-2Π1/2 and to the vibrational progression 
observed in Br2

+ determined by TPES [7]. Direct ionization as well as vibrational 
autoionization is involved. The lowest adiabatic ionization energy has been 
measured at 10.517 eV in excellent agreement with ZEKE-PFI-measurements [8]. 
 
 The efficiency of Br+ production from Br2 has been measured between 10eV 
and 15 eV photon energy. At high photon energy, i.e., above 14.0 eV the Br+ ion 
current steeply increases reaching a maximum near 14.8 eV. Critical energies are 
measured at 13.98 eV, 14.1 eV, 14.26 eV, 15.51 eV and 15.62 eV and should 
correspond to the dissociative ionization Br2 into Br+Br+. 

in the 5-15 eV photon energy 
range.  
 
 At low photon energy 
two broad bands are spread 
from 5.8 eV to 6.4 eV and 7.0 
eV to 8.0 eV. The former is 
weak and structureless whe-
reas the latter shows one or 
more vibrational progress-
sions. This region has been 
mea-sured carefully with 0.5 
meV energy increments. A-
bout 50 vibrational levels are 
observed. Their analysis is in 
progress.  
 

The medium (8.0-10.8 
eV) photon energy range is 
characterized by numerous 
very sharp and strong to 
weak peaks. These are 
analyzed in terms of Rydberg 
series. The 8.2-10.5 eV region 
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 Below 14 eV the ionization efficiency shows fairly strong resonance shaped 
features corresponding to the production of an ion-pair Br+/Br- through the reaction 

Br2 + hν → Br+ + Br- (1S0)       (1) 
where Br+ is produced in its ground configuration 4p4 giving rise to 3P2, 3P1, 3P0, 1D2    
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and 1S0 electronic states. The 
corresponding thermochemical 
onsets of reactions (1) are dis-
played in Fig. 3(a). Furthermore, 
a fairly extended fine structure is 
observed upwards from the suc-
cessive thresholds.  The first 
band is shown on an expanded 
energy scale in Fig. 3(b) as recor-
ded with a MgF2 filter having a 
cutoff at 10.8 eV. A vibrational 
progression is observed with a 
characteristic wavenumber of 
322±24 cm-1 in very good ag-

reement with earlier observa-
tions [6]. The resolution obtained 
in the present work allows us to 
highlight several “doublets” in 
this band corresponding to a 
second progression with the 
same wavenumber of 322 cm-1 

but blue-shifted by 12 meV (96 
cm-1). Further analysis and as-
signment are in progress. Fig. 3: The PIC of Br+/Br2 between 10-14 eV. 
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 For several years we investigate halogenated derivatives of methane and 

ethylene with focusing on the dynamics of highly excited states of their cations. For this 

purpose photoabsorption (PAS), photoelectron spectroscopies (PES, TPES and CIS), 

photoionization mass spectrometry (PIMS) and fragment ion translational energy (TES) 

spectroscopy are applied. Discharges in rare gases and synchrotron radiation are used 

as light sources. The VUV-PAS, PIMS, PES and TPES study of CH3X (X=F, Cl, Br) [1,2,3] 

and C2H3X (X=Cl, Br) [4,5] have been reported. 

 
 

 Almost all disubstitu-
ted derivatives of ethylene 
corresponding to C2H2X2, 
where X=F and/or Cl, have 
been extensively investiga-
ted by Kaufel [6] using syn-
chrotron PIMS. Almost all 
fragment ions have been 
recorded and thermochem-
cal data have been dedu-
ced.  
 
 In the frame of the 
present ongoing project, the 
PAS, PES, TPES and CIS 
spectra have been reported 
earlier for 1,1-C2H2F2  and 
the three isomers of C2H2Cl2 
[7]. However, data about the 
disubstituted bromoethyle-
nes are very scarce. To the 
best of our knowledge only 
the VUV-PAS of trans-1,2-
C2H2Br2 [8] is available in 
the literature. PES spectra 
have been reported by 
Wittel and Bock [9]. PIMS 
work on cis- and trans-

Fig. 1: VUV absorption spectrum of 1,1-C2H2Br2 
            compared with that of 1,1-C2F2Br2. 
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C2H2Br2 has been published by Momigny [10]. 
 

 
 
 

 

berg transitions start up from 7.2 eV. The detailed analysis of this part of the 

spectrum is in progress. Interesting is the comparison with the corresponding 

difluorinated compound 1,1-C2F2Br2 as displayed in Fig. 1(b) and recorded under the 

same conditions. Both spectra clearly show similarities but (i) the ̟→̟* transition is 

stronger and blue-shifted and (ii) several peaks, e.g., at 8.2 eV, 8.8 eV and near 10 eV 

in C2H2Br2 are blue shifted in C2F2Br2. This has very likely to be ascribed to the 

expected perfluoro-effect. It is also highly interesting to compare the PAS of these 

two latter compounds to those characterizing 1,1-C2H2X2 and 1,1-C2F2X2 (with X= F 

and/or Cl). These VUV spectra have been measured earlier [11].  

 

 The photoionization mass spectrum of 1,1-C2H2Br2 recorded at 20 eV photon 

energy essentially shows three ions, i.e., C2H2Br2
+, C2H2Br+ and C2H2

+. Fig. 2 displays 

the photoionization efficiency curve (PIC) of C2H2Br2
+ between 9.0-15.0 eV photon 

energy. The PAS of 1,1-C2H2Br2 as measured in the high photon energy range is also 

displayed in Fig. 2. Vertical bars highlight the close correlation between the features 

observed in the PIC of the molecular ion and the PAS of the neutral molecule. IEad 

indicates the position of the adiabatic ionization energy IEad(1,1-C2H2Br2)= 

9.612±0.010 eV. This value is lower than the PES value of 9.63 eV reported by Wittel 

and Bock [9]. However, these authors do not mention the error limits on their 

reported measurements. At higher photon energies the vibrational structure is visible 

but more and more embedded in the autoionization structure. 

 

Fig. 2: Photoionization (PIC) and Photoabsorption (PAS) of 
1,1-C2H2Br2 between 9-15 eV photon energy. 

 The pho-
toabsorption 
spectrum of 1,1-
C2H2Br2 has 
been recorded 
on the 3m-NIM 
beamline be-
tween 5 eV and 
15 eV photon 
energy. The 
result is shown 
in Fig. 1(a) for 
the 5-11 eV 
photon ener-gy 

range. Abo-ve 
the usual ̟→̟* 
valence transi-
tion, the Ryd- 
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Being interested in nanoparticulate polymeric carriers for biomedical uses, we explored 

the complexation of sodium alkanoates as model ionic surfactants with a cationic double 

hydrophilic block copolymer. We present the initial step of a long term project aimed at the 

understanding of the influence of BICs on the secondary structure of proteins and peptides.  

 

A double hydrophilic block copolymer was synthesized by controlled free radical 

polymerization, namely by the RAFT method, from a poly(ethylene oxide) macromonomer 

and a cationic acrylate. Stoichiometric complexes with sodium decanoate (H-BIC) and with 

sodium perfluorodecanoate (F-BIC) were prepared by self-assembly. Both complexes are 

soluble in water forming core-shell nanoparticles with hydrodynamic radii of 54 nm and 22 

nm, respectively, and neutral zeta potentials. The complex containing decanoate decomposed 

upon dilution, while the complex with perfluorodecanoate is stable even against dialysis and 

in salt solution. 

 

 
 
Figure 1-DLS analysis of (i) polyM1-block-M2 (dashed line), (ii) the F-BIC (solid line) and (iii) 

H-BIC (doted line) in aqueous solution. The maxima are at 6 nm, 22 nm and 54 nm, respectively. 

 

Only the nanoparticles containing perfluorodecanoate show a strong contrast in small-

angle X-ray scattering (SAXS). It is produced from their cores that have an elliptical shape 

(short axes = 8.5 nm, long axis = 23.3 nm) and a sharp density transition to the shell. 
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Figure 2 a) Small-angle X-ray scattering of F-BIC nanoparticles (symbols) and the scattering curves 

of monodisperse spheres (R = 9.5 nm, dotted line), polydisperse spheres (R = 9.5 nm, σ = 0.14, dashed 

line) and prolate ellipsoids (short semiaxis = 8.5 nm, long semiaxis = 23.8 nm, ε = 2.8 nm, solid line). 

b) Arrows indicate the scattering maxima at 0.274, 0.544 and 0.820 nm-1. The solid line corresponds 

to a stack of lamellae with a periodicity of L = 3.65 nm and with thicknesses d1 = 3.00 nm and d2 = 

0.65 nm of the lamellae rich in perfluoroalkyl groups and ionic groups, respectively (σ1 = σ2 =0.2 

nm). The inset shows a sketch of the core structure of F-BIC nanoparticles. 

 

The cores exhibit an internal lamellar structure with a long period of 3.65 nm consisting 

of fluorocarbon rich lamellae (d1 = 3.00 nm) and lamellae enriched in ionic groups (d2 = 0.65 

nm). These fluorinated nanoparticles coexist in physiological buffer with human serum 

albumin and fibrinogen without inducing aggregation. Moreover, the content of α-helix of 

these serum proteins increased when in solution with the fluorinated nanoparticles.  

 

The F-BIC nanoparticles exemplify the potential of functional/complex polymers which 

can be synthesized via RAFT in water. For any biomedical application of polymer-based 

nanoparticles, the structure of such a polymer should be well defined, and this can be 

achieved via RAFT polymerization in water. Importantly, all the steps for the preparation of 

nanoparticles including polymer synthesis were carried out in water. Therefore, the risk of 

having residual organic solvents in hydrophobic core of particles, which may cause serious 

problems for any in vivo application, can be excluded in this strategy, as well. 
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Femtosecond VUV Photon Pulses for Time-resolved 

Photoelectron Spectroscopy 

Philippe Wernet, Jérôme Gaudin, Kai Godehusen, Olaf Schwarzkopf, Wolfgang Eberhardt 

BESSY, Albert-Einstein-Strasse 15, D-12489 Berlin, Germany 

1. Introduction 

 At synchrotron radiation sources such as BESSY photons with energies of 20-2000 eV 

(62-0.62 nm) allow for unique insights into the electronic structure of materials with x-ray 

spectroscopy. A new dimension could be added to these investigations with ultrashort x-ray 

pulses by studying the evolution of the electronic structure in real time with pump-probe 

schemes. The application of synchrotron radiation to ultrafast processes, however, is limited 

by the intrinsic picosecond pulse length. X-ray free electron lasers (FELs) promise great 

progress and first results on pump-probe spectroscopy at such a source have been obtained 

recently [1]. We use high harmonic generation (HHG) in rare gases [2-5] as a laser-based 

source of femtosecond (fs) vacuum ultra violet (VUV) and soft x-ray pulses to help 

developing tools needed for future ultrafast spectroscopy at FELs [6-8]. Our aim is to explore 

the potential of ultrafast x-ray spectroscopy for the study of electronic structure in real time. 

2. Experiment 

Fig. 1. Setup for ultrafast photoelectron spectroscopy in the gas phase based on HHG. 

 Our HHG source is driven by a fs laser (maximum pulse energy 2.5 mJ, 1 kHz, 50 fs, 

800 nm Ti:Sa, multipass amplifier). The higher harmonics are generated in Xe or Ar gas cell 

and a grating monochromator is used to select single harmonics. The VUV radiation is 
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focused with a toroidal mirror to a spot size of about 50 x 100 µm2. Up to 1010 photons/(s · 

250 meV bandwidth · 100 µm spot size) are generated with pulse durations down to 60 fs. 

Photoelectrons are detected with a magnetic bottle type time of flight electron spectrometer. 

Figure 1 schematically depicts the experimental setup. IR (800 nm)-pump and VUV-probe 

beams intersect in the source volume of the electron spectrometer. Sidebands in rare-gas 

photoelectron spectra [9] are used to temporally characterize the VUV pulses.  

3.  Results and Discussion 

 Figure 2 depicts 3p photoelectron spectra of Ar gas. Side bands (red) [9] between the 

main lines (blue) that originate from the different harmonics indicate temporal overlap 

between pump and probe pulses. They result from two-photon ionization where an IR photon 

is absorbed or emitted simultaneously with the absorption of the VUV photon. Their intensity 

is used to characterize the temporal resolution of our set up (cross correlation).  

 
Fig. 2. Ar 3p photoelectron spectra (intensity vs. time of flight) taken in zero order of the monochromator for zero pump-

probe delay (upper left panel). The 2D plot (upper right panel) depicts photoelectron intensities as a function of flight time 

and pump-probe delay. The side bands between the main lines and concomitant depletion of the main lines are clearly visible. 

The lower right panel corresponds to a section through the 2D plot for one of the side bands. A Gaussian fit to the data points 

with FWHM of 90 fs indicates a VUV pulse length of around 60 fs.  

 A cross correlation measurement for monochromatized harmonics is shown in figure 

3. Through diffraction on the grating the 60 fs VUV pulses are stretched in time resulting in a 

duration of the monochromatized pulses of around 120 fs.      
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Fig. 3. Ar 3p photoelectron spectra (lower left panel) taken with one harmonic as a function of pump-probe delay. A fit to the 

side band intensities (not shown) reveals a FWHM of 120 fs. Ar 3p spectra are compared in the panel on the upper right for 

zero delay and for laser off. Up to eight sidebands are observed.  

4. Conclusions 

Femtosecond VUV pulses were generated with intensities suitable for ultrafast photoelectron 

spectroscopy. Our results demonstrate the possibility to include both versatility of the source 

for spectroscopy by being able to choose from different harmonics (photon energies) and high 

temporal resolution in the fs regime. Following pioneering investigations with fs VUV pulses 

for gas phase [7] and surface spectroscopy [8] we aim at investigating the electronic structure 

of various materials in real time with ultrafast photoelectron spectroscopy. Besides getting 

unprecedented insights into ultrafast phenomena this approach helps developing tools and 

methods for future x-ray FEL sources. 
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Introduction: 
The discovery of an unexpectedly large thermopower accompanied by low resistivity and low 
thermal conductivity in NaxCoO2 [1] raised significant research interest in these materials. 
This interest has strongly been reinforced by the discovery of superconductivity in the 
hydrated compound Na0.35CoO2⋅1.3H2O in 2003[2]. The similarity of the Na cobaltates to the 
high temperature superconductors (HTSC) - both are transition metal oxides and adopt a 
layered crystal structure with quasi-two-dimensional (Cu,Co)O2 layers - is an important 
aspect of the research activities. In contrast to the HTSC cuprates however, the CoO2 layers 
consist of edge sharing CoO6 octahedra which are distorted in a way that the resulting 
symmetry is trigonal. In trigonal symmetry, the formerly degenerate t2g states are split into an 
a1g orbital pointing along the (111) direction, and a two-fold degenerate eg’ level. 
Experimental details: 
The NEXAFS measurements of the absorption coefficient were performed at the UE52-PGM 
beamline at the synchrotron facility BESSY II, Berlin, analyzing the drain current. The energy 
resolution was set to 0.09 eV and 0.16 eV for photon energies of 530 eV and 780 eV, 
respectively. We performed measurements on different nonhydrated single crystals with a 
sodium content between x=0.4 and x=0.75 at various temperatures and different polarizations 
of the incident synchrotron light at the oxygen K-, cobalt L2,3-edge, and sodium K-edge. For 
simplicity reasons, results from only two samples will be shown. All the crystals were of the 
same size of about 3mm x 3mm area and 1 mm thickness. Crystals were freshly cleaved in 
situ under ultrahigh vacuum conditions (about 2⋅10−10 mbar at 25 K), which resulted in shiny 
sample surfaces. 
Results: 
In Fig. 1 experimental spectra of the Co L2,3-edges for x=0.4 and x=0.6 are shown, which 
display three main features at each edge: one strong central peak (peak b and b’) with a 
shoulder towards higher energies (peak c and c’) and a peak or shoulder towards lower 
energies (peak a and a’). Comparing these results to the similar compound LiCoO2 and 
performing cluster calculations, one can assign the low energy features a and a’ to excitations 
into a1g levels of Co4+, peaks b and b’ to excitations into Co3+ eg levels, and peaks c and c’ to 
excitations into Co4+ eg levels [3,4,5,6]. This interpretation is furthermore supported by the 
doping dependence of the L-edge as the low energy peak appears stronger for lower sodium 
doping,i.e. (higher Co4+ concentration) and weaker for higher sodium doping (i.e., lower Co4+ 
concentration) [5]. 
The a1g orbital of the ground state in trigonal symmetry points along the (111) direction of 
the distorted CoO6 octahedra, i.e., parallel to the crystallographic c axis, while the two eg 
orbitals point perpendicular to it. From polarization dependent measurements with the E 
vector of photons parallel and 70° to the crystal c axis one observes the a1g peak of Co4+ to be 
stronger for E c as compared to E||c. This behavior is expected for a local trigonal distortion, 
where the t2g ground states split into states with a1g and eg’ symmetry, whereas the eg states 
remain untouched and therefore should not show a strong polarization dependence. Different  
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Figure 1: NEXAFS measurements 
on NaxCoO2.  Polarisation 
dependence of the Co L2,3-edge at 
25 K for x=0.4 (a) and x=0.6 (b). 
Polarisation dependence of the O K-
edge at 25 K for x=0.4 (c) 

   (c) 
from that, the intensity of the Co3+ central peak is significantly larger for E⊥c compared to 
E||c (Fig. 1(a) and (b)), which is unexpected from symmetry arguments and also from the 
calculations done. This effect points to an additional distortion that splits the eg levels. Note 
that no significant temperature dependence has been observed at the Co L2,3-edge for 
temperatures between 25 and 732 K [5]. 
NEXAFS measurements of the O K-edge showed three peaks (see Fig. 1(c)). Peak A results 
from excitations into unoccupied a1g levels of Co4+, peak B from excitations into eg levels of 
Co4+, and peak C from excitations into eg states of Co3+ [4,5]. As it can be seen in Fig. 1(c), 
peak A is stronger for light polarised parallel to the crystallographic c-axis and peak B does 
not show a significant polarisation dependence, as expected for trigonal symmetry. However, 
peak C exhibits a clear polarisation dependence with a higher intensity for E⊥c than for E||c, 
similar to the Co L3,2-edge. This finding supports the idea, that for octahedra containing a 
nominal Co4+ central ion, the local symmetry is indeed trigonal, whereas for octahedra 
containing a nominal Co3+ central ion, the local symmetry is additionally distorted. This 
additional distortion has to lead to a splitting of the formerly degenerate eg levels. Note that 
even in this case a polarisation dependence is the effective valence at the Co ion is less than 
the nominal valence of 3+, i.e. only in case of large hybridization. Theoretically, a large 
hybridization has indeed been found from cluster calculations [6]. 
Bibliography: 
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Orbital/Spin moment ratio dependence of Co-Pt 
nanoparticles upon Pt 

concentration and preparation conditions 
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Co-Pt and pure Co nanoparticles of ~2 nm diameter having different composition and 
crystal structure have been studied by X-ray magnetic circular dichroism (XMCD) at the 
Co L2,3 edges at beam line UE46 PGM of the synchrotron radiation facility BESSY, 
Berlin with the high magnetic field chamber of the Hahn-Meitner-Institut. The magnetic 
properties of the samples measured at 3.4 K and covered with a thin protecting layer of 
Al2O3, depend on the composition and crystallographic order. Furthermore, a small oxide 
contamination has a huge impact on the calculated orbital and spin moment values. While 
pure Co nanoparticles reveal an orbital to spin moment ratio of about µl/µs = 0.10 in 
perfect agreement with the value expected for Co thin films, Co-Pt mixed nanoparticles 
show a µl/µs ratio that depends on the relative amount of Co and Pt, linearly increasing 
from µl/µs = 0.11 for nanoparticles having 91% of Co and 9% Pt, to µl/µs = 0.14 when the 
Co amount is reduced to only 38%. Samples having a core of Pt and the Co segregated at 
the surface show µl/µs values similar to the disordered mixed samples of the same 
composition. The samples with a small CoO contamination show a very high µl/µs ratio 
with, for example, µl/µs = 0.25 in a sample having 71% Co mixed with 29% Pt. The 
annealing of the samples increases the dimension of the nanoparticles promoting their 
aggregation and, interestingly, it increases also the orbital to spin moment ratio, with 
respect to the non annealed samples of similar composition, induced probably by the 
formation of an ordered Ll0 phase. 

The development of metal thin film 
media containing small particles of 
tight size distribution, optimized in 
composition and crystallographic 
structure is one key feature for the 
progress in ultra-high-density magnetic 
recording devices. Surface-supported 
nanoparticles offer additional degrees 
of freedom to tune the magnetic 
properties by controlled modifications 
of the particle size, shape and 
interactions with the substrate. These 
characteristics make nanosized 
systems attractive for fundamental 
studies as well as for applications. 

760 770 780 790 800 810

1.0

1.5

2.0

2.5

3.0

 

 

 

 

in
te

ns
ity

 (a
rb

. u
ni

ts
)

Photon Energy (eV)

 0.8 nm Al2O3

 1.5 nm Al
2
O

3

 3.0 nm Al
2
O

3

Figure 1: Absorption spectra at different Al2O3 
coverage. 
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Figure 2: 100% Co sample. Figure 3: CoO contaminated sample. 

The magnetic anisotropy energy or the orbital moment are very sensitive to the atomic 

o and Co-Pt nanoparticles. The 

neighbouring (surface or interface atoms) of magnetic Co atoms contained in nanosized 
particles. By assembling cobalt nanoparticles containing less than 40 atoms (smaller than 
1 nm size) on Pt substrate [1], the latter parameters display an increase with the 
decreasing of Co atoms coordination. Also studies of thin films and multilayers have 
shown that adding platinum to cobalt gave materials with very high magnetocrystalline 
anisotropy. The Co-Pt system maximizes the magnetic anisotropy energy of the Co 3d 
ferromagnetic phase, owing the strong spin-orbit coupling of Pt 5d states making it 
particularly interesting. Co-Pt alloys can be obtained over a wide range of compositions 
as bulk. For either cobalt or platinum rich alloys, Co3Pt and CoPt3, a chemically ordered 
(Ll2 structure) as well as a disordered structure can be observed. For the compositions 
near 50/50, a face centred cubic (fcc) disordered phase and a face centered tetragonal 
(fct) Ll0 ordered phase can be obtained by annealing at the correct temperature. This 
latter structure can be described as alternate cobalt and platinum (001) planes, giving rise 
to a magnetocrystalline anisotropy along the (001) axis.  

A vapour deposition setup has been used to produce the C
Si substrate with a thin SiO2 over-layer has been chosen to limit the cluster-substrate 
interactions. The possibility of tuning the growth in term of nanoparticles morphology, 
density and size in the range of 1 to 4 nm is very suitable to prepare materials of 
controlled assemblage [2]. The growing parameters allow a great versatility regarding 
morphology and atomic arrangement [3]. The Co and Co-Pt nanoparticles were formed in 
ultra high vacuum conditions. Before deposition the substrates were degassed for 15 
minutes at 650°C. The sample preparation conditions are described in reference [4]. After 
preparation the samples have been capped in situ with few MLs of Al2O3. Figure 1 shows 
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the absorption spectra of the pure Co nanoparticles at the L-edges for 3 different Al2O3 
thicknesses. Already 0.8 nm of Al2O3 corresponding to 4 MLs are enough to completely 
avoid sample oxidation [5]. The XMCD measurements have been done applying a static 
field of 6.5 T at 3.4 K. Figure 2 shows an example of the absorption spectra for parallel 
(µ+, red line) and antiparallel (µ-, black line) photon helicity (upper panel) and the 
corresponding XMCD signal together with its integral (blue line, in the lower panel) of a 
pure Co sample. This 100% Co reference sample, 4.0±0.2 nm diameter nanoparticles, 
shows a ratio µl/µs = 0.097±0.005 as for thin layers. Increasing the amount of Pt mixed 
with the Co atoms the orbital spin moment ratio increases almost linearly. It goes to µl/µs 
= 0.11 with 78% Co and 22% Pt and to µl/µs = 0.12 when the proportion of Co-Pt is 74% 
and 26%, respectively. Finally, samples prepared mixing Co and Pt in a ratio of 38/62 
have µl/µs = 0.140±0.005. Samples having the Co segregated at the surface of the 
nanoparticles and a Pt core follow the same linear increases of the ratio µl/µs as the 
simply mixed samples [6] while one sample having a Co core and Pt shell of 2.5 nm 
diameter shows a much higher ratio µl/µs = 0.20. 

An example of a CoO contaminated sample is shown in figure 3. Previous studies of Co 
nanoparticles prepared ex situ by chemical synthesis demonstrated that the presence on 

 to increase linearly the orbital to 

. Schmitz, S. Rudorff and the BESSY staff are kindly acknowledged for their support 
ents. Financial support of SFB 668 is gratefully acknowledged. 

] P. Gambardella, S. Rusponi et al., Science 300 (2003) 1130. 
 et al., Eur. Phys. J.: Appl. Phys. 19 (2002) 83. 

ed for publication (2006). 

the surface of a small amount of CoO strongly enhances the orbital to spin moment ratio 
[7]. Also in this case the mixed samples have always higher values of the µl/µs ratio with 
respect to the same composition non contaminated ones. Samples with a Co core and Pt 
shell contaminated with a small amount of CoO show an enhanced ratio µl/µs = 0.25 at 
RT and µl/µs = 0.28 at 3.4 K. In the reversed configuration with a Pt core and a complete 
Co shell, where the CoO is probably on the Co surface, the enhancement of the µl/µs ratio 
caused by the simultaneous increases of the orbital moment and decreases of the spin 
moment reaches the high value of µl/µs = 0.33 at 3.4 K. 

Already few monolayers of Al2O3 are enough to protect the nanoparticles from oxidation, 
the increase of quantity of Pt in the Co-Pt system seems
spin moment ratio and a very small amount of CoO on the surface increases this value 
considerably. Particular care must be taken when evaluating the magnetic properties of 
nanoparticles: small CoO contaminations have a strong impact on the magnetic properties 
measured by a surface sensitive technique like XMCD. 
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Introduction 
An important route to the enhancement of the functionality of electronic devices is to combine 
the characteristics of organic and inorganic materials within a single device. Thus the study of 
the structural and electronic properties of organic molecules deposited on semiconducting 
substrates is crucial. 
In this report we present results of near-edge x-ray absorption fine structure (NEXAFS) 
spectroscopy and of high-resolution resonant inelastic x-ray scattering (RIXS) at the C and N 
1s edges of tetracyano-quinomethane (TCNQ) (see inset to Fig. 1) and tetrafluoro-tetracyano-
quinomethane (F4-TCNQ) deposited on silicon. In both techniques an incoming x-ray photon 
with an energy in the vicinity of a core electron binding energy is absorbed. In NEXAFS the 
strength of the dipolar absorption as a function of the photon energy is studied. This allows 
one to probe the unoccupied electronic states projected onto the atom involved, thanks to the 
localized character of the core hole left behind. In addition, by changing the orientation of the 
electric vector of the light relative to the surface, information on the orientation of the organic 
molecules within the deposited film is obtained. The high brilliance of modern synchrotron 
radiation sources also opens up the opportunity to study the energy spectrum of the radiative 
decay of the excited state created in the absorption process. The whole process has to be seen 
as a RIXS in which excitations above the neutral ground state are measured, again with the 
advantage of atomic element specificity. Finally it should be mentioned that the NEXAFS and 
RIXS signals are free from any contribution from the substrate, making both techniques very 
well suited to explore the electronic structure of adsorbates. 
 
Experimental 
The experiments were performed at BESSY on the high brilliance U41-PGM beamline and 
using a newly built plane-grating flat-field soft x-ray spectrometer [1]. Molecular solid films 
were deposited under ultra-high vacuum by evaporation onto a silicon wafer. During 
acquisition the sample was moved continuously with respect to the x-ray spot to limit the 
radiation damage. For both molecules, a RIXS spectrum at the N and C 1s edges was acquired 
in less than 15 min each spectrm with a resolution of ≈ 250 meV (emitted photons). 
 
Results and discussion 
The C and N 1s NEXAFS spectra of TCNQ are shown in Fig. 1 for grazing and normal 
incidence of a linearly polarised photon beam.  
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Fig. 1: C and N 1s NEXAFS spectra of TCNQ. 

 
 

The three resonances at the N 1s edge vary strongly in intensity when the direction of the light 
polarization relative to the surface is changed. They correspond to transitions to molecular 
orbitals oriented either in (main central resonance) or out of (the other two resonances) the 
molecular plane. This strong linear dichroism – also observed for F4-TCNQ – shows that the 
molecules are not randomly oriented but lay rather flat on the surface of the substrate. 
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Because of the presence of numerous non-equivalent carbon atoms, the assignment of the C 
1s edge structures to specific unoccupied molecular orbitals is much more difficult without 
the help of model calculations (underway) (see, e.g., Refs. 8, 9). 
The corresponding RIXS spectra are shown in Figs. 2 and 3 for excitations at the N 1s and C 
1s edges respectively for TNCQ (left panels) and F4-TCNQ (right panels). 
 

 
Fig. 2: RIXS spectra at the N 1s edge of TCNQ (left panel) and F4-TCNQ (right panel). 

 
 
The RIXS spectra at the N 1s edge are very similar for both molecules. This means that the 
fluorine atoms bonded to the central ring have a limited influence on the nitrogen π states. No 
dispersive features are observed on the “spectator part” (excited “optical” final state). This is 
surprising as the promoted electron in the π* NEXAFS final state should remain localized 
around the core hole.  

 
Fig. 3: RIXS spectra at the C 1s edge of TCNQ (left panel) and F4-TCNQ (right panel). 
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At the C 1s edge the resonant spectra are mo mplex due to the difference in chemical 

 (285–288 eV) low energy-loss features are present for both molecules. They 

 
 

 
 

Fig. 4: RIXS spectra at the C 1s edge of TCNQ (left panel) and F4-TCNQ (right panel). 
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re co
environment of the carbon atoms. Nevertheless the more structured emission spectra of F4-
TCNQ differ strongly from that of TCNQ molecule. The large changes in shape and intensity 
of the various features have to be analyzed in more details with the help of calculations (these 
are underway).  
At the C 1s edge
are not observed for excitations at the N 1s edge (see Fig. 4). We attribute these energy-loss 
features to vibrational excitations. The strong dependence on the excitation energy of these 
features can be explained by the change in the scattering duration when the excitation energy 
is varied. On resonance the duration of the scattering process is long enough to allow the 
nuclear wave packet to evolve, allowing vibrational motion during scattering [4]. The 
contribution to these different vibrational levels appears in the emission spectra as energy-loss 
features, the shape of which is extremely sensitive to the excitation energy. Beyond the 
resonance only a single elastic peak is observed as detuning the excitation energy away from 
the resonance shortens the duration time of the scattering process; which suppresses the 
vibrational motion. This type of behaviour has already been reported on condensed ethylene 
[5].  
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X-ray absorption study of electronic structure of Ni(II) phthalocyanine and 
porphyrins 

 
S.A. Krasnikov 1,2, A.B. Preobrajenski 1,3, N.N. Sergeeva 4, M.M. Brzhezinskaya 1, M.A. 

Nesterov 1, A.A. Cafolla 2, M.O. Senge 4 and A.S. Vinogradov 1 
 

1 V.A. Fock Institute of Physics, St. Petersburg State University, 198504 St. Petersburg, Russian Federation 
2 School of Physical Sciences, Dublin City University, Glasnevin, Dublin 9, Ireland 

3 MAX-lab, University of Lund, P.O. Box 118, S-22100 Lund, Sweden 
4 School of Chemistry, SFI Tetrapyrrole Laboratory, Trinity College Dublin, Dublin 2, Ireland 

 
Porphyrins (Ps) and phthalocyanines (Pcs) constitute a unique class of compounds that 

are ubiquitous in nature and function in a wide variety of roles ranging from oxygen transport, 
electron transfer, and oxidation catalysts to photosynthesis [1]. 3d transition metal (TM) Pcs 
and Ps are widely used in many technological applications due to their unique properties. The 
synthesis of novel TM porphyrins has received great attention in the last few years [2], while 
spectroscopic characterization of their electronic structure remains a less well investigated 
area. The central part of these complexes (3d-atom and its nearest neighbours) is known to be 
their most reactive component and to define their most important applications. The occupied 
and empty 3d electron states of the TM atom, located near the Fermi level and involved in 
chemical bonding, are essentially responsible for the interesting properties of these 3d 
compounds. A detailed knowledge of the 3d-related features of chemical bonding can be 
obtained with X-ray absorption (XA) spectroscopy due to its site and symmetry selectivity. 
The present work is aimed at revealing the chemical bonding features in NiPc and Ni 
porphyrins by studying the unoccupied electronic states in these compounds with high-
resolution Ni 2p absorption spectra. 

The XA measurements on the Ni(II) phthalocyanine (NiPc), Ni(II) tetrabenzoporphyrin 
(NiTBP), Ni(II) octaethylporphyrin (NiOEP), Ni(II) tetraisobutylporphyrin (NiTiBuP), Ni(II) 
diphenylporphyrin (NidPP) and Ni(II) diisobutylporphyrin (NidiBuP) were performed at the 
Russian-German beamline, BESSY II in the total electron yield detection mode. The metal 
sample was a nickel foil cleaned in vacuum. The samples of other compounds were in powder 
form. The photon-energy resolution at the Ni 2p (N 1s) absorption threshold was better than 
150 meV (70 meV). The spectra were normalized to the incident photon flux monitored by a 
gold grid. The photon energy at the Ni 2p and N 1s edges was calibrated using the known 
positions of the first narrow peaks in the Ti 2p (459.0 eV) and F 1s (683.9 eV) absorption 

spectra of K2TiF6 [3]. 
NiPc and NiPs represent 

a class of flexible molecules 
with nearly square planar core 
conformation. The molecular 
structures of the Ni 
compounds under study are 
shown in Fig.1. Here we will 
mainly focus on the Ni atom 
and its nitrogen-type 
coordination spheres taking 
into account the symmetry 
(deviation from planarity) of 
the main part of NiP (Pc) – 
porphyrin (phthalocyanine) 
macrocycle. The studied Ni 
compounds have mainly the 
D4h symmetry of the 
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Fig. 1. Structural formulas of the studied Ni compounds. 
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macrocycle except for the ruffled porphyrins NiTiBuP (D2h) and NiOEP (D2d). The nickel 
atom formally has the electron configuration of the Ni2+ ion [(3dxz,yzeg)4(3dz2a1g)2(3dxyb2g)2] in 
these Ni(II) compounds with D4h symmetry. 

The measured Ni 2p XA spectra for the studied Ni compounds are displayed in Fig. 2. 
The intensities of the absorption structures in the spectra have been normalized to the 

intensity of the main absorption line A. 
Examining the series of Ni 2p3/2 absorption 
spectra of the NiPc and NiPs one can see 
that the spectra are quite similar: the main 
absorption line A accompanied by a high-
energy lines A2, C – D. In contrast to the 
NiPc and NiPs the Ni 2p3/2 XA spectrum of 
metallic Ni consists of only one main line A 
accompanied by the so-called “6-eV” 
satellite A* that assigned to multiple 
scattering from the environment at 
intermediate range [4]. The difference 
between the absorption spectra of the Ni 
metal and the Ni(II) compounds can be 
understood within the framework of a 
quasi-molecular approach [5] with inclusion 
of the covalent mixing between the Ni and 
ligand atom valence electron states inside 
the quasi-molecule (NiN4). The covalent 
bonding between the Ni and N atoms with 
participation of the Ni 3d, 4s and N 2p 
electrons is responsible for the appearance 
of the additional 2p3/2 absorption bands in 
going from Ni metal to the NiPc and NiPs. 

On the basis of comparison with the 
Ni 2p XA spectrum of Ni metal and the 

following comparative analysis of the Ni 2p and N 1s spectra of the NiPc and NiOEP, the 
main line A can be associated with transitions of Ni 2p3/2 electrons to the LUMO, which is 
weakly antibonding σ molecular orbital (MO) of b1g symmetry with predominantly Ni 3dx2-y2 
character (almost pure intra-atomic Ni 2p3/2 – 3dx2-y2 electron transitions), while the structures 
A2, C, C* and D – with transitions to the empty states with hybridized Ni 3d – N 2p character 
(some contribution to the MOs responsible for the XA structures C, C* and D can be due to 
the Ni 4s, p states). The high-energy shift of the Ni 2p absorption in going from Ni metal to 
NiPc (1.4 eV) and NiPs (1.2 eV) is a result of a decrease in the effective number of 3d 
electrons on the Ni atom due to the strong Ni 3d – N 2p covalent bonding of the π type. This 
effect is well known as the back-donation [6], namely, an additional 3dπ-2pπ* charge transfer 
from the 3d atom to ligands with low-lying unfilled antibonding 2pπ* molecular orbitals. This 
metal-to-ligand charge transfer in the case of NiPc and Ni porphyrins occurs from the 
occupied Ni 3dxz,yz π (eg) orbitals to the unoccupied N 2pπ* (eg) orbitals, resulting in the 
corresponding absorption bands (A2, A3) in the Ni 2p XA spectra. 

There are three main differences between the Ni 2p3/2 XA spectra (Fig. 3) of the NiPc 
and NiPs: (i) the reliably detected high-energy shift of the main absorption line A by 0.2 eV in 
the NiPc compared to NiPs, (ii) the increase in the energy separation between the A and A2 
absorption lines ∆E(A-A2) from 1.3 eV to 1.8 – 2.0 eV in going from the NiPc to NiPs and 
(iii) the presence of the additional line A3 separated in energy by 0.8 eV from A2 in the XA 
spectrum of the NiPc. The first finding reflects larger transfer of the 3d electron density from 
the Ni atom to the ligands and the stronger Ni 3dπ – N 2pπ covalent bonding in the case of the 

Fig. 2. Ni 2p XA spectra of the NiPc and NiPs 
compared to Ni 2p XAS of the Ni metal. 
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NiPc compared to the NiPs. The splitting of the π-bonding related band A2 in the NiPs into 
two structures A2 and A3 in the case of the NiPc may be explained by the presence of four 
additional N atoms in the meso positions of the Pc macrocycle. Thus, in the NiPc there are 
two different nitrogen sites (pyrrole and bridging N atoms), and it is reasonable to suppose 
that there are two corresponding low-lying unfilled antibonding N 2pπ* molecular orbitals. 

As can be seen, the absorption structure A2 has a broader shape in the case of NiTiBuP 
and NiOEP. This can be associated with a lowering of the porphyrin macrocycle symmetry 

from D4h in planar Ps to D2h and D2d in the 
ruffled NiTiBuP and NiOEP, respectively, 
in which the pyrrole rings are significantly 
tilted. This tilt probably leads to a decrease 
of the overlap between the Ni 3dπ and the N 
2pπ orbitals and a respective weakening of 
the π bonding. The latter is reflected in the 
intensity decreasing and broader shape of 
the absorption structure having the Ni 3dπ – 
N 2pπ hybridized character (A2). 

In Fig. 3 we compare the Ni 2p3/2 and 
the N 1s XA spectra of the NiOEP and 
NiPc. Analysing NiOEP spectra within the 
framework of a quasi-molecular approach 
[5] it is reasonable to assume that the 
structures A2, C – D are of the same nature 
reflecting the electron transitions to 
hybridized Ni 3dπ - N 2pπ unoccupied 
states (N atoms in pyrrole rings) of NiN4 
quasi-molecule in NiOEP (some 
contribution to the MOs responsible for the 
XA structures C, C* and D may be due to 
the Ni 4s, p states). In turn, the absorption 
structure B can be associated with the 
electron transition to the empty nonbonding 
MO formed by the N and C 2pπ orbitals of 

the pyrrole rings. The most intense absorption band (A) in Ni 2р3/2 spectrum, which 
corresponds to the lowest unoccupied state b1g, has no analogue in the N 1s spectrum. This 
indicates that the b1g MO has an almost pure Ni 3dx2-y2 character. 

Absorption band A1, present in the N 1s XAS of the NiPc only, corresponds to electron 
transitions to the empty nonbonding MO having the N and C 2pπ character, where N atoms 
are in the meso positions on the Pc macrocycle and C atoms are nearest neighbours. In turn, 
the structure A3, observed both in the Ni 2p3/2 and the N 1s XAS of the NiPc, reflects the 
electron transitions to the empty MO with mixed Ni 3d - N 2p character (N atoms in the meso 
positions). Thus, applying a quasi-molecular approach to the more complicated NiPc requires 
a larger quasi-molecule for which nitrogen atoms in the third coordination sphere around Ni 
atom must be taken into account. 
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Fig. 3. Ni 2p3/2 and N 1s absorption spectra of the 
NiOEP and NiPc. 
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Spin polarization of oxygen atoms in cobalt-doped ZnO

N. Akdogan1, A. Nefedov1, R. I. Khaibullin2, L. R. Tagirov2,3, H. Zabel1
1Ruhr-Universität Bochum, 44801 Bochum, Germany

2Kazan Physical-Technical Institute of RAS, 420029 Kazan, Russia
3Kazan State University, 420008 Kazan, Russia

The recently discovered class of ZnO-based dilute magnetic semiconductors (DMSs),
which can be formed by doping 3d transition metal atoms in ZnO, offers an interest-
ing combination of electrical, optical, and magnetic properties. Of special interest is the
possibility to join aspects of semiconductor and magnetic effects to develop new device
concepts. According to suggestion of Dietl et al. [1], the ZnO-based DMSs can order
ferromagnetically at room temperature. However, a consensus on the origin of the fer-
romagnetic coupling has not been achieved yet. To shed more light on the microscopic
mechanism of long range magnetic coupling in TM-doped ZnO we have studied in detail
the magnetic properties of Co-doped ZnO films for different implantation doses.
For the growth of ZnO we used epi-polished single-crystalline a-plane sapphire wafers.
The nominal thicknesses of the sputter deposited ZnO films were in the range of 500 Å,
according to the deposition time [2]. In order to increase the crystallinity of the ZnO
films, we have carried out post-growth annealing in an oxygen atmosphere with a partial
pressure of up to 2000 mbar and a temperature of 800 ◦C. After annealing, ZnO samples
were implanted in ILU-3 ion accelerator (KPTI of RAS) with 40 keV Co+ ions to a dose
range of 0.25−2.00×1017 ion/cm2. The magnetic properties of cobalt implanted ZnO thin
films were investigated using soft x-ray resonant magnetic scattering (XRMS) technique
at room temperature. The XRMS experiments were carried out at the undulator beamline
UE56/1 of BESSY II in Berlin using the UHV diffractometer ALICE [3].

Figure 1: Reflectivity scans of Co-doped ZnO. The measurements were taken at room
temperature and with a magnetic field applied in the sample plane parallel (I+, solid line)
and antiparallel (I−, dash line) to the photon helicity.

In Fig. 1 we show reflectivity scans of the Co:ZnO system. As a compromise between high
scattering intensity and high magnetic sensitivity for the investigation of the magnetic
properties at the Co L edges, the scattering angle was fixed at the position of 2θ=8.2◦.
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For measurements at the O K edge the scattering angle was fixed at 2θ=12◦, which cor-
responds to the same scattering vector in the reciprocal space. The energy dependence of
the intensity around the Co L2,3 edges measured in saturation at positive (closed symbols)
and negative (open symbols) fields are shown in Fig. 2. It is well known that in the case
of metallic films the resonant scattering peak consists of a single component. However, in
Fig. 2 a fine structure of the Co L3 peak (E=780 eV) is clearly seen. This fine structure
of the Co L3 peak is similar to that observed before for Co-doped TiO2 films [4], as well
as for Co-doped ZnO by Kobayashi et al.[5] and it is indicative of a Co 2+ state.

Figure 2: Energy dependence of scattering intensities at the Co L edges.

Figure 3: XMCD signal (asymmetry ratio) measured at the oxygen K edge.

We have also investigated the magnetic signal at the Zn L2,3 and the O K edges. Within
the sensitivity limit no magnetic signal could be recorded for Zn; however, at the O K
edge, a clearly visible magnetic signal was observed. The XMCD signal (the asymmetry
ratio) measured in reflection geometry is depicted in Fig. 3. Note that the maximum in
the XMCD signal of oxygen is much smaller than the XMCD signal of cobalt.
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Figure 4: Hysteresis curves measured at Co L (closed symbols) and O K (open symbols)
edges. The intensity of the oxygen signal has been multiplied by a factor of 20 for clarity.

In Fig. 4 we show the magnetic hysteresis recorded at the O K edge (open symbols). The
shape of this hysteresis curve is the same as the one recorded at the Co L edge (closed
symbols), including the coercive field, but the intensity is much lower. This implies that
the oxygen atoms in close proximity to Co atoms are polarized ferromagnetically.
In conclusion, we have analyzed the element specific magnetic hysteresis curves of Co, Zn
and oxygen in Co-implanted ZnO films. Magnetic dichroism was observed at the Co L2,3

edges, as well as at the O K edge, indicative of a spin polarization of oxygen atoms in
the ZnO host matrix.
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Investigation of Surface Acoustic Wave Fields in Langatate Crystals by High-
Resolution X-Ray Diffraction 
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Introduction 
Langatate (LGT, La3Ga5.5Ta0.5O14) is one of the new piezoelectric materials of langasite 

family for telecommunication systems based on acoustoelectronic devices and operating with 
digital signals in a real time mode. LGT crystal combining the best acoustic properties of 
LiNbO3 (high value of electromechanical coupling coefficient) and quartz (low value of 
thermal expansion coefficient) permits to design the acoustoelectronic components with 
unique properties. 

This study presents an experimental investigation of x-ray Bragg diffraction on the Y cut 
of a LGT crystal modulated by a  µm surface acoustic wave (SAW). X-ray radiation is 
very sensitive to crystal lattice distortions and can be used for studding acoustic wave fields in 
crystals [1-2]. Synchrotron radiation source coupled with high-resolution diffraction 
techniques provide an interesting tool for the investigation of SAW propagation in crystals. 
X-ray diffraction on SAW-modulated crystals can be characterized by diffraction satellites 
appearing around the Bragg peak. The angular positions and intensity of these diffraction 
satellites depends on both the wavelength and SAW amplitude. 

12=Λ

Experimental results 
X-ray diffraction from a SAW-modulated LGT crystal was studied in a double axis x-

ray diffractometer scheme at the beamline KMC-2 at the BESSY (Fig. 1). X-ray energy was 
selected by a double Si(111) monochromator. Primary and secondary slits with horizontal and 
vertical gaps of  and  mm, respectively, were used for x-ray beam collimation. 11× 1.01.0 ×
LGT is a piezoelectric crystal of space group symmetry 32. The crystal lattice is similar to the 
one of quartz with the parameters 235.8=a  Å and 128.5=c  Å [3]. 

An Y cut [(100) atomic planes parallel to the crystal surface] was used for this 
experiment. To excite a Rayleigh SAW, an interdigital transducer (IDT) was deposited on the 
crystal surface by photolithography technique. The SAW amplitude can be changed linearly 
from 0 to few angstroms by varying the amplitude of high-frequency electrical signal supplied 
to the IDT. At the resonance excitation frequency 796.168=f  MHz, the SAW wavelength 
was  µm, and the propagation velocity was 12=Λ 2025=V  m/s. 

SAW propagation causes a sinusoidal deformation of a crystal lattice. The SAW 
penetration depth inside the crystal is approximately one SAW wavelength (  µm).  12=Λ

 
Fig. 3. Experimental setup. 
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(a)  (b)  

(c)  (d)  

Fig. 2. Rocking curve measured for different amplitude of the input signal supplied to the IDT: (a) U=0 V, (b) 
U=9 V, (c) U=15 V, (d) intensities of the diffraction satellites versus amplitude of the input signal 
supplied to the IDT. E=11.5 keV; Λ=12 µm; (100) reflection. 

Since the SAW velocity is much smaller than x-ray photon velocity, acoustic deformation can 
be considered as quasistatic. 

X-ray diffraction on acoustically modulated atomic planes gives rise to diffraction 
satellites on both sides of the Bragg diffraction peak. The angle between adjacent satellites 
measured on a rocking curve can be calculated from the equation 

Λ=Θ mdmRCδ ,         (1) 
where d is the interplanar spacing, Λ is the SAW wavelength. 

Rocking curves were measured at various SAW amplitudes. The x-ray energy was 
E=11.5 keV. Interplanar spacing for the (100) reflection in LGT is  Å. In the 
kinematic approximation x-ray penetration depth inside the crystal depends on the absorption 
in LGT crystals as a function of energy 

1385.7=d

( ) ( )EEE lBz µµ 2/]sin[)(1 Θ=− , where lµ  is the linear 
absorption coefficient and  is the Bragg incident angle. The K-edge of Ga at 10.47 keV 
causes a drastic change in the absorption coefficient. At E=11.5 keV, x-ray penetration depth 
in LGT crystals reaches only  µm, which is much less than the SAW penetration 
depth inside the crystal. 

BΘ

5.01 =−
zµ

Fig. 2 shows selected rocking curves for LGT crystal modulated by a  µm SAW 
measured at various input signals supplied to the IDT. The Bragg incident angle is 

. The full width at half maximum of the Bragg peak without SAW excitation is 6 
arc sec [Fig. 2(a)]. Fig. 2 shows that the number of diffraction satellites on the rocking curve 
increases with the amplitude of the input signal supplied to IDT. The angular divergence 
between two diffraction satellites 

12=Λ

°=Θ 283.4B

mRCΘδ  is 12.1 arc sec, which agrees quite well with the 
value 12.2 arc sec calculated from eq. (1). Intensities of the m=0, 1, 2 diffraction satellites as a  
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(a)  (b)  

Fig. 3.Two-dimensional distribution of the diffracted x-ray intensity excited by SAW-modulated LGT crystal: (a) 
U=9 V, (b) U=15 V. E=11.5 keV; Λ=12 µm; (100) reflection. 

function of the input high-frequency signal on IDT are shown in Fig. 2(d). A diffraction 
satellite (except satellite m=0) grows up as soon as the SAW amplitude reaches a threshold 
value increasing with the diffraction order. After reaching a maximum rapidly, the satellite 
intensity decreases smoothly and oscillates. The maximum intensity (38% of the intensity of 
the Bragg peak without SAW excitation) of the m=+1(-1) diffraction satellites was obtained at 
U=7 V. It can be seen [Fig. 2(b)] that the intensity of the m=0 satellite is equal to zero for 
LGT at U=9 V. For these amplitudes, the phase shift of the x-ray radiation diffracting into the 
zero satellites from the SAW minima and maxima is equal to π. This effect can only be 
observed if the acoustic wave field probed by x-rays is very homogeneous in amplitude. This 
is therefore only possible if the x-ray absorption is very strong. The extinction of the m=+1(-
1) satellites is observed at more high SAW amplitude [U=15 V, Fig. 2(c)]. Fig. 3 shows the 
two-dimensional distributions of the diffracted x-ray intensity obtained at different SAW 
amplitudes corresponding to extinction of the m=0 diffraction satellite at U  V (a) and 
extinction of the m=+1(-1) satellites at 

9=
15=U  V (b). 

Summary 
This experiment has shown that x-ray diffraction can be used to study the SAW 

propagation in piezoelectric crystals. Furthermore the extinction of the m=0 diffraction 
satellites in LGT crystals excited at specific SAW amplitudes is very interesting tool to design 
the high frequency acoustic modulator with 100% modulation depth [3]. 
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Magnetic EXAFS Study of Fe on Ag(100): Experiment and Theory 
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Studies providing information related to dynamic and 
local magnetic disorder are of immense interest, par-
ticularly for systems that show magnetic phase transi-
tions. In the past decade, X-ray absorption spectroscopy 
in the extended energy range using linear and circularly 
polarized light has become the technique of choice to 
draw such kind of information. The temperature-de-
pendence of magnetic EXAFS (MEXAFS) and EXAFS 
yields the local magnetic disorder (spin-fluctuations) 
and the dynamic disorder (lattice vibrations) [1]. For 
systems containing 3d elements, measurements at their 
L2,3-edges are of relevance since thereby the important 
3d states can be probed. In the past we have 
conclusively established that the overlap between L3- 
and L2-edges can be described very accurately by ab 
initio calculations [1-2]. Furthermore, a procedure to 
deconvolute the experimental spectra into their L3- and 

L2-edge contributions was developed [2], which enabled us to study higher spin-spin correlations.  
In the present work, EXAFS and MEXAFS measurements have been carried out at the L2,3-edges 
of Fe in bcc Fe  film (13 ML) on Ag(100) substrate at BESSY on UE56/PGM beamline [3]. This 
system is well established with respect to its magnetic and structural properties (see e.g. [4]). The 
Ag substrate is chosen since no other absorption edges of the substrate are found in the Fe 
EXAFS/MEXAFS range of about 700-1500 eV. The measurements were carried out at 300 K and 
80 K. The absorption spectra were recorded in a k-range up to 12 Å-1. As the regular EXAFS is 
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Figure 1: Experimental EXAFS and
MEXAFS µ(E) spectra. 

 
 
Figure 2: EXAFS and MEXAFS oscillations χ(k) and χΜ(k) and the corresponding Fourier transforms recorded
at 80 K (blue) and 300K (red). The temperature-dependent damping can be clearly seen. 
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automatically recorded when measuring magnetic EXAFS, an attempt is made to directly 
compare structural properties with the local magnetic structure.  
 

The experimental EXAFS and MEXAFS 
spectra µ(E) recorded at 80 K are shown in 
figure 1, clearly depicting a good quality 
MEXAFS signal. The Fourier transform (FT) 
of the oscillations χ(k)= (µ(k) - µ0(k))/ µ0(k) 
is related to the radial pair distribution func-
tions of each scattering shell (Figure 2). The 
spin-averaged EXAFS measurements con-
firm that Fe film has a bcc structure. In this 
case the main peak includes contributions 
from the nearest and second nearest 
neighbours. The two smaller peaks at r >3 Å 
are related to longer path lengths including 
multiple scattering paths. For MEXAFS, the 
amplitude in the range of the high frequency 
oscillation at k < 6 Å-1 is larger than in the 
normal EXAFS. This is also visible in the 
Fourier transform, where the main peak is 
smaller than the two following peaks. These 
differences between the EXAFS and 
MEXAFS signal are due to (i) overlapping of 

the L2,3-edges and (ii) enhanced multiple-scattering. Apart from this, significant intensities for 
distances larger than 6 Å in the Fourier transform can be observed, which have been identified so 
clearly for the first time. To achieve a more fundamental understanding of the spin-selective 
scattering phenomena that determine the MEXAFS, we applied two theoretical models: (i) ab 
initio calculations and (ii) the rigid band model [1].  

Figure 3: FEFFIT calculation for the single Fe L3-edge.
Each peak corresponds to one scattering path. The
dominating single and multiple scattering paths for the
EXAFS are (see also figure 4): 
1 (A – 1a – A)  R = 2.4825 Å 
2 (A – 2a – A)  R = 2.8665 Å 
4 (A – 3a – A)  R = 4.0538 Å 
7 (A – 4a – A)  R = 4.7536 Å 
11 (A – 5a – 1a – A)  R = 4.9649 Å 
14 (A – 1a – 5a – 1a – A) R = 4.9649 Å 

 
For the ab initio calculations the FEFF82 code [5] 

was employed. The enveloping intensity of the oscillation 
as well as most of its fine structures are reproduced quite 
well (not shown).  Similar conclusions can be drawn for the 
magnetic spectra. One can deduce from the analysis that at 
high photo-electron energies (k > 10Å-1) mainly long 
distance (r > 6Å) single scatterings contribute, which is 
however not predicted by theory [for details see 3]. We tried 
to identify all scattering paths that contribute to the EXAFS 
signal. The required information can be found in the inten-

sity and position of the related peaks in the Fourier transform, which we calculated for each 
scattering path using the FEFFIT code. Figures 3 and 4 show the result for the L3-edge and paths 
with R ≤ 5 Å. One can clearly see the dominance of single and forward scattering paths, although 
other multiple scattering paths also contribute.   

 

 
Figure 4: Corresponding Fe lattice
with various scattering paths. 

The spin-dependent scattering of the photo-electron can be modelled by the scattering po-
tential for the spin-averaged case. The spin up/down potential can be simulated by shifting this 
potential in energy. The rigid band model [6,7] predicts an analogous spin-dependent energy shift 
(∆E) of the density of final states (Z(E)). This energy shift is temperature dependent, since for 
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randomly oriented spins (T>TC) the magnetic interaction cancels out. Since the absorption coeffi-
cient is related to Z(E), one can calculate the MEXAFS spectrum from the experimental EXAFS 
spectrum as follows [1]: 

χMEXAFS(E) = χEXAFS(E − ½ ∆E(T)) − χEXAFS(E + ½ ∆E(T)). 
 

Recently this method has been applied to the calculated EXAFS spectra [8]. We have 
simulated MEXAFS spectra recorded at two different temperatures using this model with the 
experimental EXAFS spectra and the results are shown in Figure 5. It is clear that the agreement 
of experiment and this model is quite good even for distances r > 6 Å. Hence the magnetic 

EXAFS can indeed be described by the density of scattering states, which is energy shifted due to 
magnetic exchange coupling. It is to be noted that ∆E(T) is nearly constant as M(T) is not ex-
pected to change significantly in this (80 K-300K) temperature range for a 13 ML Fe film. There-
fore, the observed temperature dependence is mainly due to a change in the Debye-Waller factor. 
 In summary, the present work shows high quality EXAFS and MEXAFS data resulting 
into significant intensities for distances larger than 6 Å in corresponding Fourier transforms. The 
detailed scattering path analysis shows significant intensities for single and forward scatterings. It 
is shown that the rigid band model works quite well to reproduce MEXAFS data. This work is 
supported by BMBF (05 KS4 KEB 5) and DFG (Heisenberg-Stipendium). 
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Figure 5: Experimental (blue and red) and simulated (green) MEXAFS oscillations χΜ(k) and corresponding 
Fourier transforms for spectra recorded at 80 K and 300K. 
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Our research at BESSY in 2006 has focused on zincblende III-V semiconductor materials where a 
small fraction (percent range) of the group-V atoms has been isovalently replaced by nitrogen. We 
investigated GaN0.021P0.979, GaN0.085As0.915 and GaN0.015Sb0.985 epitaxial layers as well as a zincblende 
GaN reference sample by XAS experiments in fluorescence mode in the spectral range of the nitrogen 
K edge. Our aim is to obtain information about the local bonding properties as well as clustering 
effects of N atoms in these metastable alloys. 
Our experiments have shown that XAS is possible on the N K-edge in dilute nitride materials even at N 
concentrations of about 1%. The XAS data of the series of samples show a clear trend in the near-
edge (NEXAFS) region, when the atomic mass and radius of the host group-V atoms increase in the 
order GaN, GaNP, GaNAs, GaNSb. As depicted in fig. 1 (left panel), a red shift of the edge energy is 
found for increasing atom size and also the fine structure of the near-edge spectra shows significant 
changes in the sample series. The untreated EXAFS spectra are shown in the right panel of fig. 1. It is 
worth noting that the XAS data of the GaNAs sample with 8.5% of N do not show as clear signatures 
in the EXAFS region as the GaNP and GaNSb samples with lower N concentrations around 2%. The 
most probable reason for this is that N statistics become more important with increasing N content  
and the relative number of isolated N atoms decreases. This leads to an EXAFS spectrum containing 
contributions from N atoms in different environments with different bond lengths and therefore the 
EXAFS features are washed out compared to the spectra of the less N-containing crystals. 
A major problem is the difficulty of clearly separating NEXAFS and EXAFS region on the N K-edge. A 
further, even more severe complication arises for the dilute nitrides from the native oxide on the 
surface. Because of the close vicinity of oxygen K-edge and N K-edge, the range of the EXAFS 
oscillations detected at the N K-edge is restricted to approximately 100 eV. 
Concerning the quantitative analysis, we have so far focused on the EXAFS region. We used the 
software DL_Excurv (issued by CCLRC Daresbury Laboratory (UK)) in close cooperation with Dr. 
Stanko Tomić. This program allows a modeling of EXAFS spectra with complex structural models 
including self-consistent potentials of the scattering species. The results for the GaN EXAFS data, 
obtained by an ordered shell model with self-consistent potentials, are shown in fig. 2 and the 
corresponding parameters are given in tab. 1 up to the 4th shell. The distances of the first three shells 
agree well with the values expected from the known lattice constant of GaN and the geometry of the 
zincblende structure. 
As a first attempt, an equivalent model was assumed for GaNSb, which means that a possible 
disorder on the group-V shells (i.e. the formation of N-N pairs of different spatial separations) has not 
yet been taken into account. The results are shown in fig. 3 and parameters up to the 4th shell 
presented in tab. 2. Despite the simplicity of the structural model, the obtained shell radii show a 
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Fig. 1: NEXAFS (left panel) and EXAFS (right panel) raw data of zincblende GaN and several dilute-N 
III-V semiconductor alloys. Each spectrum shown is an average of several scans. 
 
 
reasonable trend for the first three shells. As expected, the distances of neighbouring atoms around 
the N atom, being small compared to the Sb atom it replaces, are significantly smaller than the 
corresponding distances in the surrounding of a Sb atom. Obviously, the N atom “pulls” its neighbours 
towards itself, causing a strong local lattice distortion. 
The next step of our analysis will focus on modeling the GaNP EXAFS spectrum, again with the help 
of self-consistent potentials provided by Daresbury Lab. Further steps will include disorder on the 
shells of the group-V atoms and additionally investigate the influence of multiple-scattering effects. 
The latter are expected to give a better refinement of the structural model and to allow further 
conclusions concerning the influence of N on the local crystalline symmetry. 
 
Outlook 
We will try to extract information about the electronic structure from the series of NEXAFS spectra by 
the use of self-consistent potentials. 
To complete the series of EXAFS data, it is neccessary to repeat the measurement of GaNAs using a 
sample containing less N. EXAFS experiments of dilute nitrides without native oxide would be highly 
desirable to provide a longer range of oscillations and to facilitate a more relaible refinement of the 
structural models. 
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Fig 2: Experimental and theoretical EXAFS data for GaN in k-space (left panel) and their Fourier 
transforms (right panel). 
 

 
Fig 3: Experimental and theoretical EXAFS data for GaN0.015Sb0.985 in k-space (left panel) and their 
Fourier transforms (right panel). 
 
 
S N Element rE [Å] rLit [Å] D 
1 4 Ga 1.971 1.9486 0.062 
2 12 N 3.154 3.1820 0.044 
3 12 Ga 3.804 3.7312 0.044 
4 6 N 3.905 4.5000 0.133 
Tab. 1: Parameter table for zincblende-GaN 
S is the shell number, N the occupation of the 
shell. rE denotes the shell radius obtained from 
EXAFS refinement, while rLit is the radius 
calculated from the known lattice constant 
(literature value) and the structural geometry. 
D is the Debye-Waller factor of the shell. 

S N Element rE [Å] rLit [Å] D 
1 4 Ga 2.346 2.6396 0.222 
2 12 Sb 4.067 4.3105 0.110 
3 12 Ga 4.847 5.0545 0.037 
4 6 Sb 6.243 6.0959 0.036 
Tab. 2: Parameter table for GaN0.015Sb0.985 

The literature values rLit are those for GaSb. 
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Characterization of a Fresnel bimirror for hard X-rays 
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Some Fresnel bimirrors (FBM) made on top of a flat glass and silicon substrate were already 
successfully used to investigate the coherence properties of X-rays in the energy range of 5 to 
50 keV [1,2]. This device acts similar to an Young double slit and produces the well known 
two beam interference fringes with high intensity contrast. The coherence properties of the X-
ray beam could be determined from the quantitative evaluation of the interference pattern 
[1,3]. 
The quality of the previos X-ray measurements was limited by the non exact parallel 
alignment of the two mirrors due to a small curvature of the substrate after preparation of the 
mirrors. A new FBM was prepared by Fa. Jenoptik. It was made on top of a monocrystalline 
quartz cube. The initial surface was polished with a maximum roughness of 0.46 nm. The 
FBM structure was created by grinding a 500µm deep grove into this surface (see Fig. 1,2). 
The midpoints of the two remaining mirrors are 9 mm apart from each other. Using this 
device at shallow incidence angles of typically 0.1 degree and below we obtain in good 
approximation a double slit of dimensions in the micrometer range where diffraction 
phenomena at Ångstroem wavelength can be observed.  
We characterized the FBM by two methods.  
(i)  By micro-interferometry we determined the height profile of a mirror plane and found a 
maximum height difference between the centre and rim of the mirror of about 10 nm. At 
1 mm mirror width this coincides to a curvature of about 2 arsec.  
(ii)  The X-ray interferogram in Fig. 2 was recorded in a distance of 1.3 m behind the mirror. 
A pinhole of 5 µm diameter was scanned with high accuracy in front of an energy dispersive 
detector. The tilt angle was determined from the separation of the two diffraction pattern of 5 
arcsec.  
We can conclude that compared to the previous Fresnel bimirror the bending of the actual 
quartz mirrror is a factor of 4 weaker. A Frenel bimmirror is a simple and effective method 
for characterization of the coherence properties of X-rays at a SR-beamline. 
 

a)          b)   
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Fig 1  a )  Photograph ot the Fresnel bimirror   
 b )  principle of generating narrow beams   
 c )  diffraction pattern of a bimirror in the energy range of 5 to 25 keV 
 
[1]  Leitenberger, W., Pietsch, U. (2007) A monolithic Fresnel bimirror for hard X-rays and 

its application for coherence measurements. J. Synchrotron Rad. In press 
[2]  Pietsch U, Panzner T, Leitenberger W, Vartanyants IA: Coherence experiments using 

white synchrotron radiation. Physica B 2005; 357, 45-52. 
[3]  Leitenberger W, Wendrock H, Bischoff L, Weitkamp T; Pinhole Interferometry with 

Coherent Hard X-rays. J. Synchrotron Rad. 2004; 11, 190-197. 

407



Interface magnetization of ultrathin epitaxial Co2FeSi(110)/Al2O3 films
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Heusler alloys recently attracted scientific interest because theory has predicted ferromagnetic
halfmetallic properties for some of these alloys. Heusler alloys with complete spin-polarization of conduc-
tion electrons would be ideal materials for spin electronic devices. As a reason for the lack of experimental
proof of the half metallic properties structural deviations from the ideal L21 structure in particular at
the interfaces of thin films are suspected. Our aim in this project is the determination of element-specific
magnetic properties of thin films separated between properties at the interface and in the core of the
films using X-ray circular dichroism (XMCD). We focus on epitaxial ultrathin films of the Heusler alloy
Co2FeSi grown on α-Al2O3. It was recently shown that Co2FeSi is a very good candidate for providing
a high spin-polarization [1]. The material exhibits a very high Curie temperature of 1100 K and a mag-
netic moment of 6 µB per formula unit. The compound is special in regards to its Curie temperature
and magnetic moment because both values are the highest observed until now in this class of materials.
Band-structure calculations based on the local density approximation with additional consideration of
electron correlation (LDA+U) showed that an effective Coulomb exchange interaction U = 2−5 eV leads
to halfmetallic ferromagnetism and to an integer magnetic moment [2], in contrast to the case of U = 0
where no half-metallic behavior and a smaller magnetic moment of 5.3 µB per formula unit was found
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FIG. 1: (Left panel) (a) Intensity of the luminiscence light emerging from the substrate measured at the Co L2,3-
edge of Co2FeSi films on Al2O3. Thicknesses of the films are indicated in the figure. The intensity was normalized
at the pre-edge. (b) Corresponding absorption coefficient k = −ln(I/Iref ) for various film thicknesses.
(Right panel) Circular magnetic dichroism signal (k+ − k−) for thicknesses indicated in the Figure.
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FIG. 2: Effective spin moment, µspin, orbital moment, µorb, and total moment, µsum, for Co in Co2FeSi Heusler
alloy films from transmission and TEY as a function of film thickness.

[3].
Our experimental approach is based on X-ray magnetic circular dichroism (XMCD) in the X-ray absorp-

tion spectroscopy (XAS), measured simultaneously by the total electron yield (TEY) and in transmission
(TM) [4]. We have deposited Co2FeSi thin films on Al2O3 (112̄0) substrates by RF magnetron sputtering
with a rate of 5 Å/s [5]. The films were finally covered with 4 nm of aluminium at a temperature of
350 ◦C in order to prevent oxidation.

Fig. 1(a) shows the incident-photon-flux-normalized transmission XAS spectra of Co2FeSi/Al2O3

Heusler alloy films for thicknesses d = 2.3 nm to d = 68 nm averaged over the two magnetiza-
tion directions. Assuming that the luminiscence signal of the substrate I±lum is proportional to the
transmitted X-ray intensity, the X-ray absorption coefficient k can be calculated using the equation
k±(hν) = −ln[I±(hν)/Iref(hν)] (Fig. 1(b)). The reference spectra Iref(hν) was measured by the bare
substrate crystal and found to increase linearly with the photon energy. Iref (hν) was then normalized
at the pre-edge region of the corresponding element.

Fig. 1 shows the corresponding XMCD signal (k+ − k−) for different film thicknesses calculated from
the two spectra measured with opposite magnetization direction.

The minimum X-ray penetration depth at the Co L3 edge is λx,min(Co) = 752 Å and can be used
to correct the total electron yield data [6]. The absorption signal for TM and TEY does not show
pronounced differences, independent of the film thickness. The main difference is that the TEY signal is
independent of the thickness while the TM signal decreases with decreasing thickness. Element specific
magnetic moments shown in Fig. 2 were derived by a sum-rule analysis [6] assuming numbers of d-holes
nd(Fe) = 3.4, nd(Co) = 2.5 as reported for the pure elements. [6].

From the transmission measurement we obtain a magnetic moment averaged along the surface normal.
This fact allows a calculation of the magnetic moment m per area A of the film: m/A = dµ/Vu (Vu is
the unit cell volume). From an evaluation of m as a function of thickness, contributions from the bulk
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FIG. 3: Magnetic moment of Co atoms multiplied by the thickness, µd, versus thickness for a series of Co2FeSi
films on Al2O3(112̄0) (dots). The full line represents a linear fit to the data.

of the film and excess moments at the surfaces can be separated according to Ref. [7]. From a linear fit
of the data shown in Fig. 3 we determined a moment deficiency equivalent to a magnetic thickness of
d0 = (0.8 ± 0.4) nm attributed to both interfaces of the film. Our experimental value of d0 is an order
of magnitude larger compared to surface effects measured for pure element films. If the observed surface
effect is caused by the upper interface one would expect a smaller magnetic moment determined by the
surface sensitive TEY method, which was in fact observed. The expected ratio of moments determined by
TEY and TM is roughly given by µ(TEY )/µ(TM) = 1− d0/λe = 0.6, which is much smaller compared
to the experimental value of µ(TEY )/µ(TM) = 0.92. Thus we conclude that the contribution of the
lower interface to the dead layer thickness d0 is even larger. The corresponding contribution d1

0 of the
upper interface between film and capping layer to d0 is given by d1

0 = 0.15 nm. For the lower interface
we obtain d2

0 = d0 − d1
0 − d(T ) = 0.55 nm, assuming a size effect of d(300K) = 0.1 nm.

The observed attenuation of interface magnetization observed here for a single Co2FeSi(110) film is com-
parable to the number of dead layers observed in the case of Co2MnGe(110)/Au and Co2MnGe(110)/V
multilayers [8, 9]. We clearly find the same trend of a stronger attenuation of interface magnetization at
the bottom of the film compared to the upper interface, although the difference between upper and lower
interface seems to be larger in our case.

The authors would like to thank for financial support from the Deutsche Forschungsgemeinschaft (EL-
172/12-2).
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[6] R. Nakajima, J. Stöhr, and Y. U. Idzerda, Phys. Rev. B 59, 6421 (1999).
[7] K. Wagner, N. Weber, H. J. Elmers, and U. Gradmann, J. Magn. Magn. Mater. 167, 21 (1997).
[8] J. Grabis, A. Bergmann, A. Nefedov, K. Westerholt, and H. Zabel, Phys. Rev. B 72, 024438 (2005).
[9] A. Bergmann, J. Grabis, A. Nefedov, K. Westerholt, and H. Zabel, J. Phys. D 39, 842 (2006).

410
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Ni2MnGa/Al2O3 films
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Martensitic phase transitions have a long history of scientific interest because of their technological
importance. The martensitic phase transition is a displacive, first-order transformation from a cubic
high-temperature phase to a tetragonally distorted martensite structure at low temperature that occurs in
many metal alloys. Recently, Ni2MnGa has attracted scientific interest because of its potential application
as a shape memory alloy. Because Ni2MnGa is ferromagnetic the martensitic phase transition in this
Heusler compound can be induced by a magnetic field. An enormous field induced strain of up to 9.5 %
has been reported for this system [1].

The structural phase transition in Ni2MnGa has been extensively investigated by neutron and X-ray
diffraction [3, 4]. The martensitic transition temperature is 210 K, while the Curie temperature is 370 K.
In the high temperature phase, the structure of Ni2MnGa is L21 with a = 5.825 Å . The structure can
be described as a bcc lattice with Ni atoms at the corner sites and Mn and Ga atoms alternately in the
center of it. In the martensitic phase, Ni2MnGa shows a tetragonal distorted structure with a = 5.92 Å ,
c = 5.56 Å and c/a = 0.94. An additional modulation in the structure with five or seven layer periodicity
has been found [4].

Attempts to understand the martensitic phase transition in Ni2MnGa from ab-initio calculations turned
out to be difficult [2, 5, 6]. While Zayak et al. [6] found a global energy minimum of the martensitic
phase for a ratio c/a > 1, a stable martensitic phase at c/a = 0.97 was reported by Barman et al. [2].
The change of the electronic structure at the phase transition mostly involves Ni derived minority states.
The Ni 3d states with eg symmetry that are degenerated in the cubic phase split in the martensitic phase
into Ni 3dz2 and 3dx2 − y2 states [2]. The minority-spin DOS at EF varies with c/a, while the majority
spin DOS is unaffected. This could have important implication in spin polarized transport where the
tailoring of the minority-spin DOS can be used [2]. Besides variations of the density of states (DOS)
with the c/a ratio, the removal of degeneracies causes changes of the Ni magnetic moments, while Mn
moments remain unaffected.

The exceptionally large change of the c/a ratio at the martensitic phase transition of Ni2MnGa offers
the possibility for a direct experimental observation of changes of the spin-resolved DOS and the magnetic
moments. Observable changes of the X-ray absorption spectra were predicted by Ayuela et al. [5].

A precondition for a detailed comparison of theoretical predictions and experimental results are single
crystalline samples. We prepared epitaxial Ni2MnGa films using magnetron sputtering on single crys-
talline substrates. The films showed the martensitic phase transition at slightly higher temperatures
(≈ 250 K) compared to the bulk value as confirmed by X-ray diffraction. In order to test the theoretical
predictions [5] we performed X-ray absorption spectroscopy and determined the X-ray magnetic circular

FIG. 1: The crystal structure of Ni2MnGa in austenitic (left) and martensitic (right) phase. The tetragonal
distortion in the martensitic phase is magnified to highlight the structural difference between the two phases. The
modulation in the martensitic phase is not shown (taken from Ref. [2]).
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FIG. 2: (a) Absorption coefficient k = −ln(I/Iref ) of X-ray light transmitted through a 83 nm Ni2MnSi(110) film
on α-Al2O3 at the Mn L2,3 edge. (b) Corresponding data measured at the Ni L2,3 edge. The inset emphasizes the
difference of the extra peak 5 eV above the edge for temperature below and above the phase transition. Circular
magnetic dichroism signal (k+ − k−) for Mn (c) and Ni (d). The inset in (c) shows the L3 maximum revealing
the temperature induced decrease of the XMCD signal. (e) Integrated Mn XMCD spectrum normalized by the
integrated 3d - absorption spectrum (step function subtracted). (f) Corresponding data measured at the Ni L2,3

edge.

dichroism (XMCD) at the Mn and Ni L - edges. We measured simultaneously the total electron yield
(TEY) and the transmitted X-ray intensity (TM) [7]. An external field of 1.6 T was applied normal to
the surface and parallel to the X-ray beam.

Fig. 2 show data calculated from the incident-photon-flux-normalized transmission XAS spectra of a
Ni2MnGa(110)/Al2O3 Heusler alloy film at temperatures below and above the martensitic phase transi-
tion. Assuming that the luminescence signal of the substrate I±lum is proportional to the transmitted X-ray
intensity, the X-ray absorption coefficient k is calculated by k±(hν) = −ln[I±(hν)/Iref(hν)] (Fig. 2(a)
and (b)). The reference spectra Iref(hν) increases linearly with the photon energy. The absolute value of
Iref (hν) was then normalized at the pre-edge region of the corresponding element. Fig. 2(c) and (d) show
the corresponding XMCD signals for the elements Mn and Ni calculated from the two spectra measured
with opposite magnetization direction.
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The intensity of the extra peak in the Ni absorption signal (indicated by the arrow in Fig. 2(b))
clearly depends on the structural phase. While this peak is well pronounced in the cubic phase above the
transition temperature it is nearly suppressed in the tetragonally distorted phase at lower temperatures.
This is in full agreement with the theoretical prediction [5].

The sum rule analysis results (see integrated XMCD data shown in Fig. 2(e) and (f)) in spin magnetic
moments for Ni of µspin/Nh = 0.175 µB at low temperature and µspin/Nh = 0.176 µB at high temperature.
The orbital to spin ratio amounts to µorb/µspin = 0.13 and µorb/µspin = 0.14, respectively. Within the
error limits there is no temperature dependence present for the Ni magnetic moments. For Mn we obtain
values µspin/Nh = 0.335 µB at low temperature and µspin/Nh = 0.313 µB at high temperature. The orbital
moment nearly vanishes for both cases. The decrease of the Mn moment with increasing temperature
reflects the usual magnetization decrease with increasing excitation of spin-waves. Surprisingly, the Ni
moment remains constant. This is in contradiction to the theoretical prediction [2]. Barman et al. [2]
calculated a 20 % decrease of the Ni moment at the transition from the tetragonally distorted phase to
the cubic phase.

In summary we found a correlation of structural and electronic properties at the martensitic phase
transition of Ni2MnGa. The lift of degeneracies of Ni 3d related unoccupied electronic states in the
tetragonally distorted phase leads to a characteristic decrease of the corresponding peak in the X-ray
absorption spectra. The Ni magnetic moment increases with respect to the Mn moment at the transition
from the distorted to the cubic phase.

The authors would like to thank for financial support from the Deutsche Forschungsgemeinschaft (EL-
172/12-2).
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Time-resolved XMCD experiments at ALICE diffractometer

Stefan Buschhorn, Frank A. Brüssing, Alexei Nevedov, Hartmut Zabel
Experimentalphysik IV, Ruhr-Universität Bochum,

Universitätsstrasse 150,
44780 Bochum, Germany

Magnetic recording and data storage devices have become a matter of large interest within
the last years. The precession of the magnetic moments is a natural limit for magnetic
switching of single domains, and thus a thorough understanding of precession dynamics in
magnetic structures is indispensable in order to access high writing and reading times. X-
ray magnetic circular dichroism (XMCD) provides a very powerful tool as different layers
in a heterostructure can be distinguished via element selectivity, and the time structure
of a synchroton opens a possibility to measure in a stroboscopic manner. In this way,
precession frequency and phase relation for different elements are accessable by sweeping
the x-ray flash with respect to an excitation of the system [1; 2].

Figure 1: Geometry of the sample and external magnetic fields The stripline with the Py
layer is perpendicular to the scattering plane, thus the pulsed field Hpulse is parallel to the
external static field Hstat.

The scattering geometry is shown in Figure 1. An ideally rectangular shaped current pulse
is provided through a stripline, and a short–living magnetic field is produced perpendicular
to the current direction. The stripline is perpendicular to the scattering plane, and the
pulsed magnetic field is parallel to the existing static field Hstat. If the magnetic moments
are initially aligned parallel to the stripline by an external field, this pulse sets an angle
between the magnetic moment and applied static field direction. The precession of the
magnetic moment can then be monitored by means of XMCD. In order to set up such a
system, we prepared a Cu stripline of 500 nm thickness and 200 µm width on a 1x1 cm2

sapphire substrate by ion-beam sputtering in UHV vacuum system with an Ar pressure
of 9.4 · 10−7 mbar. For the magnetic layer Py was chosen and deposited directly on top of
the stripline in-situ to get a maximum field amplitude, which decreases with 1/r, where
r is the distance from the center of the stripline. The current pulse is provided by a
pulse generator and can be changed in length and position with respect to an arbitrary
zero point. An oscilloscope is used to control the signal shape, i.e. voltage amplitude
and width of the pulse. The experiments were carried out with the ALICE chamber at
beamline UE52-SGM at BESSY, Germany, in single-bunch mode. Sample and detector
are set to specular reflectivity condition with Θ = 10◦, and the sample position in the
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beam is verified by an energy scan, where the resonant reflection of both Fe and Ni at the
energies corresponding to the L3,2 transitions can be seen. Then we measured hysteresis
loops of the sample by varying the static field Hstat without any additional field, and
in a quasi-static mode. In this way, the maximum current pulse height provided by the
generator, leading to a current of about 2 A, is applied for pulses of 718 µs width, the
maximum pulse length provided by the pulse generator at a period of 8 µs. The latter two
hysteresis loops are shown in Figure 2. Obviously, the curves have the same shape but
are shifted by 2.5 Oe in opposite directions. Hence, we are able to produce an additional
field of 2.5 Oe at the Py film perpendicular to the stripline.

Figure 2: The shift of the Fe hysteresis loop gained by a quasi-constant current through
the stripline. Depending on the current direction, a shift of ≈ 2.5 Oe in both directions
is realised.

As next step we applied short current pulses of 5− 35 ns length as is shown in the upper
part of Figure 3. The x-ray flash is represented by stars, showing 800 ns periodicity. The
current pulse can be changed in width τ and position ∆t with respect to an arbitrary zero
point that has a fixed phase relation to the flash. The bottom part of Figure 3 shows the
resulting timescan: In the first part ∆t = 640 ns is fixed, and each line marks an increase
of 5 ns for the width of the pulse τ . As from t = 448 s on, τ = 35 ns is kept constant and
the current pulse is shifted to later times in steps of 5 ns. The intensity decreases linearly,
but from τ = 15 ns on the intensity drops down stepwise with increasing pulse width. By
shifting the pulse backwards in time in the second half, the intensity increases stepwise
again. These steps are attributed to a stepwise change of the magnetisation direction of
the Py film from an antiparallel to an orientation parallel to the pulsed field.The magneti-
sation changes as long as the pulsed field is applied, where a pulse shift produces a change
in intensity. The magnetisation direction is directly measured at a certain time, and by
changing ∆t in steps of about 100 ps the magnetisation of the film after applying can be
monitored with time. In the future we plan to implement a second static field parallel
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Figure 3: Schematic view (top) and timescan (bottom) of experiments with short current
pulses. For details, see text.

to the stripline. Then the magnetic moment will precess around the field axis on a cone
surface rather than switch the direction. As a consequence the vector component parallel
to the pulsed field is sinusoidal in time. This component can again be monitored, a change
of the magnetisation component leads to a change in intensity. The time delay between
current pulse and x-ray flash has to be changed by much less than the time needed for a
full rotation, and the oscillation in intensity is then a direct measure for the precession
frequency.

This work was supported by the BMBF under contracts 05KF4PCA (ALICE diffractome-
ter) and 05ES3XBA/5 (travel to BESSY).
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The initial stages of oxide-mediated growth of iron silicides on silicon 
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Much attention has been paid to ternary Fe-O-Si systems in the recent years [1–3], and 

particularly to the problem of oxygen influence on the initial stages of iron silicides 
formation. The high-temperature solid-phase reaction between iron and silicon was studied 
for two different systems: Fe2O3 films deposited  on  the  silicon  surface  and  oxidized  Fe/Si 

multi-layer structures. However, there 
are no any experiments on thin Fe films 
deposited on the surface of oxidized 
silicon so far. Such kind of 
investigations was performed for 
another 3d-metal – cobalt [4, 5], and it 
was shown, that the reaction of silicide 
formation proceeds under the oxidized 
layer, that notably improves quality of 
CoSi2 films. The aim of the present 
work was to study the initial stages of 
iron silicides formation in the ternary 
system Fe/SiOx/Si(100). 

Figure 1. 

The experiments were carried out 
in vacuum ∼5×10-11  mBar using the 
beams with the energy of 110÷540 eV. 
The overall energy resolution of the 
electron energy analyser and the 
monochromator was ∼ 100 meV. The 
substrates used were Si(100) wafers 
with a missorientation of less than 0.1°. 
The samples were flashed up to 1200°C 
and cooled slowly, that ensured the 
sharp 2×1 LEED pattern and the 
absence of C and O contaminations. 
The oxidation of the sample surface 
was carried out at 500°C by exposing it 
to an oxygen (10 L). Iron films were 
deposited from an electron 
bombardment evaporator at a rate of ∼ 
1 ML/min. 

The Si 2p spectrum obtained after 
deposition of 4 ML of iron on the 
oxidized silicon surface as well as the 
spectra measured during the graduated 
sample annealing are shown in Fig.1. 
The dots represent the experimental 
data, while solid lines are the fitting 
results and fitted  components.  Besides 
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different oxide components the first spectrum contains A mode with the negative energy shift 
– 0.25 eV, as well as I mode with the energy shift of 0.5 eV. According to [6], the A mode 
corresponds to the Fe-Si solid solution formed under the oxide layer, while the I mode is due 
to a ternary interface phase consisted of Fe, O and Si atoms.  

The first low-temperature (600C) annealing leads to the transformation of the significant 
part of the solid solution into a new silicide phase, characterized by C mode with the positive 
energy shift of 0.2 eV. This fact proves that the solid-phase reaction between Fe and Si atoms 
starts. It should be emphasized that the cobalt silicides formation occurs at higher temperature 
(2500C), showing greater reactivity of the Fe/Si interface as compared with the Co/Si 
interface. Subsequent temperature increase up to 1300C results in the growth of C mode 
intensity and decrease of A mode intensity. The further annealing of the sample until 2500C 
does not change Si 2p spectrum, demonstrating the constancy of the phase composition of the 
analyzing area. The next process stage takes place at 3500C, when a new D mode appears 
with the energy shift of ~0.25 eV, and C mode intensity decreases significantly. The last 
mode disappears completely after annealing temperature reaches 4200C, and D mode becomes 
dominant in the spectrum. The spectrum structure remains during the subsequent temperature 
increase up to 6300C.  

 

Figure 2. 

The valence band 
spectra obtained in the 
experiment are shown in Fig. 
2. As it is seen, the spectra 
observed in the ranges of 
temperature 1300C – 2500C 
and 420°С – 500°С are very 
similar, so two different iron 
silicides are formed in these 
intervals. We have compared 
valence band spectra of these 
silicides with the standard 
ones. As it was found out, 
low-temperature iron silicide 
characterized by C mode is 
the metastable FeSi phase 
with the CsCl structure. 
Regarding higher-temperature  

iron silicide (D mode), it can be identified as the semiconducting disilicide β-FeSi2. Finally, it 
should be noticed that the considered solid-phase reaction is accompanied by modification of 
the silicon oxide layer. The most important tendency is the increase of Si+4  and Si+1 silicon 
oxide components and the decrease of Si+2 mode. 

 
The work was supported by RFBR (grant № 04-02-17651) and the Russian-German 

laboratory at BESSY. 
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EXAFS and MEXAFS above the L3-edge of Ni

H.H. Rossner, D. Schmitz, N. Darowski,
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Glienicker Str. 100, D-14109 Berlin, Germany

In previous work [1] the relation between spin-averaged extended x-ray absorption fine structure (EX-
AFS) energy spectra and magnetic EXAFS (MEXAFS) energy spectra has been shown for the overlapping
L-edges of Fe. This relation is based on the rigid band model (RBM) and describes the MEXAFS signal
µM = µM

L2
+µM

L3
by the spin-averaged EXAFS-components µL2

and µL3
shifted by an exchange-like energy

∆E:

µM (E) ≈ 1
4

[
µL3

(E +
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2
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(E − ∆E

2
)
]
− 1

2

[
µL2

(E +
∆E

2
)− µL2

(E − ∆E

2
)
]

. (1)

This approximation was now tested for the overlapping L-edges of Ni with larger spin-orbit split energy
and smaller magnetic moment compared to Fe. A Ni film with thickness of roughly 120 Å was grown in
UHV at room temperature on clean Cu(100) substrate. Energy spectra of spin-averaged and spin-polarized
EXAFS data were measured above the L3-edge of Ni at temperatures of 30 K and 300 K. The data were
taken at the elliptical undulator beamline UE46-PGM using the gap-scan technique with circularly polarized
light in the energy range of 850 eV ≤ E ≤ 1400 eV.

For the analysis of the EXAFS data we applied the Bayes-Turchin procedure described in Ref. [2].
This procedure takes into account experimental as well as model uncertainties, determines the atomic-like
background by cubic-spline functions, and represents the EXAFS Debye-Waller parameters σ2 by structural
disorder components σ2

struct and thermal disorder components σ2
therm, σ2 = σ2

struct + σ2
therm. The thermal

disorder is described by a force-field model using two spring constants, and the a priori values of these
constants are fitted to the vibrational density of states extracted from inelastic neutron scattering. The
phonon frequency spectrum at 298 K was calculated from 18 Born-von Karman parameters which had
been fitted to dispersion relations [3]. It is not expected that the two-parameter force-field model with the
nearest neighbor spring constant κ1 and the next-nearest neighbor spring constant κ2 can reproduce all
details of the frequency spectrum build from 18 parameters of five shells. However, as shown in Fig. 1, the
two parameter model with κ1 = 36.5 N/m and κ2 = 0.5 N/m in fact approximates the result of the 18
parameter model very well.

0.3

0.2

0.1

0.0

ρ 0
(ν

) 
 [

T
H

z
-1

]

1086420

ν  [THz]

Ni   298 K

Figure 1: Comparison of vibrational density of states deduced from inelastic neutron scattering (dots) and
results of a two-parameter force-field model (histogram).
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In the analysis procedure a Ni cluster of radius 8 Å was considered. Due to the misfit of 2.6 % between
the crystal parameters of Ni (aNi = 3.524 Å) and Cu (aCu = 3.615 Å) a tetragonal distortion is expected
in the Ni film. This distortion is modelled by two lattice parameters axy and az. Starting from an ideal
fcc-crystal structure the a priori value of axy was set assuming an inplane lattice expansion by 1 %. The
out-of-plane contraction of az follows from volume conservation. To reduce the number of fit parameters,
the following assumptions were made: a) the amplitude reduction factor was fixed to 0.9, b) the spin-orbit
split energies were taken from the FEFF code, c) all third cumulants C3,j of paths j were set to zero,
except C3,1 which was included in the fit serving as sensor for anharmonicities of the scattering potential,
d) the variations of the shell radii were calculated from variations of the lattice parameters axy and az,
and e) the Debye-Waller parameters of all scattering paths were calculated from σ2

struct, κ1 and κ2, which
were treated as fit parameters using a priori values of 0.0 Å2, 36.5 N/m, and 0.5 N/m, respectively. The
a priori value of the reference energy E0 was set to 860 eV, resulting in overlapping positions of the first
EXAFS oscillation of model and data. With 16 support points for the cubic-spline correction-functions of
the atomic-like background µ0 we thus end up with 23 fit parameters.

The Bayes-Turchin analysis procedure uses probability distributions for experimental data and model
parameters to account for uncertainties. The experimental uncertainties were assumed to be 0.5 % of the
measured absorption coefficient, except in the edge regions, where the failure of the multiple-scattering
approach requires the elimination of the data from the fit. Thus, very large uncertainties were attributed
to the data in the L1-edge region between 6.3 Å−1 ≤ k ≤ 7.3 Å−1. The model uncertainties of scattering
amplitudes f , scattering phases Φ, and effective mean free path λ were assumed to be ∆f/f = 7 %,
∆Φ = 0.07 rad, and ∆λ/λ = 10 %, respectively. The uncertainties caused by the truncation of the multiple
scattering series have been taken into account for each edge separately as explained in Ref. [2] and added
quadratically to the other uncertainties.
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Figure 2: Upper panel: Comparison of experimental EXAFS signal (dots with error bars) and a posteriori
model EXAFS signal. Lower panel: a posteriori normalized background oscillation with error band.
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The fitting procedure is applied to the measured absorption coefficient µexp which was normalized to the
smoothed model function µ0,FEFF calculated by FEFF. It yields the contributions χLs

and µ0,Ls
+ δµ0,Ls

for all Ls-edges, s = 1, 2, 3. In Fig. 2 preliminary results for the room temperature data are shown. The
background oscillations for the L3-edge are defined as χµ0,L3

= δµ0,L3
/µ0,L3

, and have amplitudes similar
to the EXAFS oscillations. They are interpreted as combination of atomic background oscillations and
systematic disturbances of the undulator beam. The large amplitudes strongly underline the importance of
the background determination. The analysis yields a posteriori lattice parameters with a posteriori errors
of axy = 3.63± 0.01 Å and az = 3.28± 0.02 Å. The value of axy is very close to the lattice parameter of Cu
and suggests that the lattice-parameter misfit of 2.6 % even exists at relatively thick Ni films. Within a
posteriori error bars this result is independ of the number of cubic spline support points N in the range 14
≤ N ≤ 20. The a posteriori parameters of σ2

struct, κ1, and κ2 are 0.0046 ± 0.0006 Å2, 36.5 ± 1.1 N/m, and
0.5 ± 1.1 N/m, respectively, indicating a moderate structural deformation. It is noted, that the force-field
parameters are not changed by the fit implying that the data do not require any modifications of these
parameters. As expected, the third cumulant C3,1 stays at zero.
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Figure 3: Upper panel: Comparison of experimental MEXAFS signal (dots), rigid band model approxima-
tion (red line), and FEFF calculation (blue line).

With the components µL3(E) and µL2(E) deduced from µexp(E) the approximation of Eq. (1) can be
applied. The comparison of the expermental MEXAFS signal with this rigid band model approximation
using ∆E = −1 eV is shown in Fig. 3. Also shown in this figure is the FEFF calculation for magnetic
EXAFS performed for a lattice distortion of 2.6 %. It is noted that the Ni MEXAFS data are not sensitive to
this distortion because of poor statistics. A good agreement between FEFF calculation and experimental
data is achieved when the magnetic moment is set antiparallel to the beam direction, opposite to the
situation for the XMCD signal in the edge region. This finding corroborates the rigid band model result
of a negative exchange-like energy ∆E. The absolute value of ∆E is proportional to the magnetic spin
moment µs averaged over all scattering paths. We observe that |∆E| = 1 eV corresponds to µs = 0.6 µB .
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We recorded the absorption and ionisation spectra of H2, at very high resolution, in the 72 to 81 

nm spectral range (15.3-17.2 eV energy range), at low pressure and room temperature.  The 
photoionisation and absorption cross sections of H2 have been measured absolutely several times 
above 18 eV.2,3 Near threshold, however, either the studies yield absolute values at very low resolution 
only and so integrate over strong autoionisation structures or, at high resolution, they give relative 
values only.4 We will present here the first measurements of absolute values at high resolution for the 
cross sections of the ionisation continuum at low energy (15.3 to 17.2 eV). The ionisation energy 
threshold (from the rotational J”=0 level) is located at 15.4257 eV 5 and the dissociative ionisation 
energy threshold, i.e. the dissociation energy of the H2

+ ions, lies at 17.2 eV (referring to the rotational 
J”=0 level of H2). Between these two energies, the  state of the ion exhibits a progression of 
18 vibrational levels; each of them corresponds to a threshold which induces a step in the 
photoionisation cross section.

+Σ gX 2

6,7

The VUV photons from the undulator beamline U125/2-10m-NIM of BESSY II were dispersed 
by a 10m-normal incidence monochromator equipped with a 1200-lines/mm grating. At the third 
order, with 45µm-wide slits, a resolution of 0.0012 nm was achieved. These photons were focused into 
a differentially pumped 39 mm-long gas cell containing H2 at a pressure of 20 mT (27 µbar) measured 
by a baratron gauge, at room temperature. A photodiode located at the back of the cell enabled to 
measure the intensity  of the transmitted light. The intensity of the incident light was monitored by the 
ionisation signal from a focussing mirror in front of the cell. A small voltage of 10 V was applied to an  
electrode in the target cell in order to collect the photoions. Their current is scanned simultaneously 
with the transmitted light signal as a function of the incident-photon energy leading to the ionisation 

excitation and absorption spectra. 
From the known pressure and 

absorption length, the absorption spectrum 
is directly calibrated. For most of the 
scans, additional data points were 
registered without gas at the beginning, at 
the end and even during the scans. The 
ionisation cross section can be calibrated 
with an uncertainty of 6% to be added to 
the error due to the noise at each point 
which is of the order of a few 10-20cm2. 

The high resolution allowed us to 
distinguish the continuum from the lines in 
most of the wavelength ranges but not 
everywhere. Fig. 1 displays small parts of 
the spectra with the points at zero pressure 
as markers. The results of the continuum 
measurements are summarized in fig. 2. 

There is important theoretical 
literature on the H2 photoionisation cross 
section. Most of the papers concern either 
the energy range higher than 18eV or fixed 

energy values (21.2 eV).9-13 The threshold region is sketched only in few references.6,7 From the graph 
in ref. 7, we extracted the data displayed in fig. 2 for comparison. We shifted the calculated threshold 
to adjust it to the absorption from the J”=1 level, the most populated rotational level (66%) of the 
ground state (the rotational structure is always neglected in these calculations). We investigated the 
first threshold region where we were able to distinguish the rotational thresholds (fig. 3). The curve 
shown in fig. 3 was calculated with steps located at the theoretical positions of the respective 
thresholds from the various rotational levels of the ground state; as a first approximation, the steps’s 
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Fig.1: A typical section of the measured absorption 
(upper panel) and ionisation (lower panel) spectra. The 
zero pressure points are used as calibration marks. The 
arrows indicate the measured points. 
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intensities were taken proportional to the rotational populations in the ground state and to the 
theoretical value from ref. 7. The deviation of 
the point located just below the J”=1 threshold 
with quite a large ionisation cross section may 
be due to the ionisation of high Rydberg states 
in the weak electric field used to detect the ions 
(∼ 3V/cm). The experimental points reproduce 
well the steps but they suggest that the shape of 
the ionisation cross section at threshold is not a 
mere flat step but may include a short bump. 
That may be also the case for the second 
vibrational threshold. 
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The absorption continuum is not only 
due to ionisation but also to dissociation. 
Therefore, the measurements of the absorption 
continuum cannot lead to a precise 
determination of the ionisation cross section, in 
addition to the fact that the absorption 
continuum is much noisier. The H(n=2)+H(1s) 
dissociation channel opens at 85nm; its 
continuum cross section slowly decreases at 
shorter wavelengths; around 80nm, it amounts 
to roughly 1 Mbarn (or 10-18cm2). At 75nm, the 
H(n=3)+H(1s) dissociation channel opens with 
a dissociation cross section of the same order 
of magnitude, very small compared to the 
ionisation cross section. 

Fig. 2 Ionisation cross section for the continuum vs 
the incident-photon wavelength. Theoretical values 
(line) are from ref. 7. Experimental values: open 
circles are present data, full triangles data from ref 2; 
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We determined the continuum ionisation 
cross section of H2 near the threshold in 
absolute values in a high resolution excitation 
spectrum. The successive vibrational thresholds 
were clearly put in evidence. The agreement 
between experimental values and theoretical 
ones is very good except around the first and 
second vibrational thresholds where the 
experimental data exceed the theoretical ones. 
The effect of the rotation can be clearly seen. 
Its neglection in the calculations may be the 
origin of the discrepancy.14 

Fig. 3: Ionisation cross section for the continuum near 
the threshold showing the rotational thresholds, (J”=0 
to J+=1, J”=1 to J+=0, J”=2 to J+=1 and J”=3 to J+=2); 
Theoretical values (line) see text, experimental values: 
open circles are present data. 
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Observation of the oscillating absorption spectrum of a double-well state: the +ΣuBB 1"  state of 
H2 
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Direct photodissociation of a bound state of a diatomic molecule takes place typically at an internuclear 

distance shorter than the equilibrium distance of that state. The inner limb of the potential curve of that state has 
a steep slope and, hence, the continuum absorption cross section shows its typical triangular shape. This is 
commonly described by the reflection principle. For double-well potential states, however, the situation is more 
complicated and it is interesting to study deviations from this picture- the reflection principle- which are likely to 
occur.  

The +ΣuBB 1"  state of H2 is the lowest double-well state with ungerade symmetry observed only recently in 
a triple-resonance laser experiment where the energies of a number of rovibrational states in the outer well and 
above the barrier (v’0 = 21 to 35) [1] (v’0 = 36 to 45) [2] were measured with high precision. The double well of 

the +ΣuBB 1"  state results from the interaction of more than two configurations. The Franck-Condon region for 
absorption out of the molecular ground state corresponds to the inner part of the inner well (Fig.1). This situation 
is quite common for diatomic molecules. 

We performed the first direct vuv absorption measurement into the full vibrational series of the discrete 
states and the dissociation continuum of the +ΣuBB 1"  state out of the  molecular ground state. The 
VUV radiation from the undulator beamline U125/2-10mNIM was monochromatized by a 10m-normal-
incidence monochromator equipped with a 1200 lines/mm grating, at a bandwidth of 0.0012 nm at 78nm. These 
photons were focused into a differentially pumped gas cell of 39 mm length containing H

+Σ gX 1

2 at a pressure of 20 
mTorr (26.7 µbar) at room temperature. The transmitted light intensity was detected by a photodiode located at 
the back of the cell. Lyman-α or Balmer-α fluorescence radiation from the H(n=2) or H(n=3) atomic fragments, 
respectively, was detected simultaneously with the transmitted light. In addition, photoions were collected by 
applying a voltage of 10 V to one of two electrodes in the target cell. The comparison of the absorption spectra 
with all the H(n=2) and H(n=3) dissociation and ionization excitation spectra enables the calibration of these 
channels. The estimated uncertainties are about 10%.  

In order to interpret the experimental results, we calculated the discrete absorption spectrum of the 
+ΣuBB 1"  state completely. The potential curves of 

the +ΣuBB 1"  and  states [3,4]+
gΣX 1  and the 

XBB −" dipole transition moment function are known 
theoretically with a high precision [5]. The calculation of 
the discrete part of the spectrum and of the dissociation 
continuum is straightforward. For v , the calculated 
spectrum shows vibronic levels located in the outer well or 
the inner well. We can easily number the levels for each 
well

3'>

 [1] and follow the v’i (inner well) from 0 to 8 and v’o 
(outer well) from 0 to 36. At the expected wavelength of 
the transition to the v’i =9 level, we find two absorbing 
J’=2 levels instead of one. The “outer-well” character 
pollutes the “inner-well” progression. The energy of these 
levels exceeds the potential barrier. Although they are not 
any more “inner” or “outer” levels, their absorption keeps 
the signature of the different wells. At the expected v’i =10 
position, three J’=2 levels are absorbing and at v’i =11, 
there are five. The absorption becomes more and more 

diluted. The calculated discrete spectrum shows clearly two vibrational frequencies, namely that related to v’o 
which is small and connected to the wide outer well and that related to a large vibrational frequency v’i 
connected to the narrow inner well. According to the calculations, the “inner-well” character is still localized. 
The calculated photodissociation cross section exhibits the same behaviour with oscillations at two frequencies, 
namely the two frequencies related to v’o and v’i . In Fig.2 we display both the discrete and the continuous 
spectra giving an arbitrary width to the lines to fit the same scale. The continuity is striking. As the excess 
energy above the dissociation limit is increased, the dissociation time decreases. Therefore, the widths of the 
resonances are increasing, smoothing away the fast frequency. 
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Fig.1: Transition probabilities Av’ for the discrete spectrum 
(R(1) lines). The lines corresponding to the inner well v’i 
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To compare the calculations with the experiment, we 
had to sum up all the contributions for the D  and up Π13 π

+ΣuBB 1"  states and from the various J” rotational states. 
This cross section is represented in fig. 3 with the 
experimental dissociation cross section in this wavelength 
range, evaluated from the detected fluorescence intensity of 
the atomic fragment on the H(n=3)→ H(n=2) transition, the 

line.  
αH

The dissociation spectrum is dominated by structures , 
The broad maxima at low frequency are hardly 
distinguishable, due to the scale, from the underlying 
continuum whereas the high-frequency structures remain 
visible. The other structures, some of them being very 

narrow, are due to predissociations. It is striking that far 
above the ionisation threshold the relatively slow 
dissociation can still occur with high efficiency.  

The measured underlying continuum can be compared 
with the calculated continuum on an absolute scale, without 

any fitting at all of the amplitudes and the positions. The fast oscillations of the continuum can be clearly seen 
above the threshold (from J”=1 at 74.911nm). 
whereas the oscillation amplitudes amount 
typically to 6x10

The noise of the measurement amounts to about ±1x10-19 cm2 

e only previous measurement
con

-19 cm2. The oscillation 
amplitudes agree well, the positions are in 
rather good agreement, too, even if the 
calculated cross section does not reproduce 
perfectly the measurement. It should be 
mentioned here, that energy differences 
between calculated and measured positions of 
discrete levels have been observed to increase 
as v’ increases above the potential barrier 
[1,2].  

Th  
cerning the Hα emission has been made at 

5 wavelengths between 68.6 and 72.3 nm [6]. 
However, these authors have assumed a 
monotonous and smooth decrease of the 
absorption cross section with increasing 
energy, i.e. there was no indication of structures 
or oscillations. Their absolute value of 0.19±0.07 
Mb for the 

α
σ H

 cross section at 72.3 nm may be 
compared to our value of 10.045.0 ±=3=nσ Mb. 
at 73.0 nm with 30% (±10 s[7] 
which corresponds to 10.033.0 ±

%) of H(3p) atom
=ασ H Mb with a

We have shown that a double-well state (e.g., the 
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Fig.2: Calculated discrete and continuous absorption 
cross sections of the +ΣuBB  state of H1"
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Fig.3: Dissociation cross sections above the H(n=3)+H(n=1) limit (from 
the initial rotational state J”=1). The experimental cross section was 
evaluated from the measured Hα  intensity. The theoretical cross section 
was calculated from the contributions of the D and BB"  states (thick 
line). 

 quantum efficiency for Balmer radiation of 74% (±10%). 

BB"  state of H2) shows an absorption spectrum which 
refle d
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olniewicz, Phys. Rev. A 60, 1258 (1999) and 
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Y Annual report 1999, p143 
, J. Phys. B 40, F19 (2007) 

cts the characters of both wells and may maintain them istinct above the internal potential barrier, and even 
beyond the discrete spectrum, in the continuous one, too. The experimental results corroborate the theoretical 
ones and the two wells appear to represent a situation reminding of two very weakly coupled classical 
oscillators[8].  
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Outstanding spin-orbit activated interchannel coupling
in the Ba 3d photoemission

T. Richter, E. Heinecke, P. Zimmermann
Institut für Optik und Atomare Physik, Technische Universität Berlin

D. Cubaynes, M. Meyer
LIXAM, Centre Universitaire Paris-Sud

The importance of interchannel coupling on the atomic photoionization for outer and
inner electrons over a wide range of kinetic energies is generally accepted (see for example
[1, 2] and references therein). In general, pronounced effects occur when the transition
matrix elements of a weak channel are modified by mixing with a strong channel and can
be observed in the photoionization spectra of all states of matter from atoms to solids.

A completely new type of interchannel coupling has been discussed for the 3d pho-
toionization of Xe, Cs and Ba [3, 4] where in the vicinity of the 3d3/2 threshold the 3d5/2

channel is strongly influenced by mixing with the 3d3/2 channel. It was stimulated by an
experimental investigation on the Xenon 3d photoionization [5]. Predictions were made
for Cs and Ba.

This interchannel coupling is a supposedly general effect fed by the spin orbit interac-
tion. The calculations use a modified version of the spin-polarized random phase approxi-
mation with exchange (SPRPAE) methodology. While theory was based on experimental
Xe photoionization cross section data, its implications on Cesium were confirmed pre-
viously for the cross section [6] and cross section as well as anisotropy parameter [7].
The data on Cesium show some descrepancies between the SPRPAE predictions and the
independent experimental results.
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Figure 1: Photoelectron yield measured for Ba 3d5/2,
calculated for both spin-orbit doublets

We now report on experimental data for the Barium 3d photoionization, that strongly
supports predictions based on the spin orbit activated intra channel coupling. The partial
cross section of the Ba 3d5/2 photoelectrons shows a pronounced maximum in the vicinity
of the 3d3/2 threshold. This extra feature is not reproduced by uncorrelated numerical
calculations (e.g. Hartree-Fock).
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The experiments were carried out at the UE52-SGM beamline. A Scienta SES-2002
electron analyser was used to separate energetically the different photoelectrons. For the
determination of the partial cross section only electrons emitted under the magic angle
(54◦ 44’) with respect to the linear polarization vector of the synchrotron radiation were
observed. The intensity of the 3d5/2 photoline was recorded as a function of the exciting
photon beam with proper normalization to the photon flux and the energy dependent
transmission of the analyzer.

We have measured the 3d5/2 photoionization cross section of Ba in the region around
the 3d3/2 threshold at about 800 eV excitation energy (Figure 1). The solid lines represent
the SPRPAE calculation by Amusia et al. [3], which have been convoluted by a Gaussian
distribution of 1.9 eV width to match the experimental resolution and have been shifted to
overlap in the cross section maximum at 799.2 eV. Experimental and theoretical curve are
in very good agreement demonstrating thereby the strong interchannel coupling effect also
for the 3d5/2 cross section in Ba. But this observed resonance is of completely different
origin than for Xe and Cs, since the resonance maximum is situated below threshold.
The shape of the resonance profile is almost symmetric and closely resembles the form
of the absorption curve [8]. The collapse of the 4f wavefunction upon 3d excitation
causes the strong discrete 3d3/2 → 4f resonance, which is seen in the 3d5/2 cross section.
Unfortunately the proposed strong changes in the β value [4] coincides with a vanishing
3d5/2 cross section. That made an experimental verification of the theoretical β results
impossible and leaves it as an extremely challenging task for the future.

In summary our experimental findings verify qualitatively the theoretical predictions
[3, 4] which suggests an interpretation of the results for Ba completely different from the
discussion on Xe and Cs. For a more detailed treatment of the topic see our upcoming
paper [9].
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The study of the +ΣuBB 1"  state of H2: transition probabilities from the ground 
state, dissociative widths and Fano parameters. 
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Being the third-lowest state, with a dipole allowed transition from the ground state; the +Σu

1

+ΣuBB 1"  state shows a rather strong absorption of vuv photons. Its vibrational levels with v’≥ 1 are 
predissociated into excited H(n=2) atoms1. This process may be important in determining the thermal 
balance of interstellar diffuse clouds2. The +ΣuBB 1"  state of H2 is also the lowest double-well state of 
H2 with ungerade symmetry.  

The absorption, ionisation and dissociation spectra were recorded with a very high resolution 
(0.0012nm) in the wavelength range from 81nm to 74nm in steps of 0.00002nm on the undulator 
beamline U125/2-10m-NIM of BESSY. The absorption spectrum is directly calibrated from the 
known pressure and absorption length with an uncertainty of 6% to be added to the error due to the 
noise at each point. We determined the Lyα detection efficiency (with an uncertainty of 12%) from the 
comparison of the absorption and dissociation on a the line known to be totally predissociated 
(  R(1) lines). In order to cross-check the various calibrations we rebuilt the absorption 
cross section as the sum of the dissociation and ionisation cross sections.  

++ Σ−Π gu XD 11

Only the positions of the rotational levels of the v’= 0 to 6 vibrational progression in the inner 
well are known.3, ,4 5 Levels of the outer well have been observed only recently in a triple-resonance 
laser experiment where the energies of rovibrational states in the outer well were measured at high 
precision for energies below the internal barrier or just above (v’ = 24 to 50) 6,7.  

In order to interpret the experimental 
results, we calculated the discrete absorption 
spectrum of the +ΣuBB 1"  state completely, (see 
previous report).  

As expected, the inner-well levels have a 
strong absorption probability while the outer-well 
levels show no absorption (see Figure 1).  

The calculated predissociation widths 
reproduce the same character. They are negligible 
for levels lying in the outer well, as expected, 
since the coupling occurs at small internuclear 
distance. As expected, they show very little 
rotational dependence, as the coupling inducing 
the dissociation is of the homogeneous type 
(vibrational interaction).  

The calculated Fano parameters of the 
++ Σ−Σ gu XBB 11"  lines have values between 20 

and 30 for the inner-well levels lying below the 
internal potential barrier and between 16 and 20 
for the levels lying above the internal potential 
barrier. For the levels with B” character, nearly no 
rotational dependence was found. 

We were mainly interested in the 
 lines which show 
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Fig. 1:Transition probabilities Av’,v”=0,  dissociative widths Γ  and  
Fanoparameter q as function of the  vibrational quantum number 
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the dissociation excitation spectrum were first compared with the calculated positions. To make sure 
of the assignment, the intensity of the line, its width and its asymmetry parameter were taken into 

account. More than 40 lines 
corresponding to rotational lines of the 
v’i progression with v’i from 5 to 11 
were assigned for the first time. The 
uncertainty of the measured wavelength 
is ±0.005nm (or 8 cm-1). The energy 
difference between the measured and 
the calculated positions reached up to 
80 cm-1. These deviations are mostly 
due to accidental perturbations ignored 
in the calculation.  

The ++ Σ−Σ gu XBB 11"  lines are 
observed in the dissociation spectrum as 
fully predissociated. The measured 
predissociation widths are comparable 
to the Doppler width. They can be 
determined through deconvolution of 

the observed profile. The fitting process 
enabled to determine the predissociation 

width, the Fano asymmetry parameter q and the area of the profile yielding the transition probability 
A.  
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Fig. 2: Dissociation spectrum: Rotational lines within the v’i= 11 band. The 
B” character is partly spread over the levels of the outer well. 

We observed a dispersion of the parameter values within a rotational band due to local 
perturbations. In order to obtain the vibrational behaviour, we averaged the parameters q, Γ, and A 
over the rotational lines for a given v’ value.  

The transition probabilities of the various vibrational bands from the X v”=0 ground state were 
measured over the complete vibrational progression, showing clearly that only the inner-well state 
with B” 4pσ character can absorb vuv light. The absolute values of these transition probabilities agree 
well with ab-initio calculations if one takes into account that the calculations neglect non-adiabatic 
couplings. Contrary to the assumptions in refs. 6 and 7, the predissociation was observed to be the 
major deexcitation channel. 

As predicted by the calculations, only a partial delocalisation of the B” character was observed 
in the BB"  v’-progression above the potential barrier and the last B” v’i = 10 and 11 rotational levels 
could be assigned and their parameters could be measured, even if the positions of the v’i levels in the 
v’ progression are not always perfectly reproduced by the calculations: e.g., the more intense 
absorption occurs on the v’= 47 R(1) line instead of on the v’= 48 R(1) line, so that the v’= 48 R(1) 
line could not be assigned. (see Figure 2) 

For the study of the H2 
++ Σ−Σ gu XBB 11"  system, our measurement, with a 10m-normal-

incidence monochromator and detecting the absorption, ionisation and dissociation spectra 
simultaneously, is complementary to double-resonance laser studies. Whereas the precision of the line 
position measurement is superior in the laser experiment, our experiment enabled to measure the 
transition probabilities, to assign more than 40 new lines and to follow the inner-well levels over the 
whole vibrational progression. 8
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Transition probabilities from the ground state of the  state of H−Π unp 1π 2
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Molecular hydrogen emission is an important astrophysical process. Since Voyager and IUE 

flights and later on with the Hubble Space Telescope and the Galileo spacecraft, it has been known 
that H2 emission is the primary VUV and EUV emission process in the atmospheres of outer planets1,2. 
The determination of the lines’ positions and of the transition moments is an important tool for the 
computation of simulated spectra used in astrophysical studies3.  

The aim of this work is to measure the absorption probability of a larger number of levels all of 
them belonging to the  symmetry.  −Π u

1

The absorption, ionisation and dissociation spectra were recorded with a very high resolution 
(0.0012nm) in the wavelength range from 81nm to 74nm in steps of 0.00002nm on the undulator 
beamline U125/2-10m-NIM. The absorption spectrum is directly calibrated from the known pressure 
and absorption length with an uncertainty of 6% to be added to the error due to the noise at each point.  

The  levels are excited from the ground state levels trough Q lines. Due to 

their symmetry, these levels cannot be coupled to the levels, the only possible 

couplings are with levels. In a first approximation, only the couplings with 
 are effective; so the couplings are expected be quite limited, and the line positions can be 

predicted. 

1,1 =Π − Jvnp uπ
1,1 =Σ+ Jvnp uσ

1,'' 1 =≠Π − Jvvpn uπ
1±=∆v

In order to interpret the experimental results, we calculated the discrete absorption spectrum of 
the  state completely from ab-initio data for the n=3, 4 and 5 states with a 
quantum defect approach for the higher n values. 

−Π unp 1π −Π unp 1π

The absorption spectrum was studied from 81.2nm to 72.4nm, more than 90 Q(1) lines have 
been assigned; their intensity and width 
have been measured.  

In many cases, the ionisation and 
the dissociation excitation spectra help us 
to isolate lines superposed in the 
absorption spectrum. The Q(1) lines are 
narrow, the measured widths are quite 
small, for energies below the 
H(n=3)+H(1s), all the widths (HMHM) 
are found to be smaller than 1.5 cm-1(the 
uncertainty of our measurement is of the 
order of ±0.5 cm-1). The  levels are 
known to be very stable, and they may 
give molecular fluorescence even if 
located at energies above the ionisation 
limit

−Π u
1

4,5. For λ<73.0 nm the Q lines are the 
main clear structures visible on the 
absorption spectrum, see Fig 1.  
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Figure 2: H2 absorption cross section around 72.8nm, above the 

 ionisation threshold 7=+v

The results for the A emission probabilities of the D πp3 , D’ πp4 , and D”  v 
levels to the X v”=0 state are gathered in Figure 2, from both the Q(1) and Q(2) lines. The agreement 
with the calculated values is very good except in a few cases. The discrepancies are due to local non 
adiabatic couplings. 

−Π15 πp

The local couplings which may be ignored on the position of the levels, are efficient on the 
transition probability, as expected. For instance, the D v=6 level is perturbed by the nearby 

 v=1, the coupling being due to the vibrational interaction acting between  levels, 
Π13 πp

Π17 πp 5=∆v
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such value is expected to give very weak coupling values nevertheless, the effect is obvious on the 
D level. The D’  v=3 level may be perturbed by the nearby npπ v=0 levels (with v>12), once 
again the interaction is through  interaction. We are far from the approximation usually used 
which leads to neglect all the vibrational interactions with 

v∆
Π14 πp

3=∆v
1≠∆v . 

The results for the A emission probabilities of the  J=1 levels with n=6 to 11 are 
displayed in Figure 4 and 5. 
For these levels, the transition 
moment functions used in the 
calculation are not ab-initio 
calculated but, following Ch. 
Jungen in ref 4, approximated 
using the quantum defect. The 
global agreement is very good 
if we take the D” 

state as reference 
data and use equation 1 with 
n=5. 

−Π unp 1π

Π15 πp
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Figure 2: A emission probabilities of the D 3pπ, D’4pπ, and D” 5pπ v J levels to 

the X v”=0 J”=J levels: open squares and full line for the calculated values, full square 
are for Q(1) lines i.e. J=J”=1, open stars are for Q(2) lines J=J”=2. 

−Π u
1

 Once again some A 
values are clearly due to local 

perturbations; for instance the 
 v=2, J=1 level is 

strongly perturbed by the nearby 
 v=3 J=1 and  

v=5 J=1 levels and takes its 
transition probability from both of 
them. We can see that the 

 v=1 J=1 level is 
effectively perturbed by the D 

 v=6 J=1 from which it 
takes an added transition 
probability. 

−Π up 110 π

−Π up 16 π Π14 πp

−Π up 17 π

−Π up 13 π

From an absorption 
spectrum taken between 81.3nm 
and 72.2 nm, at very high 
resolution using a 10m-NIM 
monochromator on a synchrotron 
radiation source, we have been 
able to measure the transition 
probabilities of most of the 

 transitions (with ). These transition probabilities are found in good agreement with calculated 
values. The main discrepancies may well be explained by local non-adiabatic couplings which were 
not included in the calculations. Vibrational couplings between levels with very large  values up to 

 may be observed on the transition probabilities. Only an extended MQDT calculation of the 
spectrum would be able to reproduce the observed values.

JJvSXJvnp gu ==−Π +− ",0", 11π
3≥n

v∆
5=∆v

6

0 2 4 6 8
0

1

2

3

0 2 4 6 8
0

1

2

3

0 2 4 6 8
0

1

2

3

0 2 4 6 8 10
0

2

4

6

8

10

12

0 2 4 6 8 10
0

2

4

6

8

10

12

0 2 4 6 8 10
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

A
 (x

 1
06  s-1

)  
9p

π1 Π
 v

 -X
 1 Σ 

v"
=0

v

A
 (x

 1
06  s-1

) 1
0p

π1 Π
 v

 -X
 1 Σ 

v"
=0

v

A
 (x

 1
06  s-1

) 1
1p

π1 Π
 v

 -X
 1 Σ 

v"
=0

v

A
 (x

 1
06  s-1

)  
6p

π1 Π
 v

 -X
 1 Σ 

v"
=0

v

A
 (x

 1
06  s-1

)  
7p

π1 Π
 v

 -X
 1 Σ 

v"
=0

v

A
 (x

 1
06  s-1

)  
8p

π1 Π
 v

 -X
 1 Σ 

v"
=0

v

Figure 3: A emission probabilities of the 6 to 11  v J=1 levels, to the X 

v”=0 J”=1 levels: full line for the calculated values, same as fig2. 

−Π up 1π

 
                                                           
1 A.L. Broadfoot et al., Science, 204, 709 (1979) 
2 J.T. Clarke, H.W. Moos, S.K. Atreya and A.L. Lane, ApJ 241, 179 (1980) 
3 X. Liu, D.E. Shemansky, J.M. Ajello, D.L. Hansen, C. Jonin and G.K. James, ApJS 129, 267 (2000) 
4 J. Breton, P.M. Guyon, and M. Glass-Maujean, Phys. Rev. A 21, 1909 (1980) 
5 M. Glass-Maujean, J. Breton, B. Thièblemont and K. Ito, Phys. Rev. A 32, .947 (1985) 
6M. Glass-Maujean, S. Klumpp, L. Werner, A.Ehresmann and H. Schmoranzer, submitted to Molec. Phys. 

431



Studies of the spectral dependences of the absorption cross sections in Ca2p edge of CaF2 by 
total electron yield method. 

 
 V.N. Sivkova,  S.V. Nekipelova, D.V. Vyalikhb, R. Follathc, S.L. Molodtsovb

 
a Syktyvkar State University, Syktyvkar 167001, Russia; 

bInstitut für Festkörperphysik, Tehnische Universität Dresden, D-01062 Dresden, Germany 
c BESSY,D-12489 Berlin-Adlershof, Germany. 

 
 

Atoms of the 3d transition elements are 
constituents of a wide variety of nanocomposite 
materials and nanostructures and define their 
electric and magnetic properties, which are 
strongly determined by the partly filled 3d-shell. 
The effective atomic potential for d-electrons in 
the free 3d atom has the positive potential barrier, 
what results in the collapse effect of the d-orbital 
with increasing nuclear charge along the 3d-atom 
series. The collapse appears very rapidly and 
starts with Sc (Z=21) at the beginning of the 
series of the free 3d atoms [1]. In X-ray 
absorption spectra the collapse causes changes of 
the oscillator strength distribution between 
discrete and continuous parts of the spectrum and 
the rise of the very intense 2p3/2 and 2p1/2 
absorption lines [2]. The influence of the 2p-hole 
results in the shift of the collapse from Sc (Z=21) 
to Ca (Z=20) and K (Z=19) both for the solid 
metals [3] and the free atoms [4]. Therefore the 
information about the complete distribution of 
dipole oscillator strength for the 3d transition 
metals over the wide spectral range and the 
oscillator strengths for individual electron 
transitions are of considerable fundamental and 
practical interest since they characterize 
quantitatively the interaction processes of 
photons of certain energy with metals and allow 
one to test results of theoretical calculations. 
Recently we have investigated the distribution of 
the dipole oscillator strength in the vicinity 
XANES 2p absorption spectra of 3d metal films 
from Sc to Cu [5]. The studies show that, when 
the atoms of the 3d elements are considered 
instead of the Ar atom, the collapse of the d-
orbitals manifests itself as a sharp increase of the 
integral oscillator strength for the 2p1/2, 2p3/2 → 
3d transitions in the spectra of metals. The 
integral oscillator strength reaches it peak for the 
Sc metal. The near-linear dependence of the 
oscillator strength sum in the range from 0 to 80 
eV above the 2p1/2, 2p3/2-absorption edge on the 
number of unfilled 3d states in separated atoms is 
established experimentally for a series of metals 
from Ca to Ni. The result show that the partial 
sums of the oscillator strengths of the x-ray 
transitions in the 2p-absorption spectra of the 3d 

metals present a sensitive tool for characterizing 
the states of the d-orbitals in the atoms and, thus, 
can be used in experimental studies of the 
properties of transition metal atoms in 
compounds. 

The studies of the compounds by 
transmission method are difficult task because 
the samples need to be done as the thin films and 
layers with the thickness 30-100 nm at the 
transparent substrates. It is possible only for the 
bounded amount of the compounds. In that case 
the studies of the solid materials spectra are 
carried by monitoring the total electron yield 
(TEY) from samples that are prepared by rubbing 
powders of the solid materials into the scratched 
surface of a clean copper plate or by vacuum 
evaporation method on the surface of the 
conducting hard substance. The total electron 
yield is proportionate to the product of the 
intensity of x-ray monochromatic radiation and 
absorption cross section (σ). So the absorption 
cross section in arbitrary units can be obtained by 
means of the division the TEY by the 
monochromatic radiation intensity in arbitrary 
units. At that the monochromatic radiation 
intensity in arbitrary units can be obtained using 
the TEY of matter with appointed σ. Reduction σ 
to absolute scale can be fined by calibration using 
the known values of the atomic cross section [6]. 
The correct measurements of TEY and the 
monochromatic radiation intensity in arbitrary 
units in soft-x-ray range present considerable 
experimental difficulties. Extraneous stray light 
and high-order light from monochromator 
gratings normally hinder measurements of these 
values. Measurements near hν~250 – 600 eV are 
particularly difficult on soft-x-ray beamlines, 
since there are significant second- and third-order 
components and contaminations on optical 
elements that can introduce additional structures. 
To make absolute cross-section measurements, 
these extraneous contributions to photoabsorption 
must be well characterized or removed entirely. 
Recently we have found that the titanium filter 
method can be used to solve this problem [7]. 
The investigations have shown that this 
experimental procedure enables one to measure 
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the photoabsorption cross sections using the 
radiation of Russian–German soft-x-ray beamline 
at BESSY-II near hν ~ 250–450 eV [7,8]. In 
present work the method of the absolute cross 
section measurement by TEY is illustrated at 
example Ca2p–absorption spectrum CaF2. The 
samples are the polycrystalline films prepared by 
thermal vacuum evaporation on the surface of a 
clean copper plate. Ti - filter were prepared in 
the form of free film (diameter 14 mm) on Au – 
gauze with small mesh. The intensity of the 
incident synchrotron radiation was measured 
using a TEY from a clean Si photocathode. A 
TEY was divided into value σ of the atomic Si 
[6]. The energy resolution, photon flux and the 
degree of higher-diffraction order light 
suppression of Russian-German beamline (RGBL) 
is determined by the fix-focus ratio Cff = 
cosβ/cosα (α and β are the incidence and the 
diffraction angles relative to the grating normal, 
respectively). And with decrease of Cff the degree 
of higher-diffraction order light suppression is 
increase. It is shown in Fig.1 as calculated ratio 
orders (second plus third order) to the first order 
light transmission [9]. 

Fig.1 shows that the intensity of higher orders is 
about 10% for Cff=2.25 in the photon–energy 
range 250-450 eV. The energy resolution of the 
monochromator in the region of the Ca2p-
absorption edge (350 eV) at Cff = 2.25 did not 
exceed 0.05 eV. In the fig.2 is shown, that Ti- 
films have high absorption coefficients in the 
area 10-100 eV [10,11] and 450-900 eV [12] at 
the good transmission in the range 250-450 eV. 
In the Fig.3 is shown the spectral dependence 
TEY of clean Si in the wide range 200-1100 eV 
without (black line) and with (blue line) Ti – 
filter (thickness 210 nm). Evidently, that Ti – 
filter carry out full suppression of high orders 
background in the area of the 2p1/2 and 2p3/2 
absorption lines (454-460 eV) and therefore the 
scattered nonmonochromatic radiation is absent. 
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Fig.2. The absorption coefficient spectral dependence 
of the free Ti-films [10-12]. 
 
The red line in fig.3 shows the value of the 
theory background of 2nd and 3rd orders without 
Ti – filter, which was calculated in accordance 
with the data [9] (fig.1). The Ti - filter decrease 
the background of 2nd and 3rd orders in the area 
237-450 eV nearly to zero (green line). From the 
fig.3 we can see, that in the area 200-450 eV the 
spectral dependence TEY of clean Si without
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Ti – filter have the structure connected with the 
shortwave background. With the Ti - filter the 
spectral dependence TEY of Si become 
monotonous and shown the jump in the area of 
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Fig.5. The spectral dependence of absorption cross 
section in range Ca2p-edge CaF2. 
 
the second order Ti2p–edge (227 eV). In fig.4 is 
shown the spectral dependence intensity of 
synchrotron radiation in the arbitrary units, which 
was obtained from the TEY of the clean Si 
dividing by σ of the atomic Si (black line), and 
the spectral dependence of TEY in the vicinity 
Ca2p-edge CaF2 (red line). Evidently, that the 
both dependences have a large slope with 
quantum energy change. That slope issues from 
absorption synchrotron radiation in Ti-film. In 
fig.5a,b shown the spectral dependence of σ (Mb) 
in the vicinity XANES Ca 2p–absorption edge, 
which was reduced to absolute scale by means of 

the calibration using the known values of the 
atomic cross section [6] sum before Ca 2p–edge 
CaF2. It is essentially that the measurement cross 
sections with the long-length side (341.3eV) and 
with the short-length side (392.4eV) from Ca 2p–
edge good correlate with the dates obtained by 
laboratory spectrometer using emission lines 
CaLα (0.78 Mb) and TiLℓ (1.7 Mb). At that exists 
the great difference between the measurement by 
TEY σ and atomic cross section sum on the 
shortwave of the Ca 2p-edge in CaF2. That 
suppression of absorption edge is the 
characteristic feature for XANES of the central 
atoms in the fluoride compounds. In conclusion it 
is necessary to note that the problem of the 
reduction to the absolute scale of absorption cross 
section obtained by TEY-method is not solved. 
Solution of this problem requires the additional 
investigations. 
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The x-ray absorption near-edge structure 
(XANES) of the 1s spectrum of a nitrogen 
molecule has become subject of extensive 
experimental and theoretical investigations [1--
3]. Due to the use of high-power synchrotron 
radiation sources and spectrometers with a high 
instrumental resolution, the vibronic transitions 
in the region of the πg and σu resonances, 
diversified Rydberg structure, and doublet [4] 
and triplet [5] excitations were revealed in the 
XANES of the 1s -absorption spectrum of N2. 
Study of the XANES of the 1s - absorption 
spectra of clusters formed by nitrogen molecules 
revealed the differences in the vibrational 
structures of the clusters and free molecules [6]. 
However, these works did not involve 
consideration of the absolute absorption cross 
sections and oscillator strengths of the x-ray 
transitions in N1s - spectrum, which are the 
fundamental spectroscopic parameters because 
the oscillator strength equals, to within a 
constant factor, the probability of the 
corresponding transition and can be calculated 
theoretically. These data are important for 
understanding the phenomena arising from the 
absorption of an x-ray quantum by a molecule, 
such as the resonance x-ray photoemission, 
resonance x-ray fluorescence, photochemical 
processes in the upper atmosphere, and 
photodynamic processes in molecular clusters. 
The lack of experimental data on the oscillator 
strengths for series of the vibrational and 
Rydberg transitions in a nitrogen molecule 
results from the fact that the appropriate 
measurements appear to be a complex 
experimental problem. To cope with this 
problem, not only the background radiation and 
instrumental distortions should be adequately 
taken into account, but the measurements should 
be carried out with a high energy resolution. To 
date, this is possible only using synchrotron 
radiation. The energy resolution ∆E = 0.04 eV, 
which is necessary for obtaining contrast 
vibrational and Rydberg structures, can be 
attained at the Russian-German beamline only at 
a high value of the constant of the fix focus ratio, 
Cff = 12. In this case, the second- and third-order 

short-wavelength radiation intensities occur high 
enough in the region of the N1s ionization 
threshold (400 eV) [7]. The presence of the 
anomalously intense band in the XANES of the 1s 
- spectrum calls for measuring the cross sections 
within a wide range of the optical densities of 
nitrogen. Under such conditions, the transmittance 
measurements of the cross sections appear 
difficult, and it becomes preferable to study the 
photoionization spectra at low nitrogen pressures 
of 10-1 to 10-2 torr in a measuring cell. In this case, 
the “thickness effect” and photoelectron transport 
on the spectral dependence of the cross sections 
can be ignored. Then, for structureless incident 
radiation, the spectral dependence of a partial 
cross section within a narrow range 400 to 410 eV 
near the 1s - ionization threshold of N2 can be 
derived by a simple subtraction of the absorption 
by the upper shells. Further, the partial spectral 
dependence of the cross section obtained in 
relative units can be reduced to the absolute scale 
of cross sections by normalizing the latter to the 
oscillator strength of the πg shape resonance 
measured on a laboratory spectrometer in the limit 
of the “zero” optical density with due account of 
the nonmonochromatic background [8]. 
The XANES of the 1s - absorption spectrum of N2 
was obtained using an ionization chamber at the 
Russian – Geman soft-x-ray beamline at BESSY-
II [7, 9]. The energy resolution of the 
monochromator in the region of the N1s 
absorption edge (400 eV) at Cff = 12 did not 
exceed 0.04 eV. The measurements were carried 
out at a nitrogen pressure of 4·10-2 torr in the 
ionization chamber, which was separated from the 
working volume by a separating slit with a 
vacuum-tight polyamide membrane. In order to 
determine the inherent structure of the absorption 
spectrum of the membrane near the N1s 
absorption edge, it was studied in the incident 
synchrotron radiation within the 395-420 eV 
quantum energy range. A change in the 
synchrotron radiation intensity in the incident 
beam after passing through the polyamide 
membrane was by 2-3%, which is negligibly small 
in comparison with the relative change in the 
cross sections within the studied spectral range
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(Fig. 1). The spectral dependence of the partial 1s 
cross sections in terms of relative units was 
derived by subtraction of the contribution of the 
upper shells from the obtained spectral 
dependence of the photoionization current. The 
absolute measurements of the spectral 
distribution of the cross sections of a nitrogen 
molecule were carried out by the transmission 
method using an x-ray spectrometer-
monochromator RSM-500 with ∆E = 0.3 eV. The 
cross section measuring technique was 
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Fig.2. The simulation of the "thikness effect" of 
the dispersion instrumental function with 
different half-widths ∆E for the "zero" gas 
pressure.  
 
described in detail in [8]. To determine the 
oscillator strength of the πg shape resonance, we 
used the known relationship between the 
absorption cross section σ (in Mb) and the 
spectral oscillator strength density df/dE 
σ(E)=(πe2h/mc)(df/dE) = 109.8 (df/dE), where E 
is the energy(in eV) of the absorbed x-ray 
quantum [10].  

( ) ,)()( dEEEfEkE ′−′= ∫
+∞

∞−

σσ
 

 (1) 

In our previous study [8], we demonstrated that, 
on passage to the “zero” pressure in the case of a 
small change in the incident radiation intensity 
within the width of the instrumental function and 
a fast drop of the cross section with departure 
from the peak of an absorption band, where σ(E) 

and σ´(E) are the measured cross section and the 
true cross section, respectively; ƒ(E - E´) is the 
instrumental function of a spectrometer; and k is 
the normalization constant with dimensions of 
the inverse energy. Note that E is measured from 
the peak of an absorption band. Taking into 
account the normalization of the instrumental 
function to unity and integrating Eq (1) over 
energy, we obtain the following equation for a 
quantity proportional to the oscillator strength of 
a transition: 

( ) ( ) ,dEEdEE ∫∫
+∞

∞−

+∞

∞−

′= σσ   
(2) 

It can be seen from Eq. (2) that the overall 
oscillator strength of an isolated band examined 
at the zero optical density of a sample is 
independent of the instrumental function and 
coincides with its true magnitude. This makes it 
possible to compare measurement results 
obtained with the use of different spectrometers. 
Equation (2) can be simplified by integrating 
over a finite range from E1 to E2 rather than over 
the infinite range: 

( ) ( ) ,
2

1

2

1

dEEdEE
E

E

E

E
∫∫ ′= σσ

 
 (3) 

where the range of integration (E1, E2) is larger 
than the band width and (Е2-Е1) >> δ being the 
width of the instrumental function. There is a 
narrow selected band in the 1s - absorption 
spectrum of a nitrogen molecule (Fig.1), which 
allows us to use Eqs. (1) - (3). For comparison, 
we took the 1s - absorption spectrum recorded on 
the RSM-500 spectrometer with the low energy 
resolution ∆E = 0.3 eV in the absolute units (the 
dashed curve in Fig.2) and the spectrum studied 
using synchrotron radiation with the high 
resolution ∆E = 0.04 eV in the relative units. To 
convert the latter spectrum to the absolute scale, 
we used Eq. (3). The oscillator strength of the 
band with all the vibrational peaks within the 
range from E1= 398 eV to E2= 405 eV was 
normalized to 0.29 [8]. Fig. 1 depicts the 1s - 
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absorption spectrum converted to the absolute 
scale using the above procedure. Simulation of 
the effect of the dispersion instrumental function 
on the spectral distribution of the oscillator 
strength in the region of the 1s - absorption edge 
of nitrogen for the zero pressure is illustrated in 
Fig.2. In this case, the spectral dependence 
obtained with the high resolution and converted 
to the absolute scale was taken as the true σ´(E) 
distribution in Eq. (1). It can be seen from Fig.2 
that, as the width of the instrumental function 
successively increases to 0.8 eV, a gradual 
change-over is observed from the spectrum 
studied with the high energy resolution using 
synchrotron radiation to the spectrum recorded at 
∆E = 0.3 eV. The observed difference in ∆E 
between the experimental and calculated spectra 
is quite natural, given the approximate choice of 
the instrumental function and the error in ∆E in 
the experiment. Each vibrational peak (Fig.3)  
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Fig.3. Spectral dependences of the absorption 
cross sections in the regions of vibrational 
transitions πg shape resonance. 
 
was approximated by a dispersion function of a 
certain width and height at maximum, so that the 
sum of the dispersion functions reproduce the 
original behavior of the cross sections. As a result 
of the integration, the following values of the 
oscillator strengths of the vibrational transitions 
were obtained (the inset). The Rydberg structure 
was resolved into components by representing 
each of 14 peaks by a Gaussian of a certain width 
and height (Fig. 4), the N1s - absorption edge 
being approximated by arc tangent. The 
parameters of these functions were varied so that 
the total absorption cross section be in agreement 
with the experimental curve. The oscillator 
strengths of the Rydberg transitions were found 
to be the following (the inset). Our study has 
demonstrated that the conversion of the 
molecular x-ray spectra recorded with a high 
energy resolution using synchrotron radiation to 
an absolute cross section scale basing on 

measurements with laboratory spectrometers 
makes it possible to evaluate the oscillator 
strengths of the vibrational and Rydberg 
transitions. 
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Fig.4. Spectral dependences of the absorption 
cross sections in the regions of the Rydberg 
transitions. 
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Probing the magnetic coupling between Fe and CoO by means of
 dichroic X-ray absorption spectroscopy

R. M. Abrudan1,2, J. Miguel2, M. Bernien2, C. Tieg1*, M. Piantek2, W. Kuch2, J. Kirschner1

1 Max-Planck-Institut für Mikrostrukturphysik, Weinberg 2, D-06120 Halle
      2 Freie Universität Berlin, Institut für Experimentalphysik, Arnimalle 14, D-14195 Berlin

DFG-KU 1115/7-2

 Since the discovery of the exchange bias phenomenon by Meiklejohn and Bean  early in 
the 50’s [1], the focus of interest  in the field of coupling between an FM (ferromagnetic) and 
and AFM (antiferromagnetic) material has been on the understanding of the role of the FM/
AFM interface. Many modern devices in the field of magnetic data storage or sensors exploit 
the exchange bias effect in order to tune the switching of the FM layer coupled to an AFM 
layer. Even though widely used, the main effect is not yet fully  understood; experimental and 
theoretical papers contribute to the study of the exchange bias but are still far away from solv-
ing the complete puzzle. The answer has to be sought at  the atomic level, therefore single 
crystalline interfaces and substrates have to be used as model systems to investigate the fun-
damental coupling mechanism. This way one can reduce the superimposed influence of the 
grain size and roughness.
 In this work we make use of the element selectivity of the x-ray  absorption spectros-
copy, employing X-ray Magnetic Circular Dichroism (XMCD) and X-ray Magnetic Linear 
Dichroism (XMLD) to separately probe the magnetism of FM and AFM  layers, respectively, 
of an FM/AFM bilayer. In our  case the studied system were ultra-thin Fe/CoO bilayers epi-
taxially deposited on a Ag(001) single crystal. XMCD is the proper technique to be used for 
probing the magnetization of a ferromagnetic or ferrimagnetic unidirectional magnetic sys-
tem, while XMLD can be used studying antiferromagnetic uniaxial magnetic systems.
 The transition metal oxide CoO, same as its equivalents MnO, NiO, forms an ionic,   
antiferromagnetic crystal with rock-salt structure. The antiferromagnetic order of bulk CoO is 
that what is known as a type II antiferromagnetism - in the Co (fcc) lattice, following the 
[100] direction, one can find Co spins (separated by oxygen atoms) being antiferromagneti-
cally aligned.

*Present address: European Synchrotron Radiation Facility (ESRF), F-38043, Grenoble
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 In general, the <111> planes are having the spins ordered ferromagnetically; adjacent 
<111> planes show an antiferromagnetic ordering of the spins. The Néel temperature (TN) for 
bulk CoO was reported to be 289 K [2]. 
 Deposited as thin films on 
Ag(001), the CoO films suffer a verti-
cal lattice expansion from abulk = 2.13 
Å to afilm = 2.17 Å due to the lattice 
mismatch between the CoO and Ag 
(approximately 5%). The spin struc-
ture of the CoO is also changed, the 
magnetic spins are in this case aligned 
in the film plane [3]. 
 The X-ray absorption spectra 
presented in Fig. 1 (a) were measured 
at 150 K, keeping the incoming syn-
chrotron light normal to the sample 
surface. The clear difference in the 
spectra for horizontally and vertically 
polarized light is visible in both, the 
L3 and L2 edges. The XMLD signal 
presented in Fig. 1 (b) reverses with 
the azimuth angle, thus proving the 
2-fold symmetry of the CoO antifer-
romagnetic order.
 Fig. 2 shows the angular de-
pendence of XMCD and XMLD for 
various azimuth angles. Continuous 
lines are fits using cos(ϕ) and cos(2 ϕ) based functions for circular and linear dichroism, re-
spectively. One can deduce from this graph the sense of direction of the Fe magnetic moments 
at room temperature and at low temperatures, but also the orientation of the CoO spin axis 
below TN.
 All measurements were done in remanence after magnetically  saturating the sample at  
room temperature with an external magnetic field. The decrease in the XMCD intensities at 
low temperature (red points) may  be attributed to a partial break-up into domains of the Fe 
film when CoO develops the AFM state. 
 In conclusion, the in-plane spin direction of CoO films in contact to ferromagnetic Fe 
was probed by means of XMLD. The measured signal can be correlated to the XMCD signal 
of Fe, measured at the same time. This way it is possible to deduce the magnetic coupling at 
the Fe/CoO interface. We found that  both the AFM  spin axis of CoO and the Fe moments in 
the ferromagnetic film are parallel aligned along the [110] direction. 

[1] W. H. Meikeljohn and C. P. Bean, Phys. Rev. 102, 1413 (1956).
[2] M. D. Rechtin and B. L. Averbach, Phys. Rev. B 6, 4294 (1972).
[3] S. I. Csiszar, M. W. Haverkort, Z. Hu, A. Tanaka, H. H. Hsieh, H.-J. Lin, C. T. Chen,
     T. Hibma, and L. H. Tjeng, Phys. Rev. Lett. 95, 187205 (2005).

Fig. 2 Dependence  of the Fe XMCD signal  at 
room temperature  (blue, open circles) and at 150 
K (red, filled circles) on the azimuthal  angle as 
well  as the  Co XMLD signal  (green triangles) at 
150 K. Data recorded from 7 ML Fe/ 10 ML CoO/
Ag(001).
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Resonant photoemission and inelastic x-ray scattering of Ga1-xMnxAs 
 

O. Rader, S. Valencia, A. Zimina, R. Könnecke, S. Eisebitt, K. W. Edmonds1

BESSY, 1School of Physics and Astronomy, University of Nottingham 
 

Ga1−xMnxAs which was found to be ferromagnetic ten years ago is the prototype material in the class 
of diluted ferromagnetic semiconductors. It is well known that Ga1−xMnxAs adopts the zincblende 
structure of GaAs where Mn occupies Ga sites and provides both magnetic moments and charge 
carriers. Yet, there is no agreement on the origin of the ferromagnetic order in this system. In this 
work two recent results from the literature are critically investigated for state-of-the-art Ga1−xMnxAs 
samples with high Curie temperature (150 K).  
 Theory has been explaining ferromagnetism in Ga1−xMnxAs based on two different models. 
The double-exchange model [1] applied to Ga1−xMnxAs postulates an interaction where Mn 3d 
electrons hop via As 4p states. This leads to a substantial density of Mn 3d states at the Fermi energy 
as appears in local density calculations [2]. An alternative approach employs the Zener model of 
ferromagnetism [3] which means indirect exchange via polarized As 4p states. The Zener model 
resembles the RKKY interaction in metals. 
  Photoemission studies of the Mn 2p core level [4] and of the Mn 3d spectral weight in the 
valence band [5,6,7] showed strong photoemission satellites, a low Mn 3d density of states, and a high 
binding energy (~4 eV) of the Mn 3d main peak. The electron configuration respectively the number 
of d electrons was determined as Mn3d5.3±0.1 [4]. 
 Recently, it has been argued that in situ grown samples would constitute a better realization of 
Ga1−xMnxAs [8]. Photoemission spectra showed a high density of states near EF, a Mn 3d main peak at 
lower energy (~3 eV), and no satellite [8]. All in all, good agreement with local-density theory was 
found and the description by a localized model [4-7] was considered unnecessary [8]. 
 Because our previous studies [4-7] were performed on samples with low (~50 K) Curie 
temperature, a new study on low-temperature postannealed and HCl-etched samples with high (150 K) 
Curie temperature is called for. Another reason is that early x-ray absorption and XMCD spectra were 
dominated by non-intrinsic contributions. This became clear from XMCD of HCl-etched samples [9] 
and it is also evident from XAS of samples well prepared by Ar-ion sputtering and annealing [7] and 
from the magnetic-field dependence of XMCD of untreated surfaces [10].  
 Fig. 1(b) shows the Mn3d spectral weight from our low-temperature-annealed high-TC 
Ga1−xMnxAs samples after HCl surface treatment produced, as usual, by subtracting spectra at 50 and 
48 eV photon energy (a). Except for reduced intensity around 2 eV, the data agree very well with 
published data [5] and show a strong satellite at ~7 eV, a large main-peak binding energy (~4 eV), and 
vanishing Mn3d contribution at EF. The data are therefore fully in agreement with a localized 
description of the electronic structure and with ferromagnetism based on the Zener model in contrast 
to the claims from the recent literature [8]. We also studied the effect of higher annealing temperatures 
(c,d). The Mn3d spectral weight changes strongly, increases in absolute units indicating surface 
segregation of Mn, and resembles the Mn3d spectral weight obtained recently for concentrated MnAs 
of zincblende structure [11]. This transformation is interesting since MnAs usually forms the NiAs 
structure with very different electronic and magnetic properties. 
 There is other recent data apparently supporting the double-exchange model for 
ferromagnetism in Ga1−xMnxAs. In fact, RIXS data from Ga1−xMnxAs shown in Fig. 2(a) have been 
interpreted as proving that double exchange causes the ferromagnetism [12]. A prominent peak not 
accounted for by an atomic Mn2+ calculation (orange arrow in a) has been assigned to a Mn3+ 
configuration. Therefore also the RIXS measurements have been repeated on new samples with a high 
Curie temperature (150 K) and surface preparation by HCl etching. The XAS data (b) shows that the 
sample is free from the extrinsic contributions discovered earlier [7,9,10]. The RIXS data (c) shows 
that the feature inquestion is indeed intrinsic (orange arrow). Does this feature require reconsideration 
of the interpretation of previous data and of the origin of ferromagnetism in Ga1−xMnxAs as the authors 
[12] suggest? Fig. 2(e) shows results from a resonant-photoemission calculation based on the 
configuration-interaction theory on a Mn-As cluster model [7]. The energy relative to main peak in 
resonant photoelectron spectroscopy (e) can be identified with the energy-loss scale in RIXS (a,c). It is 
seen that the feature in question (orange arrow) is already accounted for by the existing theory with a 
3d5.3 configuration. Thus it is not necessary to invoke Mn3+ and double-exchange ferromagnetism. 
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Fig. 1. Resonant photoemission spectra of high-TC Ga1−xMnxAs at the Mn 3p excitation threshold 

(a). The spectra are truely angle integrated. The difference between 50 eV and 48 eV spectra (b, 

circles)  is in good agreement with the literature (b, red line [5)]. (c): Resonant photoemission 

spectra before (black, taken from a)  and after annealing (orange) reveal changes in the Mn3d 

spectral weight (shift to higher binding energy, reduced satellite intensity, d) which are assigned 

to surface segregation of Mn. The resulting 3d spectral weight (d) resembles data [11] from 

MnAs of zincblende structure. 
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Fig. 2. (a) Literature data [12]: RIXS spectra are compared with an atomic model for Mn2+. The 

peak not accounted for by the Mn2+ configuration (orange arrow) is assigned to a Mn3+ 

configuration based on another atomic calculation. This was interpreted as proving double 

exchange [12]. Our electron yield XAS (a) and RIXS data (b) of high-TC (150 K) samples show 

that the extra peak not accounted for by the atomic Mn2+ (orange arrow) is intrinsic.(d,e): 

Calculations of XAS (d) and resonant photoemission (e) based on a configuration-interaction 

cluster model for Mn3d5.3 [7]. If we identify the energy loss scale in RIXS with energy relative to 

main peak in resonant photoelectron spectroscopy, it is evident that the feature in question is 

already accounted for by the existing theory. 
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High resolution crystal optics schemes for HIKE-PES 
tested at the 7T Wiggler MAGS Beamline 

 
F. Schäfers1, M. Mertin1, M. Gorgoi1, E. Dudzik2, D. Korytar3 

 
1BESSY GmbH, Albert-Einstein-Strasse 15, 12489 Berlin, Germany 

2 Hahn-Meitner Institute, Berlin 
3 Institute of Electrical Engineering, SAS, Piestany, Slovakia 

Electron spectrometers are available nowadays with ultra-high resolution of up to 20 
meV@10 keV kinetic energies. Hard x-ray photoemission at high kinetic energy (HAX-PES 
or HIKE) is an ideal tool to look deeply into bulk material (>5 nm) and to study (buried) 
interface layers [1].  
For this technique hard x-rays with similar ultra-high energy resolution at highest flux are 
required. The energy resolution of a monochromator crystal is obtained by differentiating the 
Bragg equation θλ sin2dn =  which yields 
 

θθ tan/Δ=Δ EE      (1) 
 
with the rocking curve width  

    ( ) ( )( )2222 8/tanθφψθθ ++Δ=Δ cr         (2) 

 
For a small ΔE, the rocking curve width Δθ, the crystal reflection curve must be small. The 
total width is determined by the intrinsic crystal Darwin width Δθc and by the sagittal and 
meridional beam divergences ψ and ϕ . So crystal limited resolution is achievable using 
collimated incident light, with ψ and ϕ being close to zero. 

Alternatively to achieve a small ΔE, 
the tangent can be made large. 
Close to 90 degrees the tangent 
dominates. So at large Bragg angles 
(backscattering), which is connected 
with low energy, crystals have the 
optimum – crystal limited 
resolution. In addition, in this case 
any beam divergence does not affect 
the resolution significantly.  
The Darwin widths - crystal limited 
- resolutions of high-indexed Si 
lattice planes can be as high as 
E/ΔE=106. However, only in 
backscattering geometry a 
significant integral reflection 
remains, so that this ultra-high 
resolution is achievable only at 
selected energies. Figure 1 shows 

the crystal limited resolution data achievable with high indexed Si lattice planes in back-
reflection geometry.  
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Figure 1 Calculated crystal-limited resolution of high-

indexed Si lattice planes in back-reflection 
geometry. 
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 To HIKE

Si (nnn) Backscattering (89.3 )o

 
To test such high resolution schemes, the 7T Wiggler MagS-beamline of the HMI was used 
together with a postmonochromator and the HIKE experimental chamber (figure 2). The 
MagS-beamline is equipped with a Si (111) Double Crystal Monochromator, a collimating 
bendable premirror and a bendable refocussing mirror. Horizontal focussing is achieved by 
bending the 2nd crystal and by these bending options the outgoing beam profile can be 
manipulated between collimation and focussing. The focus position can be moved to any 

point along the beampass.  
 

 The double crystal Si (nnn) 
postmonochromator was 
mounted in backscattering (89.3 
degrees) – under atmospheric 
pressure - onto the 6-circle 
Huber goniometer stage inside 
the experimental hutch, which 
allowed independent setting of 
both crystals for easier 
alignment. The beampath in 
between the crystals was 
pumped down and the vacuum 
was separated by Kapton 
windows. 
 
Tigure 3 shows the rocking 
curves of the DCM and of the 
postmonochromator and photon 
energies corresponding to the Si 
(444) (7.9 keV) or Si (555) 
reflection (9.9keV). The DCM 
rocking curve width is much 
smaller than the one including 

 
 
Figure 2   7T Wiggler MAGS-Beamline with Si (nnn) Postmonochromator 
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Figure 3  Rocking curves of the DCM at 7,9 keV (black 

curve) and of the Si (nnn) Postmonochromator 
with n=4 (blue curve, 7.9 keV) and n=5 (red 
curve, 9.9 keV). A fit to eq. 1 yields a 
resolution of 60 meV@7.9 keV and 23 
meV@9.9 keV, resp.  
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the postmonochromator, however, if the tangent function is deconvoluted according to eq. 1, a 
resolution of 60 meV at 7.9 keV and of 23 meV at 9.9 keV, respectively is obtained. This 
corresponds to a resolving power E/ΔE of as much as 130.000 and 430.000, respectively and 
this is very close to the numbers expected by raytracing simulations (figure 4). 
This ultra-high resolution of E/ΔE = 158.000 is confirmed by a photoelectron spectrum 
obtained with the HIKE experimental chamber under these experimental conditions. We were 
able to measure the Au Fermi edge at room temperature and the fit delivered a beamline 
resolution of approximately 60 meV (figure 5). 
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Figure 4 Raytracing result for the energy 

resolution of the MAGS beamline 
including a Si (555) post-
monochromator operating at 9.9 keV 

Figure 5 Au Fermi-edge at room 
temperature obtained with the 
HIKE spectrometer at a pass 
energy of 100 eV and a 
spectrometer slit of 0.5 mm. 
The Fermi-Dirac fit convoluted 
with an instrumental Gaussian 
profile delivered a beamline 
resolution of 60 meV@7.9 
keV  

 
In conclusion it was demonstrated that ultrahigh energy resolution in the hard x-ray region is 
possible at high intensity Wiggler beamlines even with the radiation not being strictly 
collimated. This was used successfully for High Kinetic Energy Photoelectron Spectroscopy 
which has a large potential for non-destructive investigations on buried layers and interface 
systems. 
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Sodium superlattice formation in NaxCoO2 (x = 0.8) 
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The alkali cobaltate NaxCoO2 currently raises considerable interest as model compound for 
the doping of triangular transition metal oxide layers in comparison with the well-known 
square layered cuprate high-temperature superconductors. Extensive research efforts were 
initiated by the observation of superconductivity with TC of up to 5 K in hydrated 
Na0.35CoO2 [1]. In NaxCoO2 the basic effect of a variation of the sodium concentration x is a 
simultaneous control of the magnetic and electronic degrees of freedom of the quasi two 
dimensional triangular CoO2 sheets. For the stoichiometric x = 1 material, Co is in the Co3+ 
state with S = 0 in a low spin (LS) configuration. Compositions with x < 1 nominally are 
Cox

3+
 /Co1-x

4+ mixed valence systems where Co4+ has a LS S = 1/2 configuration. This 
provides control for both the electronic and magnetic properties of these materials in a natural 
way, where the Na content x controls both the charge carrier concentration and the amount of 
magnetic ions. Consequently, the system NaxCoO2 exhibits a rich phase diagram as function 
of x with a wealth of interesting electronic and magnetic ground states [2].  
 
In addition to providing a way of doping the CoO2 sheets, variation of the Na content has 
been shown to result in various types of ordered Na superstructures, as demonstrated first by 
electron diffraction studies on a broad series of NaxCoO2 samples with x ranging from 0.15 to 
0.75 [3]. Sodium ion ordering may affect the electronic and magnetic properties of these 
compounds considerably, because it may impose electronic constraints on the CoO2 layer. 
Despite the importance of Na superstructure formation, the number of corresponding structure 
investigations is limited [3-6]. 
 
We therefore started a project with the aim of studying the sodium superlattice formation in 
the series NaxCoO2 (x = 0.3 - 1) by combined X-ray and neutron diffraction experiments. First 
X-ray diffraction results on a sample with x = 0.48 have been reported already in the BESSY 
Annual Report 2005, p. 295f. Here we report on results on a sample with nominal 
stoichiometry x = 0.75 obtained in January 2006 on the HMI operated 7 Tesla wiggler 
beamline MAGS, which is equipped with a six circle goniometer. The experiment was carried 
out using an X-ray energy of 12.4 keV. Since the sample was a relatively thin plate (0.15mm), 
this high energy allowed for X-ray diffraction experiments in transmission (Laue geometry). 
The sample was mounted to a closed-cycle cryostat. 
 
In the diffraction experiment we focused on searching for superlattice reflections within the 
basal plane of the hexagonal structure, i.e., reflections of type (h k 0). The basic result of our 
study was the observation of various superlattice reflections related to sodium ordering below 
285K belonging to two sets, namely a “commensurate” set, e.g., (0.4, 0.4, 0), and a seemingly 
“incommensurate” set, e.g., (0.065, 0.735, 0). The accurate determination of the position of 
the latter reflections was most important for the following analysis. 
 
The temperature dependence of the intensities of these two types of reflection revealed that 
they vanished at exactly the same temperature, Tc = 285 K, suggesting that they may arise 
from a single complex superlattice. A detailed analysis showed that all observed reflections 
could be explained assuming a single supercell of a’ = a + 3b and b’ = 4a - 3b, where a and b 
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are the original hexagonal unit cell vectors in the basal plane. This experimental result was an 
important ingredient for the verification of similar experimental results from neutron 
diffraction on the same sample, which, however, did not give an accurate enough 
determination of the positions of the “incommensurate” reflections. It also was important for 
checking theoretical considerations concerning an organizational principle for understanding 
the sodium superlattice formation. In the theoretical studies, the screened Coulomb interaction 
among Na ions was identified as primary driving force for the Na ordering which appears to 
be governed by pure electrostatics. An organizational principle was derived that involves 
stabilization of charge droplets, namely di- and tri-vacancy clusters that order long range. 
Energetically the observed superstructure is within a few K of the most stable phase for the 
x = 0.80 tri-vacancy model. The deviation of the model value for x from the nominal value 
0.75 points to a possible phase separation of the sample into regions with different x. 
 
The complete work is published in Nature [7], where the present X-ray diffraction results 
entered as supplementary information.  
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Figure 1: (left) section of reciprocal space showing strong superlattice reflections like (0.065,0.735,0) 
and (0.2,0.735,0) besides weak reflections like (0.8,0,0); (right) real space superstructure related to 
an x=0.80 tri-vacancy model fitting the experimental data. Blue are Na ions, red are Na vacancies 
clustered in triplets. Only Co ions are shown for CoO2 sheets marked green. 
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X-ray absorption and core-shell ionization of mass-selected Cu-clusters on Si 
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 XANES (L3) and XPS (2p) spectra of deposited Cu-clusters of up to 70 atoms have been 

measured at the Optics-BL PM4 and compared with the respective bulk spectra. The cluster 

were produced by a home-built magnetron sputter cluster source and mass-selected prior to 

deposition by a magnetic sector field. A typical Cu-mass spectrum, as measured behind the 

exit slit of the magnetic mass filter,  

is shown in the adjoining figure. 

After passing the mass filter an 

individual cluster mass was softly 

landed (~1 eV/atom) onto a biased 

Si-substrate (1x1cm
2
). Depending 

on the cluster size a coverage of 

10
11

-10
12 

cluster/cm
2
 was reached 

within 10-30 minutes for each 

sample, i.e. < 1 atom% of a 

monolayer. During deposition the 

cluster current was recorded on the sample by an electrometer (10-100 pA).  The cluster 

covered samples were transferred from the cluster machine to the photoemission chamber 

SURICAT at PM4 by a battery driven mobile UHV suitcase. A pressure of  < 5x10
-9

 mbar 

was maintained during deposition and transfer.  

 

XANES spectra (Cu-L3-edge) of individual  

cluster sizes are exemplarily shown in the 

adjoining figure. With respect to the bulk, the 

L3-edge for all clusters is shifted to a higher 

absorption energy by 1-2 eV for small clusters 

[1] and converging smoothly towards the bulk 

value with increasing cluster size. Similarly, a 

blue shift of the core electron binding energy 

is observed which amounts to ~1 eV for small 

clusters and converge towards the bulk value with increasing cluster size. The absorption 
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energy is located within the ionization continuum, i.e. above the 2p-XPS threshold,  indicating 

a closed d-shell of the supported Cu-clusters. Upon oxidation, as experimentally shown for an 

oxidized Cu10-sample, an excitonic peak below the 2p-XPS threshold reveals a charge transfer 

from the filled d-band towards oxygen. Another distinct difference between the XANES 

spectra of the bulk and cluster is the 

missing fine structure [2,3] beyond the L3 

edge at energies >936 eV for sizes 

smaller than 10 atoms. At a cluster size 

≥13 atoms a second absorption feature 

arises at ~938 eV (see figure above: X-

ray absorption spectrum) indicating a 

morphology change from flat to 

icosahedral  structures [4]. Furthermore 

the band gap of the supported clusters has 

been estimated from a rigid band model. 

A strong interaction between the Si-wafer and the Cu cluster is indicated by a clear deviation 

from the liquid drop model (ionization potential versus inverse cluster radius 1/RCluster) as seen 

by the corresponding  plot.  
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Ultrafast precessional dynamics excited by femtosecond laser pulses in ferromagnetic  
Nanoparticles. 

 
Beaurepaire Eric, Boeglin Christine,  BigotJean-Yves, Stamm Christian, Dürr Hermann A., 

Pontius Niko J. 
 

The main objective during this beam time was to study the ultra-fast magnetization dynamics 
in nanometric superparamagnetic cobalt clusters. These experiments consisted in performing 
XMCD experiments at the Co L2,3 edges at the UE 56/1 beam line, using a femto second laser 
excitation and an external magnetic field of ± 0.4 Tesla. In this project we focused mainly in 
the magnetization dynamics of superparamagnetic particles as a function of particle size and 
temperature. The XMCD was measured in the transmission mode as a function of the pump-
probe delay in the 0-1ns range.   
Composite films made of Co nanoparticles embedded in a dielectric medium have been 
deposited on Si3N4 membranes. The first part of our beam time was devoted to the 
optimisation of the samples with respect to the quantity of Co in order to ensure a reasonable 
transmission of the x-ray beam. The first results have shown that the transmission experiment 
is feasible with thin Co films of 10 nm thickness as well as 7 nm superparamagnetic Co 
particles (fig.1). The second part of the beam time was devoted to the optimisation of the laser 
fluence in the pump probe experiment. The best results have been obtained for a laser fluence 
of 130 mJ/cm2 on Co nanoparticles with a diameter of ~8 nm. Our first results display two 
main temporal components. The first one corresponds to a demagnetization of the Co particles 
within about 100ps. It is limited by the temporal resolution of the beam line. The second one 
corresponds to the re-magnetization of the Co particles associated to a thermal diffusion to the 
environment. 
The temperature dependency (80K < T < 300K) shows that the re-magnetization time of Co 
nanoparticles is faster at low temperature (T = 80K). For technical reasons (cryostat limited to 
liquid N2) the blocking temperature (50-60 K) of the superparamagnetic Co particles could 
not be reached. For this reason we were not able to investigate the magnetization dynamics in 
this interesting and unexplored regime. The new set up of the beam line available in 2007 will 
allow us to perform these experiments.  
A second important limitation of the experiment was the 60ps time resolution achievable in 
the used multi bunch operation mode. The overall dynamics that we observed on the Co 
particles did not allow us to resolve the first step of the demagnetization (below 1ps). In 
addition the multi bunch mode did not allow to investigate the size and temperature 
dependency of the Co magnetization dynamics.  
Beside the time resolved magnetization dynamics experiments we performed XMCD 
spectroscopy at the CoL3 edge for selected delays between the pump and probe. This 
experiment was performed in order to study the electronic shift and broadening of the CoL2,3 
edges. We found that the dynamics of these edges show striking differences when comparing 
thin Co films with Co nanoparticles.  
In order to investigate the precession dynamics of our Co nanoparticles we performed tests 
experiments with the existing field orientation (parallel to the x-ray beam). The outcome of 
these tests shows that a transverse field is mandatory in order to induce a precession that 
could be compared with the magneto-optical measurements performed in Strasbourg.  
Several limitations (low temperatures, transverse fields) that we encountered in this first beam 
time will be overcome in the next beam time allocated in spring 2007. The improvement of 
the limited time resolution requires the low alpha mode, which is the object of the next 
project. 
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Fig. 1: Transmission signal obtained on Co nanoparticles of 7nm diameter for ± 0.4 Tesla 
field applied along the out of plane axis of the sample.   
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B CDEFGHIJEKGD
LMNNOPQRSMT UORVOOT OPOWRNMTX SX Q YZT[Q\OTRQP W]QNQWRONSXRSWX MY X^XRO\X WMTRQSTST_ \QT^
OPOWRNMTX` a]O STbZOTWO MY WMNNOPQRSMT MT R]O OPOWRNMTSW XRNZWRZNO MY XMPS[X \QTSYOXRX
SRXOPY ST OT]QTWO[ MN XZccNOXXO[ \Q_TORSW XZXWOcRSUSPSRSOX MY cQNQ\Q_TORSW \ORQPXd PQN_O
OPOWRNMTSW WMOeWSOTRX MY R]O ]OQR WQcQWSR^d MN ST [SfONOTWOX UORVOOT OgcONS\OTRQP QT[
R]OMNORSWQP MTOhOPOWRNMT UQT[ VS[R]Xd RM TQ\O MTP^ Q YOV OgQ\cPOX` i jZSRO cNM\SXST_ VQ^
RM STkOXRS_QRO R]OXO WMNNOPQRSMT OfOWRX SX RM XRZ[^ R]O [MZUPO c]MRMO\SXXSMT lmnopd V]ONO
R]O QUXMNcRSMT MY Q XST_PO c]MRMT POQ[X RM R]O XS\ZPRQTOMZX OgWSRQRSMT QT[ O\SXXSMT MY RVM
lWMNNOPQRO[p OPOWRNMTX` a]SX XS\ZPRQTOMZX RVMhMNUSRQP OgWSRQRSMT YMPPMVST_ R]O QUXMNcRSMT
MY MTO qrq c]MRMT SX OgWPZXSkOP^ WQZXO[ U^ R]O STRONOPOWRNMTSW STRONQWRSMT UOWQZXO ST
R]O WQXO MY OgSRQRSMTX U^ OPOWRNMT [ScMPO RNQTXSRSMTXd Q c]MRMT WQT MTP^ STRONQWR VSR] MTO
OPOWRNMT QR Q RS\Ostudsvu` a]O \QST MUXRQWPO ST OgcONS\OTRX MT WMNNOPQRSMT OfOWRX SX Q PMVh
WMZTRST_ WMSTWS[OTWO NQRO MY RVM wxyyz{|}z~ OPOWRNMTX QX WM\cQNO[ RM R]O PQN_O Q\MZTR MY
��wxyyz{|}z~ XOWMT[QN^ OPOWRNMTX R]QR QccOQN QX Q ]Z_O UQW�_NMZT[` a]SXd �TQPP^d POQ[X
RM jZSRO PMT_ QjZSXSRSMT RS\OX ST MN[ON RM WMPPOWR XcOWRNQ VSR] Q NOQXMTQUPO XRQRSXRSWX`

�T R]O cNOXOTR VMN�d R]O OTON_^h[SXRNSUZRSMTX MY WMNNOPQRO[ c]MRMOPOWRNMTX O�OWRO[ YNM\
�O Q[XMNUO[ MT Q LZltttp XST_PO WN^XRQP XZNYQWO VONO XRZ[SO[ OgcONS\OTRQPP^` i NQNOh_QX
XMPS[ VQX W]MXOT UOWQZXO SR SX �TMVT R]QR [MZUPO c]MRMO\SXXSMT SX Q kON^ OeWSOTR cNMWOXX
ST R]O _QX c]QXOs�u` �STWO XMPS[ NQNOh_QXOX QNO YMN\O[ U^ VOQ� qQTh[ONh�QQPX STRONQWh
RSMTd [MZUPO c]MRMO\SXXSMT X]MZP[ UO WM\cQNQUPO RM R]O _QX c]QXOd POQ[ST_ RM NOQXMTQUPO
\OQXZNST_ RS\OX` oPOWRNMT WMNNOPQRSMT XcOWRNMXWMc^ lOdvOp OgcONS\OTRX MT �O�LZltttp QWh
RZQPP^ X]MV Q NQR]ON ]S_]R WMSTWS[OTWO WMZTR NQRO WM\cQNO[ RM WPOQT WMccON MkON Q UNMQ[
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NQT_O MY �STORSW OTON_^ MY R]O STWM\ST_ OPOWRNMTs�u` �T Q YZNR]ON OgcONS\OTR V]SW] VQX WQNh
NSO[ MZR QR R]O UOQ\PSTO Lnh��� [ZNST_ R]O XST_PO UZTW] l��p McONQRSMT MY �o��� �� ST
QZRZ\T v���d VO WMT�N\O[ R]QR �O Q[XMNUO[ MT LZltttp SX QPXM Q cNM\SXST_ XQ\cPO VSR]
NOXcOWR RM R]O WMSTWS[OTWO NQRO ST R]O WQXO MY c]MRMOPOWRNMT WMNNOPQRSMT XcOWRNMXWMc^s�u`

aM [QROd VO _MR Q NOQXMTQUPO [QRQ XOR YMN [SfONOTR cNS\QN^ OTON_SOX MT lOdvOp \OQXZNO[
ST MZN PQU QT[ XM\O [QRQ MT WM\cQNQUPO c]MRMT cNS\QN^ OTON_SOX MT l� dvOpd PQRRON QjZSNO[
QR R]O [ScMPO UOQ\PSTO Lnh��� MY R]O �o��� �� X^TW]NMRNMT NQ[SQRSMT XMZNWO ST �ONPST
ST R]O XST_POhUZTW]h\M[O` i cNOPS\STQN^ WM\cQNSXMT MY R]O lOdvOp RM R]O l� dvOp [QRQ SX
_SkOT ST R]SX NOcMNR`
� 	
��FK�DE�� H�E�K��

�T R]O cNOXOTR OgcONS\OTRd R]O RS\OhMYhbS_]R

MCP

deflector (U )d

grid 2 (U )b

shield (0V)

grid 1 (0V)

100 mm

sample

e1
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Interplay between structural properties and electronic ground states in the 
organic superconductor κ-(BEDT-TTF)2Cu[N(CN)2]Br 
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Due to their exotic superconducting and normal-state properties, resembling those of the high-
Tc cuprates, the organic charge-transfer salts κ-(BEDT-TTF)2X, X = Cu(NCS)2, 
Cu[N(CN)2]Br and Cu[N(CN)2]Cl have been intensively studied in recent years. Resulting 
from a layered crystal structure, consisting of alternating planes of conducting (BEDT-TTF)2

+ 
cations and insulating anions X-, the electronic properties of these materials are quasi two-
dimensional. This leads to electronic ground state properties for the series of materials which 
are commonly summarized within a conceptual phase diagram, with the antiferromagnetic 
insulator X = Cu[N(CN)2]Cl and the correlated metals X = Cu[N(CN)2]Br, Cu(NCS)2 on 
opposite sites of a bandwidth-controlled Mott transition [1]. 
In recent thermal expansion measurements on κ−(BEDT-TTF)2Cu[N(CN)2]Br (abbreviated κ-
Br hereafter) three kinds of anomalies have been identified [2]: one associated to the 
superconducting transition at Tc = 11.6 K, a phase-transition-like anomaly at T* ~ 40 K, and a 
kinetic glass-like transition at Tg = 77 K. The origin of the glass-like transition is still unclear 
and led to various hypotheses [2-4], from which the idea of a configurational freezing-out of 
the terminal ethylene groups (CH2)2 of the BEDT-TTF 
molecule taking place at Tg received most support. In 
this material, the terminal ethylene groups can adopt 
two possible configurations, with either an eclipsed or 
staggered relative orientation of the outer C-C bond. 
Then, the “glassy” state below Tg would be 
characterized by the level of frozen-in disorder of the 
two configurations, and which – by way of the history 
dependence of the freezing process – accounts for the 
pronounced cooling-rate dependencies of various bulk 
properties observed for this organic superconductor. 
These facts in combination with the striking sample-to-
sample variations in the resistivity [5] above Tg, which 
have been linked to real structure effects (disorder, 
defects) [6], and the importance of information about 
the (local) structural properties for theoretical models 
to account for superconductivity in these compounds, 
lead to an increased interest in the local structure. 
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Therefore synchrotron x-ray diffraction experiments 
have been performed on two single crystals of κ-Br 
using the 7 T multipole wiggler beamline MAGS. To  
 
Fig. 1(a)-(d) The T dependence of the lattice parameters a, b, c 
and of the volume V for sample #3 and the HR sample of κ-Br. 
In the insets the derivative of the lattice parameters is shown, 
indicating a structural anomaly at ~ 80 K.  
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avoid sample heating as well as irradiation damages the power of the beam (full beam 
intensity 1012 photons/s at 10 keV) was reduced using appropriate absorber foils. The single 
crystals were grown by an electrochemical technique using different solvents for both 
synthesis routes, which may cause variations in the purity of the material and the structural 
perfection. They have been characterized in full detail including resistivity experiments [5] 
(sample #3 and sample labelled HR). Whereas the HR sample exhibits a braod maximum in 
the resistivity around 100 K, sample #3 has a lower resistivity and no maximum has been 
observed. Apart from this sample-dependent, extrinsic scattering contribution, however, the 
different variants behave almost identically with regard to the glass-like transition at Tg, 
abrupt changes in the resistivity data at T* and the superconducting transition at Tc ~12 K.  
In an attempt to search for possible structural differences of the two single crystals, the 
presence of local structural disorder and to establish if the structural parameters control the 
electronic ones in κ-Br, we have performed a detailed mapping of various Bragg peaks and 
measured the lattice parameters as function of temperature. All temperature dependencies 
were measured on heating in order to avoid hysteresis effects, with cooling and subsequent 
heating rates of ~2 K/min for these investigations. From our data we do not observe any 
indication of splitting of Bragg reflections down to 10 K, excluding the possibility of a 
significant (monoclinic) distortion at the T* or Tg transitions.  
The temperature dependent results for the a, b and c parameters are depicted in Fig. 1. The 
data for the three principal axes show a highly anisotropic behavior. Surprisingly, only the 
quantitative behavior of the lattice parameters appears to be different, with the one from the 
HR sample being somewhat larger. For both samples, upon heating, for the a axis an upturn is 
observed. After reaching its maximum at Tg, the lattice constant abruptly decreases again up 
to ~200 K. In contrast, for the b and c directions we find a monotonic increase up to 200 K, 
with only a small kink at 80 K. However, as result of compensating lattice parameter 
anomalies, no anomaly in the unit cell volume V(T) is observed at Tg for both crystals. The 
anomalous behavior of the a lattice parameter suggests an anomalous change in the bond 
angle of --CN--Cu--NC-- in the polymeric chain in the temperature range well above Tg. This 
in turn might induce a change in the hydrogen bonding –CH…N—between terminal ethylene 
groups and nitrogen atoms on the polymer, thus affecting the electronic properties of κ-Br. 
Another important question concerns the relationship between the ethylene ordering and a 
possible superstructure formation below T = 200 K [4,7]. In order to check for a 
superstructure formation we performed high-resolution synchrotron x-ray diffraction 
experiments at 28 K on sample #3. According to Ref [7], claiming that the wave vector of the 
displacive structural distortion doubles the lattice parameter along c and the reciprocal wave 
vector of all observed reflections has a sizeable a* component, the following reflections have 
been examined in our work: (3 0 0.5), (5 0 0.5), (7 0 0.5), (6 0 3.5), (7 0 3.5), (8 0 3.5). We 
found no evidence for any superstructure formation for the crystal used in our work in 
contrast to former x-ray “monochromatic” Laue photographic studies claiming a 
commensurate lattice modulation with a propagation vector 0.5 c*. This leads us to believe 
that these kind of materials are extremely sensitive regarding their thermal history and 
handling in that sense that slow and rapid cooling through the glass-like transition may 
modify the local potential of the ethylene groups and thus the overall properties of the system. 
Parts of the above results will be published in the near future [8]. 
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Observation of two ferromagnetic phases in Co-implanted ZnO
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According to suggestion of Dietl et al. [1], the ZnO-based dilute magnetic semiconductors
(DMSs) can order ferromagnetically at room temperature. However, the origin of ferro-
magnetic coupling in the ZnO-based DMSs has not been very well understood yet. Some
investigations showed that observed ferromagnetism originates from substitution of doped
magnetic ions in Zn sites, while in other publications the origin of ferromagnetism is re-
ported to be due to the precipitation of metallic clusters. To understand the microscopic
mechanism of long range magnetic coupling in TM-doped ZnO, we have investigated the
magnetic properties of Co-doped ZnO film at room temperature.
For the growth of ZnO we used epi-polished single-crystalline a-plane sapphire wafers.
The nominal thicknesses of the sputter deposited ZnO films were in the range of 500 Å,
according to the deposition time [2]. In order to increase the crystallinity of the ZnO
films, we have carried out post-growth annealing in an oxygen atmosphere with a partial
pressure of up to 2000 mbar and a temperature of 800 ◦C. After annealing, ZnO samples
were implanted in ILU-3 ion accelerator (KPTI of RAS) with 40 keV Co+ ions to a dose of
1.50× 1017 ion/cm2. The magnetic properties of cobalt implanted ZnO were investigated
using magneto-optical Kerr effect (MOKE) and soft x-ray resonant magnetic scattering
(XRMS) technique at room temperature. The XRMS experiments were carried out at the
undulator beamline UE56/1 of BESSY II in Berlin using the UHV diffractometer ALICE
[3].

Figure 1: Hysteresis curves of the implanted ZnO film measured at room temperature
using MOKE and XRMS techniques.

In Fig. 1 we show the magnetic hysteresis curve recorded using MOKE technique (closed
symbols). This hysteresis curve indicates that after cobalt implantation non-magnetic
ZnO is getting ferromagnetic at room temperature. To study in detail the observed
ferromagnetic behavior, we measured XMCD signal (asymmetry ratio) at the Co L2,3
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edges in scattering geometry (Fig. 2). Strong ferromagnetic signal (up to 30%) is clearly
observed confirming the results obtained by MOKE. Then we measured three hysteresis
loops for different photon energies (shown by open circles in Fig. 2) and we observed
systematic change of hysteresis loop shape with increasing photon energy. The shape of
hysteresis curve taken at 773.4 eV (open symbols in Fig. 1) is practically the same as the
one measured by MOKE, but the coercive field is slightly larger.

Figure 2: XMCD signal (asymmetry ratio) taken at the Co L edges. Open circles show
the energies, where we observed different hysteresis curves.

Figure 3: (a) Hysteresis loop measured at the energy of 781 eV shows the superposition
of two different phases of cobalt in host material. (b) Hysteresis loop taken at the energy
of 783 eV indicates metallic phase of cobalt with a large coercive field.

However, when we increase the incoming photon energy up to 781 eV and 783 eV, we have
observed two hysteresis loops which are different from each other and the one measured at
773.4 eV. In Fig. 3 (a) we present the hysteresis curve recorded at 781 eV. At this energy
the hysteresis curve has another component with a larger coercive field. At the higher
energies low coercive field component decreases and at the energy of 783 eV (Fig. 3 (b))
hysteresis curve has practically a large coercive field component only.
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In conclusion, we have studied the magnetic properties of Co-implanted ZnO using magneto-
optical Kerr effect and x-ray resonant magnetic scattering techniques. The observed room
temperature ferromagnetism is contributed by two phases of cobalt atoms in the implanted
region. One is the substitutional phase with a relatively small coercive field (discussed in
[4] ) and the second one is formation of cobalt clusters.

This work was partially supported by BMBF through Contracts Nos. 05KS4PCA and
05ES3XBA/5, by DFG through SFB 491, by RFBR through the grant No 04-02-97505,
and by TUBITAK through the project No 104T176. N. Akdogan acknowledges a fellow-
ship through the IMPRS ”SurMat”.
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Transition metal phthalocyanines (MPc’s) and porphyrins (MP’s) are very stable 

complex compounds that function in a wide variety of roles ranging from oxygen transport, 
electron transfer, and oxidation catalysts to photosynthesis [1,2]. As a result, their electronic 
structure remains a subject of intense research during last decade [3]. The main aim of the 
present work, which continues our previous investigation of NiPc [4], was to gain a deeper 
insight into the nature of chemical bonding between the nickel atom and its environment and 
electronic structure features for nickel phthalocyanine NiPc. To do this, we have carried out 
high-resolution, uniformly calibrated measurements of the Ni 2p and N 1s absorption spectra 
for NiPc and related Ni compound - nickel tetrabenzoporphyrin, NiTBP, as well as those of 
the Ni 3p, Ni 3s and valence-band PE spectra for NiPc recorded in the wide range of the 
excitation photon energies, including those of resonance excitations at the Ni 2p1/2,3/2 and 3p 
absorption edges. 

All measurements on NiPc and NiTBP were performed at the Russian-German 
beamline at BESSY II. The Ni PC and NiTBP chemicals were purchased from Aldrich Inc. 
and Frontier Scientific Inc., respectively. The samples were thin (30-50 nm) polycrystalline 
NiPc and NiTBP films prepared by thermal evaporation in situ onto a clean Si(100) substrate 
covered with ultra-thin layer of natural oxide.  The NEXAFS spectra of all the compounds 
were obtained in the total electron yield mode by detecting a sample current.  The photon-
energy resolution was set to 300 meV at the Ni 2p3/2 edge (~850 eV) and 80 meV at the N 1s 
edge (~400 eV). The photon energy was calibrated using the known energy position of the 

first narrow peak in the Ne 1s 
absorption spectrum (Ne 1s → 3p; 
867.13 eV [5]) and in the Ti 2p3/2 
absorption spectrum of solid K2TiF6 (Ti 
2p3/2 → t2g; 459.0 eV [6]). Valence-
band and core-level photoelectron 
spectra for NiPc were collected in the 
angle-integrated mode with a VG 
CLAM 4 electron analyzer. The total 
energy resolution was about 120 meV 
for the PE spectra at the photon 
energies of 50-200 eV using the 400 
grs/mm diffraction grating and ~0.8 – 
1.0 eV for the Res PE spectra at the Ni 
2p1/2, 3/2 edges (hν~850-885 eV) with 
the 1200 grs/mm grating. The 
absorption and photoemission spectra 
were normalized to the incident photon 
flux, which was monitored by detecting 
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systems (macrocycles), in which the central nickel atom is surrounded by four isoindole units 
(compositions of the pyrrole and benzene molecules) that are linked by four aza (bridge) 
nitrogen or carbon atoms in NiPc and NiTBP, respectively. Thus, in both structures, each Ni 

atom is coordinated to four 
nitrogen atoms and structural 
differences between these 
complexes are available only 
in the third coordination shell 
(different bridge atoms of 
nitrogen or carbon). As a 
result the most interesting Ni 
2p3/2 spectra of these 
complexes are alike each 
other in overall spectral 
profile: they are characterized 
by an intense low-energy 
absorption band A attributed 
to the intra-atomic Ni 
2p3/2→3dx2-y2 electron 
transition and by several 
high-energy structures A' (A1, 
A2) - E that are associated 

with the Ni 2p3/2 electron transitions to unoccupied Ni3d – N2p hybridized electron states 
(unfilled antibonding MO’s of π and σ type) of the complex [4]. At the same time, important 

changes are observed in the 
Ni 2p3/2 absorption spectra in 
going from NiTBP to NiPc: 
the main band A undergoes a 
~0.5-eV high-energy shift as 
well as the band A' is split 
into two structures A1 and A2 
separated in energy by 0.8 eV. 
These findings reflect changes 
in an energy distribution of 
the Ni 3d electron states over 
the unfilled MO’s and thus 
the ones in the electronic 
structure for NiTBP and NiPc 
as well as in the chemical 
bonding between the Ni and 
neighboring N atoms in these 
complexes. As a result the 
chemical state of the Ni atom 
in NiPc and NiTBP is 

different despite the fact that the metal atom has the same valence of two and its ground-state 
electron configuration is expected to be formally the one of the Ni2+ ion, namely, [Ar]3d8. In 
this case the high-energy shift of the intra-atomic transition A observed in going from NiTBP 
to NiPc can be considered as an evidence for an additional transfer of the 3d electron density 
from the Ni atom to the ligands and a strengthening of chemical bonding between the Ni atom 
and the macrocycle in NiPc in comparison to NiTBP. This result is reasonable in light of the 
smaller Ni-N bond length in NiPc (1.966 Å in NiTBP vs. 1.887 Å in NiPc [7]). Finally it 
should be also noted that the energy of the intra-atomic transition A for complexes NiTBP 
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(853.6 eV) and NiPc (854.1eV) is considerably more than that for metallic Ni (852.7 eV). 
This is in good agreement with the known fact that the ground-state electron configuration of 
the nickel atom in the metal is [Ar]3d94s [8], that is, it contains larger 3d electron number in 

comparison to complexes.  
 Similar conclusions concerning 

the chemical bonding and electronic 
structure features in NiTBP and NiPc 
result from a consideration of N 1s 
absorpt

s (2-7) as 
marked
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ion spectra of NiTBP, NiPc and 
H2Pc (Fig. 2) as well as from a 
comparative study of Ni 2p3/2 and N1s 
absorption spectra of NiPc aligned in 
energy using measured energy 
separation (456.8 eV) between the Ni 
and N core levels (Fig. 3).  

 Figure 4a shows resonant 
photoelectron spectra for NiPc in the Ni 
3s and Ni 3p ionization region for 
several resonant excitation

 in the Ni 2p absorption 
spectrum (Fig. 2b) together with an off-
resonant photoelectron spectrum (1). 
The Ni 3p and 3s core-ionized states 
are dominant in the non-resonant 
spectrum and are not enhanced at all by 
the resonant excitation. On the other 
hand, series of satellites bands, a-f, in 
the Ni 3p and 3s ionization region are 
enhanced by resonant excitation. 
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Modulated X-ray photoconductivity and origin of deep electronic 
states in ternary copper chalcogenide semiconductors 

 
I. Konovalov, L. Makhova  
Wilhelm Ostwald Institute for Physical and Theoretical Chemistry, Universität Leipzig, Linnéstr. 2, D-
04103 Leipzig, Germany 

 
It is important to know and to control recombination through deep electronic states in the 
band gap of semiconductors. A particularly large variety of different defect states is predicted 
in ternary and multinary semiconductors. Defect spectroscopy methods allow direct 
measurements of only the electrical parameters of the defect states, namely their energy and 
capture cross sections. The control over the defect states requires an additional knowledge of 
the defect structure, not only the electrical properties. We succeeded in measuring the 
localization and the symmetry of several defect states in a transparent in visible p-type 
semiconductor CuAlO2 (potential use in blue light emission devices and as a transparent 
conductive coating)  and in CuInSe2 (material for solar cells). Until very recently, there was 
no possibility of a direct experimental observation of the localization and of the symmetry of 
defect electronic states. Our approach is to utilize the effect of trap-related modulated x-ray 
photoconductivity (MPC), which we discovered recently [1], for determination of the 
localization and of the symmetry of the defect states in these materials. The idea is that if the 
defect states become populated (directly or via the partial band states) from the core levels 
through excitation by synchrotron radiation, the symmetry and the local selection rules are 
applicable. 
 
Figure 1 demonstrates one of our measurements on CuAlO2 samples. We measured the 
amplitude of the alternating component of the voltage across the sample under current flow 
and under the influence of a periodic synchrotron radiation (single bunch mode). The 
amplitude of the photoconductivity modulation in CuAlO2 is presented vs. temperature with 
synchrotron excitation in the energy region of Cu2p, Cu2s and O1s core levels. Only in the 
case of Cu2p excitation, we detect signals which are both energy and temperature dependent, 
which is typical for processes of electron re-emission from the defect states. Three observed 
defect states show the characteristic temperatures of 130 K, 200 K and 300 K. All the three 
states can be excited effectively using a narrow spectrum around 936 eV close to Cu2p 
absorption edge (excitation bandwidth is about 2 eV). Assuming a direct filling mechanism of 
the defect states, its symmetry should be s- or d-like and the localization includes the vicinity 
of the copper atoms at the defect. Additionally, mostly in the case of the defect at 200 K, the 
amplitude signal is also sensitive to the energy variation in the vicinity of O1s edge, which 
can be tentatively interpreted as a defect in the interstitial position between Cu and O sites. In 
the case of oxygen we see an edge-like energy dependence, suggesting an indirect excitation 
mechanism. If we assume excitation of donors through the partial density of oxygen states in 
the conduction band (see [1] for details), the localization of the 200 K defect states includes 
the oxygen lattice sites. In this case they have s-like symmetry. An alternative interpretation is 
possible here assuming filling of the core hole by electrons from oxygen as acceptor having p-
like symmetry. 
 
Figure 2 demonstrates one of our results on thin single crystalline CuInSe2 film on GaAs 
substrate. Again, the amplitude of the photoconductivity modulation is shown vs. the 
temperature. In this material we observe several gap states sensitive to the excitation at the 
Cu2p absorption edge. They were detected below 80K, at around 200K and above 330K. The 
energy dependence is always of the edge type, suggesting the indirect (through the conduction 
band or filling of the core hole from an acceptor) excitation mechanism. The nature of 
possible electron defect states was studied theoretically for a CuInSe2 crystal before [2]. For a 
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convincing comparison of  our measurements results with this calculation, we need to study 
CuInSe2 additionally, with small deliberate deviations from the stoichiometry in this material. 
 
We have tentatively identified the nature of the increase of the background typical for  
temperatures above 300K, as seen for example in all graphs of fig. 2. Figure 3 shows the same 
measurement on another CuAlO2 sample, repeated twice – from cold to hot (left) and from 
hot to cold (right) temperatures. The difference at temperatures above 250K is clearly visible 
and it is obviously related to “glow” effects: when the sample is in its cold state, the excitation 
fills the trap states, but the temperature is still too low in order for carriers to escape from 
them. When the sample is heated to the room temperature, the trapped carriers are emitted 
into the band and they increase the background conductivity in the band, independently of the 
excitation in the hot state. This “tail” is absent, if measured hot-to-cold. During the next 
beamtime we plan to study the magnitude of the glow effect with respect to the excitation 
energy in the cold state, in more detail. 
 
 

 
Figure 1. MPC spectra of CuAlO2. Three defect states in CuAlO2 with characteristic 
temperatures of 130 K, 200 K and 300 K are both energy and temperature sensitive in the 
Cu2p energy region. 
 
In conclusion, for the first time we observed the trap-related effects of the synchrotron 
radiation on the modulated photoconductivity in two ternary copper chalcogenides CuAlO2 
and CuInSe2. The background signal in this measurements is tentatively related to the glow 
effect, which should be studied in more detail. 
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Figure 2. MPC spectra of CuInSe2. The amplitude of the conductivity signal in CuInSe2 is 
both energy and temperature sensitive in the Cu2p energy region of the excitation. 
 

 
Figure 3. Glow effects on the background signal in the modulated photoconductivity effect: 
measurement cold-to-hot (left) and hot-to-cold (right) of the same CuAlO2 sample. 
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Bulk sensitive photo emission spectroscopy of

C1b compounds.

Benjamin Balke, Andrei Gloskovskii, Joachim Barth,
Gerhard H. Fecher, and Claudia Felser

Institut für Anorganische Chemie und Analytische Chemie,

Johannes Gutenberg - Universität, 55099 Mainz, Germany

Abstract

This work reports about bulk-sensitive, high energy photoelectron spectroscopy from the valence
band of CoTiSb excited by photons from 2.5 to 5 keV energy. The high energy photoelectron
spectra were taken at the KMC-1 high energy beamline of BESSY II employing the recently
developed Phoibos 225 HV analyser. It is shown that the high energy spectra reveal the bulk
electronic structure better compared to low energy XPS spectra.

Photo emission spectroscopy is the method of choice to study the occupied electronic
structure of materials. Low kinetic energies result in a low electron mean free path being
only 5.3 Å at kinetic energies of 100 eV or 26Å at 1.2 keV (all values calculated for CoTiSb
using the Tamuna-Powel-Penn (TPP-2M) equations [1]). In the hard X-ray region of about
5 keV one will reach a high bulk sensitivity with an escape depth being larger than 84 Å
(corresponding to 15 cubic cells). Lindau et al [2] demonstrated in 1974 the possibility of
high energy photo emission with energies up to 8 keV, however, no further attention was
devoted to such experiments for many years. High energy photo emission (at about 15 keV
excitation energy) was also performed as early as 1989 [3] using a 57Co Mößbauer γ-source
for excitation, however, with very low resolution only. Nowadays, high energy excitation
and analysis of the electrons become easily feasible due to the development of high intense
sources (insertion devices at synchrotron facilities) and multi-channel electron detection.
Thus, high energy X-ray photo emission spectroscopy (HXPS) was recently introduced
by several groups around the world as a bulk sensitive probe of the electronic structure
in complex materials. In the present work, excitation energies of hν = 1.2 . . . 5 keV were
used to study the density of states of CoTiSb.

CoTiSb samples have been prepared by arc-melting of stoichiometric amounts of the
constituents in an argon atmosphere at 10−4 mbar. Details and results of the structural
and magnetic properties are reported elsewhere [4]. Details of the electronic structure
have been explored experimentally by means of high energy X-ray photo emission spec-
troscopy. The measurements have been performed at the KMC-1 beamline of the storage
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Fig. 1. High energy valence band spectra of CoTiSb.
Shown are spectra taken at 2.5 keV (a) and 5 keV (b) excitation energy (symbols) and the DOS
weighted by the photo emission cross section (lines).

ring BESSY II (Berlin, Germany). As electron analyser, a recently developed hemispher-
ical spectrometer with 225 mm radius has been used (Phoibos 225 HV). The analyser
is designed for high resolution spectroscopy at kinetic energies up to 15 keV. For the
present study, a 2D-CCD detector has been employed for detection of the electrons. The
analyser is prepared for parallel 2D (energy and angle) and simultaneous spin-detection
using a combination of a 2D-delay-line detector with a low energy Mott-detector. Under
the present experimental conditions an overall resolution of 240 meV at 2 keV photon en-
ergy has been reached (monochromator plus electron detector), as was determined from
the Fermi edge of Au(100) [5]. Due to the low cross-section of the valence states from the
investigated compounds, the spectra had to be taken with Epass from 50 eV to 150 eV and
a 1 mm entrance slit for a good signal to noise ratio. The polycrystalline CoTiSb samples
have been cleaned in-situ by Ar+ ion bombardment before taking the spectra to remove
the native oxide layer. Core-level spectra have been taken to check the cleanliness of the
samples. No traces of impurities were found. All measurements have been taken at room
temperature (≈ 300 K).

The results from high energy photo emission are displayed in Figure 1 and compared to the
total density of states (DOS) weighted by the partial cross sections. For better comparison,
the weighted DOS is additionally broadened by a Gaussian of 0.25 eV (0.5 eV) width to
account roughly for the experimental resolution at 2.5 keV (5 keV) excitation energy.
Both high energy spectra reveal clearly the low lying s-states at about -11 eV to -9 eV
below the Fermi energy, in well agreement to the calculated DOS. These low lying bands
are separated from the high lying d-states by the C1b-typical hybridisation gap being
clearly resolved in the spectra as well as the calculated DOS. The size of this gap amounts
typically to ∆E ≈ 3 . . . 4 eV in Sb containing compounds. Obviously, the emission from
the low lying s-states is pronouncedly enhanced compared to the emission from the d-
states. This can be explained by a different behaviour of the cross sections of the s, p, and
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d states with increasing kinetic energy as was recently demonstrated by Panaccione et

al [6]. In particular, the cross section for d-states decreases faster with increasing photon
energy than the ones of the s or p-states. This behaviour influences also the onset of the
d-bands at about -7 eV to -6 eV. Just at the bottom of those d-bands, they are hybridised
with sp-like states, leading to a high intensity in this energy region. At hν = 2.5 keV,
the structures of the weighted DOS have approximately the same heights, whereas the
strong enhancement of the s states is clearly visible if comparing Fig. 1 (a) and (b). The
structure of the high energy spectra in the range of the d states agrees roughly with the
structures observed in the total DOS although the high density at -5 eV and -3 eV is not
well resolved. Overall the emission from the d states covers a larger energy range compared
to the calculated DOS, what gives indicates an underestimation of correlation effects in
the local density approximation. However, one also has to account for lifetime broadening
and the experimental resolution if comparing that energy range. At 2.5 keV excitation,
the emission is still dominated by the high dense d-states at about -1.5 eV. Increasing the
excitation energy to 5 keV has the result that the intensity in this energy range becomes
considerably lower. At the same time, the emission from the bands at about -3 eV becomes
strongly enhanced. As both structures in the DOS emerge, at least partially, from flat d-
bands, the transfer of the intensity maximum might be not only explained by pure cross
section effects.

Overall, the measured photoelectron spectra agree with the calculated density of states.
Small shifts of the peaks in the measured spectra compared to the calculated DOS indicate
an incomplete treatment of correlation effects in the local density approximation.
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Studies of magnetic scattering and magneto-optics of synchrotron radiation require 

knowledge of the beam polarization, which is also necessary to characterize EUV optical 

elements at off-normal incidence angles. The ability to analyze the polarization state of 

the beam is of practical importance in evaluating the performances of insertion-device 

synchrotron sources. Experimental control and evaluation of a beam’s polarization state 

can be obtained with optical devices such as phase retarders and linear analyzers. 

Periodic multilayers are commonly used to study the polarization state of EUV beams, 

but they must be changed or rotated to perform broadband polarization analyses because 

of their intrinsically narrow wavelength acceptances. This situation could be improved by 

utilizing aperiodic multilayer elements, which can greatly extend the bandwidth without 

the necessity of changing the incidence angle. The design of aperiodic polarizers, phase 

retarders and analyzers and their manufacture using a magnetron sputtering system have 

been described previously [1,2,3,4]. This report summarizes further characterization of 

these elements using the high-precision polarimeter at BESSY. 

Several different aperiodic multilayers were designed, made and characterized for 

various wavelength ranges. The calculated and measured properties of Mo/Si broadband 

multilayer polarizers over the wavelength ranges of 13–19nm, 14–18nm and 15–17nm, 

at grazing incidence angle of 50º, are shown in table 1. The degree of polarization, P, is 

defined in terms of the s- and p-reflectivies, Rs and Rp, by 

     
s p

s p

R R
P

R R

−
=

+
.                                                      (1) 

The errors in the means of Rs and Rp arise since the reflectivities vary with wavelength; 

an example is shown in Fig.1. The differences between the calculated and measured 

values are due to interlayer roughness and/or diffusion, with a length scale of ~1nm. 
 

Table 1. Design parameters and calculated and measured performances of Mo/Si multilayer polarizers for 

different spectral bandwidths. 

Mean Rs [%] Mean Rp [%] Mean P λ [nm] No. of 

bilayers Calc. Meas. Calc. Meas. Calc. Meas. 

13–19 30 30.4±1.2 18.2±3.6 0.24±0.16 0.20±0.16 0.985 0.980 

14–18 31 35.0±0.1 21.1±2.5 0.18±0.14 0.16±0.16 0.990 0.986 

15–17 32 50.0±0.2 36.6±0.7 0.17±0.07 0.24±0.08 0.993 0.987 
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Figure 1. The variation of s-reflectivity with wavelength of the Mo/Si polarizer. The upper curve shows the 

calculated values and the lower the measured values. 

 

Similar multilayers may be used as analyzers [2,3]; the performances of Mo/Si and 

Mo/Y mirrors are summarized in table 2. The Mo/Y mirrors for the ranges 8.5–10.1nm 

(at 46° grazing angle) and 9.1–11.7nm (at 45°) have mean design Rs ~10% [5]; this is 

~3× less than the peak reflectivity of a periodic multilayer, but the bandpasses are ~5× 

larger. As these systems work at a fixed angle over a range of wavelengths, they must 

(according to the Bragg law) work at a fixed wavelength over a range of angles. Similar 

multilayers for 13nm and 45–49º using Mo/Be have design Rs ~45% [2]. For shorter 

wavelengths (5.2 nm, 44–46º) Ni/C is a suitable combination, with design Rs ~20% [2]. 
 

Table 2. Calculated and measured performances of multilayer analyzers.  

 Mean Rs [%] Mean Rp [%] Mean P 

 
λ [nm] Grazing 

angle [°] Calc. Meas. Calc. Meas. Calc. Meas. 

Mo/Si 13 45–49 64.99±0.18 50.7±2.3 0.29±0.23 0.0026±0.0011 0.991 1 

Mo/Y 8.5–10 46 9.3±0.2 5.5±1.4   1 0.988±0.003 

Mo/Y 9.3–11.7 45 9.9±0.3 6.1±0.7   0.99±0.02 0.965±0.007 

 

Multilayers deposited on transmitting substrates may be used as phase retarders. An 

example of a Mo/Si phase retarder is shown in Fig. 2, where the measured phase shifts at 

grazing angles of 47° and 54° agree well with those calculated [6]. 

 

 

 
Figure 2. The variation of phase shift with wavelength of a Mo/Si phase retarder at two incidence angles. 

 

In addition to measuring the properties of individual components a combination of a 

transmission multilayer phase retarder and a reflection analyzer has been used to analyse 

the polarisation state of the BESSY UE56/1-PGM beamline radiation in the wavelength 

range 12.7–15.5nm [7]. Fig. 3 shows a typical angular distribution of the transmitted 

intensity as a function of the polarizer azimuthal angle α for four settings of the analyzer 

azimuthal angle β. The fitted Stokes-Poincaré parameters P1 (one direction of linear 
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polarization), P2 (orthogonal direction) and P3 (circular polarization) are 0.001±0.001, –

0.089±0.002 and 0.999±0.001, respectively, with a phase shift of ∆Φ=38.4±0.2°, a ratio 

of transmission through the phase retarder Tp/Ts=0.910±0.001, and for the analyzer 

Rp/Rs=0.019±0.003. The variations of the Stokes-Poincaré parameters as functions of the 

undulator (i.e., polarization) settings are shown in Fig. 4; these are in good agreement 

with the expected variations from the known undulator parameters. 

 

Figure 3. A typical angular distribution of the 

transmitted intensity as a function of the polarizer 

azimuthal angle α for four settings of the analyzer 

azimuthal angle β. 

 

ββββ=45=45=45=45°°°° ββββ=90=90=90=90°°°°

ββββ=135=135=135=135°°°° ββββ=0=0=0=0°°°°

ββββ=45=45=45=45°°°° ββββ=90=90=90=90°°°°

ββββ=135=135=135=135°°°° ββββ=0=0=0=0°°°°

Figure 4. (a) Measurement of Stokes-Poincaré 

parameters of the radiation from the BESSY 

UE56/1-PGM beamline. (b) The gap values as 

functions of the undulator shift at λ =13.1nm. 

 
 

 

In conclusion, it can be seen that the broadband polarizing elements work as 

predicted, so long as interlayer roughness / diffusions of ~1nm is taken into account. 
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During the last year we investigated the adsorption and bonding configuration of 
Cyclopentene (C5H8) and 1,4-Cyclohexadiene (C6H8) on InP(001) and the c(4x4), 
(2x4) and (4x2) surface reconstructions of the GaAs(001) surface. Our aim was to 
obtain information which helps to elucidate the important role of the surface dimer 
configuration and the influence of the number of double bonds within organic 
hydrocarbon ring molecules on the interface formation. Yet, no comprehensive study 
of these parameters on the important organic/inorganic interfaces can be found in 
literature and most of the work available was obtained on Si(001)(2x1) surfaces. On 
the other hand III-V (001) semiconductor surfaces exhibit the potential of different 
surface stoichiometries with different atomic surface structure (i.e. dimer structure) 
and different electronic and optical properties. In this report we will focus on the 
results concerning GaAs(001). Here, we could demonstrate that the surface dimer 
structure indeed influences the bonding configuration of 1,4-cyclohexadiene and 
Cyclopentene on GaAs(001) significantly. These results are also important for an 
understanding of the interface formation between organic molecules and 
semiconductor surfaces in general. In order to clarify the chemical composition and 
surface bonding sites for the molecules on the different surfaces SXPS 
measurements were carried out at the PM-RD and PM3 beamlines at BESSY. 
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Fig.1: 
Core-level of As3d for the with 1,4-Cyclohexadiene saturated GaAs(001)c(4x4) on the left, (2x4) middle and (4x2) on the 
right, respectively. 

1,4-Cyclohexadiene adsorption on GaAs(001) surfaces 
After the deposition of 1,4-Cyclohexadiene the saturated surface was characterized 
by SXPS. The line shape of the clean core level is comparable to previous work. The 
As3d core level are depicted in Fig 1. An additional component (As-C) was observed 
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for all three surfaces at the lower kinetic energy side with respect to the bulk 
component. It is reasonable to conclude that this component can be assigned to As-
atoms which are bonded to C-atoms from the Cyclopentene molecules. Within the 
Ga3d core level emission line no additional components can be observed. 
The analysis of the C1s core levels for the three GaAs(001) surfaces saturated with 

Fig.2
vel of C1s for the with 1,4-Cyclohexadiene saturated GaAs(001)c(4x4) on the left, (2x4) middle and (4x2) on the 

ses three main components within the C1s line shape are found by 

ces 
An additional co e of the As3d 

1,4-Cyclohexadiene is shown in Fig. 2. 

: 
Core-le
right, respectively. 
 
n all three caI

numerical analysis and a fourth one for the (2x4) and (4x2) reconstructed surfaces. 
The component 1 can be related to electrons which are included in the carbon-carbon 
double bond and the component 2 is related to the electrons of carbon atoms which 
are involved in the single carbon-carbon bond. The component labelled with 3 and 4 
for the (2x4) and (4x2) reconstructed surfaces can be assigned to the electrons of the 
carbon atoms which are involved in the C-As bondings to the first and second layer 
As-atoms. Therefrom we can conclude that the 1,4-Cyclohexadiene molecules bonds 
to the topmost As-atoms of each surface reconstruction. In all three cases it is 
obvious that beside the chemisorption also physisorption is found indicated by 
component (1) which is related to electrons of the C=C double bond. This component 
is very pronounced for the (2x4) reconstructed surface indicating more carbon double 
bonds and thus more 1,4-Cyclohexadiene molecules which stay intact on this surface 
after deposition. This is a hint towards a physisorption on the (2x4). For the c(4x4) 
and (4x2) this component is not as pronounced as for the (2x4). 

Cyclopentene adsorption on GaAs(001) surfa
mponent was also found in the core level line shap

emission. No additional component appeared in the numerical analysis for Ga3d. The 
C1s core level spectra of Cyclopentene adsorbed on the GaAs(001) surfaces are 
shown in Fig. 3. Also for each surface reconstruction the core levels were fitted with 
three components with numerical analysis similar as for the adsorption of 1,4-
Cyclohexadiene while for the (4x2) four components were necessary. Again for each 
reconstruction the component 3 was observed which is related to the electrons in an 
As-C bond. 
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Fig.3: 
Core-level of C1s for the with Cyclopentene saturated GaAs(001)c(4x4) on the left, (2x4) middle and (4x2) on the right, 
respectively. 
 
The additional component 4 for the (4x2) reconstructed surface indicates bonding not 
only to the topmost As atoms but also to the second layer As atoms as in the case of 
1,4-Cyclohexadiene. Component 1 should not appear in case of Cyclopentene 
because if the molecule bonds covalently to the surface the double bond should be 
broken. Therefrom we can conclude that besides the chemisorption also a 
physisorption of the molecules takes place. 

Summary and conclusion 
For both molecules it can be concluded that the molecules chemisorb but also 
physisorb on the surfaces. In all cases a new component appears only in the As3d 
core level line shape and no additional component for the Ga3d core level was found. 
Therefrom we can conclude that it is much more attractive for the hydrocarbon ring 
molecules to form a bond to the filled dangling bonds of the topmost As-atoms than to 
the Ga-atoms. The amount of additionally physisorbed molecules is different for each 
surface reconstruction. In the case of 1,4-Cyclohexadiene it is also difficult to 
distinguish between chemisorption and the additional C=C bond within the organic 
molecule. It can be concluded that both molecules interact with their C=C double 
bond and the surface topmost As-atoms. This last finding is important since the 
gallium-atoms/dimers seem to play no role in the interface formation in these cases. 
Furthermore it should be pointed out that the organic hydrocarbon ring molecules 
used in this work do not destroy the surface reconstruction and form an atomically 
abrupt interface. The molecules can be thermally removed by annealing and a clean 
well reconstructed GaAs(001) surface is formed again as verified by SXPS and RAS. 
Our SXPS results are supported by RAS measurements [4] and STM results. 
 
We would like to acknowledge financial support by the BMBF under grant number – MUSTANG 
BMBF 05 KS40C1/3. 
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Ion-Beam Induced Nano-Sized Ag-Metal Clusters in Glass 

H.-E. Mahnke1,2*, B. Schattat1,  P. Schubert-Bischoff1, I. Zizak1, N. Novakovic1,3, V. Koteski1,3 
 

1Hahn-Meitner-Institut Berlin GmbH, Bereich SF, Glienicker Str.100, D-14109 Berlin, Germany,  
2FU Berlin, Fachbereich Physik, D-14195 Berlin,   3VINČA, POB 522, 11001 Belgrade, Serbia 

Glasses containing metal clusters have attracted attention both in cluster research and in possible 
applications of such clusters for magnetic or optoelectronic purposes. Nanometer-sized clusters 
of noble metals in glasses exhibit strong absorption of visible light which, in addition, may be 
highly polarization dependant depending on size and shape with special alignment of the clusters 
[1, 2]. Various preparation methods are pursued to obtain control of the mechanisms to form such 
clusters.  A promising approach is the irradiation of glasses containing the wanted metal as a 
metal oxide with heavy-ion beams at MeV/amu energies [3,4,5]. At such velocities the energy 
deposited along the ion path leads to track formation in the material. In the following, we show 
how synchrotron radiation techniques help to characterize ion-beam induced materials modifica-
tions. 

 

  

Figure 2: TEM picture of irradiated (bottom) and 
non-irradiated (top) glass samples:  
After irradiation with gold ions and subsequent  
annealing, clusters of metallic silver are visible  
arranged in chains along the direction of the ion  
beam. The TEM was operated at 120 kV. 

 

 

Figure 1: Fourier transformed EXAFS signal  
(k2-weighted): The irradiated glass sample  
(bottom) shows the ion beam induced  
formation of metallic Ag. The EXAFS signature 
for Ag metal (middle) and for Ag2O (top) are  
given for comparison.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

481



We have studied the formation of Ag-metal clusters in soda lime glass induced by heavy ion irra-
diation with x-ray absorption spectroscopy (XAS), while the shape of the formed clusters were 
studied both with transmission electron microscopy (TEM) and with small angle x-ray scattering 
(SAXS). Silver was introduced by ion exchange into 0.1-mm thick glass platelets (see [4]). We 
have irradiated these Ag-containing glass platelets kept at LN2 temperature with 600-MeV Au 
ions with fluences around 1012 ions/cm2 at the ion beam laboratory ISL. The ion flux was kept 
below 1010 ions/cm2s.  
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 3: SAXS images of ion-irradiated (upper right) and non-irradiated (upper left) Ag containing 
amples revealing a column-like structure by the disc-like image. The dimensions in q space 
pond to a diameter of the "columns", the arrangement of Ag droplets along chains in the ion 
on, of around 7 nm. SAXS images on ion irradiated glass samples without Ag show ion tracks 
s (lower left) which disappear when annealed (lower right). 
 the ion irradiation, the samples were investigated with X-ray absorption spectroscopy 
 K-edge. The EXAFS experiment, performed at the X1 beamline of HASYLAB, re-

e transformation of Ag from the oxidic type local structure after the ion-exchange proc-
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ess into the metallic form following the swift heavy ion irradiation and annealing (see Fig. 1, for 
details see ref. [6]).  

First information on the shape of the formed clusters was obtained by transmission electron mi-
croscopy (TEM) on thin slices of some 10 nm cut out of the samples parallel to the ion impact 
and deposed onto a fine grid (see Fig. 2). For a more detailed study of the arrangement, the shape,  
and the formation process SAXS experiments including in-situ experiments at varying annealing 
temperatures are under way at the 7-T MPW beam line at BESSY.  

While annealing under a reducing atmosphere of argon with a few % H2 alone already leads to 
the formation of metal clusters (we annealed for 30 minutes at 340°C), such clusters are not very 
uniform in size and are randomly distributed over the Ag-containing glass volume. The compari-
son presented in Fig.2 illustrates the significant influence of the ion irradiation: (i) the metal clus-
ters have grown and their size distribution has become more uniform, but the most remarkable 
feature is that (ii) the clusters are arranged in chains parallel to the direction of the ion beam.  

A more quantitative description of the arrangement seen in the TEM images can be achieved by 
SAXS measurements performed at the newly commissioned 7-T MPW beam-line of the HMI at 
BESSY. An illustration of the first experiment is given in Fig.3. The ion fluence in this case was 
1011cm-2, the sample was heat treated after the ion irradiation in the same way as the sample in 
Fig. 2. A glass platelet without Ag also shows ion tracks when ion irradiated at LN temperature. 
However, they disappear when the same annealing procedure is applied. Thus, the small angle 
scattering confirms the arrangement and shape of the Ag metal clusters as induced by the ion ir-
radiation and proves to be a very valuable complementary way to study such ion induced struc-
tures.  

Since some of the chains consist of clusters very similar in diameter and almost in contact, one is 
tempted to speculate that a totally columnar structure may be obtained by controlling the influ-
encing parameters such as the ion fluence and the annealing parameters. First in-situ experiments 
to follow the subsequent annealing procedure are being analyzed.  

The authors are grateful to the HASYLAB staff at DESY, in particular to J. Wienold and E. Wel-
ter. We very much appreciate P. Szimkowiak’s help in sample preparation. Special thanks are 
expressed to the colleagues from the department SF3 of the HMI, A. Höll, S. Haas and D. Tachev, 
who helped as scientists at the HMI SAXS 7-T MPW beam line at BESSY.  
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Defect Induced Low Temperature Ferromagnetism in Zn1-xCoxO Films 
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Diluted magnetic semiconductors (DMSs) produced by the doping of transition metal ions 
into nonmagnetic semiconductors have become recently the subject of an intensive research 
due to the possibility to utilize both charge and spin degrees of freedom in the same material 
making DMS promising candidates for the next generation spintronic devices [1]. The 
prediction of the Curie temperature (TC) of Mn-doped ZnO exceeding room temperature (RT) 
[2], stimulated numerous experimental works on the preparation of RT ferromagnetic 
transition-metal-doped ZnO [3]. However, the recent reports on the nature of magnetism in 
Co/ZnO and Mn/ZnO have been quite contradictory. For nominally identical systems reports 
of high TC coexist with those excluding intrinsic ferromagnetism [3]. Moreover, the origin of 
the ferromagnetism in doped magnetic ZnO and related DMS materials is still under strong 
debate. Recently, the formation of a shallow spin-split impurity band upon coalescence of 
bound magnetic polarons (BMPs) constituted by donor defects has been proposed to explain 
the origin of RT ferromagnetism for oxide DMSs [3]. A number of experiments showed the 
correlation between the ferromagnetic behavior and the concentration of structural defects, 
either Zn-interstitials [4] or oxygen vacancies [5], incorporated into the ZnO host lattice 
giving an evidence that ferromagnetism in Zn1-xCoxO is mediated by donor-bound carriers. 

In this work, we preformed a combined near edge x-ray absorption fine structure 
spectroscopy (NEXAFS) and photoemission spectroscopy (PES) study on ferromagnetic as 
well as paramagnetic epitaxial Zn1-xCoxO films. All NEXAFS and PES experiments were 
carried out at RT at the RGBL-PGM beamline (BESSY). The UHV system with the base 
pressure of 1×10-10 mbar was equipped with a 127° CLAM4 analyzer. The total energy 
resolution in the XPS measurements was set to 150 meV. The position of the Fermi energy 
(EF) was determined from the valence-band spectrum of a polycrystalline Au foil in electrical 
contact with the sample. All spectra were normalized to the incident photon flux. NEXAFS 
spectra were collected in the total electron yield mode and normalized to the maximum 
intensity. The energy resolution in the NEXAFS experiments was set to 100 meV.  

High quality 100-200 nm thick epitaxial Zn0.9Co0.1O films were prepared by 
magnetron sputtering on Al2O3(0001) substrates. Two different preparation routes, i.e. 
sputtering in Ar-atmosphere (samples referred to as S1) and sputtering in Ar/O2 atmosphere in 
conjunction with a postannealing step (samples referred to as S2) were used in order to 
control the concentration of oxygen vacancies in the ZnO host lattice. Magnetization 
measurements indicated ferromagnetic behavior at low temperatures for the samples prepared 
in oxygen-poor conditions (S1) whereas the samples prepared in oxygen-rich conditions (S2) 
did not show ferromagnetic behavior. After introducing the samples into the UHV chamber at 
BESSY their surface was cleaned by Ar+ sputtering.  

Fig. 1 (a) shows NEXAFS spectra of the Co-doped ZnO samples S1 and S2 measured 
at Co L2,3 absorption edge. The Co 2p3/2 peak at 778 eV and the Co 2p1/2 peak at 793 eV are 
clearly separated by the large 2p core-hole spin-orbit interaction. The line shape of NEXAFS 
spectra from samples S1 and S2 are clearly different from that of the Co metal showing the 
absence of any Co clustering. Thus these data rule out phase segregation as the source of 
ferromagnetism in Co-doped ZnO and point to an intrinsic origin. The observed NEXAFS 
line shape is similar to that of the previously reported spectra from both ferromagnetic [6] and 
nonmagnetic [7] Co-doped ZnO as well as to several atomic multiplet configuration inter-
action calculations confirming that Co ions are present in the high-spin Co2+ state under 

484



 

 
 
Fig. 1. Co L2,3 XAS spectra of the oxygen-poor (S1) and 
oxygen-rich (S2) Zn0.95Co0.05O samples. Inset shows the 
core-level PES spectra of both samples where Co 2p1/2
and 2p3/2 peaks are visible. (b) shows on- and off-
resonance spectra of the sample S1. (c) presents the 
difference curve obtained by subtraction of the off- and 
on-resonance spectra shown in (b). 

tetrahedral coordination, indicating a 
proper incorporation into the ZnO host 
lattice. Although the samples S1 and S2 
should differ in the oxygen content only 
a very small difference in the spectral 
line shape is visible. The inset of Fig. 1 
(a) shows Co 2p core level PES spectra 
of both S1 and S2 Zn0.95Co0.05O samples 
taken at hν =1000 eV. The Co 2p 
spectra of both samples are similar to 
that of CoO supporting the presence of 
Co2+ ions in the samples. Fig. 1 (b) 
shows valence band PES spectra of the 
S1 Zn0.95Co0.05O obtained at 774 eV 
(off-resonance) and 777 eV (on-
resonance) which are similar to that of 
ZnO showing a broad feature between 3 
and 8 eV of binding energy (BE) 
corresponding to O 2p band. No PES 
intensity was observed in the EF region 
confirming the insulating nature of the 
sample. Similar spectra were obtained 
for the S2 samples. Thus the charge 
carrier mediated ferromagnetism based 
on the Ruderman-Kittel-Kasuya-Yosida 
(RKKY) mechanism or related Zener 
mechanism, in which itinerant free 
carriers interact with localized d 
electrons on isolated dopantions can be 
ruled out. By subtracting the off-
resonance spectrum from the on-
resonance one, the Co 3d partial density 
of states (PDOS) can be obtained. The 
difference curve presented in Fig. 1 (c) shows a peak at about 3.5 eV of BE which is in good 
agreement with previous studies [6,7]. These results show that in ferromagnetic (S1) as well 
as in paramagnetic (S2) Co-doped ZnO samples (not shown) the Co 3d states are located near 
the top of the valence band at about 3.5 eV of BE.  

In order to provide the evidence that ferromagnetic behavior in Co-doped ZnO is 
donor carrier mediated and thus can be explained in the frame of the BMPs model a direct 
relationship between the ferromagnetic behavior and the oxygen vacancies concentration of 
different samples should be established. Here we used O K edge NEXAFS measurements on 
both sets of samples (S1 and S2 ) to probe the local structure of Co-doped ZnO and especially 
the oxygen-related defects in the ZnO host lattice. Figure 2 shows the comparison of O K 
edge NEXAFS spectra from the undoped reference ZnO sample, the Zn0.9Co0.1O sample S1, 
and the Zn0.9Co0.1O sample S2. Good agreement exists between the present NEXAFS spectra 
and those from ZnO powder [8] or PLD grown Co-doped ZnO [9]. The region between 530 
and 538 eV can be attributed to the hybridization between O 2p and Zn 4s states followed by 
the region between 539 and 550 eV which is due to the hybridization between O 2p and Zn 4p 
states. Above 550 eV the spectrum can be assigned to the hybridization between O 2p and Zn 
4d states. Krishnamurthy et al. [9] recently showed that broadening of the spectral features at 
537, 540 and 543 eV can be assigned to the presence of oxygen vacancies, which means that 
the sample S1, prepared in oxygen poor conditions, indeed contains more oxygen-related 
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defects compared to the sample S2, 
prepared in oxygen rich conditions as 
well as to the  undoped reference 
sample. The inset of Fig. 2 shows the 
Zn L2,3 NEXAFS spectra which agree 
well with those of ZnO nanorods [10] 
and crystalline ZnO [11] ruling out 
significant ZnO defect related features 
in the sample like Zn interstitials. Thus 
defects due to oxygen are predominant. 
Comparing the NEXAFS results with 
those from magnetization measurements 
it can be concluded that ferromagnetism 
is strongly correlated with the oxygen 
vacancies concentration, supporting the 
BMP model, because a higher density 
of oxygen vacancies leads to a larger 
volume occupied by BMPs. Thus the 
probability of overlapping of the BMPs 
is increased and more Co ions are 
present in ferromagnetic areas, 
contributing to ferromagnetism. 
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Sonderforschungsbereich (SFB) 513 and Kompetenznetz „Funktionelle Nanostrukturen“ des 
Landes Baden-Württemberg. E. B. and M. F. would like to thank BESSY for financial 
support. 
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Fig. 2. O K edge NEXAFS spectra of an undoped 
reference ZnO sample (black line), the Zn0.9Co0.1O 
sample S1 (closed circles), and the Zn0.9Co0.1O sample 
S2 (open circles) . The inset shows a comparison of the 
Zn L2,3 edge NEXAFS spectra of pure ZnO (black line) 
and the Zn0.9Co0.1O sample S1 (closed circles). 
 

486



Rotational Structure of Nitrogen Ions after Resonant 1s-π* Photoexcitation  
 

M. Meyer 1, J. Plenge 2, A. Wirsing 2, R. Flesch 2, and E. Rühl 2 
1 LIXAM, Centre Universitaire Paris-Sud, Bâtiment 350, F-91405 Orsay Cedex, France 

2 Physikalische und Theoretische Chemie, Institut für Chemie und Biochemie, Freie   
 Universität Berlin,  Takustr. 3, 14195 Berlin 

 
The electronic relaxation of core-excited nitrogen molecules has been studied by means of 
UV/VIS fluorescence spectroscopy. The spectral analysis of the fluorescence from excited 
ionic states has shown to provide valuable information on the dynamics of inner-shell excited 
atoms, molecules, and clusters [1] and is complementary to the generally used high-
resolution electron spectroscopy, which allows the vibrational structure of the molecular ion 
to be resolved [2]. Since the spectral resolution attainable in dispersed fluorescence spectra 
does not dependent on the energy and the bandwidth of the exciting photons, the 
investigation of the rotational structure of diatomic molecular ions (level spacing of some ten 
µeV) is possible even after excitation of core-hole resonances (energies of several hundred 
eV). The present study is aimed at the investigation of the UV/VIS fluorescence from the N2

+ 
A 2Πu and B 2Σu ionic states formed after electronic relaxation via resonant Auger decay and 
autoionization of the 1s-1π* resonance of nitrogen.  
The experiments were carried out at the beamline UE-52-SGM at BESSY. Fluorescence was 
produced in the region of interaction between the synchrotron radiation and a free gas jet, 

which produces a high density of 
rotationally cold (Trot = 40 K) N2 molecules. 
The UV/VIS photons were collected in the 
direction perpendicular to the synchrotron 
radiation and focused onto the entrance slit 
of a high-resolution fluorescence spectro-
meter (Jobin Yvon HRS460). The spectra 
are recorded by using a large area (2000 x 
800 pixels), liquid nitrogen cooled CCD 
detector.  
Fig. 1 shows the rotationally resolved 
fluorescence spectra recorded after 
excitation at photon energies of (a) 395 eV, 
i.e. in the region below the 1s resonances 
and ionization threshold, where the ions are 
produced only by direct valence-shell 
ionization, and (b) 400.88 eV, i.e. after exci-
tation to the lowest vibrational level (v''=0) 
of the N2 1s-π* resonance. The observed 

 

Fig. 1: Rotationally resolved fluores-
cence spectra of the N2

+ (B 2Σu
+, v'=0) →  

(X 2Σg
+, v=0) transition recorded upon 

photoexcitation at (a) 395.0 eV and (b) 
400.88 eV. Further details: see text. 
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rotational band structure is assigned to the transition B 2Σu
+, v'=0 → X 2Σg

+, v=0 of the N2
+ 

ion and reveals two branches (P and R), which is typical for Σ-Σ transitions. The two 
fluorescence spectra show marked differences when comparing the relative intensities of the 
individual lines in both branches indicating a change in the rotational population of the N2

+(B 
2Σu

+) ion formed via autoionization of 1s-1π* resonance (Fig. 1a) or via direct valence-shell 
ionization (Fig. 1b).  

For a quantitative analysis, the 
rotational population of the N2

+(B 2Σu
+) 

ions was deduced from the experimental 
fluorescence spectra (Fig. 2). For each 
spectrum the population of all rotational 
levels was normalized to unity for ease 
of comparison. Clear evidence is found 
for the population of higher rotational 
levels up to J=21 after excitation of the 
1s-1π* state (blue histogram) compared 
to valence-shell photoionization at 395 
eV (J<14) (red histogram). It has been 
shown earlier [3] that significant 
changes in the rotational distribution of 
N2

+, which are formed by valence-shell 
photoionization, occur as a function of 
photon energy in the region from 20 to 
200 eV [3]. These results have been 

explained by a theoretical analysis showing an increasing importance of higher angular 
momentum for the outgoing photoelectron. Our investigations extend these studies to even 
higher photon energies (up to 500 eV) and highlight the particular case of resonant 1s-π* 
excitation, which has never been treated before. Additional theoretical work is currently 
under way in order to obtain more detailed insight into the electronic relaxation dynamics of 
1s-1π* excited N2 with respect to the rotational excitation of N2

+ in the final state B 2Σu
+. 

The project was funded through BESSY-EC-IA-SFS Contract (EU R II 3-CT-2004-506008). 
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Fig. 2: Population of the rotational levels of 
N2

+(B 2Σu
+, v’=0) formed upon excitation of N2 

at 395.0 eV (red) and 400.88 eV (blue). Further 
details: see text. 
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Non-volatile magnetic data storage in modern information technology relies on complex devices 
made of stacks of magnetic layers with engineered functionality. An important role in these multilayered 
structures plays the magnetic coupling between an  antiferromagnetic (AFM)  and a ferromagnetic (FM) 
material, whereas by definition the former carries no net magnetisation. The purpose of the AFM layer is 
to tune the magnetic switching behaviour of the adjacent FM layer to be non-symmetric with respect to 
externally applied magnetic fields. This coercive field tuning of the FM layer exploits the exchange bias  
effect, discovered in the middle of the last century. Though intensively studied on many systems in the 
last decade [1], a full understanding of the coupling phenomenon in AFM/FM systems is still missing. A 
promising step to tackle the problem is the study of simple model systems based on epitaxial films which 
allow to control and modify the interface properties [2]. In addition, single-crystalline bilayers reduce the 
complexity of the coupling due to the absence of structural grains in the individual films.

In our work we have studied the epitaxial  bilayer  system of metallic antiferromagnet  NiMn films in 
contact to ferromagnetic Co films on a single crystalline Cu(001) substrate. The objective of our work is 
the study of the orientation of the magnetic moments in the antiferromagnetic and ferromagnetic layer. To 
address this, we employed the spectroscopic method of polarisation dependent soft x-ray absorption at the 
element specific L3,2 absorption edges. In short, x-ray magnetic circular dichroism (XMCD) was used to 
measure  the  orientation  of  the  magnetic  moments  in  the  FM  layer,  while  x-ray  magnetic  linear 
dichroism (XMLD) was  used  to  probe  the  orientation  of  the  AFM layer.  NiMn was  deposited  after 
saturating the Co film on Cu(001) by an external magnetic field along the [110] in-plane direction, being 
the magnetic  easy axis of this system.  We were interested in the following questions. First,  does the 
subsequent deposition of NiMn induce a rotation of the magnetisation direction of the underlying Co film 
as observed in FeMn/Co/Cu(001) systems [4], and second, what is the direction of the antiferromagnetic 
spin axis of NiMn adjacent to a saturated Co layer.

Fig 1) Absorption spectra at the Co and Mn L3 and  L2   edges for left and right circularly polarised light (σ+,  σ-) 
together with the XMCD difference spectra obtained from a 22 ML NiMn/6 ML Co/Cu(001) sample. The spectra 
were normalised to the edge jump. The initial magnetisation direction and the photon beam direction make an angle 
of 60°. Note that the measured Mn XMCD signal is shown magnified by a factor of 10.
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Films were prepared in-situ by thermal deposition on Cu(001) at room temperature. The alloy was grown 
by co-deposition of its  constituents  from separate evaporation sources.  The Néel  temperature of  bulk 
NiMn, which exhibits a L10 crystal  structure, is far above room temperature (1070 K). Thin films of 
NiMn  were  found  to  grow  layer-by-layer  on  Cu(001),  and  to  show  a  c(2x2)  low  energy  electron 
diffraction pattern [3].

The absorption measurements using total electron yield detection were done at the beamline UE 56/2-
PGM2.  For  XMCD measurements  we chose  an  off-normal  incidence  angle  of  30°,  allowing  a  non-
vanishing projection of the Co magnetisation onto the incoming beam direction. Figure 1a) and 1b) show 
the absorption spectra together with the dichroism at the Co and Mn absorption edges, respectively, for a 
22 ML NiMn/6  ML Co/Cu(001)  sample.  As  expected,  we found a  non-vanishing Co XMCD and a 
vanishing Mn XMCD signal. While the former proves that the Co film retained its initial magnetisation 
direction, the later shows that the Mn moments do not exhibit ferromagnetic ordering.

The  XMLD measurements  were  performed  in  normal  incidence  geometry.  Absorption  spectra  were 
recorded with horizontally and vertically polarised light relative to the storage ring plane. Absorption 
spectra together with XMLD difference curves for Co and Mn for a 20 ML NiMn/6 ML Co/Cu(001) 
sample being oriented with the [110] direction parallel to the horizontal plane are given in Figure 2a) and 
2b), respectively. We observe a characteristic plus-minus feature in the XMLD spectrum at the Co  L3 

edge. In comparison to the results of our XMCD measurements, which shows that the Co moments point 
along the [110] direction, the observed Co XMLD magnitude and sign are indicative for a fully saturated 
Co film [5].

Fig 2) Absorption spectra at the Co (a) and Mn (b) L3 and L2   edges for vertically and horizontally polarised light 
together with the XMLD difference spectra obtained from a 20 ML NiMn/6 ML Co/Cu(001) sample.  Note the 
different scaling factors of both XMLD spectra.

As can be seen in Fig. 2b), a small but detectable XMLD was found at the Mn absorption edges. This was 
not expected since the spectral contributions from Mn atoms belonging to the two structural 90° domains 
in the NiMn film cancel each other under the assumption of random distribution of both domains and 
mutually orthogonal orientation of their spin axes. In this picture we assume a bulk-like spin structure 
with an in-plane orientation of the spin axes. However, the spectral cancellation of both contributions is 
incomplete if the spin axes in both domains deviate from their orthogonal in-plane orientation. Such a 
deviation might be present in our system. Taking into account that the NiMn film is in contact with a 
saturated Co film, the AFM spin axis may be tilted towards the Co magnetisation due to the exchange 
coupling at the interface.

We wish to acknowledge the support by F. Helbig1, B. Zada1, W. Mahler (FHI) and by the BESSY staff.
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[4] F. Offi, W. Kuch, L. I. Chelaru, K. Fukumoto, M. Kotsugi, and J. Kirschner, Phys. Rev. B 67, 094419 (2003)
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Photoelectron-Auger electron coincidence spectra of  
CO and CF4 
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Auger spectroscopy is widely used as an element-specific probe in material science. More 
information, e.g. about potential curves of the final state and about dynamics in the interme-
diate state, is contained in principle in the Auger spectrum, but is difficult to extract because 
the number of dicationic final states is typically large, and because an Auger spectrum, con-
ventionally recorded, is composed of a convolution of all accessible intermediate states. A 
technique that can overcome this natural barrier is two electron coincidence spectroscopy 
[1]. 
Experimental: Our set-up used to record the photoelectron and the Auger electron from an 
inner shell transition in a small molecule in coincidence has been described earlier [2]. 
Briefly, we use a large, hemispherical electron analyser, in order to record the fast Auger 
electron with good energy resolution, in conjunction with several simple time-of-flight 
spectrometers, in order to obtain a larger solid angle for detection of the photoelectron. The 
flight time of the photoelectrons can either be referred to the BESSY bunch marker in single 
bunch operation, or to the arrival time of the Auger electron. With the latter scheme, measu-
rements can be conducted also in the multi-bunch mode of BESSY. Spectra presented here 
were recorded at the UE52-SGM beamline, since our detector geometry requires the use of 
vertical linearly polarized light. 
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Figure 1: Intensity map of photoelectron-Auger electron pairs for C 1s ionization 
of carbon monoxide. The photon energy was set to 305 eV. The joint emission 
probability for each combination of energies of the two states involved in the 
decay is presented in the two-dimensional map. Spectra shown in the top and 
right hand panel pertain to summations over all final states or all photoelectron 
energies, respectively. The top panel compares well to published non-coincident 
spectra. The right hand side panel can be compared to pair energy dependent 
yields from direct photo double ionization [3] (see text). 

                                                 
a Mailing address: IPP, c/o BESSY, Albert-Einstein-Str. 15, 12489 Berlin, email: uwe.hergenhahn@ipp.mpg.de 

491



Results: An example of data recorded in 2006 is shown in Figure 1. To give a better insight, 
the Auger electron kinetic energies measured in our experiment were converted to final state 
energies. The instrumental broadening for these data corresponds to 200 and 300 meV for 
the photoelectron and the Auger electron, respectively. At that resolution, the vibrational 
structure in the dicationic X state (the least energetic singlet state of CO2+) can be clearly 
resolved around a final state energy of 41-42 eV. For the B state, transitions between pairs of 
vibrationally resolved intermediate and final states are clearly separated as well. As they 
would appear at practically identical Auger energy, it can be concluded that the potential 
curves of both states are parallel. 
In the carbon monoxide example discussed so far, the intermediate state (CO+ C1s−1) is 
bound, and the final states of CO2+ shown here possess local minima in their potential curves 
as well (although asymptotically they are dissociative). A different regime of coincident 
photo + Auger emission is shown in Figure 2, which shows the coincident two-electron 
intensity for F 1s ionization of CF4. The intermediate state thus reached is strictly dissocia-
tive, and no vibrational structure is observed in the F 1s photoelectron spectrum. Neverthe-
less, strong propensity rules seem to exist that allow the population of most Auger final 
states only at certain energies of the photoelectron. This behaviour can be seen as the ana-
logue to the ‘core hole clock’ effect in resonant Auger decay, where the time dependence of 
the decay within the lifetime of the core hole is well established. 
In comparison to studies of the dicationic states by direct photo double ionization, here a 
much wider range of the final state potential curve can be reached [3]. 
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Figure 2: Intensity map of photoelectron-Auger electron pairs for F 1s ionization 
of carbon tetrafluoride. The right hand side panel compares well to the non-
coincident Auger spectra. 
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Valence photoelectron spectra of free clusters 
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The electronic properties of clusters are interesting to study, as these small quantum systems 
are often in-between the isolated atom or molecule and the solid state. Numerous experi-
ments have been carried out with i.e. laser photoionization or fluorescence spectroscopy, 
while straight-forward measurements of the photoelectron spectra are – in comparison – still 
lacking. We report here systematic studies of the 3p valence photoionization of Ar clusters, 
and a size-dependent study of the HOMO peak of water clusters. These spectra were re-
corded within three weeks of multi-bunch beamtime at the UE112-lowE-PGM-a beamline 
allotted for the study of cluster photoionization. 
 
Ar clusters: The rare gas solids have earlier been referred to as ideal model systems for bulk 
state insulators, and the study of their valence bands was a pioneering application of syn-
chrotron radiation [1]. Here, we report the evolution of the 3p photoelectron lines from me-
dium sized Ar clusters (〈N〉 = 900) at the ionization threshold. Contrary to the more strongly 
bound 3s and 2p orbitals, these spectra cannot be explained by adding two broadened, quasi-
atomic peaks with an energy difference resulting from polarization screening. 
Ar clusters were produced by expansion of the gas through a LN2 cooled copper nozzle into 
an expansion chamber that is separated from the main chamber by a conical skimmer. Elec-
trons were recorded with a commercial hemispherical analyser (Scienta ES 200). Further 
details of the set-up have been published [2]. 
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Figure 1: Series of 3p photoelectron spectra from medium sized Ar clusters at the 
ionization threshold. The large mean free path of the photoelectrons at this low 
energy promotes the bulk sensitivity of this method. 

Our experimental results are shown in Fig. 1. The part of the spectrum related to 3p photo-
emission from clusters is broad, and shows a pronounced photon energy dependence. In 
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earlier work on 〈N〉 = 1000 clusters of Ar [3], in which a constant photon energy was used, 
the question was left open whether their 3p spectra should be interpreted in terms of band 
structure formation, or in terms of the older ‚ion core‘ model. The latter postulates the for-
mation of ionic oligomers, (Ar13)+ in the case of Ar clusters [4], around the ionized site. Our 
spectra qualitatively are similar to series of electron spectra from 50-200 Å thick Ar films 
[1]. Moreover, features not hitherto observed in the solid state with a sharp photon energy 
dependence show up, such as the pronounced near threshold band marked ‘a’ in Fig. 1. We 
attribute these to final state effects in a band-like model of the photoemission process, and 
suggest that the band structure in Ar clusters of that size is fully developed. 
 
Water clusters: A source for clusters from hydrogen bonded liquids was added to our set-up 
in 2005 [2], and was improved in 2006 by changing to conical nozzles of 1100 µm length. 
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Figure 2: Full outer valence photoelectron spectrum of water clusters and energy 
shift of the HOMO peak (0.58, 0.88, 1.05 and 1.15 eV) in dependence of cluster 
size (inset). 

In Figure 2 we report the valence photoelectron spectrum of water clusters, which is similar 
to spectra reported earlier at a somewhat worse resolution [4]. Sharp features are from 
uncondensed water molecules being present in the beam. The dependence of the energy shift 
of  
the cluster peak on cluster size has been recorded in detail, and is shown in the inset of the 
figure. The HOMO peak even for the smallest cluster size has a large energetical width, 
which results from the strong geometry change when this orbital, which is responsible for 
formation of the hydrogen bridge bonds, is ionized. 
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The material class CeTIn5 with (T = Co, Ir, Rh) shows a number of remarkable properties 

such as heavy fermion behavior, superconductivity and quantum criticality [1, 2]. In particu-

lar, the compound CeCoIn5 (Tc = 2.3 K) holds the high temperature record among all ambient 

pressure heavy fermion superconductors.  

Here we investigate the electronic structure of CeCoIn5 by angle-resolved photoemission 

spectroscopy (ARPES). We directly monitor the 4f-derived band which is responsible for the 

heavy fermion behavior of the compound by resonant ARPES. We find a pronounced tem-

perature and k-dependence of this band.  

The ARPES experiments were carried out using radiation from the U125/1-PGM beam line 

and an angle multiplexing photoemission spectrometer (SCIENTA SES 100) at the 

BESSY Synchrotron Radiation Facility. We present photoemission data taken with hν = 90 

and 121 eV with an energy resolution of 40 meV and an angular resolution of 0.2°. Single 

crystals of CeCoIn5 were grown in In flux. For the measurements the crystals were cleaved in 

situ at room temperature. 

In Fig. 1 we study the angle dependence of the f-weight near EF. Fig. 1a shows the off reso-

nant energy dependence of the spectral weight parallel to the AR symmetry direction of the 

tetragonal unit cell at a photon energy of hν = 90 eV. We observe an electron like band in 

agreement with bandstructure calculations and de-Haas-van Alphen measurements [3, 4, 5]. 

Summing up the spectral intensity along the k-axis results in the integrated spectra shown in 

Fig. 1b. No f-related peaks are found in the vicinity of EF. Now we compare the off resonant 

measurement in panel (a) to the on resonant measurement taken with hν = 121 eV presented 

in panel (c). Again the electron-like band which consists mainly of Co 3d and In 5p states is 

detected. Additionally, we find an intense flat band at EF and a weak sideband at E = -0.3 eV. 

Since these features appear under the resonance condition only they are derived from 4f 
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states. We identify the flat band as part of the Fermi surface sheet which contains the heavy 

fermions. The integrated spectrum in panel 3d clearly shows the 4f5/2 derived peak at the 

Fermi energy and its 4f7/2 spin orbit component at E = -0.3 eV. Increasing the temperature de-

creases the intensity of the peak at the Fermi energy as shown in panels 1e-h. At T = 105 K 

the band is still visible. At T = 180 K the peak at EF has nearly vanished but the sideband is 

still noticeable although it is broadened compared to lower temperatures. Thus our data di-

rectly reveal the evolution of the heavy mass quasiparticle band going to lower temperatures. 

Closer inspection of Fig. 1c reveals that the distribution of f-electrons over k is not uniform. It 

concentrates instead outside the parabola of the normal band, whereas it is much weaker in-

side.  

Now we compare the data to theoretical models. The overall dispersion of the non-f valence 

bands is well described by LDA calculations [6]. For the theoretical description of the distri-

bution of the spectral f-weight shown in Fig. 1c we approach the electronic structure from a 

different point of view, which roots in the Anderson lattice model [7]. We assume a normal 

non f-band which cuts EF with a sizable slope (see Fig. 2a). The f-sites are modeled by a dis-

persionless state at a renormalized energy εf‘ above EF. A finite hybridization opens a gap and 

results in two branches E1 and E2. The Fermi vector is renormalized from kF to k’F to accom-

modate the additional f-electrons and the Fermi velocity is reduced, leading to an increase of 

the effective mass. The hybridization gap pushes spectral weight towards EF “outside” the 

normal band and away from EF “inside” the normal band.  Panel b shows the spectral weight 

one expects then for an off resonant photoemission experiment. It is dominated by the con-

ventional non-f band. On the other hand, for the on resonant condition (panel c), the spectrum 

is dominated by the f-weight outside the conventional band. This is in agreement with ex-

periment (see Fig. 2c).  

To conclude, we have explicitly observed the high effective mass 4f-derived band and studied 

its temperature dependence. The results compare favourably with simple theoretical models. 

We acknowledge financial support by the DFG SFB 463 and BMBF Project 05KS4OD2/8. 

Work at Los Alamos was performed under the auspices of the U.S. DOE. We would like to 

thank S. L. Molodtsov, Yu. Kucherenko, I. Opahle, S. Elgazar and M. Richter for valuable 

discussions. 

 

References 
[1] C. Petrovic et al., J. Phys.: Condens. Matter 13, L337 (2001) 

[2] V. A. Sidorov et al., Phys. Rev. Lett. 89, 157004 (2002) 

496



[3] D. Hall et al., Phys. Rev. B 64, 212508 (2001) 

[4]  Settai et al., J. Phys.: Condens. Matter 13, L627 (2001) 

[5] S. Elgazaar et al., Phys. Rev. B 69, 214510 (2004) 

[6] A. Koitzsch et al., unpublished 

[7] M. J. Rozenberg et al., Phys. Rev. B 54, 8452 (1996) 
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row) Energy dis-
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flat band for panel 
(c). (Lower row) 
Angle-integrated 
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E
ne

rg
y 

(e
V

) 

E1

E2 a

b c

ε’f

kF

k’F

Fig. 2: (a) Schematic view 
on the Periodic Anderson 
model. The dashed lines 
are a dispersing valence 
band and the disper-
sionless renormalized f-
states above the Fermi en-
ergy. For a finite hybridi-
zation, a gap opens and 
two branches with k-
dependent orbital weight 
are formed (E1, E2). The 
EF crossing is adjusted to 
accommodate the addi-
tional f-electrons. The 
Fermi velocity is reduced 
and the effective mass en-
hanced. (b) Off resonant 
spectral weight as seen by 
photoemission. (c) On 
resonant spectral weight.  

k 
497



Hole states in BaCeO3 and SrCeO3 protonic conductors

V. R. Galakhov1∗, M. Raekers2, C. Taubitz2, N. Damnik2, M. Neumann2,
T. I. Chupakhina3, R. Ovsyannikov4, and S. L. Molodtsov5

1Institute of Metal Physics, Russian Academy of Sciences —
Ural Division, 620041 Yekaterinburg GSP-170, Russia

2Fachbereich Physik, Universität Osnabrück, D-49069 Osnabrück, Germany
3Institute of Solid State Chemistry, Russian Academy of Sciences —

Ural Division, 620041 Yekaterinburg GSP-145, Russia
4BESSY GmbH, Albert-Einstein-Str. 15, D-12489 Berlin, Germany

5Institut für Festkörperphysik,Technische Universität Dresden, D-01062 Dresden, Germany

It is well known that perovskite-type oxides of general formula ABO3 (CaZrO3, SrTiO3, SrCeO3

etc.) exhibit protonic conductivity at high temperatures when acceptor ions are doped in the B4+

site [1–6]. Crystallic structure of BaCeO3 is shown in Fig. 1. Protonic conductors are important
materials for a wide range of electrochemical applications, such as hydrogen fuel cells and sensors.
Theoretical and experimental investigations of the mechanism of proton migration have been reported
in perovskite-type protonic conductors. In Y3+-doped SrCeO3 and Sc3+-doped SrTiO3, proton
migration in the bulk state has been confirmed [6, 7].

  

Fig. 1: Crystallic structure of BaCeO3.

It is proposed that the proton migrates by hopping
from site to site around the oxygen ion [8–11]. In re-
cent years, the electronic strucure of some protonic con-
ductors (SrCe1−xYxO3, SrCe1−xYbxO3, SrTi1−xScxO3,
CaZr1−xInxO3) has been studied by means of O 1s X-ray
absorption spectroscopy [9], O Kα X-ray emission spec-
troscopy [12], resonant photoemission spectroscopy [11].
It was found that in Sc-doped SrTiO3 [8, 9], In-doped
CaZrO3 [10], Y-doped SrCeO3 [11,12], the hole states and
the acceptor-induced levels due to acceptor doping are ob-
served at the top of the valence band and above the Fermi
level. Hydrogen acted as donor must compensate the hole
created at the top of the valence band by acceptor dop-
ing [12]. Despite of many papers devoted to the study of
protonic conductors, the electronic structure of these com-
pounds has not been clarified.

The samples of BaCeO3, BaCe0.9Ga0.1CeO3, and
BaCe1−xInxCeO3 (x = 0.1 and 0.5), and SrCe0.95Y0.05O3 were prepared by conventional solid-
state reactions at about 1450 ◦C for 50–70 h. The samples were examined by X-ray diffraction
analysis. The measurements of O 1s spectra of were performed in the total-electron-yield (TEY)
mode at the Russian-German Beamline at BESSY. The samples were in the form of polycrystalline
pressed pellets. The data were normalized to TEY spectra of Au in order to account for variations
of the incident flux as a function of the photon energy.

Figure 2 displays the O 1s X-ray absorption spectra of BaCeO3, BaCe1−xInxO3 (x = 0.1, 0.5),
BaCe0.9Ga0.1O3, and SrCe0.95Y0.05O3. The spectra are normalized by the A peak. The pre-edge
peak A at about 531 eV reflects transition of a 1s core electron to 2p-hole states in the narow
4f -dominated bands resulting from strong Ce 4f–O 2p hybridization in the ground states of tetrava-

∗e-mail: galakhov@ifmlrs.uran.ru
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lent Ce compounds (see, for comparison, the O 1s X-ray absorption spectra of CeO2 and BaCeO3

presented in [13]). The peaks B/C and D in the spectrum of BaCeO3 are assigned to Ba 5d and and
Ba 6p states, respectively. The intensity of these peaks increases with increasing In concentrations
in In-doped Ba cerates. Therefore, the peaks B/C should be assigned to In 5p + Ba 5d states. In
Ga-doped BaCeO3, the peaks B/C reveal both Ga 4p and Ba 5d states.
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Fig. 2: O 1s X-ray absorption spectra of BaCeO3, BaCe0.9Ga0.1O3, BaCe1−xInxO3 (x = 0.1, 0.5),
and SrCe0.95Y0.05O3.

It is known that the energy band gap of BaCeO3, as it was derivated from optical absorption
spectra in [14], is 4.1 eV. There is no structure in the band gap of non-doped BaCeO3 (see right
panel in Fig. 2). However, features in the energy area from 522 to 529 eV are observed in the spectra
of doped Ba and Sr cerates. These features might be assigned to the acceptor-induced levels. In the
cerates, doping with 3+ ions should lead both to oxygen ion vacancies and electronic holes. Effects
of atomic nonstoichiometry in BaCeO3 was studied in [15,16]. In our work, we have found electronic
holes produced by 3+ ion doping.

In conclusion, the holes induced by In, Ga or Y impurities in the BaCeO3 and SrCeO3 oxides were
directly observed in O 1s X-ray absorption spectra in the form of the pre-edge features. The nature
of the defect-induced structure would be one of the most important subjects for the mechanism of
protonic conduction.

This work was supported by the grant “Cooperation between the Ural and Sibirian Divisions of
the Russian Academy of Sciences”, the Research Council of the President of the Russian Federation
(Project NSH-4192.2006.2), and by the Bilateral Program “Russian-German Laboratory at BESSY”.
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X-ray absorption measurements of the valence states of
the spinel Fe1−xCuxCr2S4

C. Taubitz1∗, M. Raekers1, N. Damnik1, V. R. Galakhov2, V. Tsurkan3, M. Neumann1,
R. Ovsyannikov4, and S. L. Molodtsov5
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2Institute of Metal Physics, Russian Academy of Sciences —
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4BESSY GmbH, Albert-Einstein-Str. 15, D-12489 Berlin, Germany
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Our measurements were carried out at the Russian German Beam Line at BESSY. The aim
of our investigation was to gain information about the valence states in Fe1−xCuxCr2S4. As a
colossal magneto resistance(CMR)-compound the Fe1−xCuxCr2S4 is a very interesting material.
The magneto resistance (MR) is the change in the electrical resistance of a conductor by an
applied magnetic field (H). There are many different kinds of MR effects, but the so called
colossal magneto resistance (CMR) effect is the biggest one. It can reach up to several 100%
or 1000%. An important step in the attempt to understand the CMR-effect is to reveal the
electronic structure of the Fe1−xCuxCr2S4 spinel. Although investigated for quite a long time
the ion valence state in these crystals is still in discussion. There are two models that try to
describe the valency states in the mothercompound CuCr2S4. Goodenough [6] developed a model
in which the Cu-site is divalent [Cu2+Cr23+S4

−2]. But in a different model Lotgering [7,8] claims
the Cu-site to be monovalent and the Cr-site to be in a mixed valence state [Cu1+Cr3+Cr4+S4

−2].
For the Fe1−xCuxCr2S4 system the situation becomes even more complicated, since there are
several possibilities for the substitution of Cu by Fe, depending on whether Cu is monovalent
or divalent. Recent XAS and Moessbauer measurements reveal contradictory results for the
Fe-valence [1, 2] and even XAS measurements done by different workgroups seem to differ from
each other [2, 3].
We performed X-ray absorption measurements of Fe1−xCuxCr2S4 for x=0.2, x=0.6, x=0.75 at
80K and room temperature. It is found that the shape of the spectra is not affected by the
change in the measuring temperature. As shown in figure 2 there is no change in the Cr 2p
lines for all the samples, indicating Cr to be trivalent. In figure 1 one can see the Fe2p XAS
measurements together with FeO and Fe2O3 measurements adapted from [4] and [5]. The Fe
XAS spectra for x=0.2 show Fe in a divalent state, which is in agreement with Ref. [2]. For
x=0.6 and x=0.75 the Fe 2p spectra reveal additional lines at higher photon energies on the
L2 and L3 edge, which could indicate the measurement of a mixed Fe2+/Fe3+ valence state.
Comparison with multiplett calculations will help to prove this.

∗e-mail: ctaubitz@web.de
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Figure 1: Fe 2p XAS measurement of Fe1−xCuxCr2S4 compared with FeO (adapted from [4])
and Fe2O3 spectra (adapted from [5]).
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Figure 2: Cr 2p XAS measurement of Fe1−xCuxCr2S4.
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HIKE experiments at KMC-1: Recent Analysis of Thin Film Nanocomposites 
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The following experiments were performed in October 2006 at the KMC-1 beam line [1], 
using a high kinetic energy XPS, of which the details have been described previously [2]. In 
this study thin film samples of nanocrystalline TiC (nc-TiC) embedded in an amorphous 
carbon (a-C) matrix were analyzed, making use of the increased sampling depth of HIKE 
XPS compared to standard  XPS (i.e. with Al Kα or Mg Kα radiation sources). 

Previous studies on nc-TiC/a-C samples have 
revealed an additional peak in the C1s spectra, besides 
those assigned to the C-C and C-Ti bonding (see figure 
1). This peak has an unclear origin, see [3] and 
references therein. Since the peak designated C-Ti* in 
figure 1 mainly has been reported for samples which 
have been sputter-etched one possible explanation is 
damage induced during sputter-etching. Standard XPS 
instruments do not have the sampling depth required to 
sample beneath the contaminated and oxidized surface 
layer (up to approximately 10 nm for the analyzed 
samples). Hence the motivation of using the HIKE 
experiment is to achieve a greater sampling depth with a 
truly non-destructive method. 

The analyzed samples were deposited at the 
department of Material Chemistry, Uppsala university 
(UU) [3], and at the Institute for Materials Research I at 
Forschungszentrum Karlsruhe (FZK) [4], respectively. 
In both cases non-reactive magnetron sputtering were 
used. The two analyzed samples differ slightly in 
different grain sizes and composition Additionally, 
earlier measurements indicate that the surface oxidized 
layer might be thinner on the FZK-sample. 

At KMC-1 spectra were attained using either the Si(111) or the Si(422) monochromators, 
the former operating with first or third order Bragg angles to maintain a high energy 
resolution also at high excitation energies. Excitation energies of 2 keV, and 6 keV were used 
to vary the sampling depth. Figure 2 shows the resulting spectra for samples from UU and 
FZK.   

In figure 1 three contributions to the spectra are separated. The contributions C-Cmatrix at 
284.5 eV, and C-Ti at 281.7 eV are easily identified with the a-C matrix and the nc-TiC 
particles, respectively [5]. The third contribution, C-Ti*, is the interesting one which origin 
we are investigating. For the spectra in figure 2 both C-Cmatrix and C-Ti contributions are 
readily identified and present for both excitation energies. The presence of surface 
components gives two extra contributions (C-O,H and C-C,Hsurface) which, as expected are 
more pronounced for the lower excitation energy. The C-Ti component increases with 
increased excitation energy, which suggest that the TiC-particles are not preferentially 
situated in the near surface region of the sample. This is in agreement with ARXPS studies in 
literature [6]. 

A component between the C-Cmatrix and C-Ti components is present at higher kinetic 
energies, indicating the presence of a C-Ti* component in the bulk of the sample. The relative 
intensity of this component is, however,  much smaller than in the spectra from the sputter-

Fig 1  C1s spectra from a standard XPS 
system (Physical Electronics Quan-
tum 2000, using monochromatic Al 
Kα) of sputter-etched  nanocom-
posite samples from UU (red) and 
FZK (blue-green) 
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etched samples. There are hence two  possible models for the explanation of these results: 1) 
there might exist a chemical surrounding for some C-atoms in the samples that is the cause of 
the C-Ti* component in the spectra, and this type of chemical surrounding is promoted by 
sputter-etching; or, 2) there could be two overlapping, components, one feature of the 
nanocomposite and one the result of damage during sputter-etching. The reason for different 
intensities of the C-Ti* component for the two samples is not clear, but it is noted that several 
micro-structural parameters differ for the samples. 
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Fig 2  C1s spectra from the HIKE set-up at KMC-1. The same samples as in Fig 1, from UU 

(left) and  from FZK (right). Spectra aligned to the carbidic peak at 281.7 eV. 
Normalisation has been done ton the C-C-peak. 

This study illustrates the danger of uncritical use of sputter-etching for spectroscopic bulk 
characterization and depth profiling. Furthermore the enhancement of the C-Ti* component 
during sputter-etching casts doubt over the analysis of ternary nanocomposite systems such as 
Ti-Si-C [7] and Ti-Al-C [8]. For such coatings C-Si or C-Al contribution to the C1s spectra 
are be expected on a position overlapping the sputter-induced C-Ti* component. There might 
not be any real possibility to quantify chemical information from the C1s peak of such nano-
composites whilst using sputter etching. Hence instruments like the KMC-1 HIKE set-up 
have great importance in providing sampling of the bulk of samples in a truly non-destructive 
manner. 

Future work may include further analysis of the observed ’true’ C-Ti* component, and its 
possible variation between samples with different chemical and microstructural constitution, 
with the goal to identify what is the origin of the C-Ti* component. Additionally it could be 
interesting to use the combination of high resolution and depth sampling of HIKE at KMC-1 
to investigate if it is possible to separate a sputter-induced from a ‘true’ C-Ti* component. 
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Much effort has been spent over the last 
years to produce hardmagnetic nano-
particles due to their possible use as an 
ultrahigh storage medium. The equiatomic 
FePt alloy system stands in the focus of 
research since these particles can be 
prepared by self-assembly on flat sub-
strates by chemical methods in large 
amounts at low cost. After preparation, 
however, FePt particles crystallize in the 
low-anisotropy A1 (fcc) phase and need a 
high temperature annealing at T > 600°C 
to transform towards the highly anisotropic 
L10 (fct) phase. This necessary annealing 
step is usually accompanied by the for-
mation of larger agglomerates leading to 
the loss of array quality due to the small 
separation of particles of 1-3 nm. One 
simple ansatz to avoid agglomeration is the 
enhancement of particle separations.  
Here, we report on metallic FePt particles 
with fairly large interparticle spacings of 
20-100 nm. The particles are prepared by 
the self-assembly of metal-salt loaded 
reverse micelles on Si(001) and MgO(001) 
substrates. After deposition, the treatment 
of the specimen by oxygen plasma 
removes the organics and nucleates the 
metal salt to metal-oxide particles. A 
successive hydrogen plasma reduces them 
to pure metallic particles. In Figure 1 
scanning electron microscopy images of 9 
nm (a) and 5 nm (b) particles after H 
plasma treatments are shown. (c) presents 
the particle ensemble of (b) after annealing 
at 650°C for 90 min. Obviously, the 
quality of the array was maintained during 
this process. The autocorrelation functions 
were found very similar for the smaller 
particles before and after annealing, as 
shown in the corresponding insets. (d) 
shows the bright-field TEM cross-section 
image (large scale) of the nanoparticle 

ensemble shown in (a) after annealing to 
650 °C for 45 min. The particles were 
capped by a silicon oxide film to avoid 
oxidation. High resolution TEM revealed 
that most of the nanodots (75–80 %) were 
single domain (e) with a small fraction of 
twinned particles (f). Diffractograms are 
presented in the left top corners of (e) and 
(f), showing the corresponding crystal 
structure together with reflections based on 
Fe50Pt50 bulk alloys (open circles). 
The FePt particles were brought in ambient 
conditions to bending magnet beamline 
PM3 where we attached a custom-built 
plasma etching system to the beamline end 
station. After reduction in hydrogen 
plasma we characterized the particles in 

the total electron yield mode in external 
fields of up to 3 Tesla. Element-specific 
hysteresis loops were taken at the 
maximum dichroic signal of the Fe-L3 

 
Figure 1 (adopted from [1]):  Morphology of 
Fe48Pt52 nanoparticle arrays on Si(001) substrates 
prepared by using a micellar method. SEM images 
of 9 nm particles (a) and 5 nm particles (b), 
deposited by using a dip-coating process after the 
different plasma steps. Image (c) presents the 
ensemble shown in (b) after annealing to elevated 
temperatures in order to induce the transformation 
into the L10 phase. TEM images were taken by J. 
Biskupek and U. Kaiser, Univ. of Ulm. 
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edge. Within the two beamtimes in 2006 
FePt particle ensembles of 3, 4, 5, 7, and 9 
nm diameter were characterized. Figure 2 
(a) shows Fe-L3,2 x-ray absorption spectra 
of the 9 nm particles in external magnetic 
fields of ±3T. The spectral response clearly 
reveals the absence of any iron oxides. The 
magnetic moment evaluation of different 
sized particles is still under consideration. 
However, by taking element-specific hys-
teresis loops at different temperatures it 
becomes possible to track the phase 
transformation from A1 to L10 structures. 
Figure 2 (b) shows the initial magnetic 
hysteresis loop of 9 nm particles. At T = 

263 K these show a superparamagnetic 
response while after annealing at T = 
650°C for 90 minutes the particles partially  
transform into the L10 structure as 
indicated by an coercive field of µ0H = 
0.15 T at room temperature. Further treat-
ment at higher temperatures increases the 
coercive field (not shown). Size and 
temperature dependent hysteresis loops 
revealed the remarkably result that in 
particles smaller than 6 nm the magnetic 
anisotropy energy does not rise as high as 
needed for stable magnetization at room 
temperature although for all sizes we find 
an enhanced coercive field after annealing 
at temperatures above 600°C. Since only 
magnetically decoupled particles were 
investigated we applied a modified Stoner-
Wohlfarth type of simulation to extract the 
effective magnetic anisotropy energy Keff 
from the hysteresis loops. In the A1 state 
all sizes show a small Keff in the range 1-
4x105 J/m³. After different steps of annea-
ling the evaluation of Keff becomes more 
complicated since anisotropy distributions 
have to take into account. Each single par-
ticle seems to have its own transition tem-
perature. Further, one has to consider fluc-
tuations of the composition of the alloy 
particles. Details will be published else-
where. 
From an application point of view it is 
most desirable to lower the L10 ordering 
temperature of the nanoparticles as much 
as possible. As previously observed in FePt 
films this reduction might be achieved by 
He+ ion irradiation producing defects in the 
material. In a first test experiment, 7 nm 
FePt particles were bombarded with 350 
kV He+ ions at a fluence of 1016 ions/cm2 
and compared to a non-bombarded refe-
rence sample. In Figure 3 the evolution of 
coercive fields as a function of the 
annealing temperature is shown. A clearly 
decrease of the onset of ordering by more 
than 100 K is observed. The experimental 
finding of a reduced annealing temperature 
necessary to form L10 ordered particles can 
be discussed in terms of reduced activation 
energy of diffusion after He+ ion irra-
diation. Starting from a fully disordered A1 

 
Figure 2 (adopted from [1]): (a) X-ray absorp-
tion spectra of metallic FePt nanoparticles in a 
magnetic field of ±3T. (b) and (c) show element-
specific hysteresis loops taken at the maximum 
dichroic signal before and after annealing of the 
particles, respectively. 
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FePt particle towards L10 chemical order 
by subsequent annealing allows the 
extraction of the activation energy of 
diffusion ED for constant annealing time tA. 
The characteristic diffusion length λ 
depends on the coefficient of diffusion D 
and the annealing time tA, reading λ= 
(D*tA)1/2 with D = D0*exp (- ED / kB*TA). 
Here, D0 is the diffusion constant, kB 
Boltzmann’s constant and TA the annealing 
temperature. For alloys with a large 
uniaxial Keff it has experimentally been 
demonstrated that the Keff has a nearly 
linear dependence on degree of chemical 
order. Using this proportionality for 
Stoner-Wohlfarth type of particles the 
coercive field is directly proportional to the 
degree of chemical order, reading HC ~ K / 
M. M is the magnetization of a particle. 
Thus, it becomes possible to determine the 
activation energy of diffusion ED from 
hysteresis loops of non-interacting FePt 
particles. The slopes of the Arrhenius plots 
of the coercive field give activation 
energies of 0.7 eV for He+ ion irradiated 
sample and 1.6 eV for the reference 
sample.  These energies are significantly 
smaller than the volume diffusion energy 
of 3.0 eV / atom reported for Pt in FePt. 
Generally, the activation energy in nano-

particles can appear smaller, since the 
limited dimensions also allow reorga-
nization of atomic structure by surface 
diffusion. The lowered diffusion energy for 
He+ ion irradiated particles can be 
understood in terms the rigorous 
enhancement of electronic defects within 
the particles. Future studies will elucidate 
whether the ordering temperature can be 
further lowered by an increased fluence of 
He+ ions. 
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Considerable research effort is currently directed towards development of new solar cell devices. These 
are multilayer structures where both bulk and interface properties need to be appropriately designed for 
optimal performance. Thin-film solar cells based on Cu(In,Ga)Se2 (CIGS cells) contain a thin buffer layer 
of CdS in their standard configuration. CdS is an n-type semiconductor, which together with the n-type 
ZnO top-contact layers form the pn-junction with the p-type Cu(In,Ga)Se2. In order to avoid cadmium in 
the device for environmental reasons, Cd-free alternatives are currently investigated. ZnO-based films, 
containing Mg or S, grown by atomic layer deposition (ALD), have been shown to be viable alternatives 
to CdS1. From device modeling it is known that a buffer layer conduction band (CB) position of 0-0.4 eV 
above that of the Cu(In,Ga)Se2 layer is consistent with high photovoltaic performance. For the 
Cu(In,Ga)Se2/ZnO interface this position has been measured to –0.2 eV, resulting in increased interface 
recombination. By including sulfur into ZnO, a favorable CB position to Cu(In,Ga)Se2  
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Fig. 1. Overview spectra obtained at photon energies 3000-9000 eV from CIGS film with 15nm Zn(O,S) 
buffer overlayer. 
 

can be obtained for appropriate sulfur contents, and device efficiencies of up to 16.4% have been  

                                                 
1 e.g. C. Platzer-Björkman, Band alignment between ZnO-based and Cu(In,Ga)Se2 thin films for high 
efficiency solar cells (PhD thesis, 2006) and references therein 
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demonstrated1. The shift in the valence and conduction bands of Zn(O,S) have been shown to be non-
linear with respect to the sulfur content, resulting in a large band gap bending.  It is thus of considerable 
interest for the further development of this type of solar cell to study the structure of the buffer Zn (O,S) 
layer and its energy level alignment as function of composition. Fig. 1 shows HIKE spectra of a CIGS 
film with Zn (O,S) buffer layer obtained in the energy range 3000-9000 eV. As can be seen, the spectra 
allow an in-depth scan of the device structure to be made. In particular, the successive appearance of the 
CIGS film signals (Se2p, Cu2p, Ga2p) with increasing photon energy through the 15nm thick buffer layer 
can be nicely monitored. These results open up completely new possibilities for the study of properties of 
real devices of this type, relating structural and electronic properties to device performance.  

A different example is shown in Fig. 2, a study of a dye-sensitized solar cell (DSSC) electrode. Such 
electrodes are synthesized from the assembly of nanoparticles (generally TiO2) that interconnect and 
thereby allow for electronic conduction.2 The electrodes are modified using molecular components (dyes) 

ng film materials with a huge internal 
interfacial area, i.e. bulk 
heterojunctions. An essential aspect of 
the solar cell function is the initial step 
photoinduced charge transfer from the 
HOMO of the dye to the semiconductor 
conduction band. This process occurs on 
the fs time scale. This time scale is 
accessible using the core-hole clock 
technique

and the nanostructured material soaked with electrolytes formi

s of dye-

sonantly enhance the HOMO, which 

                                                

3. The use of different core-
hole states having different life-times 
for probing such dynamics is thus of 
large interest. Fig. 2 shows the valence 
levels of a TiO2 electrode sensitized 
with a dye Ru polypyridine complex, 
where the HOMO (Ru 4d-derived) peak 
is located at 1.8 eV. The spectrum 
excited at the Ru2p-Ru4d energy is seen 
to  
               Fig. 2 Valence level
sensitized TiO2 film 
 
re
indicates that the excited electron is not 

injected into the semiconductor conduction band during the Ru2p core hole life-time (≈300as). The 
prospect of higher energy excitation thus provides for a broadened basis for the core hole clock method of 
determining charge transfer times in these and other related systems, where also injection states of 
different character may be probed.  
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2 M. Grätzel, Nature 2001, 414, 338 
3 J. Schnadt, P. A. Bruhwiler, L. Pattey, J. N. O’Shea, S. Södergren, M. Odelius, R. Ahuja, O. Karis, M. 
Bässler, P. Persson, H. Siegbahn, S. Lunell, N. Mårtensson, Nature 418 (2002) 620-623. 
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Introduction 
 

X-ray microscopy at 3rd generation synchrotron sources is a powerful imaging method for life, 
materials and environmental sciences [1]. The penetration depth of x-rays through matter 
permits to study whole biological cells, fully passivated electronic devices or metal layers in 
an applied magnetic field, to name modern topics of x-ray microscopy research. Many 
applications in biology require 3-D information, whereas in other scientific fields temporal 
resolution is essential, e.g., for magnetic storage devices. 
 
The development of a new full-field transmission x-ray microscope (TXM) was motivated by 
different application fields which we outline first in order to describe their demands on an 
object stage. Among many scientific questions in life sciences, the cell nucleus which is a 
vital and complex organelle is still a mystery. How the DNA it contains and its associated 
proteins are arranged and packaged to fit within this ~10 µm diameter organelle is still 
unknown. Other questions of packaging concern how much "free" space for diffusion is 
available in the nucleus. 
 
The current full-field x-ray microscope installed at the undulator U41 was developed for 
samples in air, e.g., wet cells. Therefore, two pinholes carrying vacuum windows separate the 
condenser and the x-ray objective chambers. Due to the strong absorption of soft x-rays in air, 
the distance between these pinholes is typically 300 µm. With such a setup it was possible to 
perform tomography experiments with samples in small glass tubes [2,3].  However, many 
samples, e.g., adherent cells, do not fit into a capillary holder and require a specific setup. 
 
Another application field for x-ray microscopy which is of fundamental interest in materials 
science is electromigration in advanced copper interconnects buried in low-k dielectric 
materials [4]. In this case, time-resolved x-ray tomography of interconnect structures at about 
250°C temperature and at current densities of 107 A/cm2 has to be performed to determine the 
exact location of void nucleation and migration as well as to measure quantitatively the mass 
transport. In order to heat and tilt samples, an x-ray microscope with objects in vacuum is 
advantageous. 
 

Capillary
Condenser CCD

PGM
Focus

Zone Plate
Objective

Central
Stop

 
 

FIGURE 1. X-ray optical setup of the new BESSY full-field TXM with glass capillary 
condenser and tomography stage for flat sample holders. 
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To meet all these requirements and to permit spectromicroscopy with high energy resolution, 
the BESSY x-ray microscopy group developed a new full-field transmission x-ray microscope 
(optical setup shown in Fig. 1). The new system is based on a tilt stage originally developed 
for electron tomography which supports automated data collection of cryogenic and heated 
samples. The stage is able to tilt samples in the x-ray microscope up to ± 80°. Such a large tilt 
of flat sample holders is impossible on existing x-ray microscopes with bending magnet 
sources because these require a monochromator pinhole to be positioned close to the 
specimen. A plane grating monochromator (PGM) beam line is used in front of the condenser. 
The required hollow cone illumination of the object is generated by an elliptically shaped 
glass capillary condenser which focuses the x-rays with high reflectivity onto the sample. 
Therefore, the TXM can be operated with high energy resolution and is well suited for 
spectromicroscopy studies. 
 
 

First results with the new x-ray microscope 
 

In order to proof the new x-ray optical concept, the new microscope was installed during a 
two week beam time period in January 2006 and in June/July 2006 at the HMI UE46-PGM 
beam line as well as in August 2006 and November 2006 at the U41-PGM beam line. In 
January 2006 we found experimentally that the alignment of the condenser of the TXM is 
very critical. In particular, it requires a well-defined focus of the PGM and a homogenous 
illumination of the capillary condenser to form a small focus in the object field. In contrast, 
conventional spectroscopy experiments at PGMs are not sensitive to small misalignments of 
the monochromator focus. To avoid such misalignments, the PGM focus was pre-aligned by 
D. Schmitz just before the beam time started in June with help of the BESSY focus chamber 
which permits to observe directly the focal spot on a luminescence screen. With this well-
defined PGM focus, we measured a focal spot generated by the glass capillary condenser of 
700 nm x 1500 nm which is to our knowledge the smallest focus ever obtained with glass 
capillaries in the soft x-ray region. For all experiments performed with the new microscope a 
micro zone plate with an outermost zone width of drn = 25 nm was used. This zone plate was 
produced in the BESSY - Nano-Lab and tested in the U41-TXM setup. First images of dried 
diatoms on a flat sample holder were taken under different tilt angles (Fig. 2). 
 
 
 

 
Tilt angle:        -9°           0°      +10° 
 
FIGURE 2.  X-ray microscopy images of dried diatoms on a flat sample holder taken at the 
UE46-PGM beam line. The scale bar is 1 µm. 
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During the beam time at the U41-PGM beam line extensive characterizations of different 
mono-capillary condensers fabricated by the IfG, Berlin, were performed. The results of the 
steps of a typical alignment procedure are shown in Fig. 3. 
 
 
 

       
A   B      C     D 
 
FIGURE 3.  A-C: luminescent screen 147 mm behind the object position. A: aligned 
capillary; B: 15 µm pinhole in focus position; C: enlarged focus using a MZP. D: X-ray 
microscopy image of the focus (scale bar = 1 µm). 
 
 
To demonstrate the spectromicroscopy possibilities of the new x-ray microscope an IC sample 
from AMD was used to record x-ray microscopy images over a wide energy range without 
changing or moving the mono-capillary condenser (Fig. 4). 
 
 
 

 
FIGURE 4. X-ray microscopy images of an IC Cu interconnect stack from AMD were 
recorded in the photon energy range between 450 eV and 1600 eV. Note that different 
materials in the IC stack are visualized depending on the photon energy. 
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Conclusions 
 

We demonstrated for the first time that elliptically shaped glass capillaries are well suited as 
condensers in soft x-ray microscopes. The new BESSY TXM offers the possibility for 
spectromicroscopy with high energy resolution, because it uses a plane grating 
monochromator in front of the capillary condenser. In addition, the new optical setup of the 
TXM supports high resolution tomography of cryogenic or heated samples as it requires no 
pinhole close to the object plane. In comparison with other full-field x-ray microscopes, the 
features of the new BESSY TXM are unique. 
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Diamondoids, and in particular higher diamondoids, are ideal, surface passivated 
diamond clusters [1]. The first diamondoid, adamantane (C10H16), consists of the 
smallest possible single cage unit excised from the diamond lattice with the dangling 
bonds terminated by hydrogen atoms. The diamondoids are classified by the number 
of such closed diamond cages. Each subsequent diamondoid adds one additional 
face-fused cage, which, in the higher diamondoids may be shared by multiple cages. 
In a broader scientific context the diamondoids, especially the higher ones, are 
perfect ~nanometer-sized, diamond clusters. They form the link between molecules 
and semiconductor (nano-) crystals.  
 We have investigated the occupied density of states for the series of diamondoids 
from adamantane to cyclohexamantane in the gas phase by means of photoelectron 
spectroscopy. The experiments were carried out at the Max-Planck Undulator 
beamline UE56/2-PGM2. As spectrometer a Scienta SES-2002 hemispherical 
analyzer has been used. The samples were evaporated with a temperature stabilized 

oven and guided to the interaction region 
with a heated nozzle.  In Fig. 1 the C1s 
core level spectra for the diamondoid 
series from adamantane (one cage) up 
to triamantane (three cages) and a 
cyclohexane (C6H12) reference are 
shown. The spectra have been taken 
with photon energies of hv=330 eV. The 
photon energies have been calibrated 
with the argon 2p level at 248.4 eV 
binding energy. The joint resolution of 
beamline and spectrometer has been 
determined to be about 120 meV. The 
cyclohexane reference is comparable to 
previous high resolution photoemission 
measurements [2]. The spectrum 
exhibits the main line at 290.2 eV of a 
carbon atom with two carbon and two 
hydrogen neighbors (CH2-coordinated). 
Further, it exhibits clearly resolved 
vibrational structure from CH stretch 
modes at 290.6 eV of the core-ionized 
carbon atom. The broadened tail towards 
higher binding energies can be attributed 
to the excitation of additional CCH 
bending and stretching modes involving 
the neighboring atoms [2]. For the first 
diamondoid, adamantane, an additional 
contribution from CH-coordinated, i.e., 
three carbon and one hydrogen 
neighbor, carbon atoms becomes visible. 
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Fig. 1: C1s core level photoemission spectra 
for the diamondoids series from ada- to 
triamantane and a cyclohexane reference. 
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This contribution is indicated with the 
dotted arrow in Fig. 1. With increasing 
diamondoid size, this contribution grows 
in line with the atomic coordination ratios 
in the clusters. For triamantane an 
additional component due to the existence 
of one bulk-coordinated carbon atom can 
be identified as indicated with the dashed 
arrow. The vibrational features are 
smeared out in the clusters compared to 
the cyclohexane reference.  
In Fig. 2 photoelectron spectra of the 
highest occupied states for the same 
samples are shown. The spectra have 
been taken with a photon energy of hv=80 
eV. The joint beamline and spectrometer 
resolution has been determined to be 
about 50 meV. The highest occupied 
states clearly shift to lower binding 
energies with increasing cluster size. The 
shift from adamantane to diamantane is 
430 meV and from diamantane to 
triamantane 350 meV. Further, for the 
cyclohexane reference sharp features on 
top of the valence band are apparent 
which diminish for increasing cluster 
sizes. These features can again be 
attributed to vibrational excitations.  
 
Size dependent changes in the electronic 

structure and quantum confinement effects in sub-nanometer sized diamond clusters 
have been subject to discussion recently. For the interpretation of our photoemission 
valence data we need to take size dependent screening effects into account [3]. In 
first approximation, changes in the screening function can be extrapolated from the 
core level shifts, i.e., subtract the core level shifts from the valence band data. This 
way we deduce valence band edge shifts of about 300 meV between adamantane 
and diamantane and about 250 meV between diamantane and triamantane. These 
findings are in reasonable agreement with previous x-ray fluorescence 
measurements on deposited diamondoids [4], and they agree with experimental 
investigations [5] and theoretical predictions [6] that quantum confinement effects in 
sub-nanometer diamond occur in the valence band only. 
 
We gratefully acknowledge the support of all Bessy staff, especially from Willy Mahler 
and Birgit Zada for their help during the beamtime. T.M. Willey and T. van Buuren 
acknowledge support from the Office of Basic Energy Sciences, Division of Materials 
Science, under the auspices of the U.S. Department of Energy by the University of 
California, Lawrence Livermore National Laboratory under Contract No. W-7405-
ENG-48. 
 

References 
[1] J. E. Dahl, S. G. Liu, and R. M. K. Carlson, Science 299, 96 (2003). 
[2] V. M. Oltedal et al., Phys. Chem. Chem. Phys. 6, 4254 (2004). 
[3] J. J. Pireaux et al., Phys. Rev. A 14, 2133 (1976). 
[4]T. M. Willey, C. Bostedt, T. van Buuren, et al., Phys. Rev. B 74, 205432  (2006). 
[5]T. M. Willey, C. Bostedt, T. van Buuren, et al., Phys. Rev. Lett. 95, 113401 (2005). 
[6] N. D. Drummond, A. J. Williamson, R. J. Needs, et al., Phys. Rev. Lett. 95, 096801 (2005). 

35x10
3

30

25

20

15

10

5

0

In
te

ns
ity

 [a
rb

.u
.]

10.0 9.0 8.0 7.0
Binding Energy [eV]

Triamantane

Diamantane

Adamantane

Cyclohexane

Fig. 2: Valence band photoemission 
spectra for the diamondoids series from 
ada- to triamantane and a cyclohexane 
reference. 

515



Electronic Properties of Highly Ordered CuPc Thin Films 

Gianina Gavrila
1
, Stefan Seifert

1
, Walter Braun

2
and Dietrich R.T. Zahn

1 

1Chemnitz University of Technology, Semiconductors Physics Department, D-09107, Chemnitz. 
2
BESSY GmbH, Albert-Einstein-Straße15, D-12489, Berlin. 

 
 Highly ordered organic crystals or thin films usually show to improved transport properties and 

that the orientation of organic molecules is crucial for device efficiency. One intriguing way to control 

the ordering and the molecular orientation of organic molecules on inorganic substrates is by 

designing the geometric structure of the substrate surface, e.g. by the steps and terraces of vicinal 

surfaces.  

Consequently the present work was directed towards a comprehensive study of the electronic 

properties and of the molecular orientation of highly ordered organic thin films, i.e. copper 

phthalocyanine (CuPc) on antimony (Sb) passivated vicinal silicon surfaces. We therefore performed a 

series of photon energy dependent photoemission measurements and a systematic Near Edge X-ray 

Absorption Fine Structure (NEXAFS) spectroscopy study of thin CuPc layers grown on Sb passivated 

Si(111)-1x1. The measurements were performed at the Multi-User-Multi-Purpose-STage for Angular 

Resolved Photoemission (MUSTANG) at the Russian German beam line at BESSY. The substrates 

were passivated in situ by antimony. The resulting antimony passivated Si(111) surfaces, from now on 

being denoted as Sb-Si(111)-1x1, exhibit a 1×1 surface reconstructions as judged by low energy 

electron diffraction. Additional details about the passivation process and surface reconstruction are 

given elsewhere [1]. The CuPc layers were deposited by organic molecular beam deposition (OMBD) 

onto substrates kept at room temperature. The nominal layer thickness was monitored by a quartz 

micro balance. The C-K edge NEXAFS measurements were performed by sweeping the excitation 

energy between 280 eV and 320 eV and recording electrons having a selected kinetic energy of 50 

eV. The measured data were corrected for the photon flux by division of the spectra by the electron 

yield of the clean Sb-Si(111)-1x1 sample and normalized to the absorption step edge at 320eV. 

Valence band photoemission spectra (VB-PES) were measured at normal emission with an incident 

angle of light of 45°. The total resolution of the VB-PES spectra over the whole energy range used in 

the present measurements was better than 0.08 eV as estimated from the Fermi edge spectra of gold. 

 Figure 1 shows the photon energy dependence of normal emission VB-PES spectra in the 

HOMO and HOMO-1 region of 10 nm CuPc film deposited onto Sb-Si(111)-1x1. The HOMO feature 

near 1.5 eV hardly shows any shift in its position, while a more pronounced shift of about 0.25 eV is 

observed for the HOMO-1 feature above 3 eV. An indication for the origin of this shift as a function of 

the excitation energy is given in figure 1(b) which shows a comparison between the experimental data 

and the calculated DOS using Gaussian ’03 [2]. It can be seen that the molecular orbitals (MOs) below 

4 eV predominantly have π character. While a dispersion of the HOMO feature, which has a single π-

character is hardly noticeable, the richness of HOMO-1 feature in π- molecular orbitals (between 3.2 

eV and 3.6 eV there are six MOs with π-character) most probably explains the relatively strong peak 

shift as a function of excitation energy. It is worth noticing that there is almost no change in the shape 

of HOMO-1 as a function of the excitation energy. This finding indicates that the photoionization cross 
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section of the contributing MOs at different photon energies varies at the same rate. Therefore 

changes in the position of the HOMO-1 feature due to the photon energy dependent cross section of 

the contributing MOs can be excluded. 

(b) 

 

 

 
(a) 

(c)  

Figure 1. (a) Measured valence band spectra of 10 nm CuPc film deposited onto Sb passivated 

Si(111)-1x1 surfaces in the photon energy range of 35 ≤ hν ≤ 140eV. (b) Valence band spectra 

measured at 85 eV and the calculated DOS of CuPc using a Gaussian broadening of the energy 

levels with a FWHM of 0.4 eV. Right side- the MO energies shown by horizontal bars and selected 

by their character (π - perpendicular to the molecular plane (MO⊥) or σ - parallel to the molecular 

plane (MOII)). In order to picture the π symmetry of the MOs the charge contour of some selected 

MOs with side and top view are presented as well. (c) Experimental dispersion for the HOMO-1 

band (filled squares) and the best fit curve (line) in the tight-binding model. 

 

 The energy band dispersion relation for CuPc is obtained by applying a one-dimensional tight-

binding theory to the HOMO-1. For the formation of a 1D energy band it is assumed that a unit, i.e. a 

molecule, is repeating along an axis x with a period a⊥. The interaction only takes place with the 

nearest neighbours its strength being defined by the value t, the transfer integral. By analogy to the 

Hückel theory, the energy EB for the HOMO-1 is expressed in terms of wave vector k⊥  as: 

B 0k [2m (h E V ]∗
⊥ = × ν − − and ⊥ ⊥ ⊥= + ×0

B BE (k ) E 2tcos(a k ) , where m∗  is the effective mass of the 

electron and V0 the inner potential which is treated as a fit parameter. Using the normal emission 

spectra and these two equations the energy of HOMO-1 band and its momentum can be calculated. 

The results of the best fit for the dispersion along with the experimental data are shown in figure 1(c). 

A cosine fit of the experimental data was performed where the inner potential 0V  and the transfer 
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integral t are the two parameters. The best fit between calculated and experimental data is provided 

by the following set of parameters – inner potential V0=-5.9 eV and transfer integral t = 0.045 eV. 

However, information on the intermolecular spacing of the present system, a⊥, is necessary and this 

can be provided by the NEXAFS results. 

2 2 2 2 21 1
2 2

( P)
I( ) P cos cos sin sin sin

−
θ ∝ θ α + θ α + α⎡ ⎤⎛ ⎞

⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
 

(a) (b)  

Figure 2 (a) The Carbon K-edge NEXAFS spectra of a 10nm CuPc film on Sb-Si(111)-1x1 as a 

function of the angle of incidence. (b) Normalized resonance intensity of the π* orbitals as a function 

of the incidence angle θ – experimental data and fit. The sketches illustrate the experimental 

geometry for the polarized light (left) and the orientation of the molecules on the substrates together 

with the calculated intermolecular spacing a⊥ = 3.9 Å. 

 

The angular dependent carbon K-edge NEXAFS spectra of a 10nm thick layer of CuPc onto 

Sb-Si(111)-1x1 are shown in figure 2 (a). Their quantitative analysis is provided in figure 2 (b). The 

normalized resonance intensity of the π* orbitals is fitted using the formula given above figure 2(b), 

where P is the degree of polarization, θ is the angle of incidence and α the molecular tilt angle. The 

fitted curve is presented in figure 2(b). The average molecular tilt angles of the CuPc molecules with 

respect to the substrate surface is determined to be (30°± 3°). 

 With the distance between the intermolecular planes of 3.4 Å, as experimentally determined 

[3], we can calculate the length of repeating units (lattice spacing normal to the surface) as ⊥a =3.9 Å 

as depicted in the figure 2 (b). The calculated a⊥ gives rise to the best fit of the energy dispersion to 

the experimental data using an inner potential V0 of -5.9 eV and the transfer integral of 0.045 eV. As 

shown in this work, we succeeded to observe the HOMO-1 band dispersion for CuPc along the 

surface normal. The energy-band dispersion is extended over more than three Brillouin zones (4th, 5th, 

6th and 7th zone) with a bandwidth of about 0.25 eV.  
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Fluorescence spectroscopy has recently been shown to be a versatile tool to study the dynamics of 
inner-shell relaxation processes of atoms [1], molecules [2], and clusters [3]. The main advantage of 
fluorescence spectroscopy is an extremely high spectral resolution, since the radiative decay is 
independent of the energy and the bandwidth of the exciting photon. 
We have recently studied fluorescence yields and dispersed fluorescence spectra of 2p-excited 
argon clusters [3]. These studies, however, were time-independent so that no information on the 
lifetime of the radiating systems could be obtained. We extend this work towards time-resolved 
studies so that temporal profiles of cluster fluorescence are obtained. 
The experiments are carried out at the U49/2 PGM1 beamline at BESSY. A Seya monochromator 
(f=20 cm) in combination with a cooled photomultiplier (Hamamatsu R 6060) is used to disperse 
and detect fluorescence light. Clusters are prepared by an adiabatic expansion of neat argon through 
a continuous nozzle (d=50 µm). The jet is not skimmed so that it contains a significant amount of 
atomic argon. Calibration of the fluorescence monochromator is carried out by utilizing the well-
known B-X transitions in N2

+[4]. The excitation energy is set to 290 eV for most experiments since 
Ar cluster fluorescence is known to be intense above the Ar 2 p ionization threshold [3]. 
Fig. 1 shows the fluorescence of the sample under conditions where only atomic argon is present in 
the beam. Fluorescence is recorded at λ=212 nm where cluster fluorescence is known to be strong. 
The observed temporal profile is interpreted as a convolution between the known instrumental 
response function and the decay function of the radiating system. It is found that the decay occurs 
monoexponentially with a time constant τ=3.44 ns. It is assumed that the observed emission is due 
to doubly charged argon. Ar++ shows a set of strong emission lines around 212 nm [5]. Normal 
LMM Auger spectra of Ar have indicated earlier that a manifold of Ar++ states occur as satellite 
lines, resulting from a variety of shake channels [6]. 
 

In
t.
 [
a
.u

.]

50403020100
Time [ns]

E = 290 eV
! = 212 nm

 Atomic Fluorescence 
 Monoexponential decay fit

 

In
te

n
s
it
y
 [
a
.u

.]

403020100-10

Time [ns]

E = 290 eV
! = 212 nm

 Atom
 Atom + Cluster

 
Fig. 1: Temporal profile of atomic argon 
fluorescence after 2p-excitation. 

Fig. 2: Temporal profiles under different 
expansion conditions. See text for details. 
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Fig. 2 displays the time-resolved fluorescence under conditions where clusters are present in the 
beam (red profile) together with atomic fluorescence (blue curve). The profile under cluster 
conditions is significantly broadened compared to the atomic spectrum. It is concluded that the 
experimental data contain a significant amount of fluorescence from clusters in addition to an 
atomic signal. 
Results of a fit over the temporal profile under cluster conditions are shown in Fig. 3. The cluster 
contribution to the temporal profile is suitably described by a sequential decay function which 
contains two time constants, where τ1=18.9 ns, and τ2 is on the order of 1–2 ns. The following 
conclusions are consistent with these findings: 

 (a) The atomic contribution is 
significant also under cluster 
conditions, and ~60% of the total 
signal intensity within the first 
50 ns come from atomic 
emission. This is of importance 
when fluorescence yields are 
considered. 
(b) The observed cluster 
fluorescence occurs in a cascade 
of steps where the first step is 
very slow compared to atomic 
fluorescence. 

Additional experiments have been carried out under similar conditions, but for different 
fluorescence wavelengths. These will be analyzed in the near future to obtain a consistent picture of 
radiative decay processes in these core-excited clusters. 
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Fig. 3: Analysis of the temporal profile of a mixture of 2p-
excited argon atoms and clusters. 

520



 1

Identification of complex energy features in AAFM La1Sr2Mn2O7 
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I. INTRODUCTION 
  Strongly correlated electron systems such as 3d transition-metal oxides present exciting fundamental 
properties, e.g. the extraordinary colossal magnetoresistance (CMR) effect or the multiferroic behaviour in 
manganites. Their rich structural, magnetic and electronic properties are governed by the interplay of lattice, 
spin, charge and orbital degrees of freedom. Identification of the ordered phases is a prerequisite for 
understanding the physical properties and unusual phenomena. The emerging resonant soft x-ray scattering 
(RSXS) technique is a powerful method for probing these phases individually [1-3]. Meanwhile, the 
development of correct theoretical models is also the key step to make the real physics clear. To extract the 
meaningful information from the observed energy dependences, a theoretical modeling to the orbital and 
magnetic ordering spectra of La2-2xSr1+2xMn2O7 with multiplet calculations in a crystal field shows the 
presence of a relatively weaker Jahn-Teller distortion in addition to possible Mn3+ and Mn2+-like valence 
fluctuations [4]. However, this simulation cannot even describe the main experimental resonant signals 
correctly, saying nothing of the subtle features. Thus identifying the origins of various features in the 
energy spectra is critical important. In this report, we have performed a systematic study on the energy and 
temperature dependences of the (0 0 1) A-type antiferromagnetic (AAFM) reflection in 50% hole-doped 
La1Sr2Mn2O7 manganite. RSXS experiments were carried out with the two-circle ALICE diffractometers [5] 
equipped with our goniometer at the UE56/1-PGM-b beamline of BESSY-II, Germany.  
 

 
FIG. 1. Energy dependence of (0 0 1) superlattice reflection of a La1Sr2Mn2O7 single crystal recorded over 
the Mn LII, III edges at constant wave vector with incident linear σ and π polarizations at 15 K. 
 
II. RESULTS AND DISCUSSION 
   Figure 1 shows the energy dependence of the integrated intensity at a fixed wave vector Q = (0 0 1) 
over the Mn LII, III edges (2p to 3d) where it is expected to probe the 3d electronic states directly. The (0 0 1) 
reflection corresponds to the long range AAFM ordering along the c axis (I4/mmm). Both spectra at 
incident linear σ and π polarizations are dominated by scattering at the Mn LIII edge. There four distinct 
features are present: two peaks and their respective shoulders. The intensity ratio between the two main 
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features 2 and 4 at the Mn LIII edge is inverted with different polarizations. Polarization dependence is 
thought to be a sensitive measurement to probe the Mn valence states. Comparing the rude theoretical 
calculation [4], the energy spectrum with π polarization is probably ascribed to the Mn3+/Mn4+ type, while 
with σ polarization it mostly comes from the Mn3+/Mn2+ type. The temperature dependences of the AAFM 
(0 0 1) superlattice reflection recorded at the six energies corresponding to the six clear features 1, 2, 3, 4, 5 
and 6 as labeled in Fig. 1. are shown in Figure 2. All of them display a similar temperature dependence 
indicative of the same origin: magnetic order parameter. The Néel temperature is thus determined as TN ≈ 
160 K. The step feature around 130 K in temperature dependence is probably related to the setting up of 
CE-type spin ordering, consistent with neutron diffraction studies [6].     
   Meanwhile, we tried to search for the possible resonant magnetic exchange scattering at the oxygen K 
edge. However, no resonance of AAFM (0 0 1) above the background exists over the oxygen K edge. 
     

 
FIG. 2. Temperature dependent integrated intensity (measured in the longitudinal direction) of the AAFM (0 
0 1) superlattice reflection of a La1Sr2Mn2O7 single crystal recorded at the six energies corresponding to 
the six clear features 1, 2, 3, 4, 5 and 6 as labeled in Fig. 1. 
 
III. SUMMARY 
   We have investigated the spin ordering of a bilayered La1Sr2Mn2O7 single crystal by RSXS at the Mn 
LII, III edge. Huge resonances were observed in the AAFM (0 0 1) superlattice reflection with strong incident 
linear polarization dependence at 15 K. In particular, we have confirmed that six obvious features exist in 
the energy spectra of (0 0 1). The temperature dependences demonstrate that the six features purely 
originate from the spin ordering, supporting definitive experimental data for establishing the correct 
theoretical model.  
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The hole density of single crystals Pb-Bi2201 determined by XAS 
 
A.K. Ariffin, B. Müller, R. Mitdank, L. Dudy, H. Dwelk, A. Krapf, C. Janowitz, and R. 
Manzke 
 
Humboldt-Universität zu Berlin, Institut für Physik, Newtonstr. 15, D-12489 Berlin  
 
In order to understand superconductivity in the oxide-based high temperature 
superconductors, which is assumed to be carried by holes, it is important to know the hole 
content of these materials. The x-ray absorption spectroscopy has been proven as a reliable 
technique to evaluate the hole content nH in the oxide-based polycrystalline high temperature 
superconductor materials. This method has been employed successfully for polycrystalline 
LSCO [1] and BSCCO [2-4]. However, for single crystals this absorption signal is dependent 
on the orientation of the electrical field vector of the incident synchrotron light. This 
dependence on the polarization geometry has been investigated for single crystals Bi(Pb)-
2201 with La concentration ranging from x=0 to 0.62. Then the hole content was determined 
 
Samples were grown out of a stochiometric melt by standard metallurgical methods. The 
chemical compositions and transition temperature, Tc of the samples were studied by 
measuring EDX and ac susceptibility respectively. The La content analyzed by EDX varied 
from x =0.0 to x =0.62. The superconducting properties were determined by ac susceptibility 
measurements. An example for ac susceptibility result is given in figure 1 below. 
 

      

Figure 1: AC susceptibility 
measurement at optimum 
doping (x=0.4). Red M´ (real 
part) and blue M´´(imaginary 
part of susceptibility) 

The analysis was done at different levels of La doping. We took 3 particular samples, with La 
concentrations, x=0, 0.4, and 0.62. The transition temperature was, Tc =0 K for sample with 
x=0 and 0.62 and Tc=18.0K for sample with x=0.4. All the samples were grown under 
identical growth conditions to achieve comparability. These conditions do not lead to highest 
Tc possible for optimum doping, which should be at La concentration of x=0.4. The 
orientation of single crystals was determined by LEED.  
 
The XAS measurements were performed at the BESSY PM3 beamline using an XAS-
chamber where both, total electron yield and the fluorescence signal, can be recorded 
simultaneously. The vacuum in the chamber was maintained to be in the range of 10−9mbar. 
All measurements were conducted at room temperature. The X-ray beam was incident normal 
to the sample and therewith also normal to the CuO2-plane. The XAS signal was recorded at 
the Cu-L3 edge (E= 925-938eV), which was then evaluated for a quantitative study of the hole 
contents. The signal consists of a so called “white line”, representing the excitation of Cu-2p-
electrons into Cu-3d states,  and a satellite peak, appearing as a high energy shoulder, with an 
intensity varying according to the hole content of the sample as shown in figure 2 below. 
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Figure 2: Exemplary Cu-L3 XAS-spectrum of the Bi(Pb)-2201 sample with x=0.62. The 

spectrum was taken at a rotation angle of 71o around the surface normal. Blue 
dotted lines are the experimental data; red dotted lines refer to the fits by Voigt 
function with baseline. Two fitted peaks of Cu white line and satellite peak are 
represented by green dotted lines   

 
To obtain a numerical value for the hole content the ratio of the intensity of the satellite peak 
to the intensity of white line plus satellite peak has to be evaluated [4] and it is given as  
 

                              
whitelinesatellite

satellite
h II

I
n

+
=                (1)                                       

 
The procedure gave good results for polycrystalline materials [2]. However, from the first 
measurements done on Bi(Pb)-2201 single crystals where the data were collected at random 
polarization geometry within the CuO2–plane, the results did not exhibit the same behaviour 
as polycrystalline material [4]. Considering that, the fluorescence and the electron yield signal 
were measured simultaneously at normal incidence while rotating the sample continuously 
around the sample normal and thereby altering the polarization geometry defined by the 
orientation of the electrical field vector of the photon beam and the orbitals in the CuO2-plane. 
The modulations for the analyzed samples are shown in figure 3 below. The modulations for 
the shown samples of a La concentration of x=0.4 and x=0.62 respectively, show some 
similarity, where the peaks occur at ΓM direction. The angle between two peaks is 
approximately 90o.  
 

 

ΓM ΓM ΓMΓM 

                               
Figure 3: The relative intensity over angle for different La concentration x=0.4 and 

x=0.62 
 
However, that characteristic is not observed clearly for the sample with La concentration x=0 
which is a highly hole-overdoped sample, i.e. in the Fermi liquid regime. Further studies with 
higher angular resolution and better signal to noise ratio are under way to explain that 
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behaviour.  The hole concentration as mean value over angle was calculated using equation 
(1). The value was then divided by 1.5 to take the measurement geometry into account. The 
results are presented in table 1 below. 
 

Sample La.  Cont, x Tc hn   
a 0.62 0 0.123 
b 0.40 18 0.157 
c 0.00 0 0.127 

 
     Table 1: Average relative intensity calculated for all polarization angles 

 
By comparison the value of the right column for sample (a) fits well to the value of 1/8= 
0.125=nh assumed for a La concentration of x =0.62. Also at almost optimally doping, sample 
(b) the value of 0.157 is very close to the expected value of ≈ 0.16. In accordance to the data 
on polycrystalline samples [4] the evaluated value for the hole content decreases instead of 
increasing after certain value, as can be seen for sample (c). This can be understood in the 
framework of one-band Hubbard model calculations [5]. However further studies with wide 
range of  La concentration need to be done. 
 
As conclusion, the polarization i.e. angular dependence of the main and satellite peak at the 
Cu-L3 edge of Pb-Bi2201 was studied by XAS over a wide range of hole concentrations. 
Especially the optimum and the underdoped sample show modulations corresponding with the 
antinodal direction of the Brillouin zone  
  
This work is based upon research conducted at BESSY. We gratefully thank the staff of 
BESSY, especially Dr. T. Kachel, for the support during the measurements. A. K Ariffin 
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Ellipsometric spectroscopy is a powerful, nondestructive tool to analyze the optical and the 
electronic structure of materials. It has various advantages in comparison to many other forms 
of optical spectroscopy, for example a lower dependence on the surface properties of the 
samples than simple reflectivity measurements because the polarisation state of the reflected 
light is detected and not the intensity. Furthermore it simultaneously provides the real and the 
imaginary part of the optical functions without requiring a Kramers-Kronig-transformation 
which is necessary when only the reflectivity is measured. 
 
Many rare earth metals undergoe a metal-insulator transition upon hydrogenation. The 
dramatic change in the electronic properties are accompanied by changes of the optical 
properties: thin metallic film become transparent. In the context of yttrium the term of 
“switchable mirrors” has been established [1].  
For neodymium this metal-insulator transition is in addition accompanied by a phase 
transition from an antiferromagnetic metal to a ferromagnetic semiconductor. Thus our 
studies on NdH3 and YH3 represent the optical characterisation of two rare earth 
metalhydrides with and without magnetic phase transition during hydrogenation. 
 
Neodymium hydride 
 
The neodymium films have been grown by molecular beam epitaxy onto CaF2-substrates. 
They need a palladium cap-layer to prevent the samples from corrosion in ambient air as 
neodymium is a very reactive rare earth metal. Furthermore the palladium-layer allows an ex-
situ loading of the samples to higher H-concentrations. To avoid unloading of the samples in 
vacuum or even ambient air an additional CaF2 layer is used on top of the films. 
This multilayer structure of the samples doesn’t allow a direct measurement of the dielectric 
function of NdH3-�. The measured data are the pseudodielectric function of the samples which 
need further processing with a multilayer model to reveal the optical properties of NdH3-�. 
 
Figure 1 shows the pseudodielectric function of two samples with different hydrogen 
concentration. At approximately 9 eV and 8.5 eV, respectively, a major structure in the 
spectra can be seen which depends strongly on the hydrogen concentration by energy, 
strength and width. Furthermore, a weak shoulder appears at about 7.5 eV in the spectra. 
Negative values of 2ε  originate from interference effects at the interfaces between the 
different layers. 
As our measurements show the optical properties of NdH3-� for the first time there are no data 
which can be compared in order to estimate the hydrogen content. A precise assignment of the 
spectra to hydrogen concentrations is not possible, yet. 
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Fig.1:  Real- and imaginary parts 1ε  and 2ε  of the pseudodielectric function of NdH3-� for two different 

hydrogen concentrations 
 
Yttrium hydride 
 
The YHx films have been grown on CaF2(111) by Pulsed Laser Deposition (PLD).    
Figure 2 shows the real and imaginary parts of the dielectric function measured in the range 
from 4 to 35 eV for YH2 (black curve) and YH2.2 (red curve), whereas the imaginary part 1ε  is 
the dispersive part, the real part 2ε  is the absorptive part. These are the first measurements on 
the new PLD grown layers. They took place in two sessions at the VUV/XUV ellipsometer at 
the BESSY II. During the first measurement session at the 3m-NIM1 beamline we determined 
the dielectric function from 4 to 9.5 eV.  
In the second session at the TGM-4 beamline we determined the dielectric function from 11 
to 35 eV. It has to be recognized, that a difference of only x=0.2 in the hydrogen 
concentration leads to clear changes of the dielectric function. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: Real and imaginary parts of the dielectric function obtained from ellipsometric spectroscopy 
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Structures in 2ε  originate from interband transitions which is demonstrated here for three 
peaks in the spectra of YH2. This can be interpreted in the framework of the band structure 
calculations shown in figure 3 [2]. The prominent peak at approximately 5 eV can be assigned 
to a transition from 2Γ′  to 12Γ . The structures at approximately 7.5 and 9.5 originate from 
transition at the L - and X -point, respectively. 
With the available band structure of YH2 the allocation of interband transitions for energies 
over 10 eV is not possible. 
For hydrogen concentrations above YH2 no band structure calculations exist. For the further 
interpretation of the spectra new calculations from theoretical side are necessary. 
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Fig. 3:  Band structure of YH2 and possible optical 

transitions [2] 
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InN represents the least studied compound among the group-III nitride semiconductors. 
Determination of the complex dielectric function (DF) )()()( 21 ωε⋅+ωε=ωε hhh i  of InN 
from the infrared into the VUV spectral region by spectroscopic ellipsometry (SE) has 
become one of the most powerful methods for studying absorption related properties of In-
compounds both around the band gap as well as in the range of the high-energy critical points 
(CP) of the band structure [1-3]. By analysing the optical anisotropy around the absorption 
edge we demonstrated unambiguously that the band gap of hexagonal InN (h-InN) amounts to 
only 0.68 eV at room temperature which is much lower than the long-time accepted value of 
1.9 eV. Theoretical calculations of the DF for the range of the high-energy CP’s proved that 
the anisotropy and the peak positions can only be reproduced if electron-hole interaction is 
consequently taken into account [4]. 

So far, much less is known about the cubic counterpart (c-InN). Only recently, high 
quality epitaxial films became available. Preliminary ellipsometry studies [5] revealed an 
even lower band gap than for h-InN of about 0.61 eV, which is very close to the theoretical 
predictions of 0.59 eV [4] and 0.53 eV [6]. Here, we report for the first time on the 
experimental determination of the DF for c-InN up to photon energies of 10 eV and a 
comparison to numerical results. 

The investigated films were grown by plasma-assisted molecular beam epitaxy. First, a 
600 nm thick c-GaN buffer layer was deposited on (001)-oriented 3C-SiC substrate. Then, for 
the two studied samples c-InN films of 75 nm or 130 nm were grown. High-resolution X-ray 
diffraction proved the high crystalline quality of the films. Only 5% and 9% of hexagonal 
inclusions were found. Further growth details and results of the structural characterisation can 
be found elsewhere [5]. The ellipsometric data above 4 eV were recorded with BESSY 
ellipsometer attached to the 3m-NIM-monochromator, excellent matching to the data for the 
energy range from 0.74 up to 4.5 eV obtained with a commercial ellipsometer (J.A. Wollam 
Co., Inc.) was achieved. 

Determination of a reliable DF becomes only possible if the peculiarities of the 
semiconductor surface are taken into account. In a first step, organic contaminations and the 
native oxide has to be removed. As demonstrated by our previous studies of h-InN it can be 
achieved by heating the sample to about 350 °C for 10 minutes. Figure 1(a) shows a 
comparison of the measured imaginary parts of pseudo-DF at room temperature for the as-
grown sample (red) and cleaned film (blue). From the increase of the peak intensities after 
treatment a removal of about 3 nm oxide is estimated. It emphasises the necessity of surface 
preparation. In the second step, the post-annealing data are fitted by multi-layer approach 
which takes the surface roughness into account in order to get the DF of c-InN. The final 
results for the real and imaginary part of the DF are shown in Fig.1(b) by the red and blue 
lines, respectively. The spectral dependence up to 4 eV is very similar to the behaviour found 
for h-InN [1]. We find a sharp increase of 2ε  around the gap followed by a plateau. The 
shape of 2ε  above 4 eV is however markedly different to both, the ordinary and extraordinary 
DF of h-InN. A pronounced double-peak structure is found between 5 eV and 6.5 eV 
followed by a shoulder at 7 eV and a third peak at 9 eV. 
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Fig. 1: (a) Comparison of the imaginary parts of the pseudo-DF prior (red) and after (blue) heating under UHV 
conditions. The data refer to room temperature. (b) Fitted real (red) imaginary part (blue)of the DF for cubic 
InN at room temperature. 
 

Theoretical calculations of the optical properties of cubic InN starts from careful study of 
the quasi-particle band structure which has been described in more detail in Ref. 4. Taking the 
computed single-electron energies and wave functions only, one obtains an imaginary part of 
the DF as shown by the black line in Fig.2(a). Features attributed to transitions in the vicinity 
of the CP’s are clearly. However, their spectral position deviates up to 800 meV from the 
experimental results (blue line). The discrepancy is lifted, if instead the electron-hole pair 
Hamiltonian is used for the DF calculation. Both, the peak positions and the peak intensity 
ratios, are in excellent agreement. As already observed for h-InN, only the magnitudes differ 
slightly to the experimental data. The current results for cubic InN are a further manifestation 
of our previous observation that the inclusion of excitonic effects over the whole spectral 
range is fundamental for the understanding of optical properties of nitride semiconductors.  

 

 
Fig. 2: (a) Imaginary part of the DF of cubic InN. Comparison of Coulomb-correlated electron-hole pairs (red) 
and independent quasiparticles spectra (black) to the experimental result (blue). Fit of the third derivative of the 
DF for room temperature (b) and T=150 K (c). The circles represent the experimental data, and solid lines are 
the best fit. The transition energies of the critical points  are marked by arrows. 

 
For a high-resolution determination of the transition energies of the critical points 

following accurate approach was used. One calculate the third derivative of the point-by-point 
obtained DF (after surface roughness correction) multiplied by the square of the photon 
energy E. The resulting spectra can be fitted [7] via 
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where φj, Cj, Γj, and Ej denote the phase angle, the magnitude, the broadening energy, and the 
transition energy of the j-th CP, respectively. With n=6 corresponding to a two-dimensional 
critical point, we get the fit results for T=295 K and T=150 K as depicted in Fig. 2(b) and (c), 
respectively. At room temperature, the transition energies amount to 5.09 eV (E1), 6.14 eV 
(E2), 7.83 eV (E3), and 9.28 eV (E4). Especially the E3 transition becomes much sharper in the 
numerical derivatives if the sample temperature is reduced to T=150 K. The low-temperature 
spectrum is characterized by Van Hove singularities at 5.12 eV (E1), 6.18 eV (E2), 7.85 eV 
(E3), and 9.31 eV (E4), i.e. the average shift between both temperatures amounts to about 30 
meV.  For comparison, similar studies of hexagonal InN yielded 40 meV. 
 

In summary, we have determined the DF of cubic InN exhibiting a band gap of only 0.61 
eV. Efficient surface cleaning was achieved by heating the samples up to 350 °C under UHV 
conditions. The DF shows in the high-energy part of spectrum contributions from at least four 
critical points of the band structure. Between 295 K and 150 K the transitions undergo a shift 
to higher energies by about 30 meV. It was demonstrated that the experimentally determined 
spectral dependence of the DF is well reproduced by theoretical calculation if electron-hole 
interaction is consequently taken into account.  
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Dominant multi-electron transitions in the photoionization of laser-excited Li atoms 
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Detailed information on the complex electronic interaction governing the photoionization of 

atoms and molecules can be obtained by the combination of laser and synchrotron radiation [1]. 

The precise manipulation of the electronic cloud by the laser makes it possible to modify in a 

controlled way the interactions between the electrons in the atom and to probe these changes 

through inner-shell photoionization by XUV synchrotron radiation. In the present study, we have 

investigated by means of high-resolution spectroscopy the 1s photoionization of Lithium atoms, 

which were initially in the 1s22s 2S1/2 ground state or laser-prepared in the excited 1s22p 2P3/2 or 

1s23p 2P3/2 states. Already several years ago, theory has predicted a strong dependence of the 

photoionization cross section from the excited state (i.e. 2p or 3p) as well as from the energy of 

the ionizing radiation [2]. Experimental verification was missing up to now, in particular due to 

difficulties to obtain high laser intensities in the UV wavelength region allowing to prepare a 

sufficiently high density of Li atoms into the 3p excited state. 

The experiments have been performed at the UE52-SGM beamline at BESSY using a high-

resolution electron analyzer (SCIENTA SES-2002) for the analysis of the photoelectron 

energies. The Li atoms were excited to the 1s22p 2P3/2 and 3p 2P3/2 states using a c.w. ring dye 

laser, and further ionized by monochromatized synchrotron radiation in the photon energy region 

between 80 and 140 eV. For the excitation of the 1s22p level at 670.8 nm, a DCM dye providing 

up to 300 mW average power was used. In order to induce the 2s --> 3p transition at 323.4 nm, 

the radiation from the dye laser was frequency doubled in an external ring cavity and an average 

laser power of about 35 mW was obtained in the UV range. With these conditions about 30% of 

the Li atoms could be excited in the 2p and about 1% in the 3p excited state, which made it 

possible to record photoelectron spectra of good quality.  

A typical photoelectron spectrum recorded after laser excitation to the Li* 1s23p 2P3/2 state is 

shown in figure 1. The photoionization of the Li 1s22s ground state atoms, which are still present 

in the vapor, leads to the formation of the Li+ 1s2s 1,3S photolines as well to the less intense Li+ 

1s2p 1,3P and 1s3l 1,3L satellite lines. Dramatic differences are observed when the intensity of the 

lines arising from the photoionization of the excited Li* 1s23p atoms is investigated. First of all, 

the spectrum is more complicated due to the fact that via radiative relaxation also the Li* 1s23s 

(and Li* 1s22p) levels are populated giving rise to additional structures in the photoelectron 

spectrum. But the most striking feature is the extremely strong Li+ 1s4p shake-up satellite, which 
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is about one order of magnitude stronger than the Li+ 1s3p photoline. The recorded photoelectron 

spectra of laser-excited Li demonstrate therefore for the first time that multi-electron transitions 

(ionization plus excitation) can dominate the direct photoionization of a very simple, few-

electron atom. After excitation to the Li* 1s22p level, the situation is completely different, the Li+ 

1s2p main line is the strongest line and only about 40% of the intensity is found in the Li+ 1s3p 

shake-up state.  
 

                  
Fig. 1: Photoelectron spectrum of atomic Li in the 1s22s ground (blue) and in the 1s23p laser 
excited state (red) recorded after photoionization at hν(SR) = 100eV. The configurations of 
the final ionic states are indicated. 
   
In addition, we have experimentally determined the energy dependence of the shake-up intensity, 

showing smaller values in the threshold region than at higher photon energies, in qualitative 

agreement with the results of Multi-configuration Hartree-Fock (MCHF) calculations [3]. In 

general, the observed effect can be related to the spatial overlap of the wavefunctions in the 

initial and final state of the photoionization process. The strong increase of the Li+ 1s4l shake-up 

intensity is therefore caused by the collapse of the nl-wavefunction in the ionized states. A 

quantitative analysis of the experimental data and a detailed comparison with the theoretical 

results are in progress 
The project was funded through BESSY-EC-IA-SFS Contract (EU R II 3-CT-2004-506008). 
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Magnetization dynamics of Gadolinium probed by linear
dichroism in 4f photoemission
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In current technical implementations changes in the magnetization of ferromagnetic ma-
terials are induced thermally or magnetically. While this conventional switching happens
on a nanosecond timescale, various experiments corroborated in the last decade that the
spin system of itinerant ferromagnets exhibits a reduced magnetization within a few hun-
dred femtoseconds (fs) after laser excitation [1]. Yet the underlying microscopic processes
are not understood [2].
Gadolinium with its half-filled 4f core shell is a particular prototype system to study
magnetization dynamics. In the Heisenberg ferromagnet Gd the strongly localized 4f 7

electrons carry most of the magnetic moment of 7.55 µB per atom. They spin-polarize
the 5d valence electrons resulting in the extra contribution of 0.55 µB per atom. This
intraatomic 4f − 5d exchange coupling in turn mediates magnetic order within the 4f
system below the Curie temperature of 293 K. Recent experiments employing non-linear
magneto-optics demonstrate ultrafast magnetization dynamics also for gadolinium [3].
Linear and non-linear optics only probe the spin polarization of the valence states.
Here we report on a combined laser-synchrotron pump-probe experiment which aims at
a direct measure of the temporal evolution of the 4f contribution to the magnetization.
After excitation with an ultrashort laser pulse the transient magnetization is monitored
by linear magnetic dichroism of the Gd 4f photoemission line [4]. We observe a loss
in magnetization after laser excitation and find similar time scales for relaxation of the
magnetization to the equilibrium value as in the non-linear optical studies [3].
Gd(0001) films of 100 Å thickness have been prepared by epitaxial growth on a W(110)
substrate. The easy axis of magnetization lies in-plane. Figure 1 depicts 4f core-level
spectra recorded at a photon energy of 60 eV and a sample temperature of 80 K, i.e. in
the ferromagnetic state. The Gd film was remanently magnetized in opposite in-plane
directions, as indicated in Fig. 1, inset. Spectra in Fig. 1a are measured without laser
excitation, while spectra in Fig. 1b have been recorded for overlapping laser pump (100 fs,
hν = 1.53 eV) and synchrotron probe pulses (40− 80 ps, hν = 60 eV). For details of the
experimental setup see Ref. [5]. Evidently, the 4f spectral shape and intensity I ↑ and
I ↓ depend on the magnetization directions M ↑ and M ↓. The linear dichroism is thus
a signature of the 4f spin system’s magnetic order.
Three effects happen upon laser excitation (cf. Fig. 1b): the spectra shift to higher kinetic
energy, they broaden slightly, and the overall dichroic signal decreases. In order to better
visualize and quantify these effects we introduce a dichroic and an average spectrum
according to SD = (I ↑ − I ↓)/2 and SA = (I ↑ + I ↓)/2. The corresponding spectra
in Figs. 1c and d have been evaluated subtracting a Shirley background from the raw
data of Figs. 1a and b. Most obvious is the shift between the spectra recorded without
laser excitation (grey solid line) and the spectra obtained for overlapping pump and probe
pulses (black solid line). The pump-induced broadening is best seen in the average spectra
in Fig. 1d; the peak areas are equal but the peak maxima and thus widths differ slightly.
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Figure 1: Gd 4f core-level spectra recorded for opposite magnetization directions (M ↑
and M ↓, see inset) at an angle of ∼ 5◦ with respect to normal emission (a) without
laser excitation and (b) for overlapping pump and probe pulses. (c) Dichroic spectra
(I ↑ −I ↓)/2 and (d) average spectra (I ↑ +I ↓)/2 evaluated from the raw data in Fig. 1a
and b (grey and black lines).

We attribute shift and broadening of the spectra to the formation of a transient space
charge layer. The space charge originates from multiphoton photoemission driven by the
p-polarized pump pulse (cf. inset in Fig. 1). For the angle of incidence of 70◦ we estimate
the absorbed fluence to be 10 mJ/cm2. In this intensity range multiphoton ionization sets
already in and creates a background of photoemitted electrons with low kinetic energy.
This background was unavoidable, as fluence and polarization are necessary to reasonably
demagnetize the Gd film.
Most important, Fig. 1c reveals a noticeable reduction of the dichroic signal upon laser
excitation. We define the magnetic linear dichroic contrast as

MD =

√√√√
∫

dES2
D(E)∫

dES2
A(E)

=

√√√√
∫

dEs2
D(E)∫

dES2
A(E)

·M ≡ γ ·M (1)

where we assume SD(E) ∝ sD(E) ·M , with sD(E) representing the spectral dependence.
To justify Eq. 1 we have measured the temperature dependence MD(T ) between 80 and
320 K. The dichroic contrast possesses a typical ferromagnetic behavior and in particular
decreases to zero at TC . This suggests that the dichroic contrast indeed reflects the
magnetization of the sample and allows us to monitor the magnetic order of the 4f spin
system of gadolinium. Finally, the pump-induced relative change of the magnetic order
for delay ∆t between laser pump and synchrotron probe pulses is evaluated according to

∆MD(∆t)

MD

=
MON

D (∆t)−MOFF
D

MOFF
D

=
γON(∆t)MON(∆t)− γOFF MOFF

γOFF MOFF
. (2)

The result is shown in Fig. 2a along with the transient shift and broadening of the spectra
in Figs. 2b and c. The latter have been evaluated calculating first and second moments
of the average spectrum SA(∆t). From Eq. 2 it follows that the magnetic order reflects
the true magnetization dynamics ∆M(∆t)/M as long as γON(∆t) = γOFF . This holds
for homogenous broadening of the spectrum [6]. Note, that the average dichroic signal is
unaffected by the space-charge-induced overall shift, since the latter is independent of M.
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Figure 2: a) Relative change of the magne-
tization as a function of pump-probe delay.
The solid line is an exponential fit convo-
luted with a Gaussian broadening to de-
scribe the pump pulse. b) Transient peak
shift and c) peak broadening.

As the broadening is significantly smaller
than the change of spin polarization, resid-
ual artifacts in ∆M(∆t)/M should be con-
siderably smaller than the space charge ef-
fect itself. Furthermore, while the magne-
tization shows a clear drop at zero pump-
probe delay (cf. Fig. 2a), shift and broad-
ening in Fig. 2b and c exhibit a much
broader onset. Electrons photoemitted at
negative delay, i.e. at a point in time be-
fore the pump pulse excites the sample,
are still accelerated by the negative space
charge created later on at zero delay. The
magnetization and thus the dichroic con-
trast remain, however, unchanged at nega-
tive pump-probe delay.
In conclusion, we have established that the
transient dichroic spectrum of the 4f core-
level monitors the magnetization dynamics
in gadolinium. We observe a drop of the
magnetization of about 20 % upon laser
excitation. The magnetization recovers in
about 250 ps. This timescale is consis-
tent with the earlier magneto-optical ex-
periment and is attributed to heat diffu-
sion after laser excitation. Unfortunately,
the duration of the synchrotron electron-
bunches of 40− 80 ps in single bunch oper-
ation does not allow to unravel the dynam-

ics of ultrafast demagnetization. As the drop in ∆M/M simply reflects the time resolution
of the experiment it only defines an upper limit of 50 ps in which ultrafast demagnetization
occurs. Nevertheless, the experiment displays the potential of time-resolved core-level
photoemission spectroscopy once femtosecond soft X-ray sources become available.
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The ferromagnetic nature of Co doped ZnO 
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Insitute of Physics, University of Mainz, Staudinger Weg 7, 55099 Mainz, Germany 
 

The existence of room temperature ferromagnetism in the wide gap semiconductor ZnO is a controversial is-
sue. Utilizing X-ray magnetic circular dichroism with a very high sensitivity, we have detected pure paramag-
netic Co 3d magnetism and no indication for Zn 3d magnetism. Our observation clearly rules Co, diluted and/or 
in metallic clusters, to be responsible for the observed room temperature ferromagnetism. As the Co-atoms 
show a pure paramagnetic magnetic behavior, we attribute the ferromagnetism to a spontaneously spin impurity 
band induced by oxygen vacancies and defects due to the transition metal doping.  

 
Recently ZnO has attracted enormous interest, 

stimulated by important findings as p-type doping 
by N, ferromagnetism (FM) above room tempera-
ture (RT), and the opportunity to grow thin epi-
taxial films[1,2][3]. While the p-type doping gives 
rise to possible important applications like blue and 
UV lasers[4] and transparent conductive oxides, the 
observation of ferromagnetism at room temperature 
is very promising for future room temperature spin-
tronic applications [2]. This is in strong contrast to 
other diluted ferromagnetic semiconductures like 
Mn doped GaAs, which show ferromagnetism only 
at temperatures well below room temperature. Un-
fortunately ferromagnetic ordering and the mag-
netic moment per dopand-ion are strongly depend-
ing on the preparation method, which is one reason 
preventing a clear and simple interpretation of the 
FM ordering.  

Many old and recent band structure calculations 
have been performed to understand the electronic 
structure, magnetic coupling and the nature of de-
fect induced in gap states and their influence to 
magnetic ordering [5-11]. However, all these publi-
cations have in common one basic assumption: 
Magnetic ordering of the impurity ions is mediated 
by the ZnO lattice. On the other hand, some mag-
netic features of the DMS are not simply explained 
on such a basis. For example, why is TM doped 
ZnO about to be ferromagnetic for nearly all 3d 
elements, including nonmagnetic ions [12]? Why is 
RT ferromagnetism appearing far below the perco-
lation threshold? How can observed FM moments 
per dopand exceed the spin only value many times 
at low concentrations [13]? Why are Curie tem-
peratures not scaling with the dopand concentra-
tion, and why are very large variations of the abso-

lute magnetic moments present, for differently pre-
pared samples [14]?  

We present experimental results clearly demon-
strating the absence of magnetic transition metals 
long range order, while on the other hand a clear 
ferromagnetic moment is present, possibly due to a 
spontaneously spin split impurity band induced by 
the defect structure of the laser ablated 
Zn0.95Co0.05Ox films. 
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 Figure 1: SQUID Hysteresis loop of a 5% Co-doped 
ZnO thin film measured at 300 K showing a remnant 
magnetic moment 

 
Experimental 
 
Thin films of Zn0.95Co0.05O have been prepared 

by pulsed laser deposition (PLD) on Al2O3 sub-
strates at 600°C in argon ambient pressure of 0.1 
mbar. X-ray diffraction (XRD) measurements 
showed a ZnO single phase in (110) orientation. 
Impurity phases were not observed. The sample 
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magnetization has been monitored by VSM and 
SQUID. The Curie temperature lies above 300 K 
and the ferromagnetic saturation moment was up 
1.25 Bohr magnetons per Co atom at a nominal 
concentration of 5%. All XMCD and XAS spectra 
were recorded in the total electron yield mode at 
the bending magnet beamline PM III at Bessy II 
with an energy resolution of about E/∆E=5000. We 
used a new superconducting magnet system, pro-
viding fast field switching in less than 6sec at ±2T. 
All spectra have been measured in applied mag-
netic field, which has been flipped at each energy 
data point. This provides a sensitivity of the XMCD 
signal up to 10-6, just at the pure photon statistics of 
the absorption process itself. This very high sensi-
tivity allows the investigation of paramagnetic 
XMCD spectra for diluted Co at the Co L2,3 edges 
down to about 10-4 µB. Further details of the total 
electron yield measurement and data analysis have 
been published elsewhere [15].  

 
Figure 2: Co L2,3 (a) and Zn L23 XAS and XMCD 

spectra of a 5% Co-doped ZnO thin film. 
 
In Fig. 1 a typical RT magnetization curve is 

shown. A clear remnant magnetic moment could be 
observed, which excludes superparamagnetism as a 
source of the magnetic moment. To access the mi-
croscopic ferromagnetism x-ray circular dichroism 
(XMCD) and x-ray absorption spectroscopy (XAS) 
measurements have been performed. XAS and 
XMCD spectra at the Co L2,3, and the Zn L2,3 edges 
of a 5% Co doped ZnO thin film sample are shown 
in Fig. 2. The Co 2p 3d absorption is shown in 
Fig. 2a. The spectral shape of the resonant XAS 
lines (red and black) is quite different to typical 
metallic spectra [16] and in good agreement to a 
theoretical multiplet spectrum of Co in tetrahedral 
coordination (from Ref. [17], Fig. 13, Co 3d7 con-
figuration, Td symmetry, and Dq=1.5eV), which is 
also reproduced in Fig.2a for direct comparison 
(green curve). This provides a consistent descrip-
tion of Co ions located at the Zn site in tetrahedral 

coordination, as given by the crystal structure. For 
octahedral coordination, the theoretical XAS spec-
tra (also in Ref. [17]) are in much less agreement to 
the tetrahedral coordination, especially for the 3d7 
configuration, which is the most likely one of di-
luted Co in ZnO. These results and the conclusion 
of tetrahedrally coordinated Co ions in a 3d7 con-
figuration are in excellent agreement with other 
published experimental results and theoretical XAS 
calculations, supporting the n-type non clustered 
Co 3d7 ion picture [18,19]. 

While the XMCD signal is about to be propor-
tional to the magnetic field, a strong decrease as a 
function temperature could be observed (Fig. 3). 
These observations are typical for paramagnetic 
materials and unexpected for a ferromagnetic sys-
tem. This will be discussed on a quantitative basis 
below. Similar to the observation above, the 
XMCD spectral shape is clearly different to metal-
lic Co spectra [16], which [20]also confirms the Co 
3d7 ion picture, and is in good agreement to other 
Co doped ZnO XMCD results, published so far 
[18]. This observation shows that Co clusters are 
not present in a significant way, and are not respon-
sible for the ferromagnetic behaviour in our Co 
doped ZnO sample.  
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Figure 3: Temperature and field dependence of the Co 
L3 XMCD signal.  

 
Figure 2b shows the Zn L2,3 edge spectra, probing 

the unoccupied Zn 3d site. The resonance of the Zn 
L2,3 XAS lines is very weak, indicating a Zn 3d10 
configuration, as expected. The lower part of 
Fig 2b shows the corresponding Zn L2,3 XMCD, 
again in an expanded view. No significant Zn 
XMCD signal could be observed, consistent to the 
non resonant spectral line shapes of the correspond-
ing XAS spectra shown above. This clearly demon-
strates the absence of Zn 3d magnetism in doped 
ZnO.  

We will now focus on the quantitative discussion 
of the XMCD Co magnetic moments, which have 
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been derived by the use of sum rules, using a num-
ber of holes nh=3 consistent to the above discussed 
XAS and XMCD multiplet picture [16,18,21,22]. 
In an applied magnetic field of 2T and at a tem-
perature of 28K, Co provides a projected 3d spin 
moment/ion of mS = 0.141 µB, and an orbital pro-
jected moment of mL = 0.036 µB  (RT at 2T: 
mS = 0.026µB    mL = 0.008 µB). The spin values at 
both temperatures are quite close to a pure para-
magnetic moment of a spin 3/2 system. In order to 
prove the paramagnetic behaviour of Co, the field 
dependence of the Co XMCD signal has been 
monitored by XMCD as shown in Fig. 3 for three 
different temperatures and different in applied 
magnetic fields up to 2T. No ferromagnetic or rem-
nant behaviour could be observed. The inset in 
Fig. 3 shows the temperature dependence at 2T. A 
clear Curie law behaviour (red line) has been ob-
served, with no indication of any constant (remnant 
or antiferromagnetic) magnetization contribution.  

 
Figure 4: VSM low temperature and high field mag-

netization measurements compared with a simple para-
magnetic simulation (inset).  
 

To exclude surface effects we have performed 
extensive VSM magnetisation measurements be-
fore and after the XMCD measurements. The low 
temperature magnetisation measurements, shown in 
Fig. 4 clearly indicate the coexistence of a para-
magnetic and a ferromagnetic contribution to the 
total signal. We have simulated the temperature and 
field dependent paramagnetic behaviour from Fig 4 
[Co2+ with J=S=1.5; g-factor=2) by a Brillouin 
function, while the ferromagnetic contribution has 
been approximated by a temperature independent 
step function (inset of Fig. 4). The simulation is in  
perfect and also quantitative agreement to the VSM 
results.  

On the basis of our shown and consistent XMCD 
and VSM data, Co shows pure paramagnetic be-
haviour. Therefore, we could clearly rule out Co or 
Zn 3d shell electrons as the main source for the 

ferromagnetism observed in Co doped ZnO. This 
supports the idea, that defects or strain, as induced 
by the doping of the 3d metal ion, results in a long 
range magnetic polarisation of the O 2p shell, re-
sponsible for room temperature ferromagnetism of 
ZnO.  Further details and additional Hall effect and 
magnetoresistance measurements will be published 
elsewhere [24].  In addition, we have found a very 
small but sizable temperature independent O K 
edge XMCD signal (not shown), which suggests 
oxygen as a possible source for FM in such sys-
tems.  

 
Summary 
 
We have found only paramagnetic behaviour of 

the Co 3d magnetism, down to low temperatures, 
excluding Co as the origin of the RT ferromagnet-
ism, as shown in Fig. 1. Our results are in strong 
contrast to other published XMCD results, which 
found a mixture of antiferromagnetically and 
ferromagnetically coupled Co ions [18]. We would 
like to emphasize that it is essential to have a very 
high signal to noise ratio present at the XMCD 
system, to measure paramagnetic and strongly di-
luted magnetic moments at higher temperatures.    
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Capacitance Transient X-ray Absorption Spectroscopy of Semiconducting 
structures  

O. Vyvenko1, N. Bazlov1, A. Novikov1, R. Ovsyannikov2, A. Bondarenko1,  
A.S. Vinogradov1 

1 - V.A. Fok  Institute of Physics, St.-Petersburg State University, 2-BESSY 
 
The state-of-art semiconductor devices utilize the properties of multi-layer structures 

of diverse elemental compositions. The local elemental content and atomic environment 
within every particular layer or at their interfaces define useful properties of the devices and 
need to be monitored. X-ray absorption spectroscopy (XAS- XANES/EXAFS) is a powerful 
technique for local atomic arrangement studies in various materials. The most common 
techniques to get absorption spectra in the soft X-ray region are total electron yield (TY) or 
fluorescence yield (XRFY) measurements since direct transmission measurements need to 
prepare thin films. In turn, the usage of TY and XRFY has also well known restrictions to get 
information from burned layers of the structures grown on massive substrates.  

A natural way to make XAFS-information more directly useable in semiconductor 
physics and technology is to measure the spectral response of one of the semiconducting 
properties of the structure arose from a particular site of the structure.  A few attempts of such 
kinds of measurements were reported during last decade. 

The detection of X-ray absorption fine structure near K-edges Ga an As  by  
photoconductivity[1], photodiode current [2, 3] and the diode photocapacitance[3-5] was 
previously reported for GaAs. It was shown that the photoconductivity and the diode 
photocurrent contained the same information as the XRF signal when appropriate corrections 
were applied [1, 2]. Contrary to that the measurements of stationary photocapacitance changes 
due to X-ray induced emptying of deep level defects revealed significant distinction of the 
capacitance XAFS-spectra from the XRFY spectra[5]. It was suggested [5] that the 
capacitance XAFS-signal arose due to direct transitions between the inner core level and the 
local defect level in the semiconductor band gap and carried the information about the local 
atomic environment of the defect. This interpretation was doubted in [3] where the time 
constants of the photocapacitance transients under X-ray excitation was measured at low 
temperatures in GaAs with EL2 deep level defect.  Capacitance transient time constant 
spectrum obtained in  [3] coincided well with the X-ray absorption spectrum of the GaAs 
matrix though the local atomic arrangement of EL2-defect differed significantly from one of 
the ideal GaAs lattice.  

Another technique based on capacitance measurements that was developed recently 
[6] was called synchrotron-radiation deep level transient spectroscopy (SR-DLTS). The 
technique consisted of the measurements of thermal emission transients after the filling of the 
deep level traps with minority carriers created with the pulsed X-ray radiation.  

We report about the development of another new technique for the detection of X-ray 
absorption in the layer structures that we called Capacitance Transient X-ray Absorption 
Spectroscopy (CapTXAS). CapTXAS technique consists of the periodical filling of local 
levels with majority carriers with short electrical pulses of the proper chosen amplitude and of 
subsequent measurements of the first derivative of the capacitance transient signal originated 
from the emptying of the levels as the result of X-ray absorption with the atoms of the 
semiconductor structure. We installed this technique at BESSY Russian-German Beam Line 
and applied to measurements on two test semiconductor structures: Au-nickel-phtalocyanine- 
silicon (Au-NiPc-Si) and Al- (silicon bonded wafer). Besides, the measurements of 
photocurrent spectra on diverse semiconducting structures were performed. 

Fig. 1 represents the results of the measurements of the first derivative of the 
capacitance transients obtained on the sample of silicon bonded wafer of p-type conductivity. 
The dislocations at the bonded interface give rise to the appearance of the deep level states 
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with the energy of their levels from 0.15eV to 0.4 eV above the top of the valence band of 
silicon of the density of few 1011 cm-2 as it was established by means of deep level transient 
spectroscopy[7].  
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Figure 1. A,B: Red- capacitance transient X-ray absorption spectrum of o Al/50nmSi/Si bonded wafer 
taken at the reverse bias voltage Ub=0V, refilling forward voltage pulse level of +0.6V, refilling pulse 
duration/period of 10µs/1ms and at the room temperature. Black - total electron yield from the free 
surface of the same silicon. Note the logarithmic scale for CapTXAS in Fig. 4B. 

 
The CapTXAS spectrum of the sample consist of the step at 99 eV correspondent to the 2p 
absorption edge of crystalline Si and a smooth increase of the capacitance transient signal 
toward higher photon energies. One can note from Fig.2 that the absorption peaks above 105 
eV due to the presence of the native oxide on silicon surface registered with total yield 
technique does not reveal with capacitance measurements. That is because the capacitance 
changes are only due to the capture of the holes that were generated by X-ray absorption in 
the substrate as it was expected from the model and the theory presented above. Indeed the 
top bonded layer and the native oxide play a role of a filter for the X-ray radiation. 
Accordingly, since the thickness of the top bonded wafer (50nm) is much larger that the 
thickness of the native oxide the latter gives the minor contribution to the measured signal. 
Fig 2B reproduce a part of the spectra shown in Fig. 4A where the CapTXAS spectrum is 
presented in logarithmic scale since S Sdα  is now of about 0.5 and exponential dependence of 
the capacitance signal on absorption coefficient must be taken into account . The careful 
examination of the Fig.4B reveals some differences of the fine structure from the one of TY-
spectrum. The origin of these differences is not established firmly up to now. Our tentative 
explanation is that might be due to mechanical strains that increase closer to the bonded 
interface. 

CapTXAS and TY absorption spectra of NiPc layer at the N 1s edge are presented in 
Fig. 2.  The fine structure of both spectra coincide well with the well known transition that 

were identified previously [8]. 
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There are obvious differences in the 
relative amplitudes of the particular peaks 
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measured with two techniques. The most conspicuous is the ratio of the signals between peaks 
A and D. According to previous data [8] the ratio of the intensity A/D peaks varied strongly 
depending on the polarization of the incident radiation with respect to the NiPc molecule 
plane.  So, we could assume that there exist regions with different molecule orientation in our 
layer. Unfortunately, based on existing data it is impossible to differentiate whether the 
orientation inhomogenicity is lateral or across the sample thickness. Hence, additional 
experiments are needed to clarify this point. 

Summary Local intensity of the synchrotron radiation beam of RGBL focused on the 
investigated Schottky-diode was found to be sufficient to produce the capacitance changes 
due to refilling of the carrier traps in our samples with the time constants of few milliseconds.  

The short time constants of the capacitance transient allows one to use conventional 
lock-in correlation technique and for the first time one to realize a new method of the X-ray 
absorption measurements that we called Capacitance Transient X-ray Absorption 
Spectroscopy (CapTXAS).  

CapTXAS can be applied measurements of the absolute absorption coefficients of thin 
layers, burned layers in multiplayer semiconductor structures, implanted layers. Both 
conductive and non-conductive layers bases on semiconducting substrate can be investigated 
with capacitance related techniques. 

The quantitative model for the experimental data treatment obtained with the 
photocurrent- and photocapacitance- related techniques has to include the more precise 
treatment of the effects of hot carriers created under X-ray excitation on the recombination 
phenomena.  
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For both fundamental and application points of view, the switching time and behaviour of a
trilayer system consisting of a ferromagnetic/non magnetic/ferromagnetic trilayer (as used e.g.
for magnetoresistive devices) is of utmost significance. In microstructured magnetic
multilayer systems a clear view of the reversal dynamics has not been achieved
experimentally because it needs a technique offering at the same time a high temporal and
lateral resolution. Time-resolved XMCD-PEEM represents a state-of-the-art way of getting
ultrafast time resolution (low picosecond regime) and simultaneously layer and spatially
resolved information of the investigated magnetic multilayered structures. The magnetization
can be excited by a short magnetic field pulse that can be achieved in principle through
different pump-probe methods. In the actual applications we used a laser-induced electrical
field pulse in a Au stripline.
The transient local magnetization dynamics was studied by time-resolved XMCD-PEEM in a
stroboscopic pump–probe technique as shown in Fig. 1. Magnetic microstructures deposited
on a Au stripline are magnetically disturbed by a short magnetic field pulse. The ultrashort
magnetic field pulse is provided by an electric current pulse flowing through the stripline
underneath the microstructure, triggered by an optical switch by means of a femtosecond laser
pulse. This part of the technique, in combination with the length of the synchrotron bunch, is
responsible for the time resolution of the experiment. Therefore, an important point is the
synchronization between the pump laser pulse (triggering the optical switch and creating the
field pulse) and the synchrotron bunch probing the magnetic structures.

Fig. 1  Schematic of the time-resolved XMCD PEEM measurement.
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Fig. 2 presents the sample design (optical switch, stripline and magnetic microstructures). As
substrate we used low-temperature (lt) grown GaAs. The high defect density in lt-GaAs
results in a short lifetime of the photoexcited carriers, leading to a short current pulse and,
hence, to the desired short magnetic field pulse.

Fig. 2 The left side shows a sketch of the used switch and stripline combination used in the
experiments. On the right side PEEM images of the switch (finger length 10 µm, width 5 µm, gap 5
µm), the stripline including the magnetic microstructures in survey mode, and the magnetic
structures are shown (from left to right, fields of view are ~ 100 µm, 250 µm and 50 µm).

The laser-induced transient electric field pulse in the stripline leads to a small apparent shift
of the stripline in the PEEM image, which can be used to obtain the temporal shape of the
current pulses. By increasing the time delay between the laser pump pulse and the
synchrotron bunch, a series of PEEM images of the Au stripline (close to the microstructures)
was taken. By plotting the observed shift as a function of the pump–probe time delay, the
temporal shape of the magnetic field pulse can be revealed.

Fig.3 Transient shift of the Au stripline in the PEEM image as a function of the pump–probe
delay time.

As shown in Fig. 3, the typical rise time of the transient shift, and hence the field pulse, is in
the order of 100 ps, which is based on a convolution of the bunch pulse width (isolated
electron bunch, tFWHM ≈ 50 ps), the current pulse width, and the jitter between the laser and
synchrotron pulse.
The investigated magnetic spin valve systems consist of 4 nm FeNi/4 nm Cu/4 nm Co
trilayers, sputter deposited on the Au stripline. In order to control and optimize the magnetic
coupling properties of the different magnetic layers, MOKE measurements on extended films
and arrays of microstructures were performed. From such studies we obtain the coercive
fields for both layers (HC

Co = 20 mT, HC
Py ~ 3 mT), and an exchange bias field for the Py

layer, HE
Py ~ -6 mT.

In static XMCD-PEEM measurements, the domains of the different magnetic layers could be
clearly resolved as shown in Fig. 4, revealing the perfect match of the corresponding domain
structures.
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Fig. 5 shows the first experimental time-resolved results. The series of images taken at the
energy of the Fe-L3 edge shows the microstructures at different pump–probe time delays.
A clear change in the domain pattern of the structures as a function of the pump–probe time
delay is visible, as can be seen in the structure marked by a red rectangle. As the time delay
increases, so does the magnetic field in the direction perpendicular to the stripline, and a
darker domain develops in the left part of the structure. However, when the pump–probe
delay was set back to the onset of the pulse, the initial magnetization pattern in the structure
was not directly recovered. This suggests the presence of changes in the domain pattern of the
magnetically hard Co layer on a timescale of hours, much longer than the magnetic response
to single pulses.
We are currently working to improve the magnetic behavior of the samples, the maximum
field strength and the temporal width of the pulses.

Fig. 5 Selected XMCD-PEEM images showing the time evolution of the magnetic domain structures during
the magnetic pulse, shown in the inset (black line). The blue and brown arrows indicate the order in
which the images were taken.
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Fig. 4: Layer resolved static XMCD-PEEM images of magnetic microstructures (4 nm Py/4 nm Cu/8 nm
Co trilayers). Although the underlying Co layer is covered by 10 nm Cu, the magnetic contrast is
clearly visible (field of view: 130 µm).
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Magnetite, Fe3O4, is one of the most fascinating materials in solid state physics. Besides being
the first magnetic material known to the mankind, it is also the first example for an oxide to show a
first order anomaly in the temperature dependence of the electrical conductivity at TV ≈ 120 K, the fa-
mous Verwey transition [1]. It is accompanied by a structural phase transition from the cubic spinel to
a distorted structure, leading to the appearance of superstructure diffraction peaks mainly character-
ized by the wave vectors (001) and (00½) with respect to the cubic unit cell. One usually connects this
transition  with the charge ordering (CO) of Fe2+ and Fe3+ ions on the octahedrally coordinated, so
called, B-sites. However, the detailed pattern of the CO in Fe3O4, or in general the crystal structure, is
still a matter of debate.

It was the recent diffraction study by Wright, Attfield and Radaelli using neutron and synchro-
tron-radiation from powder [2], which has triggered a flurry of new theoretical and experimental stud-
ies. The authors found long-range charge order from the pattern of shorter and longer bond lengths be-
tween B-site Fe and oxygen ions below TV . Resonant x-ray diffraction experiments at the Fe K-edge,
however, found contradicting results [3,4]. 

To resolve controversies about electronic order phenomena, resonant x-ray diffraction using soft-
x-rays is most likely the better tool since the relevant valence orbitals are directly involved in the in-
termediate states of the process [5] thanks to the dipole allowed transitions. Indeed resonant soft-x-ray
diffraction (RSXD) at the O K-edge has revealed the existence of the (00½) diffraction peak, which
has been interpreted as evidence for Fe ’charge-orbital’ ordering [6]. However, unlike for the cu-
prates, the oxygen-K resonance is a very indirect probe for the relevant transition-metal valence and
orbital occupations in magnetite, because of the weak hybridization between the O-p and the Fe-t2g or-
bitals.   

We  therefore  performed  a  direct  ex-
perimental  determination  of  the  Fe  t2g

charge and orbital order by RSXD at the Fe
L2,3 edges. This approach has the major ad-
vantage that the 3d-electronic states of the
transition-metal ion are probed directly. At
this  Fe  resonance,  the  assignment  of  the
resonance  properties  can  be  made  right
from the  spectral  shape without  involving
band-structure or multiple-scattering calcu-
lations.  We  studied  the  two  diffraction
peaks characteristic for the low-temperature
phase of magnetite,  (00½) and (001).  The

Fig. 1: Scan long L below (open symbols) and above
TV (filled) symbols. The red line is a simulation.
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resonances of both peaks are also much stronger than the ones at the Fe K and O K edges providing an
excellent spectroscopic signal with low background. 

For this study we chose a magnetite film rather than a bulk crystal for two reasons. Firstly, dif-
fraction features in a thin film are broadened along the surface normal. This broadening allows us to
study the resonance of the (001) peak, whose peak maximum cannot be reached at the L2,3 resonance.
Secondly, the volume probed by the scattering experiment is determined by the film thickness rather
than by the photon penetration depth. Since the latter changes strongly across resonances in the soft x-
ray range, this change may obscure the resonance effect. A 40-nm film of Fe3O4 was grown ex-situ by
molecular-beam epitaxy (MBE) on epi-polished MgO. In order to separate the specular reflectivity
from the  c-direction of Fe3O4, a substrate with about 6° miscut was used. RSXD experiments were
carried out at the BESSY beamline UE52-SGM using the UHV diffractometer built at the Freie Uni-
versität Berlin. Fig. 1 shows a  reciprocal-space scan along the [001] or L direction taken at 83 K
(blue open symbols),  i.e. below  TV,  revealing
the (00½) diffraction peak, and the onset of the
(001). Even though the maximum of the (001)
cannot  be  reached  at  the  Fe-L2,3 resonance,
where  the  maximum  momentum  transfer  is
L=0.96 as indicated by the vertical line in Fig.
1,  the broadening of  the (001)  peak transfers
some intensity  into  the  reachable  momentum
space.  The  red  solid  line  through  the  data
points is  a simulation including two peaks of
the same shape but different intensity and the
Fresnel reflectivity, which causes the increas-
ing  background  at  low L-values.  This  model
describes the data reasonably well, even though
the oscillations of the Laue profile are not re-
solved in the data. Both peaks disappear when
the sample is heated to 130 K (filled symbols),
i.e. above TV. 

The spectra obtained from the peaks after
background subtraction are presented as sym-
bols in Fig. 2 b) and c). The shapes of the spec-
tra  for  the  two peaks are  distinctly  different:
the  L3 part of the (00½) spectrum has a sharp
resonance maximum at 708.4 eV, while the spectrum of the (001) peak shows a double peak structure,
one peak at 708.6 eV, i. e. almost the same energy as the maximum of the (00½) spectrum, and the
second one at 710.1 eV. The  L2 parts of the spectra, on the other hand, are more similar with two
maxima at 720 eV and 721.4 eV. For comparison the Fe L2,3 XAS spectrum is presented in Fig. 2a),
which looks clearly different from the diffraction spectra.

To interpret the spectroscopic results, we resort to the existing literature on the XAS of Fe3O4

[7,8] with emphasis on the strong magnetic circular and linear dichroism effects therein. The sharp
structures in the dichroic spectra allow for a clear decomposition of the XAS spectrum in terms of
contributions coming from the different Fe sites in magnetite. This decomposition is given in Fig. 2a):
the spectrum from the B-site Fe2+ ion is shown by the red solid line, the A-site Fe3+ by in magenta, and
the B-site Fe3+ in blue. The maximum in the L3 white line of each of these ions occurs at quite differ-

Fig. 2  a)  x-ray  absorptions  spectrum  (symbols)
with contributions of the different  ion sites (sub-
spectra), b) resonance of the (00½) peak, c) reso-
nance of the (001) peak with the result of a simula-
tion (red line).
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ent energies, an aspect which we will utilize next to interpret the spectra (001) and (00½) diffraction
peaks.

The maximum of the (00½) diffraction peak spectrum occurs at essentially the same energy as
that of the B-site Fe2+ XAS. This means that the (00½) diffraction peak is due to an order, which in-
volves only B-site Fe2+ ions. This in turn implies that orbital order of the t2g electrons is at play here,
since this is the only degree of freedom available which could make one B-site Fe2+ ion to be different
from another B-site Fe2+ ion. In P2/c or Cc symmetry the (00½) diffraction peak is glide-plane forbid-
den with the consequence that only off-diagonal elements of the scattering tensors contribute. These
elements can be expected to be much stronger for the Fe2+ (d6) ions than for the more spherical Fe3+

(d5) ions, explaining indeed why the resonant enhancement of the (00½) peak occurs only for photon
energies which are characteristic for the Fe2+ sites. We note that this orbital-order finding does not ex-
clude the existence of charge-order associated with other, not glide-plane forbidden peaks related to
the doubling of the unit cell along c as observed in Ref. 4. 

In contrast to (00½), the (001) spectrum shows two peaks which essentially occur at the energies
of the maxima of the two B-site resonances. Such a double-peak structure is exactly the resonance
shape to be expected from charge order involving the two B-site ions. The experiment is sensitive to
differences in the scattering amplitudes of the different ions. For two resonances well separated in en-
ergy, as it is the case for the B-site Fe2+ and Fe3+ ions, this difference is large near the two resonance
maxima leading to such a two-peak feature. To illustrate this we show as the red line in Fig. 2c) the
result of a simulation using the complex scattering amplitudes for the B-site ions, which we have ex-
tracted from the subspectra in Fig. 2a). From the very good agreement between experiment and simu-
lation we conclude that there is indeed B-site charge order with a (001) wave vector. 

Summarizing, using resonant soft x-ray diffraction at the Fe-L2,3 threshold from a film of magnet-
ite grown on stepped MgO we were able to establish directly that there is t2g orbital order on the B-
sites Fe2+ ions and that this is reflected in the existence of the (00½) diffraction peak. We have also
been able to show that charge order of the B-site ions is the reason for the appearance of the (001) dif-
fraction peak, thereby settling the contradicting claims from Fe K-edge resonant diffraction studies.

We are grateful to M. Braden, H.-H. Hung, P. G. Radaelli, P. Abbamonte, G. A. Sawatzky, and
especially D. I. Khomskii for very helpful discussions and L. Hamdan for her skillful technical assis-
tance. 

* A more detailed report of these results can be found on arXiv.org:cond-mat/0605096.
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The X2YZ Heusler compounds consist mostly of two transition metals (X2, Y) and 
one main group (Z) element crystallising in the L21 structure (space group 3Fm m ). They 
have attracted scientific and technological interest for their potential use as materials for 
magneto-electronic devices [1]. Reason is the exceptional electronic structure found in 
many of those compounds, in particular the ones based on cobalt. The Heusler compound 
Co2FeSi has attracted particular interest because it is predicted to have a large minority 
spin band gap in the order of 1 eV [2, 3] and, at TC = 1100 K [4, 5], it has one of the 
highest Curie temperatures among the known Heusler compounds. Bulk Co2FeSi has been 
stabilised in the L21 structure with a saturation magnetisation of 6 µB at 5 K [4, 5]. 

We report on the study of the micro-magnetic structure of Co2FeSi single crystal, 
using photo emission electron microscopy combined with X-ray magnetic circular 
dichroism as contrast mechanism. The micro-spectroscopic measurements were 
performed at the UE56-SGM beamline. The slits were set to 130 µm resulting in a spot-
size at the sample of 30 µm with an energy dispersion of 0.65 eV across the spot at the Co 
L3 edge. All measurements reported below were performed for non-magnetised samples. 
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Fig. 1. XMCD-PEEM image showing 
the magnetic domain pattern of 
Co2FeSi(110). The images are 
obtained at the Fe L3 (a) and the Co L3
(b) edges. The projection of the photon 
impact direction is denoted by hν. (c, 
d) show details of two domain 
structures that are rotated with respect 
to each other. The arrows in (b) point 
on a line-like defect. Local XMCD 
taken at the Fe (e) and Co (f) L-edges. 
Solid and dashed lines show the 
spectra measured with opposite photon 
helicity. The arrow in (f) assigns a 
structural feature that is typical for 
Heusler compounds. 

 

Fig. 1 shows XMCD-asymmetry images of the (110) single crystal surface with an 
orientation better than 0.1o (MATECK). The images were acquired at the Fe L3 edge (a) 
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and Co L3 edge (b). The ferromagnetic coupling between Fe and Co is evident by the 
similar magnetic contrast of the domains measured at the corresponding absorption edges 
and clearly visible from Figs. 1(a) and (b). The surface exhibits an irregular pattern of 
domains with a size of a few µm. Close inspection reveals that the local patterns reflect 
nearly threefold symmetry. The two zoomed areas (c, d) show patterns that look like a 
cube viewed along the space diagonal. The orientation of the two cubes is rotated by 
about 35o. This corresponds to the angle between <111> and <110>-like directions. The 
larger angle drawn in the figure corresponds to about 110o that is the angle between 
<111>-like directions. The stray field minimisation of the local out-of-plane 
magnetisation directions results in small domains with different magnetisation directions.  

In order to investigate the element specific magnetic properties and compare them 
with theoretical predictions, measurements of the magnetic circular dichroism in the soft 
X-ray core-level absorption of the Fe and Co 2p excitation were carried out. XMCD 
spectra of the Co and Fe L2,3 edges are shown in Fig. 1(e, f). They were obtained by 
integrating over a region of interest in the XMCD-PEEM image while scanning the 
photon energy (bright area in Fig. 1(c) with a size of about 5×5µm2).  The spectra reveal a 
high XMCD asymmetry with opposite sign at the L3 and L2 edges. In particular, the Co 
spectrum reveals an additional structure above the L2 edge (see arrow in Fig. 1(f)) that is 
indicative for the L21-structure. The spectra give no indication of oxidation that would 
show up in terms of a pronounced splitting of the L lines [6]. 
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(c)
Fig. 2. (a) the domains from a 
different surface region compared to 
Fig.1. The arrows indicate the local 
magnetization direction. (b) is a detail 
showing the asymmetric Bloch walls 
between regions C and D. Arrows 
outside of (a) denote a crystal defect 
line. Histogram (c) of the grey levels 
in XMCD-PEEM image of the single 
crystal displayed in (b).  

 

Fig. 2 shows the domain pattern of a different part of the surface. In this case the 
magnetisation lies obviously completely in the surface plane. The image reveals extended 
domains with sizes up to several 10 μm (note that the sample was not magnetised). Large 
areas showing the same grey levels are indicative of a uniform magnetisation within the 
domains and an in-plane easy axis. The local magnetization directions are denoted by 
arrows. Due to the tilted angle of incidence (see arrow at hν) domains of four equivalent 
orientations can be distinguished in the contrast. This is also evident from the histogram 
plotted in Fig. 2(c). Domains A and B are parallel to the photon impact direction yielding 
an almost black-white contrast. Domains C and D (see (b)) are not perpendicular to the 
photon impact direction resulting in two different grey levels. The 180o domain 
boundaries appear as asymmetric Bloch walls as is clearly seen in the zoomed image (b). 
Note that the sense of rotation of the in-plane magnetisation changes along a wall as 
indicated by the circles. The domains C and D are separated by a Bloch wall that, in the 
surface region turns in-plane similar to a Néel wall. The images exhibit also a few head-
to-head 180o walls, in particular between regions A and B. Image (a) exhibits a crystal 
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defect running as line with irregular small domains across the image as is indicated by the 
arrows outside of the image. As this line crosses several larger domains of homogeneous 
magnetization distribution, it is interpreted as a surface defect, whose magnetisation 
pattern does not penetrate deeply into the bulk. 
The authors acknowledge financial support from the Deutsche Forschungs Gemeinschaft 
(project TP7 in research unit FG 559) and partial funding by BESSY (BMBF 05 
ES3XBA/5) and Materialwissenschaftliches Forschungszentrum, Mainz. 
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Thermodynamics related with a heat flow is one of the most fundamental topics in the physics 

community and is of particular importance for the micro-/nanoscale electrical devices where the 

generated heat should be managed to maintain their functional reliabilities [1]. While macroscale heat 

transfer is well explained by the Fourier law of the heat conduction, micro-/nanoscale heat transfer 

requires microscopic energy-transfer models since the characteristic length scale of a device (or the 

thermal diffusion length) is comparable to or smaller than the heat carrier mean-free-path and heat 

conduction processes are no longer local phenomena, but radiative phenomena.  

In order to investigate this issue, we exploited the mid-infrared microscopy using the highly 

brilliant infrared synchrotron radiation [2], which allows us to achieve a diffraction-limited spatial 

resolution. We performed resistance switching of a VO2 film grown on the Al2O3 substrate by 

applying an electric pulse. As a consequence Joule heating of about 1 W has been induced in a 15 × 50 

µm2 area between the two electrodes. We monitored the local temperature variation between 56 oC and 

75 oC, where the optical response of the VO2 film exhibits a huge change owing to the insulator-metal 

transition around 64 oC [3]. Figure 1 shows the temperature (T)-dependent reflectivity R(ω) of the 

VO2/Al2O3 film in the infrared region as a function of the photon frequency. As the temperature 

increases, R(ω) exhibits a large increase consistently with the fact that the high reflectivity in the 

infrared region should be attributed to the free carrier response. The inset shows that the reflectivity 

integrated over the spectral range of 550 – 8000 cm−1, Int(R), monotonically increases with 

temperature between 58 and 75 °C. This behavior allows monitoring the temperature by observing the 

Int(R).  

Figures 2(a)-2(c) display the mercurycadmium-telluride (MCT) detector signal for time-

dependent mapping investigations at t=10 µs, 30 µs, and 50 µs, respectively. The yellow dotted lines 

represent the boundary of the Au/Cr electrodes. Since the MCT signal SMCT is proportional to the 

temperature of the sample in the 56 – 75 oC range, this result clearly demonstrates how the 

temperature distribution changes with time. First, as the time elapses, the red area having the large 

SMCT value becomes wider and forms a circular distribution indicating an isotropic propagation of the 

heat. Second, the boundary region between the red and blue false colours in Fig. 2(a)-2(c) seems to be 

rather sharp having a thickness of about 10 µm. 
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 In order to explain these experimental observations, we performed numerical calculations of the 

temperature distribution. Heat flow can be modelled by using the Fourier equation.  

ρCp∂T/∂t=k∇2T +Q                                    (1) 

Here, ρ is the material density, Cp is the specific heat, and k is the thermal conductivity. Q is the heat 

flux density. Because of the small thicknesses of the VO2 film (~ 55 nm) and Au/Cr electrodes (~150 

nm), the heat flow should mainly occur through the sapphire substrate. Therefore, we adopted the 

material constants of Al2O3. Figures 2(d)-2(f) show the modeled temperature distributions of the 

topmost surface corresponding to the VO2 film. The result of our calculations is comparable to our 

experimental results in terms of the spatial temperature distributed and its time-dependency. 

In order to complete the comparison between the experimental and simulation results, we have 

also to compare the front edge of the heat flow. Figure 3 shows a line scan of the detector intensity, 

SMCT, and the temperature values at t=10 µs, 30 µs, and 50 µs. As expected, the trend of reflectance 

values measured along the scan are consistent to the temperature trend calculated, which confirms 

again the fact that the optically obtained signal represents the temperature of the sample, and the heat 

flow in the VO2/Al2O3 films can be well explained, at least in the micrometric length scale, in terms of 

the Fourier law [5].  

We expect that the present result is useful for several applications where a local temperature 

control is needed, for example, temperature-dependent spectroscopic experiments of living cell arrays. 

While the narrow temperature range of only 56 – 75 oC was monitored in this work, one can extend 

the temperature windows down to room temperature since the transition temperature of VO2 can be 

lowered by post-annealing, by strain control, and by other techniques [4]. Finer tools like near-field 

spectroscopy could provide information of the heat flow mechanism in the nanometer scale. Such 

improvement will provide the chance to use this scheme for the thermal characterization of nanoscale 

samples. 
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FIG. 1. Temperature dependent reflectivity spectra in the mid-infrared region obtained during the 

heating process. As the temperature increases, the reflectivity increases since the free carrier response 

becomes dominant. The inset shows the temperature-dependent changes of the integrated reflectivity, 

Int(R). The integrated reflectivity linearly increases with temperature.  

 

 

FIG. 2. Mapping data of the MCT detector signal, SMCT, (a)-(c) and the predicted temperatures (d)-(f) 

at t=10 µs, 30 µs, and 50 µs. The yellow dotted line corresponds to the edge of the Au/Cr electrodes.  
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FIG. 3. Line scan curves for the MCT detector signal, SMCT, and the calculated temperature profiles at 
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Sr doped La2NiO4 shows an intriguing ordering of spin and charge degrees of freedom at low
temperature, the famous stripe phase, which is also found in isostructural high-temperature supercon-
ductors. The crystal structure (Fig. 1) consists of NiO2 layers, which are separated by double layers of
LaO. Replacing La by Sr introduces holes into the system. At low temperatures, the doped holes ar-
range themselves in parallel lines, which run diagonally through the NiO2 planes and form antiphase
domain walls for the antiferromagnetic order on the hole-poor Ni sites in between. This superstructure
causes additional reflections in the diffraction pattern.

The hole concentration in the hole stripes is essentially constant so that different doping levels
lead to different spacings between stripes. While the stripe order can be incommensurate, each stripe
has to be in register with respect to the lattice. These two conflicting tendencies lead to frustration. In-
commensurate order is realized by a statistical sequence of commensurate stripe spacings such that on
average the stripe spacing matches the doping level. The situation is similar for the arrangement of
stripes in neighboring layers: Coulomb repulsion favors an anti-
phase arrangement, which can be readily realized when the spac-
ing in the NiO2 layer is commensurate and an odd multiple of the
lattice spacing. In all other cases the arrangement has to be par-
tially disordered as well.  

One particularly puzzling observation in these compounds is
the different temperature dependence of the stripe order as found
by  neutron  diffraction  and  by  x-ray  diffraction,  respectively:
While  in  neutron  diffraction  experiments  the  intensity  of  the
stripe order peaks saturates at low temperatures resembling the M
(T)  curve  of  a  conventional  ferromagnet  [1],  x-ray  diffraction
finds a maximum intensity of the diffraction peak at intermediate
temperatures and a decay of the peak when the sample is cooled
further [2] (c.f. upper panel of Fig. 3). This decay towards lower
temperatures is accompanied by a broadening of the diffraction
features  indicating  a  loss  of  spatial  coherence.  From a careful
analysis of soft  x-ray diffraction data from a sample with a Sr
content (x) of 0.2, we found that the  integrated intensity of the
charge and spin order peak, which is a measure of the average or-
der parameter of the phase, essentially stays constant upon cool-
ing; the decay of the peak height is mainly due to the broadening
of  the  peak [3].  From this  we conclude  that  upon cooling the
phase breaks into smaller and smaller domains while the charac-
ter  of  the order  and its  periodicity within each domain is con-

Fig.  1:  Crystal  structure  of  the
parent  compound  La2NiO4.  Ni
ions are red, O blue, La yellow.
The NiO2 planes are indicated by
the Ni-O  bonds.
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served.
Such  an  order-disorder  transition  at  low  tem-

peratures has been theoretically discussed for stripe
phases, and  two  different  mechanisms  have  been
considered. One of them is a pinning of the stripes at
low temperatures at the disorder potential created by
the randomly distributed dopant ions [4].  The other
mechanism is an intrinsic effect due to frustrations in
the stripe phase that  would lead to disorder  at  low
temperatures even in a clean system [5].

In order to probe the relevance of both scenarios
it is instructive to compare the order-disorder transi-
tion  in  differently  doped  samples.  We  chose  one
sample  with  x ≈  ⅓,  where  the  order  is  essentially
commensurate and best defined and one sample with
a lower doping level,  x = 0.2, which shows incom-
mensurate order. While the amount of intrinsic disor-
der is considerably different for the two samples, the
influence of the dopant ions should be comparable. 

The experiments were carried out at the MAGS-
beamline of the Hahn-Meitner-Institute at BESSY at
the Ni K-resonance around 8340 eV. The energy de-
pendence of the (2-2ε,0,3) charge-order peak is pre-
sented in Fig. 2 (red line)  together with  that  of the
fundamental (204) Bragg peak (black) and the fluo-
rescence signal (blue). The notation for the diffrac-
tion peaks is such that the H direction is along the
modulation direction of the stripes in the NiO2 plane,
the K direction along the length of the stripes and the
L direction perpendicular  to the  NiO2 planes  along
c*. 

The charge-order spectrum shows a sharp reso-
nance characteristic for an electronic modulation [6]
with  a  moderate  resonant  enhancement  of  about
50 percent.  In contrast  to  that,  for  the  fundamental
Bragg peak the loss of scattering volume caused by
the reduced photon means free path above the reso-
nance threshold is dominating and leads to an overall
decreasing intensity. 

At the Ni-K edge a wide part of the momentum
space can be reached and the six-circle diffractome-
ter  at  the  MAGS beamline allows one to  study the
peak width in all three directions of reciprocal space.
The results along L are presented in the lower panel
of Fig. 3. Two different temperature scales are used
for  the  two samples  to  account  for  the  doping de-

Fig. 3:  L-integrated  intensity  (upper  panel)
and width along L (lower panel) vs. tempera-
ture for the two studied samples.
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Fig. 2:  Ni-K Resonance  of  the  (2-2ε,0,3)
charge  order  peak  in  La1.8Sr0.2NiO4 (red)
compared  to  the  energy dependence  of  the
fundamental  (204)  Bragg  peak  (black)  and
the fluorescence signal (blue).
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pendence of the transition temperatures. Presented in this way the high- and intermediate-temperature
behavior of both samples are very similar. In the low-temperature region, however they curves look
different. The incommensurate sample shows a dramatic loss of spatial coherence with the width at
the lowest studied temperature being about 8 times larger than the minimum width around 60 K. Also
the commensurate sample shows a loss of coherence, but the effect is much weaker, which is also re-
flected in the less prominent loss of peak height (upper panel). We can therefore assume that the in-
fluence of the disorder potential caused by the Sr ions is not the dominating cause of the broadening
and that the intrinsic disorder is more important here.

It is interesting to consider, why the low-temperature order-disorder transition is not observed in
neutron diffraction experiments. The intensity of a diffraction peak is distributed in a certain region of
momentum space. An diffraction experiment integrates the intensity inside a volume given by the mo-
mentum resolution, i.e. by the detector acceptance and the beam divergence. If this probing volume is
larger than the volume of the peak, a peak broadening will not affect the detected intensity as long as
the peak is fully inside the probing volume. Usually, the resolution in neutron diffraction is worse
than in synchrotron x-ray diffraction experiments. But the broadening,  e.g. of the 0.2 sample is so
strong that it should be visible even with very moderate resolution. The discrepancy between x-ray
and neutron results must therefore have a different explanation and may be related to the different
scattering cross sections and time scales probed in the respective experiments. 

In conclusion, we observed a striking difference in the low-temperature order-disorder transition
in doped La2NiO4 between a sample with nearly commensurate and one with incommensurate order.
From this we conclude that the intrinsic disorder of the stripe phase is driving this transition rather
than the disorder potential of the dopant ions. The change of the coherence length in the incommensu-
rate sample is too strong to assign the fact, that neutron diffraction does not observe this transition, to
the low momentum resolution in neutron experiments. 
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Exchange bias and uncompensated moments in fcc Co/FeMn/Cu(001) 
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M. Gruyters 
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Exchange bias occurs in systems where a ferromagnet (FM) and an antiferromagnet (AFM) 
are in contact [1, 2]. We studied epitaxially grown ferromagnetic Co (5 ML thick) on 
antiferromagnetic FexMn1-x (12 ML thick) on Cu(001), using the excellent results obtained in 
Ref. [3, 4] as a starting point, in order to elucidate the role of uncompensated Fe and Mn 
moments at the interface to Co. Epitaxially grown systems have the advantage to exhibit a 
much better defined interface as compared with polycrystalline systems prepared by 
sputtering. Per definition, spins of one antiferromagnetic sublattice are called 
"uncompensated" if moments of the other antiferromagnetic sublattice, oriented into the 
opposite direction and therefore usually compensating the moment from the first sublattice, 
are missing. If the magnetization direction of the FM is reversed, one part of the 
uncompensated moments of the AFM follows because the coupling to the FM dominates. 
Another part of the uncompensated moments does not reverse with the FM because the 
coupling to the AFM dominates. This is the so-called "pinned fraction" of uncompensated 
moments which has been supposed to be crucial for exchange bias [5].  
The uncompensated moments can be detected and quantified by X-Ray Magnetic Circular 
Dichroism (XMCD) in absorption and X-Ray Resonant Magnetic Scattering (XRMS) in 
reflection. We performed XMCD and XRMS measurements by reversing the helicity of the 
synchrotron radiation in well defined magnetization states of the samples, e.g., magnetized 
after deposition, after field cooling and after reversing magnetization after field cooling. 
Magnetizing after deposition creates a well defined state of the magnetization of the FM, field 
cooling activates the exchange bias, reversing the magnetization reverses rotatable 
uncompensated spins whereas the pinned fraction keeps the initial magnetization, and 
reversing the magnetization a second time serves to test whether the initial reversal behaviour 
is maintained. The sample was prepared and checked with XMCD at room temperature in the 
spectroscopy chamber at UE46-PGM, capped with 3 nm Pt, and transfered through air to the 
high-field end station at UE46-PGM where it was finally measured.  
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Fig.1: Hysteresis loops (left) and coercive  fields (right) of Co measured as a function of temperature after field 
cooling to 5 K in -5 kG.  
 
In Fig.1 the hysteresis loops (left) of Co measured in reflection as a function of temperature 
after field cooling to 5 K in -5 kG and the corresponding coercive fields -Hc1>0 and Hc2>0 
(right) are shown. The exchange bias field is Heb=(Hc1+Hc2)/2. Hc=(-Hc1+Hc2)/2 at 5 K is nine 

558



times larger than at 300 K, and between 50 K and 150 K Hc is seven times larger than Heb. 
These observations indicate that the hysteresis loops are dominated by the anisotropy of the 
AFM.  
In detail, after field cooling to 5 K a coercive field Hc of about 3000 G and an exchange bias 
field Heb of about 200 G are observed. After several hysteresis loops at 5 K Heb decreases to 
130 G, i.e., there is a training effect. For increasing temperature Heb first increases to 250 G at 
60 K and then decreases to 0 G at about 230 K. At this blocking temperature a local maximum 
appears in –Hc1 and also but less pronounced in Hc2. This local maximum is usually explained 
by a decrease of the anisotropy of the AFM, so that more AFM moments rotate with the FM, 
resulting in an increase in Hc.  
 

Hysteresis loops of the three elements Co, Fe 
and Mn are shown in Fig.2 for 5 K and 300 K 
after field cooling to 5 K in -5 kG. The 
saturation magnetization of Co at 5 K and 300 K 
is similar because both temperatures are far 
below the Curie temperature of the FM. 
Contrary, the saturation magnetization of 
uncompensated Fe and Mn is significantly 
lower at the higher temperature of 300 K. This 
might be the case because the higher 
temperature is close to the Néel temperature of 
the AFM which is 380 K for the present film 
thickness of 12 ML FeMn.  
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Fig.2: Hysteresis loops of Co, Fe and Mn at 5 K  
and 300 K after field cooling to 5 K in -5 kG (left).  
 
Even at 5 K there is no significant vertical shift of the hysteresis loops, neither for Fe nor for 
Mn, indicating that the pinned fraction of uncompensated moments of the AFM is small, i.e., 
at most 2%. This small fraction of uncompensated moments pinned to the AFM is in 
agreement with the relatively small exchange bias field of 200 G compared to the coercive 
field of 3000 G. In addition, the XMCD asymmetries measured at 5 K for Fe are tiny, i.e., at 
most 0.45% at the L3 resonance. According to a simple estimate, this value of the asymmetry 
corresponds to a small number of uncompensated Fe moments of  0.05 ML.  
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The comparative study of titanium fluorides, TiF3 and TiF4, using x-ray 
absorption: the effect of the filling onset of 3d electron shell  

M.M. Brzhezinskaya 1,2, А.B. Preobrajenski 1,3, S.A. Krasnikov 1,4, and А.S. Vinogradov 1
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An unambiguous identification of the electronic structure features in an individual 
transition metal (TM) system can be performed only by the systematic comparative 
spectroscopic investigation of the electronic structure in a reasonably large number of related 
compounds with the gradually varying parameters of their atomic and electronic structure. By 
the proper choice of the model compounds one can vary such parameters as symmetry of the 
TM atom surroundings, covalence degree of the bonding between the TM atom and the 
ligands, interatomic distances, etc. For simplification of the assignment of the spectra and 
correct understanding of electronic structure of the TM compounds it is highly desirable to 
exclude at least some of these factors and to reduce the real complex situation to a simplified 
one. 
           With this approach we have observed recently (i) the important role of the π-back-
donation effect in the formation of low-energy unoccupied electron states in 3d metal cyanide 
complexes [1,2]; (ii) the necessity of considering covalent bonding in the description of 
unoccupied electron states in the iron and nickel compounds [2,3]; (iii) the hybridized TM 3d 
– F 2p character of empty electron states near the bottom of the conduction band in highly 
ionic 3d TM fluorides, ScF3 – ZnF2, [4-6]; (iv) the effect of the 3d shell filling on the TM 
atom 2p absorption  spectra along the series of acetylacetonate complexes M(acac)3 
{acac=C5H7O2 and M=Sc, V, Cr, Mn, Fe, Co} with the almost ideal oxygen octahedron of the 
nearly same size around the TM atom [7]; (v) the effects of the chemical bonding, the size and 
shape of ligand polyhedron on the TM atom 2p spectra in Sc compounds in which the 
scandium atom has no 3d electrons nominally in the ground state [8],  etc.  

The main goal of this investigation  was to observe and to analyse in detail the effects 
of the filling onset of the 3d electron shell on x-ray absorption spectra as well as on electronic 
structure of solid titanium fluorides, TiF4 and TiF3, which are characterized by the similar 
(slightly distorted) octahedral fluorine surroundings around the Ti atoms and by different 
ground-state (GS) electron configurations of the titanium atoms [Ar]3d0 and [Ar]3d1, 
respectively. 

All measurements have been performed at the Russian-German beamline. We have 
taken high-resolution Ti 2p and F1s absorption spectra from powder samples of K2TiF6 and 
TiF3 as well as from TiF4 (powder sample and thin film deposited in situ with a molecular 
beam from a single water-cooled effusion cell of Knudsen type onto a clean polished copper 
plate). The NEXAFS spectra of these compounds were obtained in the total electron yield 
mode by detecting a sample drain current. The photon-energy resolution was set to 100 meV 
at the Ti 2p3/2 edge (~450 eV) and 150 meV at the F 1s edge (~680 eV). The photon energy 
was calibrated using the known energy position of the first narrow peak in the F 1s and Ti 
2p3/2 absorption spectra of solid K2TiF6 (F 1s, Ti 2p3/2 -> t2g; 683.9 eV and 459.0 eV [9]). The 
TM atom 2p absorption spectra of VF3 and CrF3, which are structurally similar to TiF3 and 
have an alternate 3d electron number, have been measured additionally.  

In Fig. 1 the 2p1/2,3/2 absorption spectra of the Ti and Sc atoms, which have no 3d 
electrons in the GS electron configurations in the case of solid K2TiF6, TiF4 and ScF3 [8], are 
compared. The TM atom 2p1/2 structures were labeled by letters with asterisks. As is well 
seen, the spectra for ionic compound ScF3 and molecular anion TiF6

2- (in solid K2TiF6) are 
strongly similar in their spectral shape. Taking into account the similar octahedral fluorine 
environment of the metal atom in these compounds and the quasi-molecular analysis of the 
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spectra for TiF6
2- [6], the main absorption bands a and b in Sc 2p3/2 absorption spectrum of 

ScF3 can be also associated with core electron transitions to the empty weakly antibonding 
MOs t2g and eg of the octahedral ScF6 quasi-molecule formed by the Sc atom and the 
surrounding fluorine atoms. These MOs result from the covalent mixing between the Sc 3d 

electron states, which are split into 3dt2g and 
3deg components in the field of the fluorine 
octahedron, and the 2p states of the fluorine 
atoms. Within the framework of this 
consideration, the weak low-energy structures 
α and ß are described as a result of the 2p63d0 
- 2p53d1 electron transitions from the singlet 
ground state to the triplet final ones, while the 
low-intense high-energy bands γδ and γ*δ* 
are associated with double electron 
excitations (the 2p – 3dt2g, 3deg transitions 
with simultaneous valence electron 
excitations). The main difference between the 
spectra under comparison is the different 
energy spacing between the bands a and b 
(the 3dt2g and 3deg splitting components) in 
the spectra of TiF6

2- (2.58 eV) and ScF3 (1.83 
eV). It is evidently due to the different 
interatomic distances between the metal and 
fluorine atoms in these compounds: R(Ti-
F)=1.92Å and R(Sc-F)=2.01Å. 

In going from TiF6
2- and ScF3 to ionic 

TiF4, one can see in Fig. 1 that its Ti 2p 
spectrum conserves essentially the spectral 
shape of the ones of TiF6

2- and ScF3, but all 
absorption structures are considerably 
increased in their width. The crystal structure 

of the titanium tetrafluoride, TiF4, can be 
described by arrays of layers of TiF6 octahedra 
with a considerable tetragonal (C4v) distortion 
linked by four shared equatorial corners [10]. 
Thus, it is reasonable to assume that the 
broadening of the absorption structures 
observed in the Ti 2p spectrum of TiF4 as 
compared to that of TiF6

2- is caused by this 
distortion which results in an additional splitting 
of the Ti 3d electron states by the fluorine 
environment. Indeed, there is the splitting of the 
absorption bands a (3dt2g component) and b 
(3deg component) into two subbands: 3de+3db2 
components and 3da1+3db1 components, 
respectively.  
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The most drastic change in the Ti 2p1/2,3/2 
absorption spectrum is observed in going from 
the molecular anion TiF6

2- and the ionic crystal 
TiF4 to another ionic compound TiF3 (Fig. 2): 
the number of main absorption structures is 
doubled. It should be noted that the crystal 
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structure of TiF3 is similar to that of ReO3, where oxygen (fluorine) octahedra are linked via 
their corners. Thus, the Ti atom in the compounds under consideration has the similar 
octahedral environment by the fluorine atoms and, consequently, the small differences in the 
atomic structure can not cause the significant change in absorption structures observed in the 
Ti 2p spectrum of TiF3. Evidently, these findings reflect a complication in electronic structure 
of TiF3 because of the availability of 3d electrons in the GS electron configuration of the 
trivalent Ti(III) atom, [Ar]3d1. In this case the exchange interaction between the 3d electrons 
should be taken into account in the final-state electron configuration, [Ar]3d2. Calculations of 
the electronic structures of 3d-TM oxides [11] show that consideration of the exchange 

interaction between the 3d electrons leads to an 
additional splitting of the 3dt2g and 3deg 
electronic states of MO6 into t2g↑, eg↑, t2g↓, and 
eg↓ spin-polarized components related to two 
possible spin orientations Evidently, a similar 
situation must hold for MF6 in the 3d TM 
fluorides. It is also clear that the ordering of 
these split 3d components depends on the ratio 
between the magnitudes of the crystal-field and 
exchange splittings. As seen from Fig. 2, the 
bands a and b are split by the exchange 
interaction into subbands a - a' and b - b'. In this 
case the 3d-3d exchange splitting of the t2g and 
eg MOs into spin-polarized orbitals, ∆Eexc, 
amounts to 0.97 eV (a – a') and 0.96 eV (b – b'). 
It is interesting that the magnitude of ∆Eexc is 
less than that of the ligand-field splitting, ∆ELF, 
which is equal to 2.13 eV (energy spacing 
between bands a – b or a' - b'). Thus, in TiF3 an 
ordering of the Ti 3d components hybridized 
with the fluorine 2p states is t2g↑, t2g↓, eg↑, and 
eg↓. 

Increasing 3d-electron number for the TM 
atom along the TiF3 (3d 1) – VF3 (3d 2) – CrF3 
(3d 3) series causes changes in the TM atom 2p3/2 

absorption spectra (Fig. 3) which can be regarded as a result of the successive occupation of 
MO t2g↑ by 3d electrons.   
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Finally, it should be emphasized that the quasi-molecular analysis of the F 1s 
absorption spectra of TiF6

2-, TiF4 and TiF3 leads to similar conclusions.  
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According to a theoretical work, a new magneto-optical ”sum rule” connects the resonant

XMLD in absorption with the anisotropy of the spin-orbit-interaction [1]. This tool can

be used to determine the magnetic anisotropy energy (MAE) of ferromagnetic samples [2].

Since XMLD is quadratic in magnetization it enables for investigations on antiferromagnetic

samples, and thus is well suited for studies on complex magnetic systems. In the important

case of the 3d transition metals however, the XMLD in absorption is usually a quite weak

effect. First ex situ feasibility studies of our group revealed strongly enhanced (by one order

of magnitude) XMLD-type effects on iron and cobalt samples when detecting the intensity

of the reflected radiation instead of the corresponding absorption signal. Thus, these effects

possess a high potential for investigations on magnetic nanoparticles or clusters. Here we

report on recent in situ experiments on ultrathin cobalt films grown on W(110). These

films have atomically flat surfaces and sharp interfaces and thus are ideally suited for a

quantitative analysis of reflectivity data [3].

The present experiments have been carried out at the UE56/2 PGM1 undulator beamline

using a special UHV chamber designed for in situ T-MOKE measurements. The Co films

have been prepared by means of molecular beam epitaxy (MBE) at room temperature.

The W(110) substrate was cleaned by cycles of heating in oxygen atmosphere. The base

pressure during the evaporation was maintained at 5 x 10−10 mbar at an evaporation rate

of 1ML/min. The prepared Co films were annealed at 375 K for several minutes to ensure

smooth film surfaces. The structural quality of the films was checked by means of LEED. X-

ray absorption spectra (XAS) as well as x-ray reflectivity spectra have been recorded in the

vicinity of Co L2,3 edges using linearly polarized light. The angle of incidence was fixed at 20◦

with respect to the surface plane. The polarization of the incident radiation has been varied

in order to measure the s- and p-polarized reflectivity of the samples. Simultaneously, XAS

spectra were recorded via total electron yield detection. The samples have been oriented

with the W[11̄0]-axis parallel to the plane of incidence. An external magnetic field of up

to 0.5 Tesla could be applied perpendicular to the scattering plane allowing for magnetic

saturation of the sample along the W[001]-axis, i.e. the magnetic hard axis.

In Fig. 1 a) we present thickness-dependent reflectivity spectra obtained in tranverse

geometry, i.e. the magnetization oriented perpendicular to the plane of incidence. The

dashed (red) curves show the s-polarized reflectivities. In the p-polarized case the transverse

magneto-optical Kerr-effect gives rise to intensity changes being linear with the magnetiza-

tion. Averaging the data for opposite magnetization yields the p-polarized reflectivity given

by the solid black lines. The XMLD-type effect in reflection is presented in Fig. b) for the

case of the 6 ML cobalt film. The upper panels show the s- and p-polarized reflectivity for
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Figure 1: (a) Thickness-dependent reflectivity for Co/W(110) in the vicinity of the L2,3-

edges. The magnetization has been saturated transverse to the plane of incidence.

(b) Top: Reflectivity for s- and p-polarized light with transverse and longitudinal

orientation of the magnetization, respectively. Bottom: Reflectivity difference for

longitudinal and transverse magnetization.

longitudinal and transverse magnetization Rlong and Rtrans, respectively. The corresponding

difference spectra given by Rtrans − Rlong are shown in Fig. 1b). The observed effects cor-

respond to the XMLD-type effect in reflection, but are somewhat smaller than those found

in our previous experiments. However, we find a noticable difference in the XMLD-type

spectra when comparing the s- and p-polarized case. Since the electric field vector probes

two orthogonal axes of the sample this difference is ascribed to a corresponding anisotropy

of the magnetic properties of the sample [4]. We furthermore observe a remarkable thick-

ness dependence of the XMLD in reflection as well as of the anisotropy of the XMLD. The

detailed quantitative analysis of these absorption and the reflectivity spectra and the com-

parison of these results together with the calculations based on the Fresnel formalism will

be published in the near future.
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The effect of iron intercalation on the structural, magnetic and electronic properties of the lay-
ered transition metal dichalcogenide TiS2 is an interesting and extensively studied question [1].
Of particular interest is whether and to what extent Fe intercalation leads to modifications of
the host valence band structure, such as increased band filling, hybridization between the Fe 3d
orbitals and the host Ti 3d and S 3p orbitals, or new Fe 3d-derived electronic states below the
Fermi energy.
We investigated the valence band structure of FexTiS2 (x = 0; 0.1; 0.33) by angle-resolved pho-
toemission spectroscopy taking advantage of a second generation toroidal electron spectrometer
with fast data acquisition [2].

Figure 1: Fermi surface maps of TiS2 (a+d), Fe0.1TiS2 (b+e) and Fe0.25TiS2 (c+f) taken at a
photon energy of 116 eV with left circularly polarized light. Grey lines represent the Brillouin
zone boundaries. Violet circles indicate the position of the azimuthal scan profiles in Figure 3.

Our main aim in this work was to reveal possible spin polarization effects at the Fermi energy
by using fully circularly polarized light from beamline U56/2-PGM1 (hν = 89 to 1328 eV) at
BESSY [3]. Although we were not able to answer the question concerning spin polarization,
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Figure 2: Fermi surface maps of TiS2 (a+d), Fe0.1TiS2 (b+e) and Fe0.25TiS2 (c+f) taken at a
photon energy of 116 eV with right circularly polarized light. Grey lines represent the Brillouin
zone boundaries. Violet circles indicate the position of the azimuthal scan profiles in Figure 3.

interesting matrix-element effects were observed for the iron intercalated as well as for the pris-
tine TiS2 compounds.

In figure 1 and 2 we present Fermi surface maps of TiS2 and its Fe intercalates measured with
differently circularly polarized light. The crossings of the lowest Ti 3d band with the Fermi
energy lead to the typical cigar shaped electron pockets around the M(L) points of the Brillouin
zone. In both figures the growth of these electron pockets with increasing Fe concentration is
clearly visible. This is a sign of electron transfer from theintercalated Fe to the host material.
Additional modification of the host valence band structure could not be resolved in this experi-
ment.
Various polarization dependent matrix-element effects are observed in the Fermi surface maps
as well as in the valence band structure measurements not shown here. In particular it is eye-
catching that these effects are getting more and more obvious in the higher Brillouin zones.
Figure 3 shows azimuthal angle scans through the third Brillouin zone indicated as violet circles
in figure 1 and 2. Beside the above mentioned growing of the electron pockets with increasing
Fe intercalation, the intensity profiles measured with leftand right circularly polarized light
show mirror symmetry about theΓM(AL)-direction. This effect directly reflects the three-fold
symmetry of the crystal. Further changes in the matrix-element effects due to increasing Fe
concentration could not be observed.

This work was supported by the DFG Forschergruppe 353.
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Figure 3: Azimuthal scan profiles through the 3rd Brillouin zones extracted from Fig. 1 (a,b,c)
and Fig. 2 (a,b,c). The azimuthal angle of 00 points in the -kx-direction. High-symmetry
directions are indicated by the dashed lines.
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The electronic structure of gold nanoclusters grown on the oxidized stepped (755) surface of fcc Ni 
has been investigated experimentally It has been shown that oxidization of the Ni(755) surface leads to 
the development of a well-ordered uniform structure similar to  the (2×2)O structure which forms on 
flat Ni(111). Deposition of gold on this oxidized stepped surface leads to the formation of gold 
nanoclusters with sizes determined by the surface terrace width. Comparison between Au 4f core-level 
photoemission from gold nanoclusters on pure and on oxidized Ni(755) shows for the oxidized system 
the appearance of spectral components Au+δ different from those characteristic of the metallic state. 
We assume that these are connected to partial oxidation of gold atoms under participation of surface 
defects in the stepped relief of the Ni substrate.  

 
Recently nanoclusters of the noble metals Au and Ag supported on various oxide surfaces 
have been attracing considerable interest since they can exhibit high catalytic activity, 
particularly in the oxidation of carbon monoxide [1, 2]. Several theories have been suggested 
to describe this effect. One of them emphasizes the role of ionic noble-metal species in the 
catalytic reaction. According to these, the presence of this ionic noble metal determines the 
catalytic activity of the system consisting of noble metal nanoclusters and the oxide support 
[3, 4]. In several experiments the ionic state of gold atoms has been archived on defect-rich 
surfaces with oxygen vacancies or with steps [5, 6]. 
   

        
 

      
 
Fig.1: Results of the LEED and STM studies; 
(a) diffraction pattern obtained from clean Ni(755), Ep = 96.3 eV; (b) STM image of 
clean Ni(755); (c) diffraction pattern obtained from oxidized Ni(755), Ep = 96.4 eV; (d) 
STM image of oxidized Ni(755). 
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The aim of the present work was to prepare an oxidized stepped surface Ni(755) with 
defects and to investigate the electronic structure of gold clusters on this surface. We assumed 
that the cluster size on such stepped surfaces will be controlled by the terrace width which 
may lead to a more uniform size distribution. The high-Miller-index crystal surface Ni(755) is 
geometrically characterized by well-ordered steps with monatomic height and a terrace width 
of 1.3 nm. The confirmation of this surface geometry by a superlattice splitting in the LEED 
is shown in Fig. 1(a,c). Fig. 1(a) presents the diffraction pattern from clean Ni(755) typical of 
a clean and well-ordered stepped surface. Fig. 1(b) shows STM data of Ni(755). One can 
clearly see that the terrace widht is not 1.3 nm but 2.6 nm. This means that the steps are of 
double layer height. The Ni (755) surface was oxidized at an average temperature of 650 K 
and a partial O2 pressure of 5×10−8 torr during 10 min. It was found that at ~520 K a 
reconstruction of the Ni(755) surface takes place and the width of terraces becomes 1.3 nm 
which corresponds to steps of monatomic height. Since for oxidation of Ni temperature higher 
than 520 K was used, the terrace width during oxidation was 1.3 nm. Fig. 1(c) shows the 
LEED pattern from oxidized Ni(755). The Ni LEED spots in the figure are combined into 
hexagons. The distance between split Ni spots is twice as large as for clean Ni(755), 
consequently the terrace width of oxidized Ni is half that of clean Ni. The LEED pattern also 
allows for conclusions on the structure of adsorbed oxygen. The structure of oxygen atoms 
prevent the reconstruction of the nickel surface so that at room temperature an oxidized 
Ni(755) surfache with a terrace width of 1.3 nm is obtained. In fig. 1(d) the (2×2) 
superstructure of oxygen is directly observed within the limits of terrace.  

We measured normal-emission photoelectron spectra of the valence band under 
deposition of Au on oxidized Ni(755). We started from submonolayer coverages and went up 
to 4 ML. In brief, we made the following observations:  

- Ni3d-derived feature are less strongly suppressed by deposited gold than expected. 
This indicates an island-like mechanism of growth. 

 

 
 

 
 
 
 
 
 
 
 
 

Fig.2:  
Au 4f5/2,7/2 core level spectra from 1.7 ML (a) and 2.7 ML (b) of 
gold on oxidized Ni(755). The fitting procedure gives two spectral 
components. Light grey color shows the spectral component for 
partially oxidized gold atoms. 
 
(c) STM image of 0.5 ML Au  on oxidized Ni(755). Clusters of 
gold are outlined by circles.
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- Under deposition of Au on oxidized Ni(755) we observe the formation of several 
features in the upper part of Au5d-band (binding energies ~3 eV and 2.4 eV). This 
indicates the formation of quantum-well states which testify the formation of clusters 
of uniform size. The appearance of these features suggests that the oxidized stepped 
surface can lead to the  ormation of uniform noble metal clusters. The size of these 
clusters is probably limited by the terrace width if diffusion of Au across step edges is 
negligible. 

The formation of gold clusters limited by the terrace width is supported by our STM 
investigations. Fig.2(c) displays an STM image of 0.5 ML Au on oxidized Ni(755). The gold 
clusters are outlined by circles. 
 Au 4f core-level spectra from 1.7 ML (a) and 2.7 ML (b) nominal gold coverage on 
oxidized Ni(755) are shown in figs. 2(a,b), respectively. The fitting procedure gives two 
spectral components: for Au 4f7/2 84.0±0.1 eV and 84.3±0.1 eV, for Au 4f5/2 87.7±0.1 eV and 
87.9±0.1 eV. The spectral components with binding energies 84.0±0.1 eV and 87.7±0.1 eV 
are characteristic of bulk metallic gold. Comparing Au 4f spectra for the two systems Au on 
clean Ni(755) and Au on oxidized Ni(755) we find that on oxidized nickel two additional 
spectral components appear with energies 84.3±0.1 eV and 87.9±0.1 eV. We assume that this 
is due to partial oxidation of gold atoms under participation of surface defects inherent in the 
stepped relief of the Ni substrate. This conclusion is supported by the observation that the 
"partially oxidized" component is stronger for lower Au coverages. Consequently, we 
conclude that the formation of Au clusters on oxidized Ni(755) leads to two states of Au 
which possibly play an important role in the catalytic activity of the Au clustes on such 
oxidized stepped surfaces.  
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Inner-shell excitation of free clusters has been studied during the past years, where the em-

phasis was put on size-effects of van der Waals clusters [1,2]. Such cluster systems are on one 

hand easy to prepare in adiabatic expansions; on the other hand this approach produces the 

clusters in wide size distributions. Clusters from covalent species have the inherent advantage 

that they are often formed with well-defined sizes [3-5]. Often, this requires the evaporation 

of the solid samples.  

 

Selenium clusters have been studied before in the Se 1s-regime (12.5-13.5 keV), where the X 

ray absorption fine structure has been used to determine the structure of the clusters [3]. The 

present work focuses on the Se 2p-regime, which is a continuation of previous work, where 

we investigated sulfur clusters in the core level regime [4,5].  

The experiments are carried out at the U49/2-PGM1 beamline at BESSY. Selenium clusters 

are produced from neat selenium in a two-stage oven at different heating temperatures. The 

oven is connected via a pinhole to a vacuum recipient, where the effusive cluster jet crosses 

the dispersed undulator radiation. The oven temperature is chosen such that the clusters in the 

gas phase are dominated by Se6 with minor contributions from Se7 and Se2 [6]. Total ion yield 

Fig. 1: Total electron yield of selenium clusters in the
gas phase near the Se 2p-edge. 

 
 
Fig. 2: Enlarged portion of the 2p-NEXAFS spec-
trum of selenium clusters.  
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(TIY) and total electron yield (TEY) spectra are recorded under static extraction conditions of 

charged species from the ionization region, where the cluster beam crosses monochromatic 

synchrotron radiation. Coincidence spectra are recorded by utilizing a time-of-flight mass 

spectrometer. Both TEY and the TIY show almost no edge jump at the 3p edge (160-180 eV 

regime), so that the 3p-edge is barely visible in energy scans of the charged particles. Near-

edge features are found in the 3p regime with weak intensity. However, distinct features are 

observed above 1420 eV, where the Se 2p electron excitation is known to occur. Fig. 1 shows 

the TEY in the vicinity of the Se 2p edge (1400-1500 eV). The edge jump is observed at 

1438.5 eV (2p3/2) and 1479.5 eV (2p1/2), respectively.  These energies are somewhat higher 

than electron binding energies of elemental Se (1433.9 eV and 1474.3 eV) [7] indicating that 

there is a considerable chemical shift in clusters. 

A broad resonant feature of weak cross section is 

observed in the pre-edge regime (1432-1436 eV). 

This is shown in greater detail in Fig. 2. We as-

sign this feature to transitions into unoccupied 

valence orbitals, which is in analogy to previous 

work on 2p-excited sulfur clusters [4]. A detailed 

assignment, however, requires the use of model 

calculations, which are currently in progress. Fig. 

3 shows two time-of-flight mass spectra of Se 

clusters. The bottom spectrum is obtained from 

E=150 eV, which is located in the Se 3d-continuum. The ´heaviest cation that is detected in 

the mass spectrum is Se3
+. The distribution of neutrals in the beam indicates that the singly 

charged cations come most likely from fission of larger clusters. Double and triply charged 

atomic fragments are observed with high intensity upon Se 2p3/2-continuum excitation (see 

Fig. 3(top)). Fission in core-excited Se clusters is studied by photoion-photoion-coincidence 

(PIPICO) and photoelectron photoion-photoion coincidence (PEPIPICO) spectra.  

 
This project has been supported by the BMBF (contract No. 05-KS4WWD/0) and the Fonds der Chemischen Industrie.  
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Fig. 3: Time-of-flight mass spectra of Se clusters
recorded at 150 eV (bottom) and 1450 eV (top).  
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One of the most intriguing aspects in three-dimensional molecular structure is the occurrence 
of chirality. A molecule is called chiral if is not superimposable on its mirror image. Apart 
from an interest in this property from a fundamental point of view, the chiral nature of 
specific materials also plays an important role in practical applications. For example, the 
chiral discrimination in modern drug production has become so crucial that the proportion of 
single enantiomer drugs has been rapidly increasing, and has reached a level of up to 75 % 
[1]. This chiral discrimination is achieved by heterogeneous catalysis where active metal 
surfaces covered with chiral molecules serve as catalysts. 
 

 
 

Figure 1: C1s core level photoemission spectra and chemical structure of alanine and 
cysteine 

 
In general, chirality is detected by optical activity, that is, how the linear polarization of light 
is rotated upon passing through a solution or a crystal consisting of chiral molecules. 
Linearily polarized light can be regarded as a superposition of coherent left and right 
circularly polarized light beams. Optical activity is then due to different molecular 
coefficients of absorption for left and right hand circularly polarized light. The difference in 
those coefficients is a measure of the intensity of circular dichroism. It should be mentioned 
that optical activity and magnetic optical activity, which can occur in all media and is induced 
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by longitudinal magnetic fields, both have the potential for magnetically induced 
enantioselectivity in chemical reactions. It has been shown experimentally, that magnetochiral 
anisotropy—an effect linking chirality and magnetism—can give rise to an enantiomeric 
excess in a photochemical reaction driven by unpolarized light in a parallel magnetic field, 
which suggests that this effect may have played a role in the origin of the homochirality of life 
[2]. 
 

 
 

Figure 2: Angular distribution in the asymmetry of the different enantiomers of alanine and 
cysteine. The sample is rotated in the plane defined by the synchrotron light and the axis of 

hemispherical analyzer. 
 
While circular dichroism as well as optical activity have been widely used in the visible and 
near UV region [3], the use of higher photon energies to analyze circular dichroism in valence 
and core level absorption or electron emission has been less actively pursued.  
Here, we report on the characterization of adsorbed chiral molecules with respect to 
handedness and chemical composition using core-level photoemission spectroscopy with 
circular polarized light.  
The molecules under investigation are alanine and cysteine, their chemical structure shown in 
Figure 1. These two amino acids show the same next-neighbour environment of the chiral 
center, where the amino-group, the carboxylic group, and the hydrogen are identical, but 
cysteine contains an methane-thiol-group instead of a simple methyl-endgroup for alanine, i.e. 
incorporating an additional sulphur atom. This subtle change in chemical structure leads to 
different adsorption behavior and opposite optical activity. While R- and S-alanine show 
negative and positive optical activity, respectively, R- and S-cysteine show positive and 
negative optical activity, respectively.  
The enantiomers of both molecules have been evaporated on clean Cu(110) surfaces at 330 K. 
For R- and S-alanine the chiral adsorption geometries (2 2, -5 3) and (2 -2, 5 3), respectively, 
are obtained. R- and S-cyteine, on the other hand, adsorb in the chiral (4 -1,1 5) and (4 1,-1 5) 
structures, respectively. According to their chemical structure both molecules posses three 
carbon atoms in different chemical environments and their contributions to the C1s core level 
emission can be readily detected (see Figure 1). However, only the contribution of the chiral 
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center shows a circular dichroism, that is, the intensity is different for excitation with left- or 
right-hand circular polarized light. Figure 2 shows the asymmetry plots for the alanine 
enantiomers. The asymmetry changes sign as a function of the emission angle. Changing the 
handedness of the molecule reverses the sign in the measured asymmetry. The asymmetry 
plots for cysteine shown in Figure 2 show the identical behaviour, that is, the right-handed 
enantiomer shows a negative asymmetry at negative emission angles. The above results show 
that the angular dependent asymmetry is an absolute representation of the molecular chirality 
and does not depend on the optical activity but only on the handedness of the molecule. 
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Applications, 2nd edition; Wiley-VCH: New York, 2000. 
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An intense search for digital optical data storage and novel electronic devices with increasing 
storage density has been pursued in the recent years. Promising results have been obtained by 
the use of molecular systems [1] with the advantage of easy fabrication, the possibility to 
shape organic compounds into desired structures by molecular engineering, and fine-tuning of 
many physical properties by small changes in molecular structure. Molecules with an 
extended π-electron-system are particularly promising candidates. Intermolecular interactions 
of the π-systems favor a stacking of molecules with their aromatic planes parallel to each 
other. In such highly ordered thin films or organic molecular crystals, overlap between π-
orbitals takes place only in one direction leading to an anisotropy of optical and in physical 
properties. For large molecules with extended π-systems, the formation of bands has been 
observed [2] suggesting the occurrence of high carrier mobility due to band transport. A 
molecule with two different possible conformations incorporated into one-dimensional 
“molecular wires” would ideally serve as a “molecular switch”. The simplest model switch of 
this sort is the stilbene-molecule (1,2-Diphenylethylene) shown in Figure 1 for which the 
phenyl groups can be arranged on the same side or on opposite sides around the central C=C 
bridge, named as cis- or trans-stilbene, respectively.  
 

 
Figure 1: Molecular structure of trans(red)- and cis(blue)-stilbene. 

 
The isomerisation of stilbene around its C=C-double bond can be triggered by UV irradiation, 
as already shown in the gas phase and in solution and described theoretically [3,4,5,6]. Two 
possible pathways for isomerisation are currently discussed. The “one-bond flip” corresponds 
to a rotation around the double bond excited by the UV photons and leads to a transition state 
conformation of the two phenyl rings perpendicular to each other. The “hula-twist” 
mechanism shown by Fuß and coworkers [6], being a low-energy pathway, is a simultaneous 
rotation around the central double-bond and one of the adjacent C-C-single bonds, keeping 
the phenyl groups parallel to each other at all times. The isomerization may be induced by  
UV-light in the wavelength range of 250-320nm, with isomerisation times in gasphase and 
solution  of ~3ps and ~100ps for the cis-to-trans- and the trans-to-cis-isomerisation, 
respectively [4]. 
For molecular switching being a useful process in microelectronics, such a pathway has to 
work on surfaces, i.e. in a constrained situation. Bonding with the substrate surface, however, 
must not hinder the switching process. In this course we have already investigated the 
adsorption of both stilbene isomers on Si(100) [7]. Here, we present a study on the impact on 
isomerization on the electronic structure of the molecule.  
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The experiments were performed at the UE56/2 PGM1 Beamline. Photoelectrons were 
detected with a SPECS Phoibos 100 hemispherical analyzer equipped with a 2D CCD-
detector. Cis- and trans-stilbene was used without further purification. Both isomers were 
evaporated from a glass tube, in the case of trans-stilbene heated to 90°C, through a leak-
valve onto a Cu(110) surface cleaned by ion-bombardment and annealing. The difference in 
evaporation temperature correlates with the higher boiling point of trans-stilbene under 
standard conditions. All photoelectron spectra were taken with a fixed angle of 54.6° between 
photon source and electron analyzer.  
In Figure 2 spectra of a several monolayer thick layer of cis- and trans-stilbene are shown. In 
addition, Figure 2 shows calculated valence band spectra. The binding energies for MOs are 
derived from DFT calculations of single molecules of the cis- and trans-isomer. The 
calculated spectra are obtained by convolution with a Gaussian function of 0.4 eV width to 
model broadening. Calculated binding energies have been aligned to the highest kinetic 
energy feature of the experimental spectra, which can be attributed to emission from the 
highest occupied molecular orbital (HOMO). Experimental and theoretical spectra show an 
excellent agreement, that is, all features in the experimental spectra can be attributed to 
emission from occupied molecular orbitals in the molecule. This is especially remarkable as 
the DFT calculations have been performed for single isolated molecules and binding 
interaction between the adsorbed molecules and the surface are thus neglected. Hence 
intensities in the calculated spectra may and do not resemble the intensities measured. Still the 
calculated binding energies for the MOs are in good agreement with measured values as 
shown before. This can be explained by the weak interaction of the molecules within this 
layers, which is lower than the molecule-substrate interaction as indicated by core level XPS 
(not shown here).  

 

 
Figure 2: Experimental and theoretical valence state spectra of trans- and cis-stilbene 

multilayers deposited on clean Si(100) at low temperatures.  
 
Measured as well as calculated spectra for the two isomers are similar to a large extent as can 
be expected. However, small differences are visible especially for the signals at about 3.5 eV, 
6.0 eV, 10.9 eV and 11.9 eV binding energy. This differences in the spectra for the two 
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isomers are attributed to the differences in shape and thus in the binding energy of the 
respective MOs,  a result of the different conformation of the molecules. These differences are 
large enough to permit a clear differentiation between the adsorbed isomers which is a 
prerequisite for the investigation of the stilbene isomerisation. Although other methods for the 
differentiation of both isomers are possible, e.g. through vibrational spectra [8], only the 
valence band spectra give direct access to the electronic structure of the molecule.  
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Core level X-ray absorption spectroscopy (XAS) is a valuable tool to investigate the unoccupied
local electronic density of states with element specificity [1, 2]. Because of the local nature of inner
shell excitation, the chemical environment and bonding of individual chemical elements can be
studied. In this respect, XAS is unique, offering the exciting prospect of studying the electronic
properties of individual constituents in doped or binary clusters. In a first step towards this aim,
mass resolved soft X-ray absorption of neutral, pure transition metal clusters was measured recently
at BESSY, using ion yield spectroscopy at transition metal L2,3 edges. Neutral transition metal
clusters are produced with a magnetron source, ionized by soft X-ray radiation, and detected by
time-of-flight mass spectroscopy. High mass resolution up to m/∆m = 1500 is used to record
transition metal cluster mass spectra while scanning the photon energy across the L2,3 absorption
edges. This way, the first X-ray absorption spectra of free vanadium, chromium, cobalt, and nickel
clusters could be recorded.
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Figure 1: Detail of a soft X-ray ion yield spectrum of neutral cobalt clusters recorded at 780 eV photon
energy. In the rage of n/z =20–21, contributions of clusters with different z state are clearly discernible.
Dashed line/markers: data; solid line: fit to the data. All charge states contribute to n/z = 20 and 21.

Relaxation of the core excited state via Auger decay leads to multiply charged cluster ions, as shown
in figure 1. Here, the individual contributions of Coz+

n clusters with different n/z ratios to the mass
spectrum can clearly be distinguished. The charge state distribution of cluster ions after soft X-ray
absorption is analyzed as function of cluster size and excitation energy in the vicinity of the L2,3

edges. Charge states extend from z = 1+ to z = 5+ with a maximum around triply and quadruply
charged cluster ions, in line with experimental results on transition metal atoms [3].
The charge state of the Coz+

n cluster ions detected after ionization with 780 eV photons varies
smoothly as a function of cluster size. The results of a preliminary analysis indicate that even six-
and sevenfold charged cluster ions contribute to the mass spectrum for larger clusters. A mass
spectrum of neutral cobalt clusters with n = 250 is shown in figure 2. The spectrum has again
been decomposed into the individual charge state contributions as shown in figure 1. As for smaller
clusters, the dominant contributions arise from quadruply and triply charged cobalt cluster ions.
For larger clusters, a significant fraction of the cluster ions is five-, six-, and sevenfold charged.
This might be due to several reasons. On the one hand, higher charge states may emerge because
multiple ionization thresholds are reduced by screening effects in larger clusters, where valence
electron delocalization due to metallic bonding is be expected. In addition, outgoing Auger electrons
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Figure 2: Neutral cobalt cluster mass spectrum obtained after ionization with soft X-rays at 780 eV. The
spectrum has been decomposed into the individual contributions from different charge states. Cf. figure 1.

might induce electron impact ionization in larger clusters: For a given electron attenuation length,
the secondary electron yield should increase with the cluster radius. On the other hand, the charge-
resolved mass spectrum shown in figure 2 reflects the size-dependent stability of multiply charged
cluster ions. For n = 80, the highest stable charge state is z = 3+. With increasing cluster size,
higher charge states become more and more stable on the time scale of the experiment, indicating
lifetimes of more than a few microseconds.
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Figure 3: L3 X-ray absorption of free cobalt clusters with n/z=20–25. Since dominant contributions are
z = 3 and z = 4, this corresponds to the L3 absorption of free Co60–Co100. The line shape is almost bulk like.
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Fragmentation of the Coz+
n cluster ions seems to be asymmetric. The only fragment ions observed

below n/z = 20 for transition metal clusters after X-ray absorption are monomer and, to a much
lesser extend, dimer ions. This is in contrast to soft X-ray ion yield experiments on silicon clusters
(not shown here), where larger fragment ions were observed.
Soft X-ray absorption spectra can now be obtained by analyzing the cluster ion yield as a function
of photon energy. In figure 3, the Coz+

n ion yield for n/z =20–25 is shown for hν =770–795 eV.
Since the main contributions are z = 3+ and z = 4+, this corresponds to the L3 X-ray absorption
of neutral Co60–Co100. As can be seen, the XAS line shape is almost bulk like for these clusters.
This is, however, a preliminary result. A thorough analysis of the experimental data is currently in
progress.
In summary, the first X-ray absorption spectra of neutral cobalt clusters were obtained. The cluster
ion yield could be decomposed into contributions from different charge states. For clusters with
n =60–100, the line shape is almost bulk like. In the future, we will investigate smaller clusters in
the size range n ≤ 50.
The spectra shown here were obtained at BESSY beamline U49/2-PGM-1. Important preparatory
work was performed at beamlines U49/2-PGM-1 and U125/2-SGM. Technical assistance was readily
provided by BESSY staff members. We acknowledge funding by Technische Universität Berlin in
the framework of research initiative project FIP 2/60.
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Soft X-ray Ion Yield Spectroscopy of Free Titanium
and Vanadium Clusters: Proof of Principle and First Results
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Soft X-ray ion yield spectroscopy at the L2,3 edges of titanium and vanadium clusters has been
performed with high mass resolution at BESSY beamline U49/2-PGM-1 with the aim of following
the evolution of atomic like to bulk like behaviour in transition metal clusters. Similar to the investi-
gation of free cobalt clusters reported in this issue [1], neutral titanium and vanadium clusters were
produced with a magnetron source and detected with a time-of-flight mass spectrometer after inner
shell excitation at the titanium and vanadium L2,3 edges. High mass resolution (up to m/∆m = 1500
in our case) is crucial to analyze the ion yield spectra.
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Figure 1: Neutral titanium cluster mass spectrum decomposed into contributions from different charge
states. Evaluated for n/z = 20–90. Excited at the titanium L3 edges.
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Figure 2: Soft X-ray ion yield spectrum of free titanium clusters with n = 150.

A mass spectrum of neutral titanium clusters with n = 150, photoionized at titanium L3 edge, is
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shown in figure 1. The Tiz+
n spectrum has been decomposed into the individual charge state con-

tributions, where the dominant contribution is z = 3 and z = 4. In the size range shown here, no
contributions with z > 5 were observed.
According to our preliminary data analysis (see [1] for details), XAS line shapes and branching ratios
are almost bulk like even for the smallest titanium clusters investigated. This surprising result is in
contrast to a recent experiment reported for free titanium cluster XAS [2]. A thorough data analysis
and further experiments on smaller clusters will help to clarify this issue. A typical X-ray absorption
spectrum of free titanium clusters with n = 150 is shown in figure 2. The full size range has been
evaluated to improve statistics. It can clearly be seen that X-ray absorption spectra of free clusters
can be obtained with excellent signal-to-noise ratio due to the high cluster flux density. Although
titanium clusters are highly reactive, no oxygen contamination could be detected by XAS at the
oxygen 1s edge.
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Figure 3: Neutral vanadium cluster mass spectrum, excited at the vanadium L3 edge.

A mass spectrum of neutral vanadium clusters, exited at the vanadium L3 edge, is shown in figure
3. The maximum is around n/z = 30. As can be seen in the inset, the distribution of charge states
is similar to the case of titanium clusters. Again, even for the cluster size distribution investigated
here, we obtain bulk like X-ray absorption spectra with good statistics. This is a clear indication
that the transition to bulk like behaviour proceeds well below n = 100 for transition metal clusters.
We therefore plan to investigate free clusters with n=20–50 in an upcoming beamtime.
In summary, we have demonstrated the ability to record soft X-ray ion yield spectra of neutral
transition metal clusters after excitation at the L2,3 edges with synchrotron radiation. This offers
the exciting prospect of investigating the local electronic structure around dopant atoms in binary
clusters. The experimental method will further be developed by our group.
The spectra shown here were obtained at BESSY beamline U49/2-PGM-1. Important preparatory
work was performed at beamlines U49/2-PGM-1 and U125/2-SGM. We gratefully acknowledge tech-
nical assistance by BESSY staff members. This project was funded by Technische Universität Berlin
as research initiative project FIP 2/60.
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Multiplet Splitting in L-edge X-ray Absorption Spectroscopy of
Deposited Cobalt Clusters
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In small metal clusters, the transition from atom like, localized, to bulk like, delocalized, electronic
states takes place. The evolution of metal–metal bonding by inter-cluster hybridization of the 4s
and 3d states can be followed by X-ray absorption spectroscopy (XAS) at the L2,3 edges of clusters
deposited on weakly interacting substrates. Here, we report on a 2p–3d XAS study of small cobalt
clusters on Cu(100).
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Figure 1: 2p–3d X-ray absorption of deposited cobalt clusters on Cu(100). The higher energy component at
the cobalt clusters’ L3 edge decreases with increasing cluster size.

Mass-selected small chromium clusters (n=1–3) were produced by xenon sputtering [1] and soft-
landed [2] in UHV onto a Cu(100) substrate. The evolution of the unoccupied electronic density of
states was studied by XAS at the cobalt L2,3 edges at BESSY beamline UE52-SGM. The coverage
has to be kept well below 0.01 monolayers in order to resolve the multiplet lines. In addition, resid-
ual gas adsorption even at 10−10 mbar leads to rapid degradation of the deposited cluster samples,
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accompanied by changes in the spectral features. This makes XAS of small transition metal clusters
a challenging task.
Two well resolved multiplet lines were observed at the 2p–3d absorption edge of small cobalt clusters
on Cu(100). This clearly indicates that atom like XAS line shape can be obtained for small tran-
sition metal clusters on coinage metal substrates. As shown in figure 1, the L3 absorption edge of
small cobalt clusters is clearly split into two main components. By comparison to the corresponding
spectrum of free cobalt atoms [3], also shown in figure 1, one could conclude that these two compo-
nents are formed by the two separated sets of atomic multiplet lines at 776–779 eV and 781–782 eV,
respectively. In deposited clusters, the lines are broadened and shifted to higher photon energy by
interaction with the substrate.
Comparing the XAS spectra of Co1, Co2, and Co3 on Cu(100), a general trend is apparent in the
size-evolution of the spectral feature. Upon increasing the cluster size from deposited atoms via
dimers to trimers, the L3 component at higher photon energy decreases in intensity as compared
to the low energy component. For cobalt trimers, the high-energy component has almost vanished.
The same tendency is also visible at the L2 edge of small cobalt clusters on Cu(100).
The onset of 2p–3d X-ray absorption is shifted to higher photon energy by approximately 4 eV for
deposited clusters as compared to free cobalt atoms. In contrast, no significant shift of absorption
energy is observed between the different cluster sizes. This indicates that the shift is induced by
interaction with the underlying Cu(100) substrate. Most likely, delocalized copper valence electrons
contribute to this effect by screening the Coulomb interaction of the cobalt 2p core hole with the
cobalt 3d valence states. Since no size-dependence in 2p–3d X-ray absorption onset was observed,
delocalization of cobalt cluster valence electrons, leading to a weakened 3d electron repulsion, does
not seem to contribute a major effect in small cobalt clusters. A thorough analysis of the experi-
mental data is currently in progress.
We gratefully acknowledge technical assistance by BESSY staff members.
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Ordered colloidal assemblies are three-dimensional periodic structures formed from small 
polystyrene spheres suspended in solution. These assemblies attract considerable attention when 
used as optical filters, switches and materials with photonic band gaps. 
Unluckily, a broad application of ordered colloidal assemblies is greatly restricted by numerous 
difficulties in the formation of large area ordered crystalline assemblies with uniform crystal 
orientation. We here present an approach using a holographically manufactured template (surface 
relief grating – SRG) made from a photopolymer which is pre-structured. The aim of these 
templates is to allow the growing of ordered colloidal assemblies by slow sedimentation to direct 
the crystallization of colloids towards bulky crystals and to allow a tailoring of the final lattice 
structure, orientation and size of the final colloidal assemblies. The understanding of the 
sedimentation process is hereby of great importance. Although there are optical [2,3] and 
confocal [4] microscopy well established as in-situ investigation techniques, both methods are 
limited.  
To fully monitor the crystallization process in 3 dimensions, energy dispersive X-ray 
reflectometry was used to describe the phenomena taking place on the formation of colloidal 
layering. X-ray techniques are rarely used to investigate the formation of ordered colloidal 
assemblies so far [5, 6]. 
 
We used a monodisperse polystyrene latex with sphere diameter of 770 and 1030 nm delivered 
from Microparticles, Berlin at the EDR beamline. The experiment consists in the time dependent 
inspection of the colloidal deposition during the evaporation of the dispersant. For this purpose a 
droplet of colloidal dispersion in water was dropped onto the patterned substrate by a pipette. For 
homogeneity reasons a very small concentration of the colloids (about 0.01…0.06 %) was 
chosen. In order to guarantee stable conditions in temperature and humidity the sedimentation 
process was performed in a spatially limited, closed volume of 104 cm3. Because of the small cell 
volume the deposition process takes place close to the thermodynamic equilibrium between solid 
phase and colloidal droplet. The sedimentation velocity of spherical particles is estimated to be in 
the order of v = 20µm/h. Therefore several hours of stable experimental conditions are needed to 
follow the deposition process. 
 
Fig. 1 shows the surface of the as prepared colloidal layers after finishing the experiment. The 
reflectometry sum signal during the evaporation of the dispersant as a function of time and 
humidity is displayed in Fig. 2. Short before the dry out of the dispersant a huge increase in the 
recorded diffusely scattered intensity was observed, while after the evaporation of the dispersant 
the intensity goes towards a reduced saturation value which indicates the final arrangement of the 
colloidal spheres on the template surface. The reason of this order-disorder behaviour is not yet 
finally understood. Preliminary calculations reveal an ordering process when the thickness of the 
remaining dispersant film is in the order of magnitude of the sphere diameter. If this film is then 
evaporated, a growth of defects may occur, which reduces the order of colloidal assembly due to 
spontaneous domain formation. It becomes urgently necessary to do these experiments again 
using a detector system which allows a better time resolution. 
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Figure 1:  Colloidal assembly of 1030 nm spheres on a pre-patterned polymer template 
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Figure 2:  Time and humidity dependent ED-XRR of water evaporation from a 40 O�

colloidal suspension 
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Introduction

We have been investigating a new form of circular dichroism (CD) observable in the
photoionization of chiral molecules that arises from an asymmetry in the photoelectron’s angular
distribution. Early predictions1 of such asymmetry from an un-oriented sample of a chiral
molecular enantiomer were made in the pure electric dipole approximation, leading to an
expectation that any resulting dichroism (difference between behaviour observed with different
polarizations of the light) might be very much greater than that traditionally associated with the
absorption of circularly polarized light. More recent calculations confirmed asymmetry of the
order of 10%, several orders of magnitude greater than traditional CD, might be realistically
expected2 and subsequently experimental measurements have started to confirm this.3-5.

Photoelectron circular dichroism (PECD) arises from an angular distribution function of the
form: )(cos)(cos1)( 2211  PbPbI pp

p 
that has an ‘additional’ cos term
but only for a chiral molecule
ionized with circularly polarized
light (helicity, p = 1). Consequently
there can be a difference in the
forward-backward photoemission
yield (relative to the light
propagation direction) for a given
enantiomer and polarization,
expressed by the chiral parameter
b1

1. This should reverse on changing
either enantiomer or circular
polarization.

Experiments at BESSY use the
UE56/2 twin undulator beamline,
providing rapid switching between
left and right circularly polarized soft
X-ray radiation to detect PECD. The
photoemission yield is measured in a
fixed detection direction, , and
PECD then appears as a different
current when switching polarization.
By choosing  = 57.4 ,the magic
angle where the second Legendry
polynomial term disappears, we
achieve an insensitivity to the 1

2
b

(equivalent to the traditional 
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asymmetry parameter) that simplifies analysis for the chiral 1b terms.

It might be thought that observations of C 1s core emission make a poor choice for such work as
the initial orbital is then achiral (spherical) and localized — so insensitive to the chirality of the
molecular framework, but in fact the PECD effect is found to be of at least equal magnitude in
core and valence ionization.3,5. Consequently, the observed dichroism and chiral asymmetry can
be interpreted as a purely final state effect in C 1s photoemission. This however lends itself to
theoretical modeling because of the essential simplicity of the initial state.

The figure shows new data obtained for the ionization of the carbonyl C=O 1s orbital in
fenchone, a camphor related molecule. Measurements have been made over the course of two
beamtimes, and both R- and S- enantiomers have been used. The PECD exhibited by the two
enantiomers should be of the same magnitude, but of opposite sign according to the electric
dipole approximation; higher order terms (electric quadrupole, magnetic dipole) might
potentially cause a deviation from this expected mirroring of the PECD spectrum. In fact
plotting the results obtained for the 1

1
b parameters, with those for the 1S,4R enantiomer

negated, it can be seen that both then follow the same trend line, so that the dominant effect is in
accord with the dipole approximation. This is further confirmed by a comparison with an electric
dipole approximation calculated curves, included in the figure.

It is interesting to compare these results with those previously obtained for the related molecule,
camphor 5,6. Whilst there are some similarities, there are also clear differences,
even though the molecular structures are closely related. It has previously been noted that
the dichroism especially, appears to be sensitive to molecular configuration and
conformation7, and that even small changes in the scattering phase shifts can be expected to
exert a significant influence upon the PECD measurement.
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A new actinic inspection technology to probe nanoscale defects buried underneath a Mo/Si multilayer 
on an extreme ultraviolet lithography mask blank has been implemented using EUV Photoemission 
Electron Microscopy (EUV-PEEM). EUV-PEEM images of programmed defect structures of various 
lateral and vertical sizes recorded at around 13.5 nm wavelength show that 35 nm wide and 4 nm high 
buried line defects are clearly detectable. The imaging technique proves to be sensitive to small phase 
jumps enhancing the edges visibility of the phase defects, which is explained in terms of a standing 
wave enhanced image contrast at resonant EUV illumination.  

 
Extreme Ultraviolet Lithography (EUVL) is considered to be the next generation lithography at 32 nm node 
around 2009.  Defect-free mask fabrication is a tremendous challenge to the successful implementation of 
EUVL, and has been listed among the top three critical issues remained unresolved in EUVL development [1].  
According to the International Technology Roadmap for Semiconductor, defect size of less than 22 nm is 
required at the 32 nm node, and the defect density should be less than 5x10-3 defect/cm2[2].  This puts an 
extremely strict demand on mask blank manufacture including defect inspection. In this report we demonstrate 
that standing wave assisted EUV-PEEM is sensitive to buried line defects of 35 nm in width and 4 nm in height, 
and explain the contrast mechanism involved in the detection of mask blank defects with EUV-PEEM.   
      In our detection scheme, standing wave field illumination of a multilayer-coated mask blank is employed in 
the EUV-PEEM. When the inspection wavelength is chosen such that a node of standing wave appears at the 
multilayer surface (with minimal photoelectron yield as the number of photoelectrons emitted into vacuum is 
approximately proportional to the local electric field intensity at the multilayer surface, and this corresponds to 
dark in a PEEM image), defects usually appear bright because they lift the destructive interference condition 
present in the region of undisturbed multilayer [3].   
     The PEEM instrument (Focus GmbH, Germany) was used to detect the multilayer buried defect. Compared to 
an conventional PEEM with a shallow incidence angle (typically around 700 off sample normal) , the novelty of 
the EUV-PEEM instrumentation is in that the mask blank sample is illuminated at an angle of 4° off normal of 
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Fig.2  SEM image of an array of the programmed line
defects after Ti lift-off but before Mo/Si multilayer
coating (upper). Correspondingly labeled width for
each line defect on the silicon substrate is as follows:
line #1 (35nm), 2(70nm), 3(100nm), 4(125nm),
5(200nm), 6(300nm) 7(500nm) and line 8 (1000nm).
The bottom image shows a typical measured result of
the narrowest line in the pattern (the line marked by a
dash-line box), which is about 33 nm in width.   
 

Fig.1 Scheme of the EUV-PEEM with the multilayer-coated
microreflector inside the PEEM column, the EUV beam
illuminates the mask blank sample at an angle of 40 off  normal. 
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 2

the sample by the use of a 2 x 3 mm2 broadband EUV multilayer coated micro-reflector placed close to the 
PEEM diffraction plane [4]. This modified EUV-PEEM instrument is sketched in Fig. 1.  The Synchrotron 
Radiation facility BESSY II in Berlin, Germany, was used as light source to perform mask blank inspection in 
the EUV range.  The mask inspection work was performed at beamline “UE112-PGM-1”, which is equipped 
with a plane grating monochromator and optimised for high spectral brightness in the EUV at around 100 eV.  
The available photon flux at 13.5 nm wavelength in first undulator harmonics is about 2x1013 
photon/(s*100mA*0.1% bandwidth).  
     In order to study the contrast mechanism involved in the image formation and test the sensitivity of the EUV-
PEEM, a mask blank sample including programmed nanosized “bump” defects on substrate was prepared.  
Several identical sets of line-space patterns, which have been fabricated in titanium by means of electron beam 
lithography and a lift-off technique, have repeatedly distributed on a silicon substrate.  Each pattern, as shown in 
Fig. 2, includes a group of 8 line defects with different widths ranging from 35 to 1000 nm and all of equal 
length of 10 μm. For the convenience of addressing, each line of the pattern in Fig. 2 was numbered, namely 
from line “1” to “8”.   Width parameters of the lines are given in the figure caption of Fig. 2.  These titanium line 
defects were in the following overgrown with a 40 period Mo/Si multilayer (6.9 nm period thickness) by Ion 
Beam Deposition (IBD). Atomic Force Microscope (AFM) measurements show that the vertical height of the 
line defects is less than 4 nm at the surface after multilayer coating (Fig. 3).    
     Fig.4 displays a typical EUV-PEEM image obtained by focusing on one line pattern set on the mask blank 
sample, showing that all 8 buried line defects in the pattern set are clearly detectable.  The smallest line defect 
with width of approximately 35 nm (labeled “1” in the Fig. 4) shows an intensity contrast of around 25% with 
respect to the undisturbed image background.  The hexagonal shaped bright section appearing in the centre of 
PEEM image is an artifact of the contour of the iris aperture inside the electron column.  Note that the true defect 
structure varies within about a factor of 28 in their lateral size (geometrical size ratio between the widest and 
narrowest line, as known from the SEM image in Fig. 1).   

 
However, only a size variation of about a factor 
of 8 (FWHM) within the line array of an 
integrated pattern has been obtained from line scans of the defects displayed in the PEEM image of Fig.4.  
Moreover, the obtained size ratio of the defects from line scans of the PEEM image of Fig.4 is not in agreement 
with the size ratio of the structures measured at the multilayer surface arising from the buried defects either. 
AFM characterization of the multilayer coated sample (Fig. 3) shows that the size ratio of the bumps (FWHM) at 
the multilayer surface is only about 21 (due to a larger size expansion of the narrowest line compared to that of 
the widest line after the multilayer coating).  This unusual defect size ratio obtained from the PEEM image as 
shown in fig.4 is not predominantly degraded by the lateral PEEM resolution (which is about 50-100 nm in this 
mode of operation) but is mainly due to the fact that the defect topographies are not imaged like in an optical 
microscope (because defects are buried and thus can not be in the focal plane of the PEEM); but the near-field 
wave front distortion caused by them is probed at the multilayer surface via imaging the EUV standing wave 
field induced photoelectrons.  Standing wave enhanced PEEM employed in our detection scheme thus offers a 
combination of wave front phase sensitivity (like in interferometry) and lateral resolution at the surface (like in 
microscopy).  The PEEM detects deviations from the interference pattern of the EUV standing wave field on the 
surface of the multilayer caused by internal defects, and this distortion is laterally extended because the wave 
fronts travels ~280 nm through the multilayer stack from the defect at the substrate to the multilayer surface. 
This result indicates that our EUV-PEEM can detect the internal reflectivity distribution inside multilayer stack 
and the near-field distribution at the multilayer surface.   
Another feature of the PEEM image shown in Fig. 4 is that each line defect with a width of 200 nm or above 
(lines #5-8) appears as highlighted contour of the line structure against a dark multilayer surface at an inspection 
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 Fig.3 A linescan (perpendicular to the parallel line
defects) in the AFM characterization of the multilayer-
coated sample containing varied line width defects. 

Fig.4 An EUV-PEEM image showing a pattern, which consists of
a set of line defects of varying line width buried under a 40
bilayer Mo/Si multilayer, aquired at an inspection wavelength of
13.5 nm.  The line marked with “1” corresponds to a 35 nm wide
and 4 nm high defect. The lines are labeled according to Fig.2. 
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wavelength of 13.5 nm.  This observation result must be carefully analysed since it is away from one’s 
expectation that whole surface of a line defect should appear white in EUV-PEEM image when the wave front of 
standing wave at undisturbed multilayer surface is in the node.  In the case of depositing the EUV multilayer 
over a flat top “wide” step (wide line defect), the evolution of multilayer structure in the centre part of the flat 
step follows conformally the contour of the line step, and a deformation of multilayer structure occurs only 
around the edges of the step.  This is the position where the EUV field shifts from the destructive interference 
condition present in the region of undisturbed multilayer.  Since detection of the wave front phase of EUV 
standing wave field on the multilayer surface is employed in our scheme, only the contour part of the step is 
detected with an increased photoelectron yield from the undisturbed multilayer section [5, 6].    
     In summary, we have performed actinic defect metrology on programmed multilayer phase defects by 
standing wave enhanced EUV-PEEM. Due to the standing wave field illumination assisted contrast mechanism 
in the EUV-PEEM, the system is capable to detect buried defects with a width of less than 35 nm and a height of 
as low as 4 nm. By probing the defect-induced distortions of the near-field distribution of the standing wave field 
at the multilayer surface, further information about the printability of these defects can be expected by future 
simulations. The actual experimental detection limits of the EUV-PEEM are still not reached and need to be 
explored in future experiments. 
   
This work was supported by the 6th Framework program of the European Union within the project ‘Exploring 
new limits to Moore’s law – More Moore’ (subproject 3: “Innovative Technologies for 22 nm node and beyond”, 
work package 4: “Low defect mask blanks”).  
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Due to their interesting optical and electronic properties metalloporphyrins are used in various organo-

electronic devices like, e.g., in organic solar cells, OLEDs, OFETs, sensors or in photocatalysis. In 

order to tailor their properties in thin film applications, a detailed knowledge of film morphology and 

their electronic properties is required. Film morphology is influenced by intermolecular interactions 

like π-stacking or additional axial ligands. The frontier orbital energies (HOMO, SOMO, LUMO and 

adjacent) are mainly governed by the type and oxidation state of the complexed metal ion. In the case 

of transition metal ions, the interaction of metal d-orbitals with the nitrogen lone pairs in the porphyrin 

ligand plays a major role. 

The present NEXAFS study includes a comparative investigation of various metalloporphyrins focus-

sing on the interaction of the central metal ion with the surrounding porphyrin frame. The experiments 

were carried out at the BESSY HE-SGM and UE52-PGM beamlines. The samples were prepared by 

drop-coating chloroform solutions of the compounds onto Au-plated Si wafers. In addition, multilayer 

films of Sn(OH2)TTP were prepared by organic molecular beam deposition (oven temperature: 680 K) 

onto a clean Ag(100) single crystal surface at room temperature. 

Morphology of Sn(OH)2TPP/Ag(100) 

The C K-edge spectra of NEXAFS spectra of vacuum sublimated multilayer films of Sn(OH)2-

tetraphenylporphyrin ((Sn(OH)2TPP) exhibit a strong polarization dependence (resonances at 284 eV) 

and around 287 eV in Fig. 1). These resonances are attributed to excitations into unoccupied orbitals 

located on the porphyrin ring system. The intensity of π*-resonances the N K-edge spectra behave 

similarly. We may therefore conclude that the porphyrin rings are oriented coplanar to the substrate 

surface. The resonance at 285.5 eV is due to excitations in the phenyl rings of the TPP ligand. Almost 

no angular dependence is detected for this resonance which is in accordance with a tilt angle of about 

50° of the phenyl rings with respect to the porphyrin frame as confirmed by single crystal x-ray analy-

sis [1] or calculations [2].  
 

 

 

 

 

 

 

 

 

Fig. 1: Angle-dependent C K-edge 

NEXAFS spectra of Sn(OH)2TPP 

multilayer films for different inci-

dence angles.  
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Electronic structure of H2TPP and MTPP (M=Mn
3+

, Fe
3+

, Co
2+

, Zn
2+

, Sn
4+

) 

To gain insight into the electronic structure of various metallo-porphyrins, the analysis of N K-edge 

spectra is more sensitive, since the nitrogen atoms of the porphyrin system are directly bound to the 

center metal ions. The phenyl rings (or in the case of Sn(OH)2TTBPP phenyl rings with additional 

substituents) do not affect the spectra since they are tilted with respect to the porphyrin plane and not 

conjugated to the porphyrin system. In the free base porphyrin (H2TPP), there are two pyridinic and 

two pyrrolic (with attached proton) nitrogen atoms, leading to two different initial states separated by 

3.4 eV [2]. The low-energy resonance at 397 eV therefore can be attributed to a pyridinic initial state. 

Since there are different allowed final states for both, the attribution of the other resonances is not 

straightforward. 

In the metallo-porphyrins all four nitrogen atoms are identical, and thus only one initial state exists. 

Sn(OH)2TTBPP and ZnTPP have a d
10

 configuration and behave very similar both for excitation into 

the LUMO (around 398.5 eV) and higher unoccupied  π-type orbitals around 401.5 eV.  CoTPP on the 

other hand, has a d
7
 configuration, which apparently leads to a higher intensity of the resonance at 400 

eV. A slight shift of the whole spectrum to lower energies going from Co
2+

 to Zn
2+

 can be attributed to 

an orbital contraction by the higher core charge of Zn
2+

. 

 

 

 

 

 

 

 

Fig. 2: N K-edge NEXAFS spectra of poly-

crystalline metallo-tetraphenyl porphyrin 

films with different metal ions in compari-

son with the free base H2TPP.   

 

A closer inspection of three different TPPs with first-row transition metal ions (Co
2+

, Mn
3+

, Fe
3+

, 

counter ion: Cl
-
) shows similarities between Co

2+
 and Fe

3+
. The metal ions of these substances have a 

d
7
 and d

5
 configuration, respectively, with singly occupied dz2 orbitals in both cases (according to cal-

culations [1]). In Mn
2+

 (d
4
), the dz2 orbital is unoccupied. This is the main reason for the differences in 

the N 1s spectra. A more detailed attribution of resonances will be available from more detailed calcu-

lations which are currently under way. 
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Investigations of lipid/protein membrane models by X-ray fluorescence methods 
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The use of ordered lipid/protein films on solid substrates, which are adequate models of 

biological membranes, gave rise to a new approach to studying the structural organization of cell 

membranes. These investigations make it possible to model various biophysical and biochemical 

processes in biological membranes. Such an approach is of great interest for the development of 

new drug compounds because in these model experiments the information about the differential 

data of the action of drug compound can be obtained in contrast to integral data provided by 

conventional studies on cells or living organism. 

The great potential of spectroscopically selective X-ray techniques, such as X-ray standing wave 

(XRSW) measurements, for studying the structure and biological functions of membrane models 

has been demonstrated elsewhere. The XRSW technique is based on simultaneous measurements 

of angular dependence of X-ray reflection and fluorescence yield excited by the primary X-ray 

beam as the incident angle is scanned through the total external reflection (TER) region. In 

XRSW experiments energy spectra of characteristic fluorescence emitted from the sample are 

recorded at each point in the reflectivity curve, in contrast to the conventional X-ray fluorescence 

spectroscopy where the angle of incident X-ray beam is held constant. The integrated intensity 

under specific peak from selected element is plotted as a function of the incident angle. The key 

point of XRSW method is that the shape of these curves is strongly dependent on the mean 

position of the atoms in the direction normal to the surface and the thickness of the random 

distribution about this position. Thus XRSW method offers the opportunity to locate the atom 

position directly from the analysis of angular dependence of fluorescence yield. 

Here, the possibilities the XRSW method for investigation of ordered lipid/protein films have 

been demonstrated. We studied the molecular mechanisms of the chelating effect of four drug 

compounds on membrane models, treated by lead ions. Molecular films of the metalloenzymes 

(alkaline phosphatase and catalase) deposited on silicon substrates have been used as model 

systems.  

Experimental results and discussion. The samples under investigation were lipid/protein films 

of the membrane enzymes alkaline phosphatase and catalase deposited on silicon substrates. 
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Protein molecules were immobilized on a lipid monolayer, which had been preliminarily 

transferred onto a solid substrate by the Langmuir–Blodgett method. Thus the combination of the 

Langmuir–Blodgett method with molecular self-assembling has been used. In this report 

experimental results are presented for only 5 samples: 

Sample 1. During solubilization of alkaline phosphatase we added to the solution of lead acetate, 

the mixture was incubated for an hour. The general scheme of deposition was as following: a 

monolayer of lipid mixture - dipalmitoylphosphatidylcholineand cholesterol (molar ratio 7:3), 

had been transferred onto a solid substrate by the Langmuir–Blodgett method. Adsorption 

immobilization of protein molecules on the transferred phospholipid monolayer was performed 

for 24 h. Finally the substrate with protein film was taken away through a newly formed langmuir 

monolayer of lipid mixture. 

Samples 2-5. alkaline phosphatase treated by lead acetate was immobilized in the same way as 

for the sample 1. However, upon immobilization of protein molecules on the solid substrate, the 

sample was kept for 3 h in the solution chelating agents: sodium calcium EDTA (sample 2), 

succimerum (sample 3), xydiphone (K,Na-ETHIDRONATE) (sample 4) and mediphone(sample 

5). Finally the substrate with protein film was taken away through a newly formed langmuir 

monolayer of lipid mixture. 

XRSW measurements were performed at the station KMC2. The energy of X-ray beam was 

chosen to be 13 500 eV. The reflected X-ray beam was measured by a scintillation detector. The 

fluorescent signal was recorded by the Peltie cooled detector (ROENTEC). The synchrotron X-

ray beam coming from bending-magnet was monochromatized by a double crystal 

monochromator (SiGe graded crystals), incident and reflected beams lay in the horizontal plane. 

Typical X-ray fluorescence spectra for all 5 samples recorded at θ<θc  (θc is the critical angles of 

TER for silicon) are shown in fig. 1. In all these spectra the strong peaks of Ar Kα radiation (from 

argon of the surrounding atmosphere) and Si Kα radiation (from silicon substrate) can be seen. 

The most intensive fluorescence peak in fig. 1a (sample 1) is Pb Lα . In all other spectra (samples 

2-5) Pb Lα fluorescence peak is hardly distinguished. This observation provides important 

information of the efficiency of studied drug compounds: the overwhelming majority of lead 

ions, bound to the protein molecules, have been removed by washing the lipid/protein films in the 

solution of chelating agents but no one of them ensured the elimination of all lead ions. 

In Fig. 2 the integrated intensity of Pb Lα fluorescence from sample 1 is plotted as a function of 

angle. Quite remarkable is the shape of this curve – it can be formally described by (1+R2) , 
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where R is the reflected amplitude. Perhaps the reason of such a behavior of Pb fluorescence 

curve is the features of lateral arrangement of lead ions inside the lipid/protein films - probably 

these ions formed discrete particles or islands. 
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Fig. 1 (a). 
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Fig. 1 (b). 
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Fig. 1 (c). 
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Fig. 1 (d). 
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Figure 1. X-ray fluorescence spectra from the lipid/protein films. 

Figure 2. Experimental angular dependencies of Pb Lα fluorescence from the lipid/protein films 

(sample 1). Bottom curve – X-ray reflectivity. 
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Layer-by-layer growth of thin epitaxial Fe3Si films on GaAs(001)

B. Jenichen, V. M. Kaganer, W. Braun, J. Herfort, R. Shayduk, C. Herrmann, K. H. Ploog

Paul-Drude-Institut f̈ur Festk̈orperelektronik, Hausvogteiplatz 5-7, 10117 Berlin

Molecular-beam epitaxy (MBE) allows the controlled fabrication of epitaxial layer se-

quences with very sharp interfaces. The present work aims at the in-situ characterization of

the Fe3Si epitaxial growth process in the layer-by-layer growth mode by x-ray surface diffrac-

tion methods in order to achieve high-quality interfaces. The long-range ordering in the films is

monitored by measuring different Fe3Si superlattice reflections. The Fe3Si films were grown on

GaAs(001) templates by solid-source MBE in a chamber built into the six-circle diffractometer

at the wiggler beamline U125/2 KMC (PHARAO) at the storage ring BESSY in Berlin.

The GaAs(001) templates were prepared in a separate III-V growth chamber using standard

GaAs growth techniques. After capping the samples by As, the samples were transferred into

the system at BESSY for the Fe3Si deposition by means of an ultra-high-vacuum (UHV) shuttle.

The Fe3Si layers were grown on the clean As-rich GaAs surface at different substrate temper-

aturesTs near 200◦C, which is the optimum growth temperature for structural and interfacial

perfection and a high degree of long-range atomic order. The Si and the Fe cell temperatures

were tuned in order to achieve perfect lattice match of the Fe3Si to the GaAs substrate and, at

the same time, full stoichiometry of the films. During this process, the Si content of the film

was determined from the position of the Fe3Si layer peak.

We obtained optimum temperatures of
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Fig. 1. X-ray oscillations (dotted line) with a period
tp observed by grazing-incidence diffractometry
during the MBE growth of an Fe3Si epitaxial layer
on GaAs(001) atTs = 220 ◦C. For the determination
of the periodtp and the decay timeτ, the measured
curve is approximated by a function proportional to
sin2(πt/tp) exp(−t/τ) (solid line).

1239 and 1370◦C for the Fe and the Si cells,

respectively, and achieved an almost perfect

stoichiometry of the samples during and after

growth. Annealing of the surface at 310◦C for

about 1 h, while growing one monolayer (ML)

of Fe3Si, improved the surface quality consid-

erably, as determined in situ by the increas-

ing intensity of the x-ray surface reflections.

The x-ray intensity oscillations shown in Fig. 1

were obtained after such an annealing proce-

dure, demonstrating that Fe3Si grows layer by

layer. The intensity oscillations exhibit damp-

ing, indicating that several terrace levels con-

tribute to the diffracted intensity. This is con-

firmed by subsequent atomic-force-microscope

(AFM) measurements. One ML is grown intp = 1220s. The time constant of the damping is

τ = 1 h. The growth rate was confirmed by comparison of rod scans with dynamic simulations
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Fig. 3. Diffraction reflectivity curve along the (00)
rod together with the 002 reflections of the GaAs
substrate and the Fe3Si film (solid line). The 20-
monolayers-thick film is almost perfect with low sur-
face and interface roughness as confirmed by reflec-
tivity simulation (dash-dotted line).

using the layer thickness as a fitting parameter. The recovery of the diffracted intensity after the

growth is very slow.

Figure 2 shows a comparison of the x-ray oscillations measured during Fe3Si growth at

Ts = 160, 180, and220◦C. Each open symbol was derived from a measurement of a complete

rocking curve and represents its maximum. The data show a decay of the oscillations. At the

lowest temperature, the maxima alternate between lower and higher values. Two length scales

are found from fits by two Lorentz functions to each of these rocking curves. These findings

are confirmed by a direct comparison with AFM measurements. On the reference sample, we

observe pronounced terraces of about 50 nm width on the Fe3Si surface. The step edges of the

terraces are rough with many kinks so that we can attribute another length scale below 10 nm

to the widths of the dendritic features of the edges and to some islands on the terraces.

Figure 3 shows an extended reflectivity curve including the 002 diffraction maximum (solid

line), which is due to the epitaxial film and the substrate. The film is almost perfect with low

surface and interface roughness as confirmed by reflectivity simulation (dash-dotted line). Only

the epitaxial Fe3Si film is present under UHV conditions, whereas an additional oxide layer

is observed after the sample is exposed to air. The 002 reflection of GaAs is quasi-forbidden

and thus very narrow. It can be distinguished from the 002 maximum of Fe3Si, which is broad

due to the small thickness of the film. The Fe3Si 002 peak is a superlattice reflection which is

sensitive to disorder. The relatively high intensity of the Fe3Si maximum reveals a well ordered

film.
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One-component and mixed self-assembled monolayers of ferrocene-
substituted biphenyl ethynyl thiols on gold 

A. Shaporenko1, K. Rößler2, H. Lang2, and M. Zharnikov1  
1Angewandte Physikalische Chemie, Universität Heidelberg,  Im Neuenheimer Feld 253, 

69120 Heidelberg, Germany 
 2Lehrstuhl für Anorganische Chemie, Institut für Chemie, Technische Universität Chemnitz, 

Straße der Nationen 62, 09111 Chemnitz, Germany 

Recently, the well-established top-down technology for the fabrication of microelectronic 
devices and lithographic patterns was complemented by the bottom-up approach. This 

approach relies upon the ability of 
nanoscale structural elements to form a 
designed structure or pattern on their 
own, on the basis of mutual interactions, 
which are mostly governed by the exact 
composition, structure, and conformation 
of these elements. Ones of the respective 
systems are self-assembled monolayers 
(SAMs), which are 2D molecular films, 
spontaneously assembling on a suitable 
substrate. A SAM-constituent can be a 
simple rod-like molecule, a complex 
assembly, or even a molecular device, 
which carries an active element, 
connected to the substrate over the spacer 
and headgroup. The presence of such an 
active element can, however, result in a 
poor quality of the SAM. A problem can 
also be an interaction of the densely 
packed active elements with each other, 
which can disturb their performance. 
A suitable strategy to avoid these 
problems is to prepare a mixed SAM, in 
which the active elements are 
incorporated in a passive matrix. In this 
study, we are trying a new approach for 
the fabrication of such films by using 
subsequent immersion of the substrates 
into the solutions of the matrix and active 
species, going through the preparation of 
a poor quality matrix SAM at the first 
stage to the formation of a high-quality 
mixed SAM at the second stage. The 
latter process occurs via the incorporation 
of the active species into the poor-quality 
matrix film, which takes place preferably 
at the positions of defects stochastically 
distributed over the primary film.  
The molecule of this study is a ferrocene-
substituted biphenyl ethynyl thiol, 
Fc−C≡C−C6H4−C6H4−SH (see Scheme 

 
Scheme 1. Molecules of this study.  

 
Fig. 1. Fe 2p3/2 XPS spectra of BPT, mixed BPT/Fc 
(prepared by the subsequent immersion procedure), Fc, 
and FcP SAMs on Au.  
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1), denoted as Fc. Ferrocenes are very robust compounds and excellent organometallic one-
electron reservoirs. A homogeneous or mixed SAM comprising of ferrocene-substituted 
molecules can, thus, serve as an active electrochemical template, for which factors governing 
the rate of electron transfer across interfacial barriers can be precisely monitored and 
controlled. To promote an effective electron transfer between the ferrocene unit and the metal 
substrate, it should be connected to the headgroup by a molecular spacer with possibly high 
electric conductivity. This is the reason for the use of the biphenyl moiety as spacer in our 
study. At the same time, this spacer, together with the ethynyl unit, is long enough to 
guarantee that the ferrocene group and the metal substrate are decoupled. 
As the matrix molecules we used a non-substituted biphenyl thiol, C6H5−C6H4−SH (BPT, see 
Schema 1), which suits exactly to the molecular foot of the Fc molecule, promoting a proper 
self-assembly at a prolonged immersion of poor-quality matrix BPT film into a Fc solution. 
Fe 2p3/2 XPS spectra of the films prepared by the subsequent immersion of the substrates into 
the BPT and Fc solutions (Figure 1) suggest that the mixed BPT/Fc were fabricated and that 

the portion of the Fc molecules in these SAMs could be precisely controlled by the duration 
of the immersion into the BPT solution. This conclusion is supported by the C K-edge and Fe 
L-edge spectra of these films presented in Figs. 2 and 3 respectively – the spectra of the 
BPT/Fc films prepared by the subsequent immersion exhibit characteristic absorption 
resonances of both BPT and Fc. Comparison of these spectra with the spectra of the one-
component Fc films and the mixed Fc/BPT films prepared by coadsorption from the mixed 
solution (50%Fc+50%BPT) suggests that the Fc molecules in the mixed films prepared by the 
subsequent immersion did not interact with each other. Thus, the initial goals to avoid a 
clustering of the individual SAM constituents and to obtain their stochastical intermixing have 
been achieved. Note that both BPT and Fc molecules in the mixed films have an upright 
orientation as follows from the angular-dependent NEXAFS spectra (not shown). Note also 
that the protection of the thiol headgroup by acetyl group (FcP molecules) do not hinder the 
formation of high-quality SAMs. 
This work has been supported by DFG (ZH 63 9/2) and BMBF (05KS4VHA/4). 

  
Fig. 2. C K-edge NEXAFS spectra of the BPT, Fc, 
FcP, and BPT-Fc films prepared by the subsequent 
adsorption and coadsorption. The spectrum of solid 
ferrocene is given for comparison. 

Fig. 3. Fe L-edge NEXAFS spectra of the BPT, Fc, 
FcP, and BPT-Fc films prepared by the subsequent 
adsorption and coadsorption. The spectrum of solid 
ferrocene is given for comparison. 
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Among the lanthanides, Yb and Ce are of fundamental interest, because of a strong interaction be-

tween 4f and valence-band (VB) states leading to mixed-valence and Kondo phenomena in a number 

of compounds [1,2]. This analogy between Yb and Ce systems has been explained on the basis of the 

electron-hole symmetry of the quasiatomic 4f shell. While the correspondence has been established for 

a number of compounds, no evidence for such a symmetry has been reported up to now for the pure 

metals. Motivated by the recent work [3], in the present contribution we report on the results of the 

photoelectron studies of thin layers of Yb (1-3 ML-thick) on W(110) surface.  

Photoemission (PE) experiments were performed at the U49/2-PGM-1 beamline (BESSY). The energy 

and angular resolution was set to 100 meV and 1
o
, respectively. A structurally ordered layers of Yb 

metal were grown on the W(110) substrate at room temperature. The samples prepared in this way 

exhibit a high crystalline quality as monitored by LEED. All PE spectra were taken at hν = 110 eV in 

order to increase the photoelectron emission from Yb 4f states considerably and to suppress that from 

W 5d states that are close to a Cooper minimum of the photoionization cross section at this photon 

energy. The base pressure in the experimental chamber was below 5×10
-11

mbar rising to 1×10
-10

mbar 

during metal evaporation. No presence of oxygen can be observed in PE spectra. 

A series of PE spectra (taken at 5
o
 off-normal emission in order to eliminate dispersions effects around 

the Γ point which are discussed later) of thin Yb layers on top of the W(110) surface is shown in 

Fig. 1. The initial spectrum of pure W(110) surface shows a valence band emission from 5d states 

between the Fermi level (EF) and 2.5 eV of binding energy (BE) as well as from 6s states at about 

7 eV. The deposition of Yb on the W(110) surface leads to the development of Yb 4f emission in the 

spectra: divalent component in the region between EF and 3.5 eV of BE and trivalent component in the 

range of 4-12 eV of BE. We would like to note that the trivalent Yb 4f component is visible in the 

spectra only for thicknesses of Yb θ < 1 ML due to possible emission of electrons from Yb atoms 

which are located at the steps of W(110) crystal or at the edges of Yb islands.  

The spectral features of W(110) are quickly disappear upon Yb deposition and practically not visible 

already at the thickness of Yb layer of approximately 0.75 ML. At the thickness of Yb layer of exactly 

1 ML, BE of the 4f spin-orbit doublet are 0.91 and 2.18 eV for 4f7/2 and 4f5/2 components, respectively. 

Continuous deposition of Yb leads to further modification of the spectra and respective 4f emission 

lines have BEs which are listed in Table 1 for 1, 2, and 3 ML thick Yb films on W(110) surface. The 

corresponding energy diagram (thick vertical lines) is shown as an inset of Fig. 1 together with the 

scheme showing the positions of Yb atom in the layer.  

In order to interpret the measured BE of Yb 4f states for different positions of Yb atoms we have per-

formed the calculations of the electronic structure of the Yb/W(110) system. The atomic structure was 

simulated by slabs consisting of three atomic layers of tungsten covered by one, two or three Yb lay-

ers. The atomic structure of Yb layers were chosen hexagonal, in agreement with LEED data and cor-

responding to the bulk Yb(111) plane.  

The calculations were performed by LMTO method [4]. The full occupied Yb 4f states were treated as 

localized core levels, and their BEs were estimated by means of the Slater's transition state concept 

[5]. The theoretically calculated positions of 4f emission lines are also shown in the inset of Fig. 1 by 

thin lines. For better comparison with the experiment all presented data are shifted from originally 

calculated values by 0.6 eV to lower BE. This disagreement is caused by shortcomings of the theoreti-

cal model: In the calculations the excited electron was removed from each equivalent site of the re-

spective Yb monolayer instead from only one site. In this case the screening charge of the final-state 

hole is strongly reduced.  

602



In order to study the electronic structure of the Yb monolayer on the W(110) substrate the angle-

resolved PE measurements were performed. Fig. 2 (left panel) shows the series of PE spectra of this 

system measured in the S−Γ  direction of the surface Brillouin zone (SBZ) of W(110) (see inset). 

Clear splitting of the Yb 4f7/2 state is visible in the PE spectra measured around Γ  point. Additional 

spectral features which are visible in the spectra at approximately 1.3eV BE and in the vicinity of the 

Fermi level can be ascribed to the emission from the tungsten VB (see colour plot in the inset of Fig.2, 

right panel). It should be noted, that the energy bands measured by means of the angle-resolved PE for 

the pure W(110) surface agree well with the calculated energy bands for the S−Γ  direction (also 

shown in the inset of Fig. 2, right panel). 

The measured PE spectra were analyzed by means of the simplified periodic Anderson model (PAM) 

that has been recently successfully applied for interpretation of angle-resolved PE data. However, in 

the case of Yb/W(110) system a determination of the valence states that could be hybridized with Yb 

4f electrons is not straightforward. For Ce/W(110) system [3] the strong hybridization effects observed 

in PE spectra were caused by interaction of 4f states with Ce 5d electrons in the monolayer. This sce-

nario, however, can not be realized for 

monolayer of divalent Yb atoms due to 

negligible contribution of the electron 

states with d symmetry in Yb-derived 

valence bands. The contribution of the 

W 5d electron states to the 4f-VB hy-

bridization matrix elements can not be 

unambiguously estimated from the band-

structure calculations due to incommen-

surate Yb and W surfaces. In this case, 

taking into account that escaping elec-

trons are analyzed for the emission di-

rection close to the surface normal (the 

 
Fig. 1. PE spectra obtained during continuous Yb deposition on W(110) surface. Inset shows energy posi-

tions of Yb 4f7/2 line for 1, 2, and 3 ML thick film: thick lines - experimental data, thin lines - calculated 

data on the basis of the Slater's transition state concept. 

 
Table 1. Experimental binding energies (in eV) of Yb 4f

emission lines for 1, 2, and 3 ML thick Yb film on W(110) 

surface. 
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S  point is reached at the polar angle about 13
o
), we may expect that the PE intensities I(E,k) measured 

for a pure W(110) surface are determined mainly by W 5d orbitals directed out-of-surface. Then, it 

could be assumed that namely these orbitals are responsible for 4f-VB hybridization, and the respec-

tive PE intensities could be chosen as a measure for the VB contribution to the hybridization matrix 

element: ),()( kEIEVk ∆= . We have taken the hybridization parameter ∆=0.22eV, the value used for 

other Yb compounds, whereas all I(E,k) values were scaled in energy under the condition that the 

splitting of the Yb 4f7/2 component around Γ  point is reproduced in the PAM calculations. The corre-

sponding scaling factor can be considered as an adjustable parameter of the model (only one for the 

whole set of PE spectra). Other parameters were energies of 4f states ε5/2 = 2.15 eV and ε7/2 = 0.85 eV. 

The initial values of these parameters were chosen to be equal to the energy positions of the Yb 4f PE 

peaks for emission angles where we may expect hybridization to be negligible. 

The calculated results are presented in Fig. 2 (right panel). It can be seen that the form of measured 

spectra as well as the changes in the PE spectra with increasing polar angle are well described by the 

calculations. Because the calculated results show only Yb 4f PE intensities, we can conclude that the 

hybridization effects lead not only to the splitting of the Yb 4f7/2 component around Γ  point, but also 

to the intensity variations between both spin-orbit split peaks and near Fermi energy up to the polar 

angle of 5
o
. These effects are caused by W 5d bands, one of them goes to the Fermi level and two oth-

ers go to higher BE if the polar angle increases. In the experimental spectra these effects are enhanced 

due to direct VB emission from the W 5d bands. The W 5d bands cross also the position of the Yb 4f5/2 

component, and in the calculated spectra a small dispersion of this component can be seen about 6
o
. 

The corresponding effect is not observed in the experimental spectra. 
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Fig. 2. Experimental (left panel) and theoretically modelled (right panel) angle-resolved photoemission 

spectra of 1 ML Yb on W(110) surface. Insets show SBZ of W(110) surface (left) and experimental angle-

resolved photoemission data for W(110) measured in S−Γ  direction of SBZ as colour plot (right). 
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A photoelectron diffraction investigation of the structure of the clean

TiO2(110)(1x1) surface

E. A. Kröger1, D. I. Sayago1, F. Allegretti2, M. J. Knight2, M. Polcik1, W.

Unterberger1, T. J. Lerotholi2,  K. A. Hogan3, C. L. A. Lamont3,  D. P. Woodruff2

1 Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin
2 Physics Department, University of Warwick, Coventry CV4 7AL, UK

3 Dept. of Chem. & Biol. Sciences, University of Huddersfield,  Huddersfield, UK

The (110) face of rutile phase TiO2 is perhaps the most studied of all oxide surfaces as
a model system to investigate the range of catalytic applications of this material.
Despite this, even the (1x1) clean surface structure has been the subject of significant
controversy, with many different theoretical total energy calculations reporting large
variations in both the amplitude and sign of the surface-induced relaxations of the
atoms in the outermost few atomic layers [1]. For several years only one experimental
structure determination existed, using surface X-ray diffraction (SXRD) [2], and a
striking feature of this study was the finding of a large (0.27 Å) inward relaxation of
the bridging oxygen atoms (labelled (3) in the diagram), relative to an ideally-
terminated bulk structure. More recently, however, two new studies, one based on
quantitative low energy electron diffraction (LEED) [3], the other on medium energy
ion scattering (MEIS) [4] have both indicated that these bridging oxygen atoms relax
outwards from the surface; other relaxations of the surface 6-fold and 5-fold
coordinated Ti atoms (labelled (1) and (2) in the diagram) are more nearly consistent
between the three studies. New theoretical work has sought to reproduce these new
experimental results (e.g. [5]).

Schematic diagram of the
TiO2(110) surface showing the
labelling of the different near-
surface atoms. The blue spheres
represent O atoms, the smaller
yellow spheres represent Ti atoms.

In order to cast further light on this
problem we have conducted a
scanned-energy mode photoelectron
diffraction (PhD) study of this
surface using both Ti 2p and O 1s
photoemission signals. The PhD
technique is really designed to
investigate adsorbate structures on surfaces. The technique exploits the coherent
interference of the directly-emitted photoelectron wavefield from a core level of an
atom with other components of the same wavefield elastically scattered by the
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neighbouring atoms. In the ~50-400 eV kinetic energy range used, backscattering is
strong and the PhD spectra from an adsorbate atom provides quantitative information
on the adsorbate-substrate registry. For a clean solid surface, however, identifying the
core level binding energy does not generally distinguish emission from surface and
sub-surface atoms, so the observed photoelectron diffraction comprises an incoherent
sum of the PhD from atoms in several near-surface layers. In the present case of
TiO2(110) our multiple scattering calculations used to simulate the experimental PhD
spectra included all emitters in the outermost 8 layers (one layer comprising two Ti
atoms and 4 O atoms per surface unit mesh – e.g. atoms labelled 1 to 6 or 7 to 12 in
the diagram), although latterly it was found that including emitters in only 4 such
layers was sufficient.

The results, based on 6 Ti 2p PhD spectra, and 5 O 1s PhD spectra, recorded in
different emission directions, proved to have significant sensitivity to the surface
relaxations. The Table shows a comparison of the relaxations perpendicular to the
surface (Δz defined as positive for outwards relaxation relative to an ideal bulk
termination) of just the outermost Ti and O atoms, obtained in this study, with those
of the other experimental investigations. The PhD results confirm, in particular, the
outward relaxation of the bridging O atoms found in the other more recent
experiments.

atom Ti 6-fold
Δz(1) (Å)

Ti 5-fold
Δz(2) (Å)

O bridging
Δz(3) (Å)

SXRD [2] 0.12±0.05 -0.16±0.05 -0.27±0.08
LEED [3] 0.25±0.03 -0.19±0.03 0.10±0.05
MEIS [4] 0.19±0.07 -0.09±0.09 0.13±0.16
This study 0.19(-0.15/+0.10) -0.26±0.08 0.17±0.15

This novel application of the PhD method to the determination of the surface
relaxations of a clean oxide surface, and the consistency of the results with LEED and
MEIS,  is of particular importance in the context of an ongoing study by our group of
the more complex and currently unstudied surface relaxations of the V2O3(0001)
surface.

The authors acknowledge the financial support of the DFG through Sfb546, and of the
EPSRC (UK), for this work.
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Motivation: The aim of the present work is the investigation of the system C60/ITO, which is 
currently used to develop organic solar cells. In order to characterize this system, X-ray 
absorption spectroscopy in the total electron yield mode (TEY) and resonant X-ray emission 
spectroscopy (XES) in dependence of the polarization of the incoming beam are used. 
 
Experimental: The measurements were performed at beam-line U-41 PGM using the rot 
table spectroscopic apparatus (ROSA) [1], equipped with a SCIENTA-GAMMADATA XES-
300 grating spectrometer. Whereas the TEY measurement was done at an incoming angle of 
the synchrotron radiation of appr. 45° with respect to the surface normal, resonant XES 
measurements were performed at two different orientations of the XE spectrometer (+ 50° and 
–20° resp., relative to the synchrotron plane), using the energy of the prominent, highly 
resolved absorption lines for excitation: 283.7 eV, 285.5 eV 287.5 eV, and finally 350 eV in 
the non-resonant case. 
 
Sample choice and preparation: For the fabrication of organic photovoltaic devices metal-
phthalocyanines and C60 are suitable candidates as donor and acceptor materials, 
respectively. Such devices consist of typically 30 nm thin layers of each molecular material. 
Precise knowledge of the electronic structure of these layers grown on ITO substrates is 
essential for the understanding of the device’s functionality. In the present study we 
investigate layers of 50 nm C60 on ITO substrates. The material was deposited by vacuum 
thermal evaporation (below <10-7 mbar) of commercially available powders from graphite 
crucibles. The evaporation temperatures were about 550°C. During deposition, the substrates 
were kept at room temperature and constantly rotated over the crucible to ensure uniform 
material coverage. Layer thicknesses were measured in situ, with calibrated quartz crystal 
deposition controllers. The evaporation rate was kept in the order of 1Ǻ/s. 
 
Results and Discussion: Free carbon allotropes were extensively investigated by Guo and 
Nordgren [2]. Here we compare our results with those of the resonant XES of C60 and also 
HOPG. While all our resonant (and non-resonant) XES data (Fig. 1 and 2) are identical with 
the spectra for the free C60 powder [2] and with the first four absorption lines in the TEY 
spectrum, distinct differences appear in the high-energy (continuum) region (Fig. 3). The 
spectrum of Guo and Nordgren exhibits some well resolved absorption maxima of low 
intensity. In our spectrum, however, a high-intensity shape resonance with a fine structure of 
appr. three extrema (two shoulders and one maximum) appears in the energy region 290 – 
295 eV.  
We have two interpretations for this behaviour: 

1. Electronic interaction: As known, the interaction between the substrate and the C60 
layer is of van-der-Waals or dipole type. In the latter case we may assume that a dipole 
is formed between the uppermost ITO atoms (preferentially oxygen) and carbon atoms 
from a C 60 molecule. As we found earlier, fourfold coordinated boron, carbon [3] or 
nitrogen atoms [4] with electronegative bonding partners lead to such high-energy 
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shape resonances. (In the XES the spectral information is generated by 1 – 2 
coordination spheres. Therefore the small contribution from the atoms at the interface 
to the whole spectrum is not significant.) This interpretation is sound comparing the 
spectra of HOPG [2]. Also in this case strong absorption is found in the region 290 eV 
– 295 eV due to band structure effects. 

2. Structural effects: Because the information depth in TEY spectra is relatively high 
(due to the contributions of the electrons with negligible kinetic energies) and also 
multiple scattering effects will contribute to the shape of the XA-spectrum, it is 
alternatively possible that we see a (multi-)backscattering effect of the electron excited 
from the carbon 1s level due to the uppermost atoms of the ITO-substrate. 

 
The decision, which of the two interpretations dominates, is only possible when performing a 
calculation with the FEFF- [5] or the de-Groot-Codes [6]. In the moment, however, we see no 
possibility to construct a small enough representative cluster. The independence of the XE 
spectra from polarization angle reflects the spherical symmetry of the C60 molecules. 
 
Conclusions: Investigating the system C60/ITO by XAS (C K TEY spectrum) and resonantly 
excited XES we found that all C K XE spectra behave like those of the free C60 molecule. In 
contrast to this we observed a structured shape resonance in the XA spectrum that does not 
appear in the spectrum of the free molecules (powder sample). Therefore, we conclude that 
the interface effects can only been found in the TEY-spectrum. 
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Fig. 1 (left) and 2 (right): Polarization dependent, resonant and non-resonant C K XE-spectra 
of the system C60/ITO with normalized intensity (left) and intensity normalized to beam 
current (right). 
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Fig. 3: C K TEY spectrum of the system C60/ITO 
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Introduction  

Electron pair emission from surfaces allows to study the electron correlation in momentum 

space.[1,2] Upon excitation with a primary electron one refers to the experiment as (e,2e), 

whereas experiments with photons are called (γ,2e) or double photoemission (DPE).  Apart 

from the simultaneous ejection of two electrons upon photon absorption, another pathway of 

pair emission exists.[3] It is possible that the photon is absorbed by a single electron, which 

eventually scatters from another electron leading to pair emission. One may term this scenario 

an "internal" (e,2e) process. The question arises to what extent the total coincidence intensity 

comes from a DPE process or the “internal (e,2e)”. Until now there have been no studies 

which allow a direct comparison of (γ,2e) and (e,2e) experiments to unravel this issue. We 

performed (e,2e) and (γ,2e) experiments on the same sample, namely a Cu(111) surface by 

using the same experimental set-up.  

Experiment 

We employed a novel time-of-flight coincidence spectrometer, which consists of two 

channelplate detectors, see fig.1. Delay-line anodes allow the determination of the impact 

position. The photons and primary electrons hit the specimen along the surface normal. 

                                   
Fig.1 : Schematic view of the experiment. Primary electrons and photons hit the sample along 
the surface normal. 
 

Photon energy and primary electron energy have been selected such that the maximum sum 

energy of the pair has the same value in both experiments. We used a photon energy of 50 eV 

and a primary electron energy of 45 eV. The (γ,2e) experiments were performed at the 

beamline TGM 4 in the single bunch mode. We have recorded only those coincidence events, 
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where the electrons of the pair hit different detectors. Accordingly we label the electrons 

“left” and “right”, respectively.  

Results 

In fig.2 we show the 2D-Energy distribution for those coincidence events where the 

trajectories of the “left” and ”right” electrons have an angle of ~45° with the surface normal. 

We note that the contour lines are parallel to Eleft+Eright=const. lines. Further we can see that 

the coincidence intensity steadily rises if we move from the onset of pair emission (at Esum=40 

eV) to smaller sum energies. There are also no areas within the 2D-Energy region, where 

either enhanced or reduced intensity can be observed.  This is in striking difference to the 

behavior of the (γ,2e) experiment. Compared to the (e,2e) data additional intensity at two 

symmetrically aligned pockets is visible. These are localized roughly at 20 eV<Eleft/right< 30 

eV and Eright/left<10 eV. 

  

                  
 
Fig.2:  2D-Energy distributions of coincidence pairs obtained from a Cu(111) surface. The 
trajectories of the “left” and “right” electron have an angle of 45° with the normal. Clearly 
there are distinct differences in the (e,2e) and (γ,2e) data. The primary energy and photon 
energy are 45eV and 50 eV, respectively. 
 

Within the dipole approximation it was possible to show that the scalar product e·(kleft+kright) 

enters in the formula of the transition probability.[4]  This leads to a selection rule for the 

DPE intensity, which vanishes if e·(kleft+kright)=0. The vector e describes the polarization 

plane of the linear polarized light. The momentum vectors of the electrons are labeled with 

kleft and kright, respectively. Since in our geometry the polarization plane is in the surface plane 

(see fig.1) only the parallel components of kleft/right are of relevance. Therefore one expects no 

pair emission for electrons of same energy, which leave the sample in opposite emission 

directions, because e·(kleft+kright)=0. On the other hand, very unequal energies will lead to a 

finite value of e·(kleft+kright). Such a behavior is qualitatively observed and explains the 

differences between the (e,2e) and (γ,2e) experiments. Fig.3 shows the 2D-Energy distribution 
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if the trajectories of the electrons have an angle of ~12° with the surface normal. Compared 

fig.2 the previously straight contour lines parallel to Esum=const. are now bent towards smaller 

Esum values. Rephrased one can say that there is a tendency for one electron being "fast", 

while the other is "slow" rather than having the same energy. This behavior can be observed 

for both the (e,2e) and (γ,2e) data. This can be understood if we recall our previous studies, 

where we found that the momentum distribution of the intensity displays reveals the 

exchange-correlation hole.[1,2]  In other words electrons tend to stay away from each other if 

the angle between the trajectories is small.  With our selection of the emission angle in fig.3 

we have selected those electrons. If the electrons are forced to be close to each other they tend 

to have unequal energy sharing. The notation of the exchange-correlation hole is valid for 

(e,2e) and (γ,2e) experiments, and the size of the hole is very similar in both instances. 

Therefore the 2D-Energy distributions of fig.3 are similar to each other.      

               
Fig.3:  2D-Energy distributions of coincidence pairs obtained from a Cu(111) surface. The 
trajectories of the “left” and “right” electron have an angle of ~12 ° with respect to the normal.  
 
Conclusion 

We have been able to demonstrate that a true intrinsic DPE process in contrast to an internal 

(e,2e) process exists. This follows from the different 2D-Energy distributions obtained in  

(γ,2e) and (e,2e) experiments. 
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Introduction 
The scaling of Si CMOS devices requires the reduction of the thickness of the gate dielectric, 

causing an exponential increase in leakage current. Since traditional SiO2 with sub-nanometer 
thickness no longer exhibits reliable insulating properties, an alternative material with a high dielectric 
constant is required. Rare earth metal oxides, including La2O3, Gd2O3, and Pr2O3, are promising 
alternative high-k gate dielectrics for sub-0.1 micron CMOS technology. We have studied the growth 
of Pr2O3 using molecular beam epitaxy since it has a high dielectric constant (~30)[1] and close lattice 
match to Si[2]. However, an interfacial layer forms during the high temperature process since rare 
earth oxides are typically only metastable in contact with semiconductors. The effective dielectric 
constant of a typical Pr2O3/Si(001) stack can be lowered due to the interfacial layer. For the application 
of Pr2O3 as a gate material for CMOS devices, it is very important to investigate the formation and 
structure of the Pr2O3/Si interface. In this report, we present in situ grazing incidence x-ray 
diffraction (GIXRD) and x-ray reflectivity (XRR) data of Pr2O3/Si structure during the annealing at 
high temperature, and the effect of Si addition for the improvement of the interface. 
 

Experimental 
 For the growth of Pr2O3, we have employed molecular beam epitaxy (MBE) on Si(001). 
Pr6O11 (99.996%) powder is used as a source material and loaded into a high-temperature effusion cell 
that can be operated up to 2500oC. Compared to e-beam evaporation, the effusion source shows a 
more stable control of temperature and reproducible flux. For the layer with Si addition, Si 
co-evaporation is performed from another effusion cell during the growth. The substrate temperature is 
600-700oC. After the growth of the layer, the samples are transferred in UHV to a UHV chamber fixed 
on a diffractometer for the x-ray measurements. The measurements were performed with 10 keV 
x-rays at the PHARAO beamline[3] at BESSY using a 6-circle diffractometer. The beryllium windows 
on the measurement chamber allow access to a large range of reciprocal lattice space both in-plane and 
out-of-plane. In order to enhance the near-surface sensitivity, in-plane scans are made at a grazing 
incidence angle of 0.28o, which is slightly greater than the critical angle of Pr2O3 for 10 keV x-rays.  
 

Results and discussion 
 First we investigate the structural changes of the Pr2O3/Si interface by annealing at high 
temperature. Figure 1 shows (a) an in-plane scan of the Pr2O3/Si(001) sample before and after 
annealing, and (b) a reflectivity measurement before and after annealing at 850oC and the density 
profile for the annealed sample. In figure 1(a), the peaks at H=K=1.34 and 2.66 originate from cubic 
Pr2O3, and the peaks at 0.90, 1.82 and 2.72 are due to from Pr-O-Si compounds at the interface. Before 
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annealing, the peaks of cubic Pr2O3 are clearly observed as well as the peak from Pr-O-Si interfacial 
reaction products due to the diffusion of Si atoms from the substrate into the Pr2O3 layer. After the 
annealing, the cubic oxide peaks become weaker and the silicate peaks become sharper and more 
intense. This indicates the expansion of interfacial compounds by thermal annealing, and the dominant 
structure of this annealed layer is of the Pr-O-Si (silicate or silicide) structure. The nominal thickness 
of the layer is deduced from the reflectivity result shown in figure 1(b) and it is 3 nm and 6.5 nm for 
as-grown and annealed sample, respectively. The density profile of the annealed layer (shown in the 
inset of figure 1(b)) shows the decrease in density by annealing. These results support the silicate 
formation via silicon diffusion hypothesis. 
 In order to obtain a thermally stable and uniform material with good interfacial structure, we 
investigate the alloying of Pr2O3 with Si because praseodymium silicate (Pr2Si2O7) has a relatively 
high dielectric constant (15~19)[4] and better thermodynamic stability in contact with Si compared to 
Pr2O3. Since the interfacial Pr-O-Si structure, which is formed unintentionally and causes a rough 
interface, has a lower dielectric constant than stoichiometric Pr2Si2O7, it is important to control the 
formation of the Pr-O-Si interfacial layer. Figure 2(a) shows in-plane GIXRD patterns along Si[220] 
for the Pr2O3 layers (a) without Si and (b) with Si addition during growth. The peaks at H=K=1.37 and 

1.94 correspond to the cubic Pr2O3 (040) and ( 440 ) reflections, respectively; the epitaxial Pr2O3 layer 
contains two orthogonal cubic domains on the Si surface[5]. Additional peaks at H=K=0.90 and 1.83 
are clearly observed for sample (A). In this case, Pr-O-Si related material is dominant at the interface 
and the cubic Pr2O3 phase mainly exists above the interfacial layer. However, the peaks at H=K=0.90 
and 1.83 do not appear for sample (B) with Si addition. Cubic Pr2O3 is the dominant structure for this 
layer.  
  Figure 2(b) shows the results of the x-ray reflectivity measurements on the same samples. 
Compared to the sample without Si, the interference fringes for the sample with Si addition are clearly 
observed even at higher angle, indicating a significant increase in the contrast of the density profiles of 
the layers due to the sharper interface and better morphology. From these results, we conclude that Si 
enhances the nucleation at the initial stage and/or restricts atomic intermixing probably by forming a 
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 (a) GIXRD scan along Si[110]     (b) X-ray reflectivity scan 
Figure 1.  X-ray diffraction and reflectivity measurement for Pr2O3/Si(001) for a sample as-grown 
and after annealing at 850oC. 
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stable silicate structure at the interface. However, from the x-ray and RHEED measurements, we could 
not find clear evidence of the formation of a stoichiometric crystalline Pr2Si2O7 structure; instead, the 
dominant structure in the layer is cubic Pr2O3. A small amount of the hexagonal phase of Pr2O3 is 
found as well by x-ray diffraction shown in Fig. 2(a). Further investigations of layers with Si addition 
are required to determine their structure and composition. 
 

Summary 
The epitaxial growth of praseodymium oxide (Pr2O3) together with the addition of silicon during 
growth with the aim to enhance the silicate formation was studied by in-plane grazing incidence x-ray 
diffraction and x-ray reflectivity. Annealing to 850oC activates significant bulk diffusion and the 
Pr-O-Si structure extends into the Pr2O3 layer. The addition of Si reduces the amount of Pr-O-Si near 
the interface. From the GIXRD measurements, we find that an adequate amount of Si results in a 
stable, mainly cubic Pr2O3 layer with some additional hexagonal Pr2O3.  
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(a)GIXRD scan along Si[110]          (b) X-ray reflectivity scan 

Figure 2.  X-ray diffraction and reflectivity measurement for Pr2O3/Si(001) with and without Si 
addition 
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In recent year multilayered organic structures have attracted considerable attention1. Compared 

to bulk materials multilayered heterostructures can have unusual optical and physical properties which 
open new possibilities for optoelectronic devices.  

 
It is well known that the guanine and cytosine rich DNA molecule can show p-type 

semiconducting properties2. In that case it is interesting to study the optical response of multilayer 
composed of very thin layers of guanine (C5H5N5O) and cytosine (C4H5N3O) molecules. Synchrotron 
radiation at BESSY II provides ideally suited means to investigate the optical properties of such DNA 
base heterostructures.  

 
Bulk and thin multilayer films of guanine and cytosine on ZnO substrates were prepared by 

organic molecular molecular beam deposition under ultra high vacuum (10-9 mbar) conditions and 
measured in situ by means of Vacuum Ultra Violet (VUV) Spectroscopic Ellipsometry at BESSY. This 
measurement technique is based on the determination of polarization of light before and after reflection 
on the sample surface.  The in situ measurements were performed at an angle of incidence of 680 in the 
range between 4 to 9.5 eV. For thickness determination and anisotropy evaluation supplemental 
measurements were carried out in the transparent spectral range below 4 eV at different incidence 
angles. 
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Figure 1: Dielectric functions and molecular structure of cytosine (left)  and guanine (right). 
 
 

Good agreement between the measured and simulated data was achieved using an isotropic 
model for cytosine and uniaxial anisotropic model for guanine. In Fig. 1 the resulting dielectric functions 
of thick bulk-like cytosine and guanine films are presented. These dielectric functions are used to 
simulate thin multilayer of these molecules. 
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Figure 2: Measured (red) and simulated (blue) effective dielectric function for the 
multilayer structure and the clean substrate (black) for comparison. G2+C1 in the 
legend means that the effective dielectric function is measured after depositing the 
second guanine layer (G2) on the first guanine  (G1) + cytosine (C1) layer stack.  
 
 

Figure 2 shows the measured and simulated effective dielectric function of multilayer structures 
starting from guanine together with the effective dielectric function of the bare substrate. Three 
alternative layers of guanine and cytosine are grown on the ZnO substrate. From the determined 
thickness of the cytosine and guanine in the multilayer, we have a single layer of each to start with and 
have two layers after the first two depositions . 3,4 As observed, even for the first thin layer there is 
considerable change in the effective dielectric function indicating the strong optical absorption of these 
DNA bases. The multilayer is modelled with sharp interfaces and the determined thickness is as 
expected suggesting a highly ordered multilayer structure. The slight deviation in the simulated spectra 
occurs because the cytosine layer is considered as isotropic as in the bulk films. However, in the ultra 
thin layers on silicon cytosine exhibits anisotropic behaviour3.    
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The peak positions present in the ultra thin multilayer are observed to be shifted to higher  
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Figure 3: Compared <ε2> of 3nm thick multilayer with simulated thin guanine and 
cytosine layer 

 
energy. From figure 3 it is observed that the peak around 6.2 eV is strongly attributed by the cytosine 
layer while that between 4 eV to 5.4 eV stems more from the guanine layer.  

 
The results presented are a good starting point for a more detailed understanding of the 

arrangement of molecules in the multilayers and their interaction. Further measurements are planned 
starting with a cytosine layer. The evaluation of first monolayer spectra will give insight in the interaction 
of molecules with the substrate. 
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Structure of Organogel formed by Ionic Self Assembled 1, 3, 5-benzenetricarboxamide 
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The generations of new ‘smart’ nanoscaled materials which are able to respond to 

external stimuli (i.e. magnetic or electrical field) in a defined way is one of the most important 
goals of supramolecular chemistry and nanotechnology. Recently a facile route for production 
of mesogenic materials by complexation of oligoelectrolytes with charged surfactant materials 
was introduced [1]. This process is called ionic self-assembly (ISA) and it uses the 
electrostatic interactions between the charged species to construct the mesogenic materials. 

In a present work we focus our attention on ISA formed by dihexadecylphosphate and 
tris-(4-trimethyl-ammoniumphenyl)-1, 3, 5-benzenetricarboxamide (TRISDiC16) in benzene. 
The 1, 3, 5,-benzenetricarboxamide derivatives are C3 symmetrical molecules, which are able 
to associate into supramolecular stacks via hydrogen bonds [2].  

The TRISDiC16 formes a gel in benzene at concentrations above 1 wt %. As shown in 
Figure 1, the SAXS pattern of the gel formed by 5 wt % TRISDiC16 in benzene has a set of 
relatively broad but pronounced peaks. These reflection peaks can be attributed to a 
hexagonal columnar phase (reflections at 1/d, √3/d, 2/d, √7/d, 3/d, √12/d, √13/d, 4/d, 5/d and 
6/d) with a repeating distance d = 4.7 nm and a lattice parameter a = 5.4 nm. The dimensions 
(~ 2.4 nm for the TRIS core and ~3 nm for phosphates) of the TRISDiC16 molecules enable 
the formation of the discs with 5.4 nm radius that can form hexagonal columnar phase. 

 
Figure 1. SAXS curve of 5 wt % benzene gel of TRISDiC16. The insert demonstrates possible arrangement of 
TRISDiC16 in a column. 
 

Obviously, formation of the columnar phase by TRISDiC16 is promoted by hydrogen 
bonds between neighbouring 1, 3, 5,-benzenetricarboxamide cores. Such structure allows 
withdrawing of the relatively hydrophilic groups inside the core of formed cylinders, while 
hydrophobic alkyl chains are located in the shell of the cylinders and exposed in the solvent 
(see insert into Figure 1). The hexagonal arrangement of the cylinders may be more attractive 
owing to the C3 symmetry of the TRISDiC16 core. 

 
This work was suppoted by the Adolf-Martins-Fellowship program of Federal Institute 

for Materials Research and Testing. 
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Shallow Concentration Depth Profiling with X-ray Photoelectron Spectroscopy 
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It is well known that photoelectron spectroscopy, which is a popular tool for surface analysis, renders 
information averaged over a sampling depth which is related to the mean free path of the photoelec-
trons in the sample (λ). Concentration gradients normal to the surface may lead to strong differences 
between the properties of the topmost atomic layer usually targeted by XPS studies and the results 
obtained [1]. The problem is alleviated but not solved by diminishing the sampling depth, which may 
be achieved by decreasing the excitation energy hν (synchrotron excitation) or by analysing the photo-
electrons at grazing incidence (angle-resolved XPS (ARXPS)). Both approaches are in qualitative use, 
and ARXPS is widely employed to determine the thickness of segregated surface layers. The algo-
rithms used there are, however, inadequate for nonsegregated mixtures as alloys or mixed oxides. 
Photoelectron intensities analysed along the surface normal of an atomically flat surface are propor-
tional to the integral over the concentration depth profile weighed by the photoelectron escape func-
tion, which may be approximated by  
(σ – photoionisation cross section, ρA(z) – concentration variation of element A over depth z, S – 

detector efficiency at kinetic energy Ekin). When lines of elements A and B (with similar binding 
energies, to cancel out S(Ekin )) are measured at different excitation energies hν, the experimental 
intensity ratios IA/IB may be fitted to models of this type by varying the parameters of assumed depth 
profile functions ρA(z) and ρB(z), taking advantage of known energy correlations between σA, σB and 
hν, between λ and Ekin, and of stoichiometric relations if appropriate. The depth profiles ρA(z), ρB(z) 
which best reproduce the measured intensity ratios should be realistic estimates of the concentration 

variations below the surface. In particular, they may be 
used to determine the composition of the outmost atomic 
layer by extrapolation. The method is somewhat 
complicated by the fact that λ is not a function of Ekin 
alone, but of material properties as well, which makes it 
depth dependent, too. The new concentration depth 
profiling version of XPS (“CDP-XPS”) takes this into 
account. 
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  Figure 1 . CDP-XPS analysis of a C18- 
         SAM on an atomically flat Au substrate 
 

CDP-XPS has been validated with self-organized 
monolayers of n-octadecanethiol (”C18-SAM”) on gold 
surfaces. Figure 1 shows experimental and modelled C 1s 
/ Au 4d intensity ratios and, in the inset, the underlying 
depth distribution of (thiol) carbon measured with an 
atomically flat Au substrate ((111)-faceted Au on 
mica(111)). While independent measurements show the 
organic layer to be ca. 2.2 nm thick, a 2.24 nm thick sur-
face layer with 101.2 % carbon has been found with 
CDP-XPS [2]. This result does not rely on previous 
knowledge of the layered structure because other function 
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types for ρC(z) rendered inferior fits. An 
ARXPS measurement performed for 
comparison, allowed to determine the carbon 
layer thickness with similar accuracy. 
The influence of surface roughness on the re-
sults of CDP-XPS has been investigated by 
using gold substrates of different grain size, 
the morphology of which was studied by AFM 
and by confocal laser scanning microscopy 
3]. Figure 2 compares the carbon depth 

distribution curves extracted from the data 
with that for the atomically flat Au surface. As 
expected, surface roughness tends to extend 
the depth coordinate in the CDP-XPS models, 
but the error remains in the order of 30-40 % 
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Figure 2. CDP-XPS with C18-SAMs on rough Au 
substrates. Au/SiO2(Si): Au on Si wafer, n µm 
Au/Au: powders of grain size n sintered onto Au 
foil
except for extreme surface roughness (abun-
ance of steep orientations) as has been found for the 4 µm Au/Au sample. In all cases, the 
oncentration is correct at the external surface, i.e., surface roughness does not impair the analysis of 
e topmost surface layer by back-extrapolation of the concentration profile. In the comparative 
RXPS study, surface roughness was seen to lead to an underestimation of the organic layer 
ickness. Remarkably, at extreme surface roughness (4 µm Au/Au), ARXPS failed completely, 
ndering no surface enrichment of carbon at all while CDP-XPS still detected the correct surface 

oncentration of carbon though failing significantly with the extension of the depth coordinate. This 
uggests that the case of extreme surface roughness rendering excessive extension of the CDP-XPS 
epth coordinate may be identified by comparing CDP- and ARXPS results [3].   
 first application of CDP-XPS deals with bulk mixed oxides (ZrV2O7, Fe2(MoO4)3) where investiga-
ons by ion scattering spectroscopy (ISS) had identified a strong surface enrichment in vanadium 

olybdenum) contrary to common expectations that the surface composition should be related to that 
f the bulk. The CDP-XPS analysis allows to confirm the ISS results and to determine the thickness of 
e surface vanadium (molybdenum) oxide layer. For ZrV2O7, a ≈0.6 nm surface vanadium oxide layer 
as found. Given the extension of the depth coordinate by 30-40 % due to surface roughness, the re-

ult indicates the presence of a monolayer of surface vanadium oxide species. For Fe2(MoO4)3, where 
e experimental data were less accurate due to experimental reasons (charging, baseline problems), 
e almost exclusive exposure of surface molybdenum oxide species and a layer thickness in the order 

f a monolayer could be confirmed as well. 

e acknowledge gratefully financial support by the German Science Foundation (Project Gr 1447/9) 
nd support for travelling costs for the synchrotron measurements by the BMBF through grant 05 
S3XBA/5. 
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Molecular ordering and thermally induced phase transitions in aromatic SAMs 
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Self-assembled monolayers (SAMs) have attracted considerable attention because of their 
versatile possibility of tailoring surface properties such as wetting behavior, adhesion, 
lubrication, and corrosion. More recently aromatic SAMs have become the focus of interest 
due to potential applications for charge transfer and electronic functionality. In particular, 
aromatic SAMs enable fundamental studies on issues directly related to molecular electronics 
i.e. molecular conductivity, molecular switching, or molecular transistors. So far the majority 
of related studies on aromatic SAMs have been carried out for oligo-phenylene-thiols. In this 
class of molecules the individual phenyl-units are separated, however, by single C-C bonds 
resulting in only partly aromatic molecular backbones with a rather large band gap (or 
HOMO-LUMO separation). Moreover, this single bonds enable a twisting of neighboring 
phenyl units and thus provide an additional conformational degree of freedom. To avoid this 
complications we have chosen anthracene-2-thiol (AnT, C14H9SH) which comprises a rigid, 
fully conjugated acene-backbone and have studied the formation and structural properties of 
SAMs with a particular emphasis on their thermal stability. In addition to a characterization 
based on STM, LEED, XPS, and TDS carried out at the Ruhr-University Bochum NEXAFS 
measurements were performed at the HE-SGM beamline of the synchrotron facility BESSY II 
in Berlin to characterize the orientational ordering within the SAMs as a function of the 
sample temperature. 
For the saturated monolayer a (2√3 × 4)rect-structure has been identified which can be 
rationalized by an attempt to fit the close packing arrangement adopted by anthracene 
molecules in their crystalline lattice with the surface lattice of the Au(111) substrate. Due to 
the misfit of the anthracene bulk lattice and the gold lattice the resulting SAM-structure 
shows an unidirectional compression as compared to the bulk structure which leads to the 
formation of characteristic stacking faults. An important results of the present study is the 
detailed quantitative analysis of the linear dichroism obtained in the C1s NEXAFS data. 
While an average tilt angle of the aromatic units can be easily derived from the dichroism of 
the π*-resonance intensities measured for different angles of incidence (see Fig. 1a) a precise 
determination of the molecular orientation is frequently hampered because of an unknown 
twisting of the aromatic units (as mentioned above for case of oligo-phenylenes). Moreover, 
the quantitative analysis of the NEXAFS data is complicated by the presence of differently 
oriented molecules within the unit cell. In case of the typical face-on-edge herring bone 
packing motive adopted by the planar, rigid acene-units (see Fig. 1c) the twist angle can be 
related to the herringbone angle and thus allows a detailed analysis of the tilt angle for the 
individual molecules. 
In the further course of the experiment the thermal stability and the molecular ordering of 
AnT as a function of the temperature have been investigated. Corresponding TD-spectra 
revealed the presence of two distinct desorption peaks at 505K and 550K. Based on additional 
XPS measurements the first peak has been assigned to a partial desorption of intact thiolate 
species while a fragmentation and dissociative desorption takes place at elevated temperature.  
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Corresponding NEXAFS measurements showed further that the partial desorption of intact 
molecules allows a reorientation of the remaining molecules which start to lie down (see Fig. 
1d) until they form a (4 × 2)-structure (stripe phase). Attempts to also characterize this phase 
by means of STM under ambient conditions were not successful and are hampered by a 
partial oxidation of the sulfur head groups as evidenced by corresponding XPS measurements. 
The presently studied formation and stability of AnT-SAMs on gold substrates reveals a 
complex scenario which can be summarized by the schematic phase diagram shown in Fig. 2. 
 
 

 
 
Fig. 1  Comparison of C1s NEXAFS of AnT recorded at different angles of incidence (blue curve:   
            θ=30o, black: 55o, red: 90o) for a) the saturated monolayer and b) the diluted  stripe phase   
            (obtained after heating), together with the evolution of the molecular orientation as a function  
            of the temperature (d). Panel c) shows the experimental geometry and the relative orientation  
            of the transition dipole moments in the aromatic SAM. 
 
 

 
 
Fig. 2  Schematic phase diagramm showing the various phases of anthracene-2-thiol on  Au(111) as a  
           function of coverage and temperature. 
 
 
Reference 
 
[1]  D. Käfer, G. Witte, P. Cyganik, A. Terfort, Ch. Wöll,  J. Am. Chem. Soc.  128,  
      1723  (2006). 
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Reductive UPD versus oxidative UPF processes on Cu(111):
A combined electrochemical and SXPS study using the Solid-Liquid 

Analysis System (SoLiAS) 

Sascha Hümann, Peter Broekmann and Klaus Wandelt 
Department of Surfaces and Interfaces, Institute of Physical and Theoretical Chemistry, 
University of Bonn

Ralf Hunger and Wolfram Jaegermann
Surface Science Division, Institute of Materials Science, 
Darmstadt University of Technology

In this contribution we present combined electrochemical and SXPS measurements on the 
potential dependent reductive Cd under potential deposition (UPD) and the oxidative under 
potential formation (UPF) of a  CuI film on Cu(111) electrode surfaces. 
In  general,  the  submonolayer  or  monolayer  deposition  of  a  metal  onto  an  unlike  metal 
substrate at  potentials  more positive than the corresponding reversible Nernst potential  is 
known as under potential deposition (UPD). A similar phenomenon was recently discovered 
for binary compound formation processes in the course of an oxidative dissolution of the 
electrode material.  E.g.,  CuI formation on Cu(111) starts  with a 2D-CuI wetting layer at 
lower overpotentials than CuIbulk formation at higher overpotentials. These phenomena are 
referred to under potential formation (UPF) and over potential formation (OPF) processes of 
binary compounds in analogy to metal UPD and OPD (over potential deposition) processes.
The electrochemical processing was performed in an Ar purged electrochemical cell allowing 
the  transfer  of  the  sample  into  the  UHV  without  exposing  it  to  air.  Photoelectron 
spectroscopy measurements were performed using the SoLiAS experimental station [1] at the 
U49/2-PGM2 beamline at BESSY II. Photoelectron spectra were recorded with a Phoibos 
150 MCD 9 analyzer after each preparation step, using photon energies of 125, 245, 720 and 
1040 eV, respectively, thereby varying the information depth of the data. All spectra were 
recorded in normal emission and are referenced to the Fermi level of a clean, sputtered Cu 
foil.

Figure 1: CVs showing (a) the Cd-UPD (U) and OPD (O) in a solution of 0.1mM CdI in 5mM 
H2SO4; (b) the anodic Cu dissolution at potentials above +80 mV.

624



Fig. 1 shows a series of representative CVs (Cyclic Voltammograms) of Cu(111) in 0.1 mM 
CdSO4 and 10 mM KI in 5mM H2SO4 sulfuric acid with Fig. 1a being representative for the 
lower and fig. 1b being representative for the higher potential regime. Clearly visible in fig. 
1a are the Cd UPD peak U and the Cd OPD peak  O in the cathodic scan. The corresponding 
stripping peaks DO and DU appear in the anodic scan. 
In the higher potential regime (Fig. 1b) peak system P1-3 in the anodic scan can be associated 
with copper oxidation from Cu0 to cuprous Cu+ species in the presence of iodide anions. 
According to previous STM measurements UPF of 2D-CuI is expected at the on-set of the 
anodic  peak  system.  An  exponential  increase  of  an  oxidation  current  at  more  positive 
potentials indicates the copper dissolution involving net mass transport of cupric Cu2+ species 
into solution. However, these are not stable in solution when iodide is also present. Iodide as 
reductive agent chemically reduces the Cu2+ to Cu+ species in solution leading to 3D-CuI 
cluster  formation followed by cluster precipitation onto the electrode surface. CuI phases 
(2D-CuI  film,  3D-CuI  cluster)  as  reaction  products  of  the  copper  oxidation  are  electro-
reduced in the corresponding negative potential scan giving rise to the appearance of the 
complex cathodic peak system P’1-P’3.

Fig. 2 shows the photoelectron survey spectra of CdI (Fig. 2a) and CuI (Fig. 2b) obtained at 
hν = 720 eV comprising the following core levels and Auger emissions as indicated in the 
figure: I3d (~620 eV), O1s (~532 eV), Cd3d (~405 eV), Cd MNN (Auger, ~340 eV), C1s 
(~285 eV), I MNN (Auger, ~210 eV), Cu3s (~123 eV), Cu3p (75.1 eV), I4d (~50 eV) and 
Cd4d (~11 eV). The valence band emissions are observed at a binding energy of ~3 eV. 
While the integrated intensities of Cd3d continuously increase upon Cd UPD and OPD the 
I3d and I MNN signatures remain constant pointing to a non-changing surface concentration 
of  iodide  species  upon  Cd  deposition.  Obviously  iodide  acts  as  a surfactant remaining 
adsorbed on the topmost atomic layer during Cd growth. From STM results it is known that 
iodide induces a layer-by-layer growth of Cd at least up to the forth layer. 
In contrast to the Cd deposition the integrated intensities of iodide photoelectron I3d, I4d and 
I MNN emissions increase (Fig. 2b) at positive potentials due to a 2-D- and 3-D-growth of 
CuI [2]. The 2D-growth of a well defined 2D-CuI(111) wetting layer has been explained in 
terms of a UPF process while the further growth of 3D-CuI clusters  at  higher potentials 
correspond to the OPF.
Here the role of iodide is different than in the case of the reductive Cd deposition. 

Figure 2: SXPS survey spectra (hν = 720 eV) of (a) CdI-UPD-film on Cu(111); (b) CuI on Cu(111).
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First, from the detailed analysis of the I4d-
photoelectron  emission  of  iodide  at 
positive potential ranges (Fig. 3) one can 
conclude  that  the  pre-existing  iodide 
monolayer  (BE  =  49.48  eV)  remains 
unchanged  upon  2D-  and  3D-CuI 
formation. Apparently, the 2D-CuI and the 
3D-CuI cluster growth takes place on-top 
of  an  iodide  modified  Cu(111)  electrode 
surface.  Specifically  adsorbed  iodide  on 
Cu(111)  is  not  consumed  upon  CuI 
formation  but  it  remains  in  contact  with 
the metallic copper. Only iodide from the 
solution reacts  with  Cu+ species  that  are 
formed upon copper  oxidation.  Iodide in 
the  2D-  and  3D-CuI  shows  a  chemical 
shift  of  0.5  eV  towards  higher  binding 
energies (BE = 50.01 eV) pointing to an 
almost  covalent  Cu-I  bond.  There  is, 
however,  no  significant  chemical  shift 
between the iodide in the 2D and the 3D 
phase.
In  conclusion,  we  have  investigated  the 
role  of  iodide  anions  in  the  reductive 
deposition  of  Cd  on  Cu(111)  and  the 
oxidative  dissolution  of  the  copper 
substrate.  In  both  processes  the  anion 
plays  a  crucial  role,  either  as  a  kind  of 
surfactant  (Cd UPD/OPD) or  as  reactant 
(CuI UPF OPF).

References:
[1] T. Mayer, M. V. Lebedev, R. Hunger, and W. Jaegermann, Applied Surface Science 

252 (2005) 31-42.
[2] P. Broekmann, N.M.T. Hai, K. Wandelt, J. Appl. Electrochem. 36 (11) (2006) 1241
[3] D. Briggs, M. P. Seah (Eds.), Practical Surface Analysis by Auger and X-ray 

Photoelectron Spectroscopy, Wiley, 1985.

Figure 3: SXPS I4d spectra (hν = 720 eV) of CuI on 
Cu(111).
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Project leader Institute Project title
Adnane Achour Karolinska Institutet Structural Studies of TCR/MHC class I-dependent mechanisms for viral escape and 

virus-induced autoimmune diseases.
Adriana Miele University of Rome La Sapienza Structural biology for biotechnology�

a) Schistosome structural biology: identification of targets for drugs and vaccines�
b) How protozoa respond to host¿s nitrosative stress: the structure of Flavodiiron 
protein�
c) X-ray structure of N-Methyltryptophan oxidase

Adriana Miele University of Rome La Sapienza Structural genomics for biotechnology
Ajay Gupta Inter-University Consortium for DAEF 

facilities
Study of swift heavy ion induced intermixing in metal/Si thin films

Alan Michette King\'s College London Measurement of the polarising properties of broadband multilayer soft x-ray and EUV 
mirrors

Alan Tennant Hahn-Meitner-Institut Berlin GmbH Test of the reflectometry option and alignment of the new 7 T high-field end station at 
UE46-PGM

Alexander Föhlisch Universität Hamburg Resonant inelastic X-ray scattering as a probe of excited states in matter
Alexander Okotrub Russian Academy of Sciences Electronic structure of carbon nanotubes with defects, generated by ¿chemical¿ and 

¿physical¿ ways
Alexander Shikin St. Petersburg State University Effects of spin-orbit coupling on quantum-well and surface states in ultrathin Mg-films 

on W(110) and Mo(110).
Alexander Shikin St. Petersburg State University Role of features of electronic structure of substrate in development of QSW\'s in 

adsorbed films
Alexander Vinogradov St. Petersburg State University Electronic structure and features of chemical bonding for various nickel (II) porphyrinic 

complexes studied by X-ray absorption and photoemission 
Alexander Vinogradov St. Petersburg State University The comparative study of titanium fluorides, TiF_{3} and TiF_{4}, with x-ray absorption 

and resonant photoemission at the Ti 2p and F1s absorption edges
Alexei Erko BESSY GmbH Crystals of Langasite Family: New X-Ray Monochromators and Modulators
Alexei Nefedov Ruhr-Universität Bochum Coexistence of ferromagnetism and antiferromagnetism in Fe-doped TiO2: XMCD and 

XRMS studies
Andreas Eichinger Technische Universität München Structure determination of Alpha-1-acid glycoprotein
Andreas Eichinger Technische Universität München Structure determination of the carbohydrate recognition domain of langerin
Andreas Heine Philipps-Universität Marburg De novo structure determination of Prephenate Dehydratase (PDT)
Andreas Heine Philipps-Universität Marburg Finding new lead structures for HIV-Protease
Andreas Heine Philipps-Universität Marburg Structural Characterization of Ectoine Hydroxylase (EctD) from Salibacillus Salexigens

Andreas Heine Philipps-Universität Marburg Structure determination of aldose reductase inhibitor complexes
Andreas Heine Philipps-Universität Marburg Structure-based combinatorial library design for serine proteases
Andreas Klein Technische Universität Darmstadt Interfaces of Ceramics
Andreas Koitzsch IFW Dresden Low energy electronic structure of the heavy fermion superconductors 

Ce(M=Co,Rh,Ir)In5
Andrei Varykhalov BESSY GmbH Carbon-induced faceting of Ni(771): chemical state, geometry and electronic properties 

of graphite monolayers
Andrei Varykhalov BESSY GmbH Electronic structure of catalytically active Au bilayers
Andrei Varykhalov BESSY GmbH Photoelectron diffraction on metallic nanogratings
Andrei Varykhalov BESSY GmbH Self-organized nanostructures on stepped surface carbide
Andrei Varykhalov BESSY GmbH Valence transitions in nanostructures of rare-earth metals
Andrey  Ionov Russian Academy of Sciences Investigation of electronic structure of clean and metal decorated vicinal Si surfaces. 

Andrey Kaul Moskow State University Electronic Structure Investigation of Magnetic d-Metal-Doped ZnO Films by X-Ray 
Photoemission Spectroscopy and X-Ray Absorption Spectroscopy

Andrzej Wieckowski University of Illinois at Urbana-Champaign Studies of Novel Catalysts for New Generation Fuel Cells by Synchrotron High-
Resolution XPS

Armin Hoell Hahn-Meitner-Institut Berlin GmbH ASAXS investigation of the nucleation of AgCl particles in photochromic sodium borate 
glass.

Armin Hoell Hahn-Meitner-Institut Berlin GmbH Component test of the new SAXS instrument installed at the 7T-Wiggler mags 
beamline

Armin Hoell Hahn-Meitner-Institut Berlin GmbH Elementsensitive study of the nano-structure of  Ruthenium and Iron based catalysts by 
ASAXS

Armin Kleibert Universität Rostock X-ray magnetic linear dichroism in resonant absorption and reflection of soft X-rays
Arnaldo de Brito Laboratorio Nacional de Luz Sincrotron Laser cooling ion recoil momentum spectroscopy using synchrotron excitation
Arne Smalas University of Tromsø  Norwegian Structural 

Biology Centre
Structural genomics studies of Vibrio salmonicida. A grouped Beam Time application 
form The Norwegian Structural Biology Centre (NorStruct), University of Tromsø, 
Norway. 

Arne Smalas University of Tromsø  Norwegian Structural 
Biology Centre

Structure studies of human receptor for activated C-kinase (RACK1) and human 
spectrin: Beam time application form The Norwegian Structural Biology Centre 
(NorStruct), University of Tromsø, Norway, in collaboration with Department of 
Molecular Biology, University of Bergen, Norway. 

Arne Smalas University of Tromsø  Norwegian Structural 
Biology Centre

Structure-function studies of domains extending from the catalytic domain of 
peptidases, part of the structural genomics study of Vibrio salmonicida. Beam time 
application form The Norwegian Structural Biology Centre (NorStruct), University of 
Tromsø, Norway. 

Arno Ehresmann Universität Kassel Spectroscopy of doubly excited states in Xe close to the 5s-electron ionization 
threshold

Astrid Haibel Deutsches Elektronen-Synchrotron DESY Quantitative Analysis of Thixotropic Aluminium and Magnesium Alloys by Holographic 
Synchrotron Tomography

Astrid Haibel Deutsches Elektronen-Synchrotron DESY Synchrotron Tomographic Investigations of  Sintering Mechanisms

Axel Knop-Gericke Fritz-Haber-Institut der Max-Planck-
Gesellschaft

Oxidative Dehydrogenation of Alkanes using Vanadium and Chromium Based 
Catalysts

Axel Knop-Gericke Fritz-Haber-Institut der Max-Planck-
Gesellschaft

Preferential oxidation of CO over supported and alloy catalysts in H2-rich gas for fuel 
cell applications

List of Projects
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Axel Knop-Gericke Fritz-Haber-Institut der Max-Planck-
Gesellschaft

Propylene and propane oxidation to acrylic acid on Mo based model catalysts

Axel Knop-Gericke Fritz-Haber-Institut der Max-Planck-
Gesellschaft

Study of propylene epoxidation on chlorine modified Silver surfaces.

Ben Schuler Universität Zürich Elementary processes of protein folding and collapse using microfluidic mixing
Ben Schuler Universität Zürich Microfluidic mixing devices for rapid protein folding kinetics with SRCD
Bernd Hillemeier Technische Universität Berlin Eigenschaftsoptimierung von Porenbeton durch Kurzfaserverstärkung�

Bernd Jenichen Paul-Drude-Institut für Festkörperelektronik Phase transition in small MnAs disks on GaAs(001)

Bernd Winter Max-Born-Institut für Nichtlineare Optik und 
Kurzzeitspektroskopie

Photoelectron Spectroscopy at Liquid Aqueous Surfaces

Bernhard Lendl Technische Universität Wien Investigation of small water clusters in ionic liquids with Terahertz radiation
Berthold Borucki Freie Universität Berlin Conformational changes in the formation of the activated state in bacterial 

photoreceptor proteins detected with UV Circular Dichroism
Berthold Borucki Freie Universität Berlin Structural Changes in the Photoreceptors Phytochrome and Photoactive Yellow Protein 

detected with UV Circular Dichroism
Birgit Kanngießer Technische Universität Berlin 3D Micro X-ray Fluorescence Spectroscopy at the &#956;Spot beamline
C. Laubschat Technische Universität Dresden Spin-resolved photoemission experiments on Y/Co multilayers and YCo_2(111) thin 

films. Project Leader: Dr. Yu. S. Dedkov, Prof. Dr. C. Laubschat (TU Dresden).

Carla Vogt Leibniz Universität Hannover Characterization of organic structures in marine biomineralization products with 
spatially resolved Synchrotron-FTIR-spectroscopy

Carla Vogt Leibniz Universität Hannover High resolution analysis of organic structures in corrosion layers of implanted alloys 
with high resolution

Carla Vogt Leibniz Universität Hannover Spatially resolved analysis of organic and inorganic functionalities and compounds 
within micro scaled biological hard tissues of three different marine species with 
synchrotron-based IR-microspectroscopy

Carsten Winkler Max-Planck-Institut für Mikrostrukturphysik Two-Electron Photoemission (g,2e) from Solids

Carsten Winkler Max-Planck-Institut für Mikrostrukturphysik Two-electron photoemission from surfaces

Catherine Amiens LCC-CNRS Magnetic properties of chemically synthesized ultrafine iron nanoparticles
Chhayabrita Biswas BESSY GmbH Antiferromagnetic band structure of an Fe monolayer
Chhayabrita Biswas BESSY GmbH Electronic structure and magnetic properties of Mn adlayers on Au(111)
Chhayabrita Biswas BESSY GmbH Evolution of pseudogap in Al-based Hume-Rothery alloys.
Chiara Renghini Università Politecnica delle Marche Characterization of nano-hydroxyapatite coatings on titanium for tissue engineering 

applications.
Christian  Freund Forschungsinstitut für Molekulare 

Pharmakologie
SMY2-GYF domain in complex with ligand

Christian Pettenkofer Hahn-Meitner-Institut Berlin GmbH Angular resolved photoemission on cleaved ZnO surfaces
Christian Pettenkofer Hahn-Meitner-Institut Berlin GmbH XPEEM at CuInS2/ZnO interfaces
Christian Pettenkofer Hahn-Meitner-Institut Berlin GmbH XPEEM investigation of CIGSE absorber films
Christian Schüßler-Langeheine Universität zu Köln Charge and orbital order in Fe3O4 films
Christian Schüßler-Langeheine Universität zu Köln Ni-K-edge resonant diffraction from stripes in La2-xSrxNiO4
Christian Schüßler-Langeheine Universität zu Köln Probing orbital order in Fe3O4 using resonant soft x-ray diffraction
Christian Stamm BESSY GmbH Dynamic investigation of anitferromagnetic-ferromagnetic transition in FeRh upon 

ultrafast laser heating
Christina Divne AlbaNova University Center Structural studies on glycosyl transferases and hydrolases involved in biosynthesis of 

plant cell walls in Populus.
Christine Boeglin Université Louis Pasteur  Strasbourg Exchange coupled oxide layers NiO / Cu-wedge/ Fe3O4(111).
Christine Knabe Universitätsklinikum Charité Synchrotron-tomography on regenerated bone tissue using rapidly resorbable bone 

substitute materials applying the Guided Bone Regeneration technique (Extension of 
proposal granted in 2005, i.e.  for additional beam time in 2006)

Christof Wöll Ruhr-Universität Bochum NEXAFS-characterisation of Metal-Organic Frameworks deposited on surfaces
Christoph Bostedt Technische Universität Berlin Photoelectron spectroscopy of size-selected and neutral diamond clusters
Christoph Cobet ISAS - Institutsteil Berlin Characterization of AlN/GaN crystals and layer structures by means of synchrotron 

ellipsometry
Christoph Genzel Hahn-Meitner-Institut Berlin GmbH Depth resolved X-ray residual stress analysis in CVD multi-layer hard coatings by 

angle-dispersive diffraction
Christoph Genzel Hahn-Meitner-Institut Berlin GmbH Depth resolved X-ray residual stress analysis in layered structures by means of the low 

incidence beam angle method (LIBAD)
Christoph Genzel Hahn-Meitner-Institut Berlin GmbH Development of the stress scanning method
Christoph Genzel Hahn-Meitner-Institut Berlin GmbH Energy dispersive residual stress analysis in multilayer structures on the basis of the 

sin2psi - technique 
Christoph Genzel Hahn-Meitner-Institut Berlin GmbH Layer thickness analysis by high resolution white beam diffraction
Christoph Genzel Hahn-Meitner-Institut Berlin GmbH Locally resolved residual stress analysis in hard coating multi-layer systems by means 

of energy dispersive diffraction
Christoph Genzel Hahn-Meitner-Institut Berlin GmbH Optimization of stress scanning experimental setup �

�

Christoph Genzel Hahn-Meitner-Institut Berlin GmbH Residual stress gradient analysis by energy-dispersive diffraction - depth profiling by 
variation of the scattering angle 2theta

Christoph Hartnig Zentrum für Sonnennenergie- und 
Wasserstoff-Forschung

Investigation of fuel cells components by means of synchrotron radiography and 
tomography

Christoph Hartnig Zentrum für Sonnennenergie- und 
Wasserstoff-Forschung

Investigation of water evolution in operating fuel cells by means of in situ synchrotron 
radiography 

Christophe Cartier Université Pierre et Marie Curie Magnetic moment on the ligand in molecular-based magnets.
Christophe Dejugnat Institut de Chimie Séparative de Marcoule Direct quantitative characterization of polyelectrolyte microcapsules in water by soft X-

ray microscopy
Claudia  Felser Johannes-Gutenberg-Universität Mainz High energy photoemission and spin polarised photoemission from Heusler compounds

Claus Schneider Forschungszentrum Jülich GmbH MAGNETIC CHARACTERISTICS OF EPITAXIAL GE FILMS DOPED WITH MN AND 
FE (CRG-project of FZ-Jülich)

Claus Schneider Forschungszentrum Jülich GmbH Magnetodynamics of single-crystalline magnetic microstructures
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Constanze Donner Freie Universität Berlin Underpotential deposition of different metal layers supported by adsorbed thymine on 
Au(111) 

Danielle Dowek Centre Universitaire Paris-Sud Vector Correlation studies and nondipole effects, in K-shell photoionisation of small 
molecules in gas phase: molecular frame electron angular distributions (MFPADs) and 
circular dichroism.

Dante Gatteschi Laboratory of Molecular Magnetism XMCD of Self-Assembled Monolayers of Mn12 clusters on surfaces
David Batchelor Universität Würzburg Commissioning the UFF-CRG beamline with new SCIENTA hemispherical electron 

analyser for parallel XANES and PES experiments
David Cobessi Ecole Superieure de Biotechnologie de 

Strasbourg UMR7100
Structural studies of FpvAI from Pseudomonas aeruginosa PAO1

David Ensling Technische Universität Darmstadt Electronic structure of ion conducting thin film materials Lix(NiyCo1-y)1-zMnzO2 in situ 
prepared by PE-MOCVD used as cathodes in Lithium ion batteries 

David Ensling Technische Universität Darmstadt High resolution in situ SXPS and XAS studies of the influence of repeated 
electrochemical Li intercalation/deintercalation on the chemical composition and on the 
electronic structure of LiNixCo1-xO2, Li(Fe,CO;Mn)PO4 cathode and C:SiCN anode 
materials (SFB 595, AK Ionenleiter)

David Ensling Technische Universität Darmstadt In situ UPS and ResPES characterization of the electrocnic structure of 
electrochemically modified sputtered oxide films

David Ensling Technische Universität Darmstadt SXPS and XAS on electrochemically modified LizNixCo1-xO2 thin film surfaces 
deposited by PEMOCVD

Detlef Schmitz Hahn-Meitner-Institut Berlin GmbH Exchange bias and the role of uncompensated Fe spins in epitaxially grown fcc 
FexMn1-x at the interface to Co

Detlef Schmitz Hahn-Meitner-Institut Berlin GmbH Exchange bias and uncompensated spins of Co/FeMn bilayers: a comparison of 
epitaxially grown with sputtered samples

Dieter Scharnweber Technische Universität Dresden 3-D analysis of bone structures to analyse the healing behaviour of bone in an 
osteoporotic animal model ¿ influence of artificial extracellular matrices and hormone 
replacement therapy

Dieter Schmeißer Brandenburgische Technische Universität 
Cottbus

Organische Ferroelektrika für nichtflüchtiger Speicher

Dieter Schmeißer Brandenburgische Technische Universität 
Cottbus

Photoelektronenspektroskopie an Pr-O-N-Schichten: Dielektrika für 4H- und 3C- SiC 
Oberflächen

Dietrich Zahn Technische Universität Chemnitz Molecular Interactions in Organic Ultra Thin films Studied by VUV Spectroscopic 
Ellipsometry 

Dietrich Zahn Technische Universität Chemnitz Multi-User-STage for ANGular resolved photoemission�
MUSTANG-Hochleistungsmessplatz bei BESSY �

Dietrich Zahn Technische Universität Chemnitz Structural and Electronical Properties of Highly Ordered, Ultra-thin Organic 
Semiconductor Layers on Vicinal Silicon Surfaces

Dimitrios Argyriou Hahn-Meitner-Institut Berlin GmbH Sodium ordering in Na_xCoO2 and its relation to Co3+/Co4+ charge ordering
Dirk Heinz Gesellschaft für Biotechnologische 

Forschung 
InlB / Met complex

Ditlev Brodersen Aarhus University Structure of the yeast nuclear exosome
Dmitry Zemlyanov University of Limerick Reactivity of different palladium oxide phases towards CH4, C2H4 and CO
Eberhard Goering Max-Planck-Institut für Metallforschung Investigation of the interfacial coupling and magnetization in 

ferromagnet/antiferromagnet heterostructures by resonant magnetic reflectometry.
Eberhard Goering Max-Planck-Institut für Metallforschung XMCD in Co and Li doped ZnO 
Eberhard Umbach Universität Würzburg Comissioning time- UE52-PGM Soft X-Ray Dispersive measurements: Pilot Setup
Eberhard Umbach Universität Würzburg High resolution electron spectroscopy with the aberration corrected SMART-

spectromicroscope
Eberhard Umbach Universität Würzburg High-resolution NEXAFS experiments on large organic molecules in the gasphase 
Eberhard Umbach Universität Würzburg Resonant Auger studies of Transition metal Phthalocyanines
Eberhard Umbach Universität Würzburg Spectroscopic investigation of organic thin films for the use in organic electronic 

devices
Eckart Rühl Freie Universität Berlin Elektronische Eigenschaften von freien, massenselektierten Nanopartikeln im Bereich 

der Innerschalenanregung
Eckart Rühl Freie Universität Berlin Investigation of the X-ray magnetic circular dichroism of dilute magnetic II-VI 

semiconductor nanoparticles
Eckart Rühl Freie Universität Berlin Multicoincidence Experiments on Core-Excited Covalent Clusters
Eckart Rühl Freie Universität Berlin Structural and Electronic Properties of Free II-VI-Semiconductor Nanoparticles
Eckart Rühl Freie Universität Berlin X-ray Excited Optical Luminescence of Structured II-VI-Semiconductor Nanoparticles

Eleni Paloura Aristotle University of Thessaloniki micro-XRF and micro-XAFS study of Zn- and Fe-contaminated vitrified industrial 
wastes. 

Eleni Paloura Aristotle University of Thessaloniki Study of vitrified industrial wastes by ì-XRF and ì-XAFS   
Emad Aziz Bekhit BESSY GmbH Ion pair formation in Electrolytes and Transition Metal Complexes with Biomolecules

Emily Alice Kroeger Fritz-Haber-Institut der Max-Planck-
Gesellschaft

Photoelectron diffraction of adsorbed atoms, molecules and ultra-thin films

Enrique Ortega NanoPhysics Lab San Sebastian One-dimensional, supramolecular assemblies on vicinal surfaces
Enrique Ortega NanoPhysics Lab San Sebastian Spectroscopic characterization of one-dimensional supramolecular assemblies on 

vicinal surfaces
Erhard Kemnitz Humboldt-Universität zu Berlin Optical constants in the UV wavelength range of chemically deposited thin fluoride 

films
Eric Beaurepaire Université Louis Pasteur  Strasbourg Ultrafast precessional dynamics excited by femtosecond laser pulses in ferromagnetic 

nanoparticles
Ernst Pernicka Eberhard Karls Universität Tübingen Analysis of metallic inclusions in archaeological gold from Romania using SR-XRF
Eugen Baitinger Chelyabinsk State Pedagogical University Study of features of shake up process in modified carbon nanotubes by X-ray 

photoelectron spectroscopy�

Eugen Weschke Freie Universität Berlin Electronic structure of 3d transition metal monoxide thin films
Eugen Weschke Freie Universität Berlin Electronic structure of MgO films
Eugen Weschke Freie Universität Berlin Layer-resolved magnetization in EuTe films
Eugen Weschke Freie Universität Berlin Magnetic correlations in HoNi2B2C bulk and thin films
Evelina Domashevskaya Voronezh State University XANES investigation of SnOx nanostructures with metallic tin nanoparticles.
Fabrice Scheurer Université Louis Pasteur  Strasbourg Can Rhodium nanoclusters be magnetic ?
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Florin Radu BESSY GmbH Reversal behavior of  bulk AF spins and rotatable AF spins at the  interface of  
exchange biased bilayers.

Francisco Garcia-Moreno Technische Universität Berlin  Fakultät III 
Prozesswissenschaften

Decomposition and oxidation behaviour of ZrH2 powder for metal foaming

Frank Schumann Max-Planck-Institut für Mikrostrukturphysik Energy correlation in two-electron photoemission from solids

Frank Schumann Max-Planck-Institut für Mikrostrukturphysik Energy correlation in Two-Electron Photoemission from Surfaces

Frank Wien Synchrotron Soleil Investigations into structural stabilities of soluble proteins by SRCD 
Franz Bartl Universitätsklinikum Charité FTIR spectroscopic investigations of the biological signal transduction in rhodopsin and 

of the dynamic of hydrogen bonds
Fredrik Ekström Swedish Defense Research 

Agency,Division of NBC Defense
Crystallografic studies of the inhibtion and reactivation of acetylcholinesterase inhibited 
by fenamifos and methamidfos

Friedmar Senf BESSY GmbH Blazed gratings for sub-nm wavelength
Georg Held University of Reading Characterising chiral interfaces using synchrotron radiation: cysteine adsorption on 

Cu{531}
Georg Prümper Tohoku University Circular dichroism in the photo-fragmentation of core-excited methyloxirane studied 

by�
momentum resolved ion spectroscopy.�

Georg Schulz Universität Freiburg Apocarotenoid cleavage oxygenase ACO
Georg Schulz Universität Freiburg Complex of aminopeptidase from Aeromonas proteolytica with the inhibitor mycroginin 

FR1 from Mycrocystis sp.
Georg Schulz Universität Freiburg LanGT2
Georg Schulz Universität Freiburg Legionella pneumophila UDP-glucosyltransferase LUGT
Georg Schulz Universität Freiburg Porin B
Georg Schulz Universität Freiburg Rhamnulose-1-phosphate (RhuA) mutants
Georg Schulz Universität Freiburg Structure determination of a complex consisting of PEX19 and the membrane protein 

PEX3,�
two human proteins involved in peroxisome biogenesis�

Georg Schulz Universität Freiburg Structure determination of the N-Oxygenase AurF from Streptomyces thioluteus - �
molecular basis of N-Oxidation from Aminoarene to Nitroarene in natural products�

Georg Schulz Universität Freiburg Structure solution of Early B-Cell Factor (EBF), a transcription factor that contains a 
novel type of DNA-binding domain

Georg Schulz Universität Freiburg Structure solution of PorB, a channel forming membrane protein from Corynebacterium 
glutamicum

Georg Schulz Universität Freiburg Structure solution of TAM, a new Tyrosine aminomutase from Chondromyces crocatus

Georg Schulz Universität Freiburg Tyrosine aminomutase (TAM)
Georg Schulz Universität Freiburg Urocanate hydratase (urocanase), engineered 
George Sheldrick Max-Planck-Institut für Biophysikalische 

Chemie
BioXhit test crystal project

Gerardo Garcés CENIM,    C.S.I.C. ANISOTROPY OF THE RESIDUAL STRAIN IN Mg and Mg ALLOYS COMPOSITES

Gerd Reichardt BESSY GmbH Determination of higher order contamination at U125/2-NIM
Gerd Schneider BESSY GmbH In-situ x-ray microscopy studies of electromigration in copper interconnects
Gerd Schneider BESSY GmbH X-ray microscopy at the U41
Gerd Schneider BESSY GmbH X-ray microscopy with a PGM/condenser-system at the UE46-PGM beamline
Gerd Schneider BESSY GmbH X-ray nano-tomography of higher order chromatin structure in a transcriptionally active 

domain 
Gerd Schoenhense Johannes-Gutenberg-Universität Mainz Imaging of magnetic domains by means of MXCD-PEEM from new materials for 

spintronics
Gianina Gavrila Technische Universität Chemnitz Metal-organic semiconductor interfaces: impact of the chemical modification on the 

electronic properties, chemistry and carrier injection.
Gregers Andersen Aarhus University Structure determination of complement factor 5
Hanna-Kirsti S. Leiros University of Tromsø  Norwegian Structural 

Biology Centre
Therapeutic approaches to the correction of misfolding mutations in pterin-dependent 
enzymes. Crystallographic analysis of phenylalanine hydroxylases (PAH) from 
Colwellia psychrerythraea and Chloroflexus aurantiacus, cold and warm adapted 
bacteria, respectively. 

Hans Bartunik Max-Planck-Arbeitsgruppen fuer Strukturelle 
Molekularbiologie

Catalytic reaction mechanisms of shikimate pathway enzymes from M. tuberculosis

Hans Bartunik Max-Planck-Arbeitsgruppen fuer Strukturelle 
Molekularbiologie

Mycobacterial proteasome structure

Hans Bartunik Max-Planck-Arbeitsgruppen fuer Strukturelle 
Molekularbiologie

Structural analysis of target proteins from Mycobacterium tuberculosis

Hans-Georg Gräber RWTH Aachen High Resolution Synchrotron-Tomography On Human Hard Tissue (Enamel) for De- 
and Remineralization Examinations.

Hans-Joachim Elmers Johannes-Gutenberg-Universität Mainz Correlation of structural and magnetic properties of intermetallic Heusler alloys
Hans-Joachim Elmers Johannes-Gutenberg-Universität Mainz Magnetic circular dichroism (XMCD) of Heusler Co2FeSi films and Co2FeXMn1-xSi 

compounds
Hans-Joachim Freund Fritz-Haber-Institut der Max-Planck-

Gesellschaft
Investigation of an aluminum silicate model catalyst

Hans-Peter Steinrück Universität Erlangen-Nürnberg In-situ investigation of surface reactions using high-resolution XPS in combination with 
a supersonic molecular beam

Hans-Peter Steinrück Universität Erlangen-Nürnberg Reaction and oxidation on stepped Pt surfaces studied by in-situ high-resolution XPS in 
combination with a supersonic molecular beam

Hans-Werner  Schock Hahn-Meitner-Institut Berlin GmbH Grazing incidence X-ray diffraction of Cu(In,Ga)Se2 thin films
Hans-Werner  Schock Hahn-Meitner-Institut Berlin GmbH In situ growth studies of Cu(In,Ga)(S,Se)2 and Cu(Zn,Sn)S2 thin films
Hartmut  Zabel Ruhr-Universität Bochum Element-specific characterization of the interface magnetism in Co2MnGe/Al2O3 

multilayers by x-ray resonant magnetic scattering 
Hartmut  Zabel Ruhr-Universität Bochum Time resolved XRMS studies from patterned magnetic films 
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Hartmut  Zabel Ruhr-Universität Bochum XMCD and XRMS studies of oxide-based diluted magnetic semiconductors
Hartmut Niemann Universität Bielefeld Pasteurella multocida Toxin PMT
Hauke Schollmeyer Universität Göttingen Kinetics, intermediates, and mechanisms of the aggregation of amyloid protein systems

Heiko Peisert Eberhard Karls Universität Tübingen Interface properties and electronic structure of specially designed pi-conjugated 
molecules

Heiko Wende Universität Duisburg-Essen Local Spin-Correlations Close to the Curie Temperature
Heiko Wende Universität Duisburg-Essen Magnetic and electronic properties of switchable molecules on surfaces
Heinrich Riesemeier Bundesanstalt f. Materialforschung und -

prüfung
Materials research based on Sy-µCT, Sy-Refraction-Topography, Sy-XRF

Heinrich Riesemeier Bundesanstalt f. Materialforschung und -
prüfung

SAXS/WAXS investigation of disperse systems 

Heinz-Eberhard Mahnke Hahn-Meitner-Institut Berlin GmbH Small angle X-ray Scattering on ion-beam induced nanostructures in glasses and 
insulators

Heinz-Eberhard Mahnke Hahn-Meitner-Institut Berlin GmbH Study of ion-beam induced nanostructures in glasses and insulators with SAXS
Helmut Kuhlenbeck Fritz-Haber-Institut der Max-Planck-

Gesellschaft
Elektronischer Struktur molekularer Schichten auf reinen und modifizierten Oxid-, 
Karbid- und Nitridsubstraten

Henrik Freydank Hahn-Meitner-Institut Berlin GmbH Analysis of residual stress gradients within thin bent metal sheets in order to validate 
finite-element calculations of the bending process  

Hermann Born Staatliche Museen zu Berlin Non-Destructive XRF Analysis of the gold and the patina of the so-called ¿Berlin Gold 
Hat¿ (European Bronze Age ca. 1000 BC)

Hermann Dürr BESSY GmbH Excited charge carrier dynamics in doped semiconductor nanocrystallites probed by 
time resolved x-ray absorption spectroscopy

Hermann Dürr BESSY GmbH Is there a spin-dependent quasiparticle renormalization in 3d ferromangets?
Hermann Dürr BESSY GmbH Relationship of anisotropic conductivity and magnetic exchange interaction in dilute 

magnetic semiconductors
Hermann Dürr BESSY GmbH Ultrafast Magnetization Dynamics studied by X-ray Circular Dichroism
Hermann Rossner Hahn-Meitner-Institut Berlin GmbH Investigation of EXAFS and MEXAFS at L-edges of 3d transition metals
Holger Dau Freie Universität Berlin X-ray absorption spectroscopy on metalloproteins and biomimetic model complexes at 

KMC1
Holger Ott Universität zu Köln Resonant soft x-ray diffraction from defect order in�

transition-metal oxides
Holger Ott Universität zu Köln Resonant x-ray scattering study on the orbital order of Ca2RuO4
Ian McNulty Advanced Photon Source Characterization of orbital angular momentum states by x-ray holography
Ian McNulty Advanced Photon Source Feasibility study of hard x-ray coherent scattering
Ian McNulty Advanced Photon Source Quantification of resolution and signal to noise is nano-scale x-ray holography
Ignacio Jimenez Instituto de Ciencia de Materiales de Madrid XANES characterization of fullerene-based materials.

Igor Konovalov Universität Leipzig Defect-induced resonant X-ray photoconductivity in compound semiconductors
Igor Konovalov Universität Leipzig Ferroelectric semiconductive oxides with perovskite structure
Ina Reiche Centre de Recherche et de Restauration 

des Musées de France- UMR 171
Spatially resolved XRF measurements of archaeological objects made of a silver and a 
gold alloy

Ingar Leiros University of Tromsø  Norwegian Structural 
Biology Centre

DNA repair in Archaeoglobus fulgidus. Beam Time application from The Norwegian 
Structural Biology Centre (NorStruct), University of Tromsø, Norway, in collaboration 
with the Faculty of Science and Technology, University of Stavanger, Norway.

Irene Paola De Padova Consiglio Nazionale delle Ricerche Electronic and magnetic properties in MnxGe1-x diluted magnetic semiconductors

Irina Sluchinskaya Moscow State University EXAFS studies of local atomic potential for Ge off-center atoms on PbTe and SnTe.

Ivan Powis University of Nottingham Photoelectron Circular Dichroism in Core Level Photoemission from Randomly 
Oriented Chiral Molecules

Ivo Zizak BESSY GmbH Texture Modification Using Swift Heavy Ions
Jacek Biesiadka Freie Universität Berlin PX-CRG: Crystal structure of RelE and RelB Toxin-Antitoxin (TA) system from M. 

jannaschii and E. coli
Jacek Biesiadka Freie Universität Berlin PX-CRG: Crystallographic studies of cyanobacterial photosystem II
Jacek Biesiadka Freie Universität Berlin PX-CRG: Crystallographic studies of human major histocompatibility complexes
Jacek Biesiadka Freie Universität Berlin PX-CRG: Structural Studies of an arginine ATP-binding-cassette transporter of the 

thermophilic bacterium Geobacillus stearothermophilus
Jacek Biesiadka Freie Universität Berlin PX-CRG: Structure Analysis of the Novel Protease Milin
Jacek Biesiadka Freie Universität Berlin PX-CRG: Structure and mechanism of human lysosomal SA-Proteins and lipid 

hydrolases
Jacek Biesiadka Freie Universität Berlin PX-CRG: The structure of a primase in complex with a DNA-template
Jadwiga Bak-Misiuk Institute of Physics Study of non-uniform strain due to dislocations arrays at the GaAs/Si interface by GID.

Jan-Erik Rubensson BESSY GmbH Resonant Inelastic Photon Scattering at Double Excitations of Helium in External 
Fields.

Jan-Erik Rubensson BESSY GmbH Study of high-efficiency Soft X-ray detectors
Jan-Erik Rubensson BESSY GmbH Two-Color Absorption to Study Double Excitations in Helium
Janina Kneipp Bundesanstalt f. Materialforschung und -

prüfung
Molecular aspects of nanoparticle transfer into eukaryotic cells: In situ studies by 
synchrotron FTIR microspectroscopy

Janina Kneipp Bundesanstalt f. Materialforschung und -
prüfung

Ultrasensitive spectroscopic investigations of the interaction of nanoparticulate 
structures with eukaryotic cells

Jean-Louis Gallani Université Louis Pasteur  Strasbourg 2D assemblies of magnetic organic molecules
Jean-Michel Mariot Université Pierre et Marie Curie Charge transfer in molecular solids studied by resonant x-ray emission at the C and N 

1s edges
JeanPaul Kappler Université Louis Pasteur  Strasbourg Onset of magnetic properties upon thermal stripping of organo-bimetallic�

molecules on surfaces�

JeanPaul Kappler Université Louis Pasteur  Strasbourg Role of the 4f-band hybridization in Ce intermetallic systems studied by XMCD
JeanPaul Kappler Université Louis Pasteur  Strasbourg XMCD of a single molecule magnet (SMM)
Jeroen Goedkoop University of Amsterdam Measurement of critical dynamics of Ho thin films in the time domain with Resonant X-

ray Intensity Fluctuation Spectroscopy
Joachim Schoenes Technische Universität Braunschweig Optical Properties of Neodymium-hydride and Uranium-hydride Thin Films
Joachim Stöckigt Johannes-Gutenberg-Universität Mainz 3D-Analysis of perakine reductase
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Joachim Tiedemann Technische Universität Berlin High¿resolution tomography investigations of micro-cracks in hard rock
Jochen Geck University of British Columbia Coupled sodium, spin and charge order in Na_xCoO_2 with x=0.5,0.75,0.9
Johan Weigelt Karolinska Institutet Structural Genomics on Human Proteins
Johannes Barth Technische Universität München Engineering Low-Dimensional Supramolecular Nanostructures at Metal Surfaces
Jongseok Lee Seoul National University Infrared microspectroscopy of the field-induced metal-insulator transition in the VO_{2} 

film
Jongseok Lee Seoul National University Searching for the fingerprint of the quantum criticality in the layered Sr_{3}Ru_{2}O_{7} 

by investigating the c-axis optical response
Jordi Fraxedas CSIC Characterization of charge ordering in TTF-derivatives by NEXAFS
José  Crespo López-Urrutia Max-Planck-Institut für Kernphysik Resonat photon excitation and photoionisation of highly charged ions by synchrotron 

radiation.
Jozef Keckes University of Leoben Residual stress depth profiles in multilayered hard coatings ¿ the influence of thermal 

fatigue.
Jozef Keckes University of Leoben Residual Stresses in Thermally Cycled Multilayered Coatings�

Juergen Thieme Universität Göttingen Combining stereo imaging and elemental mapping to study the dynamics of a colloidal 
dispersion

Juergen Thieme Universität Göttingen X-ray microscopy of cement particles in aqueous dispersion and hydration products

Jürgen Kirschner Max-Planck-Institut für Mikrostrukturphysik Spectroscopic determination of the spin structure in bilayers composed metallic 
antiferromagnetic and ferromagnetic materials

Jürgen Lindner Universität Duisburg-Essen Size dependence of the magnetic moments of gas-phase prepared FePt nanoparticles

Kai Fauth Max-Planck-Institut für Metallforschung Magnetic properties of anisotropic nanoparticle arrays
Kai Fauth Max-Planck-Institut für Metallforschung Magnetism of magnetic wires on vicinal substrates
Kai Fauth Max-Planck-Institut für Metallforschung Magnetism of size selected Fe clusters on Pt(111)
Kai Fauth Max-Planck-Institut für Metallforschung X-ray fluorescence detection and X-ray emission spectroscopy of buried Co@SiO2 

nanoparticles
Kai Rossnagel University of Kiel Magnetic dichroism in valence band photoemission of iron intercalated transition metal 

dichalcogenides TiS_2 and TiTe_2�

Karen Pantleon Technical University of Denmark In-situ study of microstructure changes at room temperature and elevated temperatures 
in nanocrystalline electrodeposits 

Karl-Michael Schindler Martin-Luther-Universität Halle-Wittenberg Magnetic and Geometric Structures of Transition Metal Oxide Ultrathin Film Systems

Karl-Peter Hopfner Ludwig-Maximilians-Universität München Structural studies on proteins in DNA double-strand break repair
Karsten Hinrichs ISAS - Institutsteil Berlin Analysis of the bonding geometry of a synthetic biosensor by IR synchrotron mapping 

ellipsometry
Karsten Hinrichs ISAS - Institutsteil Berlin IR micro ellipsometry for analysis of biodiagnostic arrays
Karsten Hinrichs ISAS - Institutsteil Berlin IR-Ellipsometry on stimuli-responsive 1D and 2D polymer brushes
Karsten Horn Fritz-Haber-Institut der Max-Planck-

Gesellschaft
Angle resolved photoemission study on a crystalline approximants of Al-Ni-Co

Kieran Hodnett University of Limerick A glancing incidence XRD study of the precipitation of Aluminium trihydroxide on steel.

Klaus  Ploog Paul-Drude-Institut für Festkörperelektronik Analysis of the formation of the interface of praseodymium oxide on Si (001)

Klaus  Ploog Paul-Drude-Institut für Festkörperelektronik Gd-induced magnetic moment in GaN

Klaus  Ploog Paul-Drude-Institut für Festkörperelektronik modification of GaAs and AlGaAs growth by codeposition of Sb (surfactant growth)

Klaus  Ploog Paul-Drude-Institut für Festkörperelektronik Surface, interface and layer structure of iron silicide and iron cobalt silicide during its 
heteroepitaxy on GaAs

Klaus Rademann Humboldt-Universität zu Berlin Formation of optically active nanoparticles in gold and silver doped silicate glasses: 
ASAXS studies of synchrotron activated growth  

Klaus Rademann Humboldt-Universität zu Berlin X-ray activation and XANES spectroscopy of gold and silver doped glasses and glassy 
thin films 

Kristina Djinovic Carugo Universität Wien X-ray diffraction experimens on repeats 19-21 from human gamma-filamin
Kyle Shen University of British Columbia Resonant Coherent X-Ray Spectroholographic Imaging of Colossal Magnetoresistive 

Manganites
Lada Yashina Moscow State University The influence of the non-stoichiometry on the MTe (M=Ge,Sn,Pb) surface reactivity and 

the atomic-scale mechanism of oxidation
Laurent Duda Uppsala University In-situ studies at liquid/solid- and gas/solid-interfaces using resonant soft x-ray 

emission spectroscopy
Leonard Müller RWTH Aachen X-ray photon correlation spectroscopy on premartensitic heterophase fluctuations in 

shape memory alloys�

Leonid Pesin Chelyabinsk State Pedagogical University A STUDY OF EMPTY ELECTRONIC STATES IN HIGHLY ORIENTED 
POLY(VINYLIDENE FLUORIDE) AND ITS CARBONIZED DERIVATIVES USING 
SYNCHROTRON RADIATION

Lothar Ley Universität Erlangen-Nürnberg Photoelectron spectroscopy on SiC surfaces
Lutz Werner Universität Kassel Interferenzeffekte zwischen benachbarten lebensdauerverbreiterten vibronischen 

Zuständen der NO (N1s^{-1})pi*-Resonanz.
Manfred Stamm Institut für Polymerforschung Dresden e.V. Fabrication and Characterization of Hard Magnetic Nanowires Prepared via Polymeric 

Nanotemplates
Manfred Stamm Institut für Polymerforschung Dresden e.V. Fabrication of nanotemplates of metals and conductive polymers

Marc Sacher Universität Bielefeld Low temperature surface sensitive X-ray magnetic circular dichroism measurements of 
Al2O3 capped magnetite for the implementation in magnetic tunnel junctions�

Marcel Miglierini Slovak University of Technology Formation of nanocrystallites in NANOPERM-type alloys
Marcin Klepka Institute of Physics Chemical state of minority elements in minerals used for white pigment production 
Marcus Bär University of Nevada Las Vegas Tailoring buried interfaces in thin film solar cells by organic interlayers and wet-

chemical substrate surface treatments - an X-ray emission, photoemission, and X-ray 
absorption study
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Marina Gomoyunova Russian Academy of Sciences Reactive and oxide mediated epitaxy of iron silicides on silicon
Mario Birkholz IHP-Microelectronics Biomolecules on Semiconductors (Semi-Bio III)
Mario Birkholz IHP-Microelectronics Biomolecules on Semiconductors II (Semi-Bio II)
Mario Dähne Technische Universität Berlin Electronic structure of silicide nanostructures on high-index silicon surfaces
Mario Dähne Technische Universität Berlin Electronic structure of silicide nanowires on Si(001)
Mark Golden University of Amsterdam k-space microscopy of quantum electron matter: high Tc superconductors and colossal 

magnetoresistent maganites.
Mark Golden University of Amsterdam k-space microscopy of quantum electron matter: layered colossal magnetoresistant 

manganates.
Markus Gruyters Humboldt-Universität zu Berlin Spin-glass-like behaviour in CoO and the origin of exchange bias in layered 

CoO/ferromagnet structures
Markus Kühbacher Hahn-Meitner-Institut Berlin GmbH Spatial resolved elemental analysis of mutant mice brains serving as models for 

Parkinsons disease type of neurodegeneration
Markus Kühbacher Hahn-Meitner-Institut Berlin GmbH Spectroscopic characterisation of inflammatory bowel diseases with SRFTIR and 

SRXRF
Markus Rudolph Universität Göttingen Structural studies on helicases, isomerases, decarboxylases, and oxidoreductases

Marta Marmiroli Università degli Studi di Parma Micro-XANES speciation of Cs within leaves and roots of Arabidopsis thaliana mutants 
tolerant towards high Cs concentrations

Martha Lux-Steiner Hahn-Meitner-Institut Berlin GmbH In-situ monitoring of chemical reactions at interfaces between liquids and chalcopyrite 
surfaces by x-ray emission spectroscopy

Martin  Schwell Université Paris 12 VUV absorption spectroscopy of planetary molecules at low temperatures
Martin  Schwell Université Paris 12 VUV Photoion Mass Spectrometry of biogenic volatile organic compounds 
Martin Götting Universität Kassel Analysis of local bending stress distributions for the highly textured Mg-base alloy AZ31 

by means of energy dispersive diffraction
Martin Knupfer IFW Dresden Spectroscopic investigations on layered cobaltates and one dimensional lithium 

cuprates
Martin Weinelt Max-Born-Institut für Nichtlineare Optik und 

Kurzzeitspektroskopie
Rumpfniveauspektroskopie an photochromen Schaltermolekülen -Azobenzolderivate in 
\"self-assembling monolayers\" auf Goldoberflächen (Fortsetzungsantrag)

Martin Weinelt Max-Born-Institut für Nichtlineare Optik und 
Kurzzeitspektroskopie

Valenzbandphotoemission an selbstorganisierten Schichten - Azobenzol ¿ Alkanthiole 
auf Goldoberflächen

Matthias Neeb BESSY GmbH Photoelecron spectroscopy on deposited size-selected metal clusters
Matthias Neeb BESSY GmbH Photoemission spectroscopy on deposited endohedral fullerene clusters
Max Wilke Universität Potsdam U-Th-Pb chemical dating of monazite by con-focal synchrotron-XRF
Michael  Krumrey Physikalisch-Technische Bundesanstalt PTB Radiometry
Michael  Ramsey Karl-Franzens-Universität Graz Growth of pentacene heterostructures on single crystalline films of sexiphenyl and 

sexithiophene
Michael Gajhede Danish University of Pharmaceutical 

Sciences
Receptor and intracellular signaling

Michael Gensch ISAS - Institutsteil Berlin Chemical Reactions and Stimuli Response in mixed polyelectrolyte brush films
Michael Grunze Universität Heidelberg Digital in-line holography with synchrotron radiation:

High resolution imaging and spectroscopical aspects
Michael Grunze Universität Heidelberg Intracellular Structures
Michael Grunze Universität Heidelberg Investigation of metal ions in melanosomes by XRF and XAFS.
Michael Haumann Freie Universität Berlin EXAFS on the Mn complex of oxygenic photosynthesis and on relevant model 

compounds at KMC-1
Michael Kolbe Physikalisch-Technische Bundesanstalt PX-CRG: Structural analyis of extracellular components of the TTSS
Michael Kolbe Physikalisch-Technische Bundesanstalt PX-CRG: Structural analysis of type three secretion systems
Michael Kolbe Physikalisch-Technische Bundesanstalt PX-CRG: Structural aspects of Toll-Reception
Michael Kolbe Physikalisch-Technische Bundesanstalt PX-CRG: Structural studies on effector protein complexes from Shigella flexneri
Michael Kolbe Physikalisch-Technische Bundesanstalt PX-CRG: Structure of bacterial ion channels
Michael Martins Universität Hamburg Magnetic properties of small, size-selected, deposited transition metal clusters
Michael Meyer Centre Universitaire Paris-Sud Correlation Effects in the Photoionization of Laser-excited Atoms and Molecules
Michael Meyer Centre Universitaire Paris-Sud Relaxation dynamics of inner-shell excited molecules
Michael Meyer Centre Universitaire Paris-Sud Symmetry and dissociation dynamics of inner-shell excited molecules
Michael Zharnikov Universität Heidelberg Röntgenspektroskopie an biologischen Systemen in nativer Umgebung
Michele Glass-Maujean Université Pierre et Marie Curie The hydrogen molecule: determination of the transition moments, dissociation and 

ionization yields of superexcited states
Michele Ortolani BESSY GmbH Conformational changes in Proteins monitored by Time-resolved Terahertz 

Spectroscopy with Synchrotron Radiation�

Michele Ortolani BESSY GmbH Far-Infrared measurement of the superconducting gap of MgB2 films in the dirty-limit 

Michele Ortolani BESSY GmbH Optically-active Terahertz modes in double-stranded DNA
Mihaela Gorgoi BESSY GmbH Set-up and test of Si(111) Channel-cut Postmonochromator for High Resolution 

Investigations at the 7T Wiggler DCM-beamline
Milton Stubbs Martin-Luther-Universität Halle-Wittenberg Structure determination of biphenyl synthase
Mitch Loan University of Limerick In situ time-resolved diffraction studies of crystallization and dissolution at 250oC and 

50 bar pressure
Monika Koch-Mueller GeoForschungsZentrum Potsdam Location and quantification of OH in geologically relevant minerals
Monique Dubois Max-Planck-Institut für Kolloid- und 

Grenzflächenforschung
COLLOID-NANOPARTICLE INTERACTION: QUANTIFICATION VIA ADSORPTION-
DEPLETION EFFECTS DETECTED SOFT X- RAY TOMOGRAPHY  

Mont Kumpugdee Vollrath Technische Fachhochschule Berlin Study of the structure of shed snake skins which are used as model membranes for 
medical applications

N. A. Voloshin Rostov State University Photoelectron and NEXAFS spectroscopies of spiropyrans
Nikolaus Schwentner Freie Universität Berlin High Resolution Study of Vibrational satellites in absorption spectra of Xe and  Kr 

atoms with molecules near the atomic resonance lines.
Nikolaus Schwentner Freie Universität Berlin Spectroscopy and photochemical reactions of halogens and rare gases
Nikolay Kardjilov Hahn-Meitner-Institut Berlin GmbH Synchrotron-Radiography at Bragg-edges
Norbert Esser ISAS - Institutsteil Berlin Grenzflächenbildung organischer Moleküle mit Halbleiteroberflächen: Cyklopenten und 

Phthalocyanin auf InP(001)
Norbert Esser ISAS - Institutsteil Berlin VUV-XUV ellipsometry on polymers
Norbert Koch Humboldt-Universität zu Berlin Charge Transfer Type Interaction at Organic/Metal Interfaces
Norbert Krauß Humboldt-Universität zu Berlin, Charité PX-CRG Structure analysis of bacterial phytochromes
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Norbert Krauß Humboldt-Universität zu Berlin, Charité Structure analysis of bacterial [NiFe] hydrogenases and hydrogenase maturation 
proteins

Olav Hellwig Hitachi Global Storage Technologies Imaging the reversal and switching mechanism in prototype patterned media via 
magnetic Spectro-Holography and resonant soft X-ray scattering

Olav Hellwig Hitachi Global Storage Technologies Scattering, SPECKLE and Spectro Holography Studies�
from Perpendicular Magnetic Multilayers on Nanospheres�

Olav Hellwig Hitachi Global Storage Technologies Studying magnetic interactions in Ferromagnet/Insulator/Superconductor thin film 
structures

Olav Hellwig Hitachi Global Storage Technologies X-ray Resonant Magnetic Scattering and X-ray Magnetic Circular Dichroism from 
Perpendicular Hard/Soft Bilayer Systems�
�

Oleg Vyvenko St. Petersburg State University X-ray excited deep level capacitance spectroscopy of localized electronic states in 
semiconductors and semiconductor structures - Capacitance XAFS

Oliver Ernst Universitätsklinikum Charité PX-CRG: The crystal structures of proteins involved in visual signal transduction and 
protein homologues

Oliver Hahn Bundesanstalt f. Materialforschung und -
prüfung

Investigation of Oxidation and Migration Processes of Inorganic Compounds in Ink 
Corroded Manuscripts

Oliver Henneberg Universität Potsdam Diffraction efficiency and long term stability of photosensitive polymer gratings in white 
x-ray beam

Oliver Rader BESSY GmbH Changes in the Fermi surface at the magnetic phase transition of Fe/Cu(100)
Oliver Rader BESSY GmbH Electronic states responsible for chain formation in Gd/W(110)
Oliver Rader BESSY GmbH Electronic structure of Ga1-xMnxAs studied by soft x-ray absorption and emission 

spectroscopy. 
Oliver Rader BESSY GmbH Fermi surface and surface phonon dispersion of a new hydrogen-induced phase of 

W(110)
Oliver Rader BESSY GmbH Lateral electron quantization at stepped W(320) and related surfaces
Olle Björneholm Uppsala University High resolution photoelectron spectroscopy of free clusters
Oskar Paris Max-Planck-Institut für Kolloid- und 

Grenzflächenforschung
Scanning SAXS/WAXS/XRF of biological tissues

Pagona Papakonstantinou University ol Ulster Local structure of potassium doped fullerene peapods studied by XAS
Paolo Calvani University of Rome La Sapienza Search for charge-order excitations in the very-far-infrared conductivity of manganites

Paolo Imperia Universität Hamburg Search for XMCD on the N K-edge in molecule-based magnetic materials
Paolo Imperia Universität Hamburg XMCD studies of Co/Pt core/shell and Co-Pt mixed clusters prepared by electron beam 

evaporation deposition
Paolo Imperia Universität Hamburg XMCD studies of triangles, rings and cup-like Co nanostructures prepared by 

nanosphere lithography
Pär Nordlund Karolinska Institutet Allosteric regulation and reaction mechanism in class II ribonucleotide reductase
Pär Nordlund Karolinska Institutet Crystal structure of RibD 
Pär Nordlund Karolinska Institutet High throughput structural genomics of membrane proteins
Pär Nordlund Karolinska Institutet Human and mouse deoxyribonucleotidases
Pär Nordlund Karolinska Institutet Human BŽ/PR61alpha&#61472;subunit of PP2A phosphatase
Pär Nordlund Karolinska Institutet Human uridine cytidine kinase 1 
Pär Nordlund Karolinska Institutet NAD kinase from Escherichia coli
Pär Nordlund Karolinska Institutet Structure determination of Hypothetical protein yhaK and tRNA isopentenyltransferase 

(IPP)
Pascal Lablanquie Université Pierre et Marie Curie Highly correlated excitation or multi-photoionisation processes studied by electron 

spectrometry with a magnetic bottle electron spectrometer �
Part II: Auger processes in selected atoms (alkali, Hg, ¿) and molecules (HBr, CH3Br, 
¿) 

Patrick Cramer Ludwig-Maximilians-Universität München Structure of multiprotein transcription complexes
Patrick Hoffmann Brandenburgische Technische Universität 

Cottbus
Commissioning of U49/2-PGM2

Patrick Hoffmann Brandenburgische Technische Universität 
Cottbus
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