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Legend to Cover Figures:

top left: Image of a CuGaSe, solar cell cross section (1000 x 2000 nm?): topography (left); workfunction (right).
top right: Magnetic spiral in CsCuCly at 7 T.

bottom left: An x-ray radiograph of a 10 mm slice of aluminium foam.

bottom right: Flexible solar cell based on Cu(In,Ga)Se, (area 16 cm? on titanium foil.
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I M| in brief

The Hahn-Meitner Institute (HMI) in Berlin is
one of Germany’s leading centres for research
on solar-energy conversion, condensed matter
and materials science. It has approximately
750 employees, including almost 400 scientists
— most of them physicists and chemists. Most
of the institute’s annual budget of roughly
70 Million € is provided by the German Federal
Government and the City of Berlin in a ratio of
9 to 1. HMI is member of the Helmholtz Asso-
ciation of National Research Centres, an orga-
nization comprising fifteen of Germany’s largest
scientific institutions.

Scientific work at HMI is organized in two divi-
sions reflecting the two main fields of scientific
activity: Solar-Energy Research and Structural
Research.

Solar-energy research at the HMI is the lar-
gest effort in the field of sustainable energy
within the Helmholtz Association and compri-
ses approximately 25 % of HMI’s research and
development efforts. As an interdisciplinary
activity between solid state physics, materials
science, optics and interfacial chemistry, it aims
at creating scientific and technological precon-
ditions for significantly increasing the contribu-
tion of sustainable energy to our energy supply
over the next decades. This activity is taking
advantage of an already well balanced research
infrastructure and the unique measurement
opportunities provided by the large-scale facili-
ties operated at HMI.

At the centre of the solar-energy research at
HMI are materials and concepts for thin-film
solar cells — activities covering the entire spec-

trum from basic research to the design of actu-
al devices. The focus is on the currently most
promising new technologies, namely thin-film
polycrystalline silicon and compound semicon-
ductors of the I-lll-VI, and IlI-V type. Research
projects aim at the development of efficient
photovoltaic solar cells allowing for substantial
cost reductions of solar power generation. The
strategy is to develop existing thin-film techno-
logies to a state of maturity and, in parallel, to
explore new materials and concepts for solar
cells of the future e. g. nano-composite crystal-
line materials.

Structural Research at HMI groups around
three large scale facilities providing three com-
plementary probes to investigate structures
and materials — neutrons, fast ions and syn-
chrotron radiation. The three facilities are the
10 MW research reactor BER Il with the Berlin
Neutron Scattering Center BENSC, the accele-
rator complex of the lon Beam Laboratory ISL
and the 3rd generation electron synchrotron
BESSY. BER Il and ISL are run by HMI on the
institute’s grounds in Berlin Wannsee. At
BESSY, an independent research institution in
Berlin Adlershof, HMI operates several experi-
mental stations designed for the particular
requirements of structural research.

All facilities are in the first place operated for a
national and international user community.
About 70 % of the beam time at the instru-
ments is provided to scientists from other re-
search institutes, universities and industry from
Germany and from abroad. It is the HMI policy
to provide these users, if necessary, with full
scale technical and scientific support, this way
enabling them to make best possible use of the
facilities.

Fields in the focus of Structural Research at
HMI are magnetic phenomena, properties and
design of engineering components and materi-
als, soft matter and biological systems. Rough-
ly a quarter of the beam time at ISL is used for
the therapy of tumours in the eye using 70 MeV
protons.

A particular highlight among the HMI activities
are neutron scattering studies of samples in
extremely high magnetic fields and/or very low
temperatures made possible by the institute’s
unigque expertise on sample environment
equipment.
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We are proud to present to you the Annual
Report 2003 of the Hahn-Meitner Institute in its
new format: we have selected highlights out of
a large number of results in order to show the
breadth and high quality of the Institute’s re-
search. This report presents results achieved
by both the scientists employed at HMI and the
users of our facilities. It is this combination of
in-house and collaborative research, which is
the backbone of the top-science produced in
the Hahn-Meitner Institute.

For HMI, 2003 marked a further step on the
road towards the new — programme-oriented —
funding system of the Helmholtz Association.
For our activities in the research field Health, it
was the first year under the new funding. The
Solar-Energy Division very successfully passed
the evaluation of its proposed programmatic
strategy for the coming five-year period. The
Structural Research Division around our large-
scale facilities had to prepare for its evaluation
scheduled for April 2004.

We do sincerely hope that after the evaluation
of the Structural Research years without evalu-
ations of this kind will follow. It is essential that
in the coming years doing science will again
become the top priority of our work.

Annual Report 2003 - Hahn-Meitner-Institut

Foreword I

Thanks to the very high motivation of all the
staff at HMI and the guests and collaborators
from outside 2003 was a very successful year,
despite all the additional work load caused by
the evaluations. This motivation is most grate-
fully appreciated.

2003 has seen the beginning of activities,
which will secure the top position of HMI’s re-
search and the research opportunities for
guests: reappointments have been prepared in
the Solar-Energy Division — they should bear
fruit in 2004; in the Structural-Research
Division, the foundation was laid for the con-
struction of a second neutron-guide hall — the
prerequisite for the installation of two new neu-
tron-scattering instruments, which will further
strengthen the profile of our BENSC operation.

We are sure that the scientific results of 2003
and the strategic planning prepared for the
evaluation constitute an excellent basis for fur-
ther strengthening HMI's scientific programme
and its standing in the community.

Thanks are not only due to the HMI staff for
their excellent work, but also to the funding
authorities, the Federal Government, in particu-
lar the Federal Ministry of Education and
Research (BMBF), the Senate of Berlin and all
the third party funding agencies for their conti-
nuing support.

Michael Steiner
Scientific Director
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News

B HMI-theorist Martin Falcke receives the
2003 Erwin Schrodinger Prize

Calcium waves participate in almost all processes in living
organisms: from fertilization through muscle contraction
and secretion to cell death. These waves — areas of incre-
ased concentration of calcium ions — travel across any bio-
logical cell relaying information that arrives from outside
the cell to organelles inside. During their journey across the
cell, the waves behave in very characteristic ways: they
form typical spiral patterns and avoid certain frequency
ranges, i.e., any wave attempting to travel at one of those
frequencies is damped immediately.

Photo: Helmholtz-Association
L0

After the ceremony: The Schrédinger laureates with
representatives of the prize awarding institutions. From
left to right: Prof. Dr. Walter Kroll — President of the
Helmholtz Association, Dr. Arend Oetker — President of
the Stifterverband, the laurates Prof. Patricia Camacho,
Prof. James D. Lechleiter — University of Texas, San
Antonio, Dr. Martin Falcke — HMI, Prof. Dr. Karin Mélling
— Chairwoman of the Schrédinger-Prize Jury

The surprising properties of calcium communication in
living cells is the central topic of the scientific collaboration
of the theoretical physicist Martin Falcke (HMI, SF5 —
Theoretical Physics) with the experimental biologists
Patricia Camacho and James D. Lechleiter (both from the
University of Texas in San Antonio). In a common effort,
they succeeded in explaining the origin of the calcium
waves’ behaviour. In particular, Falcke developed a mathe-
matical model showing how the different patterns emerge
from the interplay of different organelles releasing and
absorbing the calcium in the cell. A brief review of the
scientific results behind the prize is given below.

For their groundbreaking results the three scientists recei-
ved the 2003 Erwin Schrodinger Prize. The prize is awar-
ded annually by the Stifterverband fiir die deutsche Wis-
senschaft (Donors’ association for the promotion of the
sciences and humanities in Germany) and the Helmholtz
Association to researchers working at the interface bet-
ween different fields of science. The interdisciplinary work
of this year’s laureates fits particularly well into the tradition
of Erwin Schrédinger, the theoretical physicist who applied
his theoretical approach to the understanding of the gene-
tic code. With his book What is Life?, Schrédinger inspi-
red many physicists to look into the fundamental principles
of life.

The prize was presented to the laureates on Oct 16 2003
in a ceremony during the annual conference of the Helm-
holtz Association, which took place in the Hamburg city
hall.

Understanding the patterns of life — Research at the
interface of physics and biology

Every living organism consists of countless individual cells;
every cell consists of many organelles and countless mo-
lecules. Only by communicating with each other, the orga-
nelles and molecules become a living cell and the cells
become a living organism. Within the cells, information is
transmitted in form of calcium waves — singular or periodic
changes in the calcium concentration. These waves can
expand or form characteristic stripes travelling through the
cell forming typical patterns. As an example, consider the
fertilization of an egg-cell. Here, it is crucially important that
only one sperm enters the egg. Therefore, fertilization of
the egg-cell must be immediately communicated to its
whole surface. This information is transmitted by a calcium
wave. Besides fertilization, there are countless further
examples of the transmission of information with calcium
as a messenger.

A spiral-shaped calcium wave. Calcium waves transmit
information between the various organelles in the living
cell. The cooperation of the laureates led to a fundamen-
tal understanding of calcium communication in cells.

The biologists P. Camacho and J.D. Lechleiter and the
physicist M. Falcke had the idea of approaching unsolved
problems in cell physiology by studying the behaviour of
calcium waves. By thoroughly analyzing the periods, velo-
cities and amplitudes of the waves, they expected to gain
insight into the functioning of the different cell components
participating in calcium dynamics.

Two kinds of cell organelles — the mitochondria and the
endoplasmic reticulum — participate in calcium communi-
cation. Both act as reservoirs of calcium ions and are
equipped with the ability to both release calcium into the
cytosol and to absorb it from there. The amounts of cal-
cium ions absorbed and released depend in a complica-
ted manner on the concentration of calcium ions already
present in the cytosol. For example, channels releasing
calcium from the endoplasmic reticulum become increa-
singly permeable when the concentration in the cytosol

Annual Report 2003 - Hahn-Meitner-Institut



News

slightly increases but close completely as soon as the
concentration becomes very high. Thus, the properties of
different waves are determined by the interplay between
concentration in the cytosol and permeability of the diffe-
rent channels.

Calcium waves form dynamical patterns such as rotating
spirals. From their experiments, biologists had already
known of the correlation between structure and properties
of patterns formed by calcium waves. But an in-depth
analysis of this correlation became possible only with the
availability of a mathematical description, which combines
the numerous factors and identifies the interactions within
the system.

Experiments had shown that the spiral patterns disap-
pear as soon as the mitochondria become more active
than usual. It became clear that one might obtain impor-
tant information from understanding the vanishing of the
patterns. Calculations made it possible to demonstrate
the correlation between the waves’ properties — length,
period and amplitude — and the calcium exchange. It tur-
ned out that calcium uptake and calcium release by the
mitochondria prevent particular periods of spiral waves.
Thus, mitochondria act as frequency filters. Since the in-
formation transmitted by the calcium signal is coded in the
frequency, the mitochondria play a crucial role in the cal-
cium communication.

The existence of “forbidden” frequencies had not been
known before in the theory of pattern forming systems —
the theory, Falcke applied in his work on calcium commu-
nication. This shows that both sides profit from the co-
operation: on the one hand, the theoretician helped un-
derstand the results of biological experiments; the biolo-
gists, on the other hand, gave a stimulus for physical re-
search that led to novel results.

Subjects of a further study were the pumps transporting
calcium ions back into the endoplasmic reticulum. Surpri-
singly, an increase in the number of pumps led to an incre-
ase in the concentration amplitudes in the cytosol. Calcu-
lations suggested that the increase in pump performance
together with the calcium transport out of the cell’s neigh-
bourhood lead to an increase in the calcium level in the
storage. When the channels open, more calcium is re-
leased. Measurements confirm these predictions.

B New Neutron-Guide Hall at HMI

December 9, 2003 marked the starting point of a new era
for the Berlin Neutron Scattering Center (BENSC) at the
Hahn-Meitner Institute: Representatives from the German
Federal Ministry of Education and Research (BMBF) and
the local government participated in the ground-breaking
ceremony for a second neutron guide hall.

This hall will be erected adjacent to the existing guide hall.
It will cover an area of about 1000 square meters and
reach a height of 14 meters. An innovative neutron guide
system using advanced supermirror optics will deliver a
total of two times more neutrons to the instruments in the
new hall than are delivered by the three remaining guides
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in the old hall. Its heart will be a 75 m long ballistic guide
with a multispectral beam-extraction device. Thanks to a
front end facing simultaneously the thermal source (reac-
tor core) and the cold source, this ballistic guide will deli-
ver both thermal and cold neutrons under good intensity
conditions over an exceptionally broad wavelength range
between 0.7 and 20 A.

This broad wavelength range will be used by a novel time-
of-flight diffractometer, the Extreme Sample Environment

% o

Laying of the foundation stone for HMI's new neutron
guide hall Prof Michael Steiner, scientific director of the
Hahn-Meitner Institute, and the architect Bernd Tibes fill
a metal box to be immured in the hall’s foundations with
artefacts typical for the time of the building’s erection.

Diffractometer (EXED), installed at the back end of the
pballistic guide. It is the time-of-flight approach in combina-
tion with the multi-spectral beam that makes EXED an
ideal instrument for neutron scattering experiments at hig-
hest magnetic fields. Specifically for use at EXED, HMI, in
cooperation with the Forschungszentrum Karlsruhe (FZK),
strives to realize a 25 T superconducting tapered solenoid
magnet. This is a further step towards HMI’s ultimate goal
of reaching 40 T. (For a more extended description of
EXED see Highlight report on page 46.)

The blue-gray guide hall Il will be attached to the existing
guide hall I. The increased height of the building will allow
for handling extreme environment facilities in the hall as
well as for hosting laboratory and instrument control con-
tainers on three levels.
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The second new instrument in the new guide hall will be a
Very Small Angle Neutron Scattering (VSANS) machine. It
is due to the response from an increasing demand from
the life sciences user community. Compared to the tradi-
tional SANS technique, VSANS will extend the accessible
momentum range by an order of magnitude towards
smaller values.

- T

The construction of guide hall Il is progressing rapidly.
Within six months the basement and the large media
tunnel for the EXED instrument were completed.

Finally, the existing wide-angle spin-echo spectrometer
SPAN will be moved to the new hall. There it will profit from
the considerably higher flux provided by the new neutron
guides.

As to the planned schedule, the hall itself is expected to
be finished by fall 2004. The extraction assemblies for the
new guide system will be built into the reactor core during
a reactor shut-down from September to December 2004.
Both new instruments will become operative by end of
2006 and, finally, the superconducting solenoid magnet
allowing for neutron scattering experiments at fields of up
to 25 T will become available in 2008.

B HMI start-up: Sulfurcell wants to manufacture
large area solar modules

The HMI start-up Sulfurcell planned to manufacture large
area CIS solar modules applying a process developed at
the HMI. The first goal of the enterprise is it to transfer the
technology which was developed for small modules to the
marketable module format 1.2 x 0.6 m? and to adapt it to
the manufacture conditions of an industrial production.
This project is designated as up-scaling and Sulfurcell can
fall back to established mechanical engineering, whereas
the large are processes and individual components of the
equipment must be developed by the company itself. The
second substantial task consists of guaranteeing the
durability of a solar module. The today’s manufacturers of-
fer warranties of up to thirty years on the power output of
their products. Solar modules must withstand changing
and extreme climatic conditions during this period. The
layer system of a CIS module reacts with sensitive power
losses to dampness influence and therefore it must be
encapsulated. The HMI has begun to work on encapsula-
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tion techniques and good progress could be obtained.
The tasks are still not completely solved, and Sulfurcell
reck-on time-intensive series of tests, in order to be able
to ensure the stability requirements.

Sulfurcell counts for the development work on the com-
petencies and motivation of the own team and on the
experiences of its partners. A network branched out far
connects the enterprise with research institutions and
industrial enterprises. A license and a co-operation con-
tract was concluded with the HMI. The Institute will conti-
nue to carry out research on this type of solar cells and the
close co-operation will be maintained.

The manufacturing plant of Sulfurcell is located in the new
quarter for science and economics, in Berlin Adlershof. In
a 1,200 m? large production hall the first machines started
there at the end of the year 2003. Up to twenty employ-
ees will work on the development of the production pro-
cess. By the year 2006 Sulfurcell wants to place CIS
modules on the market and expand the production capa-
cities.

HOUTROM GUIDL
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Layout of Neutron Guide Hall Il

The HMI holds the top position in the international rese-
arch on Copper Indium Sulfide (CIS): The material for
photovoltaic is for more than ten years under research.
Already seven years ago the transition took place to indu-
strial typical coating techniques, in order to ensure the
applicability of the results. By the continuous research
work it was succeeded to establish a standard technique,
which supplies regularly solar cells with a mean efficiency
of 11 %. In the meantime the HMI holds the world record
for the best CIS solar cell (0.5 cm?, efficiency 12.7 %) and
the best small module (5 x5 cm?, efficiency 9.7 %). Re-
search successes of the HMI suggest further progress for
the coming years with the increase of the efficiency. The
innovation potential of the technology is today already so
interesting that the recently founded enterprise Sulfurcell
concluded a license agreement with the HMI in order to
use the technology in an industrial pilot production. The
reasons are first of all the cost reduction potential of the
technology, secondly the high energy vyield of the CIS
modules and thirdly their favorable environmental balance:

1. The cost analysis for a potential production showed that

CIS modules can be manufactured at least 50 % more
cost effective than the solar modules from crystalline sili-
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The manufacturing plant of Sulfurcell in Berlin Adlershof

con dominating the market today. The utilisation of small
amounts of semiconductor material as well as the favora-
ble manufacturing methods contributes to the cost reduc-
tion. The employment of a thin film system in place of a
crystal wafer from electronic-grade silicon reduces materi-
als requirements to a hundredth and makes it possible to
use simple glass as substrate for the photovoltaic active
layers. The thin films of a CIS module can be manufactu-
red using the large area coating methods of the glass
industry and do not require the batch processing of small
wafers, which is necessary with crystalline silicon modu-
les.

2. CIS modules are placed with aimost 10 %-efficiency in
the mid range, concerning the energy yield per efficiency
per cent they are at a top position. The energy yield of a
solar module is determined only insufficiently by the fre-
quently discussed efficiency. The (standard) efficiency is
the relationship of the produced electricity to the irradiated
light energy measured in the laboratory (noontime sun
exposure, 25°C module temperature). Under real environ-
mental condition solar plants work frequently at higher
temperatures and under smaller incident light radiation
than under laboratory conditions. Under these conditions
CIS modules supply a substantially higher energy yield
than silicon or CISe modules. Thus Fraunhofer Institute for
Solar Energy Systems computed for the location Florida
that a CIS solar cell achieves with 10,4 %-efficiency the
same energy vield as a CISe solar cell with 12,8 %. Be-
sides, the energy yield of a CIS module is little affected if
parts of the module are shaded. Hard shadows of masts,
trees or house walls impair their efficiency substantially
less, than it is to be observed with silicon modules.

3. The CIS technology is frequently referred to as “CIS of
the 2. Generation” and it can count on very good market
chances. A substantial reason is the outstanding environ-
mental balance of the CIS technology. The Technical
University of Berlin evaluated the environment-friendliness
of a potential CIS production and provided an environ-
mental balance. CIS modules need only one year in order
to return the energy needed for their production. Causes
are the absence of high temperature steps and the use of
the highly reactive sulphur. In addition, due to the avoi-
dance of selenium and the small heavy metal content in
the CIS modules, their toxicity is on the low level of crys-
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talline silicon modules.

The success of Sulfurcell is now to be measured at the
results of the development and success at the market.
The crucial steps of the transfer of technology are still in
store for the enterprise: Up-scaling of the technology and
set up of a stable production and product development.
We dependent on partnerships — Hahn-Meitner Institute is
the most important and will be in the future, on its research
work and support we build. For all aids and fellow com-
batants applies our cordial thanks.

Nikolaus Meyer, Sulfurcell

W 5 Years of Experience in Proton Therapy for
Ocular Tumours in Germany

In June 1998 proton beam therapy of ocular tumours was
introduced at the Hahn-Meitner Institute. Thus, this very
efficient method of treating cancer of the eye became
available in Germany for the first time. Since then, more
than 400 patients have been treated successfully. From its
beginning, the treatment was conducted in cooperation
with the University Hospital Benjamin Franklin (now Charité
— Campus Benjamin Franklin). In late 2002 the University
Hospital Essen became the second cooperating hospital.

Background

Most patients treated for eye cancer at HMI suffer from a
choroidal melanoma — a malignant tumour of the choroid
(the middle layer of the eye-ball composed of layers of
blood vessels that nourish the back of the eye. The cho-
roid, along with the iris and ciliary body, are also referred to
as the uvea.). Between 500 and 600 new cases are noti-
fied in Germany each year. The tumour does not only en-
danger the eye’s vision, but can be lethal due to the risk of

_—— 2\

protons

relative dose

electrons

depth

Dose distribution versus depth for different types of
radiation. In contrast to electrons and gamma-radia-
tion, protons deposit their energy in a very narrow area
— the so-called Bragg peak. This property makes pro-
ton beams particularly suited for the treatment of eye-
tumours: they destroy the tumour leaving surrounding
healthy tissue virtually unharmed.
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metastasis. Therefore, the removal or destruction of the
tumour is of essential importance for the patient’s survival.
But, in addition to local tumour control as a primary goal,
the objective of a curative therapy is the retention of the
patient’s vision.

Therefore, enucleation — the complete removal of the eye-
ball - is increasingly replaced by a variety of surgical, laser
or radiation therapies.

Proton therapy

At HMI ocular tumours are treated with high-energy pro-
tons (68 MeV) provided by the accelerators of the lon-
Beam Lab ISL. In contrast to other kinds of radiation app-
lied in tumour therapy, high energy protons deposit almost
the whole dose in a rather small well-defined region — a
fact reflected in the Bragg peak in the dose distribution
(Fig. 1). This makes proton therapy particularly suitable for
those cases where the tumour is located in the vicinity of
critical structures like the optical nerve, the optic disc or
the macula that would be damaged in other forms of
radiotherapy. By exactly forming the proton beam’s cross
section and adjusting its energy, it often becomes possi-
ble to avoid these critical structures during the irradiation.

Study shows high quality of treatment at HMI
In a recent study, the treatment outcome for patients with
uveal melanomas has been evaluated.

Material and Methods

245 consecutive patients with primary mela-noma of the
uvea have been treated from June 1998 to April 2003 at
HMI. In 96.2 % of all patients a uniform fractionation
scheme was applied. It consisted of single doses of 15
CGE (Cobalt Gray Equivalent), and a total dose of 60 CGE
applied on 4 consecutive days. Follow-up is available for
229 patients. Since May 2000, 45 of the patients with
large tumours of at least 5 mm prominence have been
treated with an endoresection — the surgical removal of the
irradiated tumour — following proton beam treatment.

Results

The study population in general and the subset of those
treated with an endoresection were comparable in terms
of age (median 60.9 years vs. 58.7 years) and visual deci-
mal acuity (0.5 vs. 0.5). As expected, tumours treated by
additional endoresection were larger (median prominence
8.8 mm Vvs. 3.5 mm, median base of the tumour 15.4 vs.
10.3 mm) and were not in direct proximity to critical struc-
tures as optic disc (median 2.3 mm vs. 1.5 mm) and fovea
centralis (median 3.4 mm vs. 0.6 mm). At the time of medi-
an follow up (18.4 months) local control is 96.4 % and
95.5% at 3 years. Eye retention rate is 92.6 % at 20
months (median follow-up) and 87.5 % at 3 years. The
subset of patients treated with an endoresection did fairly
well: Although those tumours were larger in volume, their
outcome does compare favourably with the others. Local
control is 98 % at 18 months (the time of median follow-up
for this parameter is 18.1 months) and eye-retention rate
is 88.6 % after 2 years.
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Positioning of the patient during eye-tumour therapy
The patient’s head is immobilized by means of a mask
and a bite block, both custom made.

Conclusions

Proton beam irradiation of uveal melanomas at the Hahn-
Meitner Institute after the first 5 years of its initiation re-
veals local tumour control- and eye-retention rates in the
range of other centres with larger experience. Delivering
high treatment quality in hadron therapy from the begin-
ning has been achieved. As there will be a learning curve
as documented in other centres, there is hope for a fur-
ther rise in results with increasing experience and a longer
follow-up period. The concept of endoresection after pro-
ton beam irradiation seems promising but will need further
evaluation with more patients and a longer follow-up peri-
od.

Outlook

The promising results achieved in the treatment of ocular
tumours and the growing knowledge gathered over the
years would seem a reasonable basis for a large scale
proton therapy centre jointly run by HMI and Charité medi-
cal schoal.

Authors of the study:

S. Hocht!, W. Hinkelbein', N.E. Bechrakis?,

M.H. Foerster?, P. Martus®, D. Cordini*, H. Fuchs®,
J. Heufelder*, H. Homeyer*, H. Kluge*

1 Kiinik fur Radioonkologie und Strahlentherapie, Charité
Universitdtsmedizin Berlin Campus Benjamin Franklin
(CCBF), 2 Augenklinik — CCBEF, Institut fir Medizinische
Informatik, 3 Biometrie und Epidemiologie — CCBF, 4 HMI,
SF4 — Eye-Tumour Therapy Team

B Trace element research: Towards New
Frontiers and Good-bye to an Old Campaigner

(Workshop on Metalloproteins and Metalloidproteins
and colloquium in honour of Prof. Dietrich Behne on his
retirement from the HMI)

It is a well-known fact that several elements, although they
are present in the organism at only very low concentra-
tions, are none-the-less indispensable for maintaining
human and animal health. Recent research has indicated
that most of these essential trace elements are bound to
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proteins and that their biological effects are thus due to the
functions of a multitude of specific trace element-protein-
complexes. With the recent advances in biochemical and
molecular biological methods and in the physical and che-
mical analytical technigques, we now have the tools to stu-
dy these compounds, especially with regard to their biolo-
gical roles and to their applicability in the diagnosis and
therapy of diseases. At our department Molecular Trace
Element Research in the Life Sciences we are mainly con-
cerned with the identification and investigation of novel
metallo- and metalloidproteins and, with the multidiscipli-
nary know-how available in our group and the possibility of
combining modern methods from both the life sciences
and trace element analysis, are at the cutting edge in this
field.

Our involvement in this area triggered the idea to initiate a
workshop series on Metalloproteins and Metalloid-prote-
ins and in this way to bring together the German research
groups from the different scientific disciplines which are
concerned with metalloprotein research, establish con-
tacts between these groups and encourage or intensify
interdisciplinary collaboration.

Prof. Dietrich Behne welcoming the participants of the
Workshop on Metalloproteins and Metalloidproteins

The second annual meeting of this series, organized
together with the Gesellschaft fur Mineralstoffe und Spu-
renelemente (GMS) was held at the HMI from Nov. 6-8,
20083, Its multidisciplinary character was underlined by the
fact that amongst the 150 participants there were physi-
cists, crystallographers, mathematicians, chemists, bio-
chemists, molecular biologists, pharmacologists, nutritio-
nal scientists, dieticians, and physicians. 34 lectures and
18 poster presentations dealt with analytical aspects, re-
dox processes, antioxidative systems, interactions bet-
ween metals and proteins, and pathobiochemistry. The
studies showed that with the advances in the develop-
ment of specific chemical, physical, analytical, crystallo-
graphic, mathematical, biochemical and molecular biologi-
cal methods and their appropriate combination, trace ele-
ment research is being pushed towards new frontiers. The
contributions from out department included a plenary lec-
ture, two lectures and 9 poster presentations. One of them
by K. Bukalis et al. on trace-element containing proteins in
the lungs received the first prize of the poster awards, and
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the Heinz-Zumkley Prize, donated by the GMS, was awar-
ded to Dr. Andrea-Nicole Richarz from our department for
her PhD thesis on the analysis of metal-containing pro-
teins.

Colloguium in honour of Prof. Dietrich Behne

A colloguium in honour of Prof. Dietrich Behne, the head
of our department and an old campaigner in this field of
research, on his retirement from the HMI was incorporated
into the conference. Prof. Behne has had a long-standing
relationship with the HMI, having started here as a chemi-
stry student in autumn 1962 with his diploma thesis, follo-
wed by his dissertation, both with Prof. Zimen in nuclear
chemistry on the separation of isotopes. After his PhD he
moved to analytical chemistry and radiochemistry and
began studies on the determination of trace elements by
means of neutron activation analysis and radiochemical
methods. From 1968 to 1970 he worked in England at
Reading University and at the nuclear centres in Harwell
and Aldermaston to deepen his knowledge of neutron
activation analysis of biological materials. After his return to
Berlin he introduced these methods and their application
in the life sciences as a novel area of research at the new
nuclear reactor BER Il and also taught analytical chemistry
and radio-chemistry at the Freie Universitat Berlin. He did
not content himself, however, with purely analytical tasks,
but extended his studies in trace element research more
and more into the biochemical and medical fields. Over
the years this resulted in the development of a unique mul-
tidisciplinary research group in which, in addition to neu-
tron activation analysis, synchrotron radiation X-ray fluore-
scence and other analytical methods, radiotracer techni-
ques, nutritional studies on laboratory animals, cell culture
experiments and various biochemical and molecular biolo-
gical procedures are being combined in order to investi-
gate the biological functions of the trace elements and
their role in health and disease. In his laudatio, Prof. Kohrle
from the Institute of Experimental Endocrinology at the
Charité emphasized Prof. Behne’s scientific versatility and
his expertise in several different disciplines as one of the
outstanding characteristics of his scientific career and the-
basis for his achievements and success. Accordingly his
publications cover a wide range of themes including
methodological studies on the development and use of
element analytical methods and radiotracer techniques in
the life sciences, the combination of these procedures
with biochemical and molecular biological methods, stu-
dies on trace element biochemistry and trace element
metabolism, medical studies on the role of trace elements
in health and disease and metalloprotein research. The
most important contributions have, however, been his stu-
dies in selenium research where he detected that this
trace element is present in the body in the form of nume-
rous selenoproteins with key functions in the mammalian
organism and that an insufficient selenium supply may
lead to serious diseases. His discovery that a selenoenzy-
me is responsible for the production of the thyroid hormo-
ne T3 and that thus not only iodine but also selenium is
needed for a normal thyroid hormone metabolism, has
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had a great impact in thyroid endocrinology, and due to
this finding the selenium status of patients is now taken
into consideration in hospitals in the diagnosis and treat-
ment of thyroid hormone-related diseases. In recognition
of this work Prof. Behne was awarded the Klaus-Schwarz
Commemorative Medal in 1991 for the identification of the
type | deiodinase as a selenoenzyme and the elucidation
of the role of selenium in thyroid hormone metabolism. His
recent finding that another selenoenzyme is necessary for
the normal development of the sperm and thus for male
fertility may gain similar importance in the diagnosis and
treatment of human male infertility.

Although considerable progress has been made in re-
search on trace elements and trace element containing
proteins since Prof. Behne first began his studies, many
questions still remain to be answered and, with the rese-
arch project Selenoproteins and Metalloproteins as part of
the programme Environmental Health within the Helmholtz
Association, the department will continue this work.

Antonios Kyriakopoulos, SF6

B Outstanding, rapidly done with open mind

Adlershof thesis award for physicist of the Hahn-
Meitner Institute

The city for science, economics and media assigned for
the second time the Adlershof thesis award for outstan-
ding work of its scientific new generation. The 32 years old
physicist Dr. Christoph Béhme received the award end-
owed with 3.000 Euro in the context of the Adlershofer
Campus week on December, 3rd, 2003. Founders of the
award are in equal parts the Joint Initiative of Non-
University Research Institutions in Adlershof (IGAFA), the
Humboldt University Berlin (HU) and the WISTA MANAGE-
MENT Ltd.

The awarded thesis of Christoph Béhme “Dynamics of
charge carrier recombination” was prepared under the
supervision of Prof. Dr. Walther Fuhs at the Silicon Photo-
voltaic Department of the Hahn-Meitner-Institute located in
Adlershof in only 27 months and was accepted in January
2003 at the Physics Faculty of the University of Marburg
with “summa cum laude”.

Christoph Bdhme developed in his work the theoretical
and the experimental basis for a new measuring method
(pulsed electrical detected magnetic resonance, pEDMR)
for the analysis of defects in semiconductor layers and
devices. The analysis of defects is a pre-condition for the
increase of the capability of semiconductor components,
particularly regarding their miniaturization. With his measu-
ring method the laureate enters not only new ground in the
material sciences, but gives also a substantial new stimu-
lus for the spin-based quantum computing. Bohme’s work
was already published in twelve renowned technical peri-
odicals, presented at international conferences; a patent
request for the measuring method is posed. The laureate
studied in Heidelberg and at the North Carolina State
University (the USA) and acquired in parallel the German
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Diploma in Physics and the Master of Science.

Since 2002 he works as a scientist at the Hahn-Meitner-
Institut in Adlershof.

The Adlershof thesis price is to document the quality of the
research and the co-operation of science and economics
in the biggest German science and technology park.
Decisive for the award is scientific excellence (mark, num-
ber of the publications and patents, appraisals) and gra-
duation duration.

Source: IGAFA, science office

M First light from the 7-Tesla Wiggler

Amost as an early Christmas gift to themselves, on
December 11 2003 HMI scientists working at the Berlin
electron storage ring BESSY in Berlin-Adlershof for the
first time opened the beam shutters to allow x-rays pro-
duced by the 7-Tesla wiggler to enter their beamlines. On
a fluorescence screen, this radiation was registered as
“first light” (see picture). The wiggler belongs to the class
of insertion devices — special magnetic structures built to
create extremely intense x-rays. No other insertion device
world-wide has as many poles with such a high magnetic
field in a comparatively small space. Thus, it is the stron-
gest source of hard, penetrating x-rays at BESSY. In the
five years preceding the first light, this unique device was
planned and developed in close collaboration between
HMI and BESSY and, finally, built by the Budker Institute in
Novosibirsk (Russian Federation). As the machine reaches
the frontiers of what is feasible today in this field, a num-
ber of technical problems had to be overcome before the
first successful tests. Now the radiation from the wiggler is
available to supply the beamlines and experimental sta-
tions built up by HMI’s scientists.

HMI’'s 7-Tesla wiggler at BESSY

The radiation produced by the wiggler will be used in
materials research, magnetism and other fields of structu-
ral research. As part of the BENSC user-service, the expe-
rimental facilities at the wiggler beamlines will be available
to external researchers from universities and other scienti-
fic institutes. The new facilities complete the suite of expe-
rimental opportunities available at BESSY. Several of the
more than 40 experimental stations operated at BESSY
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First light from HMI’s 7-Tesla wiggler visible on a fluore-
scence screen. December 11 2003, 12:00 Noon

are run or used by HMI. Among these is an experimental
station for the investigation of magnetic nanostructures
and thin magnetic fims (cf. Highlight Report page 32)
installed at an undulator — another insertion device built in
close HMI-BESSY collaboration. With the inauguration of
the wiggler, synchrotron radiation becomes — in addition to
neutrons and fast ions available in Berlin-Wannsee — the
third main pillar of structural research at HMI.

Ralf Feyerherm, SF2

B Materials department inaugurates new
metal foam lab at TU-Berlin

Aqueous solutions, polymers and glass can be foamed.
For a long time scientists have had the ambition to foam
metals in order to create novel materials combining the
advantages of the unique foam morphology with the
known properties of metals. In the past 10 years, many
new processes for making metal foams — mostly from alu-
minium or aluminium alloys — have been developed to
such a level of sophistication that more and more industri-
al applications are emerging. There are two main ways of
producing metal foams: the powder metallurgical foam
production route and the gas injection route. In the former
case, metal powder is mixed with a powdered blowing
agent and subsequently condensed. When heated, the
metal melts and the blowing agent produces a gas that
creates the bubbles in the foam. In the latter case, a gas
is injected into the molten metal creating the foam struc-
ture. Although metal foaming technology is quite advan-
ced now, the properties of metal foams and the physics of
metal foam generation and evolution are only starting to
be explored.

The metal-foam group formed around Prof. John Banhart
(HMI, SF3 — Materials) is working on the characterisation
of the foaming process of metals and metal alloys. The
group is looking for ways to improve current manufactu-
ring processes and to develop new ones. Since late 2003,
this work has been done at the Technische Universitat
Berlin, in cooperation with the Hahn-Meitner Institute. Two
main labs are available: the x-ray-lab, where both foaming
methods are investigated, and the main lab dedicated to
research on the powder metallurgical route. Here, powder
mixing and miling machines, metallic sieves, a 100 tons
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hot press and several foaming furnaces are available. With
this equipment, the whole process from the precursor
material production to the foaming itself can be performed
and all production parameters can be adjusted for the
investigation.

For the real time in situ analysis of the foaming process, a
microfocus x-ray measurement place was designed and
built. X-ray radioscopy is used to resolve the internal pore
structure during foaming and observe the foaming dyna-
mic. The measurement place is supported by a picture-
analysis software that allows calculating the foam expan-
sion, find the critical cell-wall thickness and measure coa-
lescence rates.

In the near future, the acquisition of a specially designed
dilatometer is planed. This facility will allow analysing the
formation and decay of metal foams in a form applying
various in-situ-foaming techniques. This way, time-depen-
dent volume expansion can be easily monitored.

A zinc foam

The scientists of the metal-foam group are interested in
the phenomena and mechanisms responsible for the for-
mation and stabilization of pores in the metal foaming pro-
cess. If one wants to study the very early stages of foa-
ming, i.e., stages in which the pores are just being formed,
one has to apply methods that act on the appropriate
length scales which range from some tens of nanometres
to several micrometers. Optical or electron microscopy is
suitable for investigations whenever two-dimensional in-
formation is sufficient. High-resolution x-ray tomography
allows for a precise determination of three-dimensional
features. Often, however, one is less interested in mapping
individual pores, but wants to obtain a three-dimensional
average of a pore size distribution. Such distributions can
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A "‘},

¥

P

An x-ray radiograph of a 10 mm slice of aluminium foam
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be useful, for example, as input data for model calcula-
tions of the foam generation process. Ultra small-angle
neutron scattering (USANS) is a promising method for ob-
taining this information because scattering of cold neu-
trons at very small wave vectors provides data in exactly
the size range required.

Francisco Garcia-Moreno, SF3

B HMI hosts Workshop on Orbital Physics and
Novel Phenomena in Transition Metal Oxides.

The physical properties of complex transition metal oxides
(TMO) are driven by a rich interplay between charge, spin,
and lattice interactions. Nature has already shown how
powerful this interplay is in these materials: superconduc-
tivity with the highest critical temperatures, ferroelectricity
with exceptional dielectric response, colossal magneto-
resistance, and negative thermal expansion from 2 to
1400 K. TMOs are an exceptional laboratory for studying a
variety of interactions on the nanoscale lengths where they
compete.

Participants of the HMI Workshop on Orbital Physics
and Novel Phenomena in Transition Metal Oxides

An example of the competition between charge, lattice
and spin degrees of freedom is in the doped manganites
perovskites. Here a magnetic interaction propagated by a
hopping charge (double-exchange) competes with an en-
hanced electron-phonon coupling via the Jahn-Teller acti-
ve Mn** ion. At the right electronic doping this competition
produces a transition from the ferromagnetic-metallic
ground state to an insulating state at elevated temperatu-
res, with a change of resistivity of several orders of magni-
tude. The orbital configuration of the Mn** is important in
these materials as the sign of the exchange (antiferromag-
netic or ferromagnetic) is controlled by the polarization of
the e, orbitals (see figure).

A workshop on Orbital Physics and Novel Phenomena in
Transition Metal Oxides was hosted at the Hahn-Meitner
Institute on the 24th and 25th of September 2003 to dis-
cuss the latest developments in this exciting area of re-
search. The meeting was attended by about 50 partici-
pants from Germany and greater Europe, twice as many
as last year’s workshop. Talks focused on both recent
experiments and new developments in theory. For exam-
ple Orbital Ordering and the role of orbitons in LaMnO,
was discussed by Rilana Kriger (University of Hamburg)
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while Sylvie Hébert (CRISMAT, Caen) presented recent de-
velopments in the field of cobalt oxide thermoelectric ma-
terials. Theoretical work on charge ordering in manganites
was presented by Daniel Komskii (University of Cologne)
with significant contributions from Peter Horsch and Gini-
yat Khaliulin (Max Planck Institute for Solid State Re-
search, Stuttgart) on frustration and orbital ordering in
manganites and titanates.

Participants from the Hahn-Meitner-Institut presented
work on the lattice dynamics (Heloisa N. Bordallo, HMI,
SF1 —Methods and Instruments), and magnetic short
range ordering in CMR manganites (Jens-Uwe Hoffman,
HMI, SF2 — Magnetism), while Christopher J. Milne (HMI,
SF2) presented recent work on the synthesis and
structure of a newly discovered novel superconductor
Na,Co0O, - yH,0. The synthesis of nano-clusters of transi-
tion metal oxides was discussed by Abdelkrim Chemsed-
dine (HMI, SE4 — Dynamics of Interfacial Reactions). This
workshop so far has stimulated significant interest in tran-
sition metal oxides both within HMI and in the wider com-
munity. Currently partly due to this workshop efforts are
underway to seek funding from the German Research
Foundation (DFG) for such work under a Priority Pro-
gramme (Schwerpunktprogramm). In addition collabora-
tions between HMI and other groups are beginning.
Currently there is a samples synthesis effort in the depart-
ment SF2 for the fabrication of powder and single crystals
samples of various interesting TMOs such as manganites
and superconducting Na,CoO, - yH,0, while the BENSC

a) Crystal structure of a typical manganite perovskite.
Mn atoms bond to O-atoms (red) to form MnO, octahe-
dra (shown in transparent blue). The darker blue spheres
are typically trivalent or divalent rare earths. A mixture of
3+ and 2+ rare earth elements is used to electronically
dope these materials.

b) Focusing only on the electronic configuration of the
Mn atom we illustrate the importance of orbital degrees
of freedom for an ordered arrangement of Mn** and Mn*
ions in a perovskite. The interaction shown as a solid line
is ferromagnetic (parallel spins) as a filed Mn* e, orbital
points towards a Mn* ion (which has a vacant e, orbi-
tals). Interactions between vacant e, orbitals lead to anti-
ferromagnetic superexchange (dashed line).

Annual Report 2003 - Hahn-Meitner-Institut



News

user program routinely provides beam time to investigate
these materials from groups throughout Germany and
Europe.

This meeting was sponsored by both the HMI and the
University of Hamburg (Michael Ribhausen). The organi-
zers are grateful for the participation of Marie Haltod.

Dimitri N. Argyriou, SF2

B Development of a new Kelvin-Electronic for
Omicron GmbH

For the measurement of the absolute work function on
nanometer scale and meV sensitivity with Kelvin probe
force microscopy (KPFM) a second feedback circuit in
standard non-contact atomic force microscopy (NC-AFM)
is needed. To separate the information of the tip-sample
interaction induced by the Van der Waals forces (used for
the topography measurement) and the electrostatic for-
ces, which is induced by the contact potential (CP) bet-
ween tip and sample, an additional ac-voltage is applied
between tip and sample. With lock-in technique the oscil-
lation amplitude of the electrostatic force induced by the
ac-voltage can be determined and minimized by a com-
pensating dc-voltage which is applied to the sample. This
compensation voltage corresponds to the CP and can be
used to calculate the work function of the sample when
knowing the work function of the tip. For NC-AFM in ultra-
high vacuum (UHV) the first resonance frequency of the
cantilever (~70 kHz) is used for the detection of the topo-
graphy. A resonant and therefore very sensitive way of
detecting the electrostatic force separately but simultane-
ously to the topography is the use of the second resonan-
ce frequency of the cantilever (~420 kHz) for the ac-volta-
ge. In this setup ac-amplitudes as small as 100 mVpp can
be used, which is especially important for measurements
on semiconducting samples to avoid a tip induced surfa-
ce band bending.

Omicron nanotechnology is one of the world’s leading
supplier of solutions for analytic requirements under UHV-
conditions in the fields of surface science and nanotech-
nology especially regarding scanning probe microscopy.
Ch. Sommerhalter started in 1998 at the HMI to imple-
ment the Kelvin-mode for measuring the work function
simultaneously to the topography in a UHV-AFM manu-
factured by Omicron. After 4 years development and suc-
cessful utilization of this novel technique in the scanning
probe group of SE2 we started a cooperation with
Omicron to develop a complete electronic setup for com-
mercialisation. This setup consists of specially designed
high and low pass filters to separate the signals of the first
and second resonance frequency of the cantilever, a PI-
controller to minimize the lock-in signal by applying an
adequate compensation voltage and an adder to combi-
ne the ac- and dc-signal which are applied to the sample.
Very high requirements are imposed on all parts regarding
the frequency and phase stability, exact determination of
the time constant and proportional gain and the noise level
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which is the lower mV range. The HMI department of elec-
tronic development (DH), especially B. Namaschk, was
deeply involved in the fast and successful realization of this
project. Omicron successfully launched the Kelvin-electro-
nics as a product in the fall 2003.

Thilo Glatzel, SE2
B Quantum Well structures measured by

UHV-Kelvin Probe Force Microscopy in
cooperation with KTH — Stockholm
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KPFM measurement on the InGaAs/InP quantum well
structure showing two quantum wells. a) Contact
potential (CP) image (contrast ACP = 230 mV). b)
Typical single line scan showing the quantum wells.

Within the HERCULAS project a student (Olivier Douheret)
from the Royal Institute of Technology (KTH) in Stockholm
joined the KPFM group of SE2 in the summer 2003. The
EU-project is focused on the qualitative and quantitative
determination of the doping concentration with scanning
probe techniques, e.g. SSRM, SCM and KPFM. Within
this cooperation we succeeded to characterize the elec-
tronic structure of InGaAs/InP quantum well by cross-sec-
tional Kelvin Probe Force Microscopy (KPFM) measure-
ments in ultrahigh vacuum. The KPFM signal, as present-
ed in the figure, have clear peaks at the position of the
quantum wells, showing a systematic trend for different
wells. It was demonstrated for the first time that UHV-
KPFM is capable of detecting quantum wells as narrow as
5 nm. The results lead to a clear evidence for charge car-
rier accumulation in the quantum wells. Complete quanti-
tative analysis of quantum well properties is impeded by a
tip averaging effect and due to surface and oxide interfa-
ce states. In the future complete 3D-Poisson/Schrédinger
simulation including these effects will be used to extract
the charge carrier concentration accumulated in the quan-
tum wells.

Thilo Glatzel, SE2
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User Service

I BENSC Operation

Director: Prof. Ferenc Mezei

It is the mission of the Berlin Neutron Scattering
Center (BENSC) to develop and operate the
scientific instruments at the Berlin research
reactor BER Il. About 70 % of the beam time at
the most important instruments is made availa-
ble to external scientific user groups from all
over the world.

On a regional and national scale BENSC per-
forms a principal task of the Hahn-Meitner
Institute:
Service for research groups from

- German Universities

. other public funded research institutions.
The relevant duties assigned to BENSC cover a
broad range from contributions to scientific
education up to performance of high ranking
scientific research. An aim of increasing impor-
tance is

- scientific and technical support for industri-

al applications

On the international scale BENSC plays an
important role in the round of European re-
search centres. The growing international
importance of BENSC is underlined by the fact
that the number of short-term guest scientists
from abroad exceeds the number of German
visitors (see table 1). The European use of
BENSC is stimulated by substantial support
from the European Commission.

Profile of BENSC

The profile of BENSC is characterized by the
exceptionally wide range of the instrumentation,
which allows experiments to be performed in
many areas ranging from basic to applied re-
search. Several ad-

Table 1: Allocations of BENSC beam
time for short term projects
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Allocations 2003 for | accepted | allocated | vanced BENSC in-
short-term projects | projects | days struments provide
neutron intensities
D - Univ. 34 252 and resolutions com-
D - other 30 5990 petitiv with the best
available worldwide,
EU + Assoc + CH 76 526 including those ope-
RU + UA 14 93 rating at high flux
reactors. Most of the
USA, CAN, AU, JP 10 199 instruments have the
164 1292 option of using pola-

rized neutrons.

Short-term
projects other countries
%

HMI
30%

Short-term

projects

Europe
24%

Short-term
projects Long-term
Germany projects Germany
19% 20%

Fig. 1: Distribution of the BENSC instrument-time

Examples for unique advanced instrument
options are, e.g.,
. the polarized neutron option SANSPOL
- the multidetector option the time-of-flight
spectrometer NEAT
- the spin-echo instrument (SPAN) with the
wide-angle NSE option
- the flat-cone diffractometer
- and especially the sample environment.

The leading role of BENSC for sample environ-
ment at extreme conditions is accepted
worldwide: Experiments can be performed
over a very large range of temperatures and/or
magnetic fields. The temperature range for rou-
tine use is 15 mK to beyond 1200 K; and mag-
netic fields up to 17 Tesla have been made avai-
lable to routine user operation. The unique
Cryostat (1.5 K < T < 300 K) with a split pair
superconducting magnet and a vertical field up
to 17 Tesla is the world’'s leading magnet
system in a neutron scattering facility and up-
to-now available only at BENSC.

The advanced instrumentation and the unique
sample environment capabilities attract renow-
ned research groups Europe- and world-wide,
and even from other powerful neutron sources.
Four examples of highlight results from external
user groups are included in the Scientific-
Highlights Section of this Report.

BENSC User Service

The BENSC user services provided for scien-
tists of German universities and other national
and international research institutions include
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« Allocation of beam time to individual (short
term) projects of external groups on the
basis of peer reviewing by an international
user committee and extensive scientific and
technical support for the preparation, the
experiments and the data evaluation.
Logistic support and travel support for
young researchers is provided.

. Long-term scientific and technical projects
on the basis of co-operation agreements.

An amount of at least 50 % of the beam time of
the 14 most important instruments operated by
BENSC is reserved for individual scientific pro-
jects; up to 20 % of the beam time would be
made available for long-term co-operation pro-
jects.

Long-term co-operations

Long-term co-operation projects are primarily in
the interest of the respective co-operations part-
ners; but they also increase the manpower at
BENSC and broaden the capacities for scientific
support to the external users. In the path brea-
king field of soft matter research for instance,
which formerly was not a core field of HMI's own
scientific program, BENSC has established close
collaborative links with the Institute of Bioche-
mistry, TU Darmstadt; Institut fur Physikalische
Biologie, Univ. Disseldorf; lwan-N.-Stranski Insti-
tute of the TU Berlin; Max-Planck Institute of Col-
loids and Interfaces in Golm/Potsdam.

Instrument  Other 3%

development
9%

Magnetism
41%

Materials
13%

Soft Matter
21%

Chemical Structure 13%

Fig. 2: Fractions of Experimental Reports in
HMI-B595 listed by field of science

The most important long-term co-operation part-
ners from the region of Berlin-Brandenburg are:

. Stranski-Laboratorium der Technischen
Universitat Berlin (Prof. G.H. Findenegg)

« Max-Planck-Institut fur Kolloid und
Grenzflachenforschung, Golm/Potsdam,
(Prof Dr. H. M6hwald)

. Technische Universitat Berlin, Institut fGr
Werkzeugwissenschaften und -technologie,
Metallphysik, (Prof. W. Reimers)

. Technische Fachhochschule Berlin, (Prof.
W. Treimer)
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Other national long-term co-operation partners
in 2003 are
- Institut fOr Kristallographie, Universitat
Tubingen (Prof. J. Ihringer)
- Max-Planck-Institut Festkdrperforschung,
Stuttgart (Prof. B. Keimer)
« Institut fUr Biochemie, Technische
Universitat Darmstadt, (Prof. N. Dencher)
- Institut fUr Physikalische Biologie,
Universitat Dusseldorf, (Prof. G. Buldt)
. Institut fir Festkorperphysik, Technische
Universitat Dresden (Prof. M. Loewenhaupt)
- FB Materialwissenschaften, Technische
Universitat Darmstadt, (Prof. H. Hahn)
- Institut fUr Festkorperphysik, Technische
Universitat Darmstadt, (Prof. H. Wipf)

Individual short-term research proposals of exter-
nal users

It is the key issue of the BENSC user service to
provide external groups with beam time and
intensive scientific support for individual scientific
experiments. This service is meant for both Ger-
man groups and the international scientific com-
munity. The inclusion of new applications for
beam time is decided by an internationally com-
posed Scientific Selection Panel. For 2003, more
than 165 short-term projects of external users
have been accepted by the panel (see table 1).

Co-operation with Industry
The support for industry is mainly based on co-
operation agreements, where the partners pro-
vide the samples and in return profit from the
highly specialized know-how of the BENSC
staff and from the advanced analytical methods
available at BENSC, with use of neutrons and
with complementary use of X-ray or synchro-
tron radiation. Major co-operation partners in
2003 have been

« MTU Aero Engines GmbH, Minchen

« MTU Friedichshafen GmbH

. Ford Forschungszentrum Aachen GmbH

- Walter AG, Tubingen

« DaimlerChrysler AG, Stuttgart/TUM-Tech

GmbH MUnchen

Extension of BENSC User Service to HMI
instruments at BESSY

To promote complementary use of neutrons and
synchrotron radiation, especially in materials
science, HMI had initiated an EFRE-supported
refurbishment project for the synchrotron source
BESSY, including the development and installa-
tion of two new insertion devices for the BESSY
ring. One of the insertion devices, the Undulator
UE46, is operational already since 2002; with full
user service at the (PGM-) beam line for magne-
tic nanostructures and magnetic films in 2003.
The use of this beam line is detailed in table 2.

User Service
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weeks
HMI in-house research 11 30 %
External Users under BENSC 4 11 %
External Users under BESSY 7 19 %
BESSY in-house research 15 40 %

Table 2: Distributuion of 2003 experiment time
for the UE46-PGM beam line at BESSY

The second insertion device, a 7T Wiggler, has
been installed in 2003 (see News-Report on
page 110) and will serve two beam lines:

a. white beam for the Materials Science
Diffractometer (Residual Stress and
Texture Analysis)

b. monochromatic beam for Resonant
Magnetic Scattering and High-resolution
Diffraction.

The commissioning phase for these two beam
lines will start in summer 2004.

BENSC - A European neutron facility,
Support from the European Commission for
Access to BENSC
The remarkably high number of guest scientists
from member countries of the European Com-
munity have been stimulated by successfully
applying for funds from the programs of the
European Commission to support the transna-
tional access to large scale research infrastruc-
tures. The EU funding for BENSC and users of
BENSC under the Access action of the 5th
Framework Programme (FP5) of the EU added
up to 2,1 Mio €.
Some relevant numbers for FP5 support are:
4 years (2/2000-12/20083),
330 projects,
700 visits of European users,

2213 neutron instrument days delivered.
The EU-support will be continued under forth-
coming FP6: For the 4 years period 2004-2007
BENSC will receive more than 2,3 Mio € for
European access and for joint instrument deve-
lopment actions.
An analysis of the distribution of the beam time
allocation for EU users demonstrates that a high
number of users does not only come from coun-
tries which do not have a national research neu-
tron facility, such as Italy, Spain or Greece. Strong
user contingents also come from the UK and
France to take advantage of options which are
not available at their national neutron facilities or
at the leading European reactor neutron source,
the ILL in Grenoble.

Scientific results of the external users at
BENSC

The scientific interim reports on most recent
experimental results provide rapid dissemination

of the BENSC users’ results. The reports are
published annually under the label of BENSC
EXPERIMENTAL REPORTS, and the year 2003
Volume, HMI-B 595 (ISSN 0936-0891), is distri-
buted to all users of BENSC in May 2004 as CD
ROM and/or in printed form. The reports for
2000 through 2004 are also available on the
BENSC internet pages.
(http://www.hmi.de/bensc/report2003/
start_en.htm)

This rapid distribution of results is complemented
by oral and poster contributions to national and
international conferences. Publication in interna-
tionally renowned peer reviewed journals normal-
ly follows the experiments with a delay of 1 to 2
years. Since as a rule at least one collaborating
BENSC scientist is among the authors the year
2002 publications of external users are included
in the publication lists of the departments SF1,
SF2 or SF3. A complete compilation of the year
20083 publication lists for all BENSC users and
BENSC staff members is included in the a.m.
volume BENSC EXPERIMENTAL REPORTS
2003, HMI-B595, May 2004. The majority of the
BENSC publications has an external user as prin-
cipal author, and a remarkably high fraction is
published in high ranking journals (see table 3).

Journal | Journal Number of
Impact BENSC
Factor publications
(2002) 2003 with
external user
as principal
author
30,40 Nature 3

7,232 Phys. Rev. Letters
6,201 J. Am. Chem Soc
4,207 Appl.Phys. Lett.
4,064 Biochemistry
3,912 FEBS Lett.

3,751 Macromolecules
3,327 Phys. Review B
3,248 Langmuir

3,048 Carbon

2,986 Phys. Review A
2,683 J. Mat Chem

2,4 -1,4 | Phys. Review E, J. Appl.
Phys., Faraday Disc., Chem
Phys., J. Appl. Cryst., Poly-
mer, Macromol. Biosci.,

J. Phys.: Cond. Mat., Eur.
Phys. J. B, etc.

alalalo|lolala|lwlal=a]d

W
(@)

Table 3: Number of external BENSC users’
2008 printed publications in high ranking jour-
nals, based on results of experiments under
BENSC User Service
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NAA-Laboratory and Irradiation Service Il

The laboratory for neutron activation analysis
(NAAL) at the reactor BER |l provides radiation
services for universities, scientific institutions and
industry. Typical fields of applications are:

- Trace elements analysis with neutron activation
analysis (NAA) for example in biology, medici-
ne, geology and archeology. Certification of
reference materials.

- Irradiation experiments, such as isotope pro-
duction for medical applications, sources for
MoBbauer spectroscopy and production of
tracers for industrial applications.

The operation and further development of the

irradiation devices at BER Il and of the NAA mea-

suring systems are a central task of the depart-
ment SF6.

Irradiation devices

Four irradiation devices are available for different

applications.

DBVK: rotatable irradiation device in the reactor
core

DBVR: rotatable irradiation device in the Be-
reflector of the reactor core

TBR: dry irradiation device outside the Be-
reflector

SRT:  fast rabbit system

DBVK and DBVR are used for long term irradia-

tion experiments. Up to nine aluminum contai-

ners can be irradiated simultaneously.

Short time irradiation experiments are carried out

by means of TBR and SRT.

Status 2003

. The fast rabbit system SRT was not in use in
2008, due to man-power problems. The con-
trol system as well as the acquisition system
has to be renewed.

« The work for upgrading the in-core position
DBVK is still in progress.

« Planning of the renewal of the control units of
DBVK and DBVR.

Device Dyrermal Dot Containers
[1/cm?s] [1/cm?s]

DBVK 1,5E+14 4,3E+13 9

DBVR 7,5E+12 1,9E+10 9

TBR 3,4E+12 2,2E+10 1

SRT 4,4E+11 3,9E+10 1

*Temporarily restricted to 4
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at BER |l

D. Alber, G. Bukalis, B. Stanik, A. Zimmer

Irradiation experiments 2003

A total of 1969 samples were irradiated in 2003.
71 % of the 185 irradiation experiments, were
performed with the DBVK or DBVR. With these
devices it is possible to irradiate up to 24 sam-
ples simultaneously in one aluminum container.
About 60 % of the irradiation experiments and
the analysis of samples was done for external
users.

Internal users

Most of the internal users are from the Dept. SF6,
but irradiation and analyses were also performed
for users from depts. SF1, SF2, SF3, and SE5.

External users

M HMI, SF6

Utilisation of the Irradiation Devices

Universities:
FU Berlin Geesthacht
HU Berlin 4% DBVK 9%

University Dresden
University Hamburg
University Karlsruhe
University Leipzig
TU MUnchen
University MUnchen
University Mainz
University Zurich
University Modena
University Lausanne

Research Institutes:

TBR
25%

DBVR 62%

BAM, Berlin

GSF, Neuherberg 20083 Irradiated Samples

IIF, Leipzig

DGKC, Bonn ) N HMI SF6
IZW Institute of Zoo Universities 24 %

Biology and Wildlife
Research, Potsdam

22 %

Industry:
TruTec Process '1”8‘;/3”3’ HMI
Diagnostics 0 otht:rs
Pilkington . \ 14 %
Deutschland AG esearc

Institutes BAM

19 % 1%
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Il (S| Operations and Developments

Scientists: H. Homeyer, P. Arndt, W. Busse, A. Denker, W. Pelzer, C. Rethfeldt, J. Rdhrich
Operators: J. Bundesmann, R. Griinke, G. Heidenreich, H. Lucht, E. Seidel, H. Stapel
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Fig. 1: ISL Operations since 1995: ISL has ma-
naged to operate the facility with an average of
3000 hours of beam-time on target. The hat-
ched parts are low energy (Van-de-Graaff)
beams. It can be observed that the demand for
high energy beams and the reliability (less break-
downs) increased and the total tuning time stays
relatively constant, which is due to the fact that
the number of users with different beam settings
increased. In addition, high levels of beam quali-
ty were asked for by many users.

Use of ISL Beams

1995 1996 1997 1998 1999 2000 2001 2002 2003

[ Others

I Medical Applications
I Vaterials Analyses
- Materials Modification
I Radioactive Probes

Fig. 2: Use of ISL ion beams. Materials modifi-
cations have become the largest part of re-
search and development at ISL.

The ion-beam laboratory ISL offers ion-beams
from various accelerators and accelerator com-
binations with energies ranging from some tens
of eV to several hundred MeV dedicated to the
application of ion-beam techniques. Internal
and outside users study the basics of the inter-
action of ions with solids. They modify and ana-
lyse materials with ion beams and they perform
radiotherapy of eye tumours with fast protons
in a joint venture with university clinics. Users
have at their disposal 15 different irradiation
areas equipped with specific instrumentation.

ISL operations went rather smoothly in 2003.
As seen in Fig. 1 the time for unscheduled
downtimes reached a new all-time low.
Simultaneously the production of high energy
beams within the scheduled operation time of
4300 hours climbed to a new all-time high of
nearly 3000 hours. Several reasons contributed
to this excellent outcome:

) improved operations of the ion source for Au
ion beams which have become the most
attractive beam used in 2003,

l) better reproducibility for the phase matching
between the RFQ and the cyclotron, resulting
in shorter tuning times,

ll) training of the operators and

IV) a larger demand for high energy proton
beams, providing an effective use of the time
between therapy sessions either for high-ener-
gy PIXE or radiation hardness testing.

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

1995 1996 1997 1998 1999 2000 2001 2002 2003
I sF4 [ 1HMI [ External

Fig. 3: ISUs development into a user facility.
External users including proton therapy use
more than 2/3 of the beam-time.
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Therapy
15%

HMI/SF4

Industry 28%

3%

HMI 4%

Universities
39%

Research

Institutes
11%

Fig. 4: Origin of ISL Users: The university share

has again increased. This is due to their active

involvement in the materials modification pro-

gramme.

Any user has access to the ISL via a program-
me advisory committee, which meets annually,
and decides on the applications for beam time
solely on the basis of the proposals’ scientific
merit. 41 different projects (27 in 2002) invol-
ving more than 100 (70 in 2002) scientists
received beam time in 2003. In total, more than
80 projects are active at ISL. At its annual mee-
ting, the programme advisory committee
accepted 41 proposals, 24 new ones and 17
addenda to running experiments.

Materials analysis in 2003 used exclusively fast
ions, either heavy ions for ERDA or protons for
high-energy PIXE. They used an almost con-
stant share of beam time (see Fig. 2). Eye
tumour therapy was performed at 9 therapy
blocks, however, the medical applications used
less beam time than 2002 for research work,
reflecting changes in personnel. The most acti-
ve field, concerning new proposals as well as
amount of beam time is materials modification
and ion-solid interaction.

The amount of beam time used by external
users was again more than 2/3 of the overall
time (see Fig. 3). Looking at the origin of the
users, the universities increased once more
their share, due to the on-going trend in the
scientific programme towards ion-beam modi-
fication of materials.
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The set-up of new target stations was pur-
sued, and three of them went into operation in
2003: two of them are dedicated to interaction
of ions with solids and one is to recoil implan-
tation.

The tendency of using lightest and heaviest
ions available consisted. The most requested
beam was gold, now used for nearly one third
of the overall beam time. In addition, so-called
cocktail beams, ions with the same charge/
mass ratio and the same velocity, have been
produced: 2 MeV/u Ne/Ar and 3.5 MeV/u Kr/Xe.
We assume an increasing demand for these
cocktail beams, as they will allow rapid chan-
ges of the ion species and therefore the energy
deposition.

Besides the installation of new target stations,
most of the development was to increase the
reliability of the facility in general. The quadru-
pole power supplies in the extraction beam line
have been exchanged. The set-up of the new
platform for the injection into the RFQ conti-
nued. When this platform is in operation, we
expect a reduction of tuning times, as the ECR-
source can be prepared parallel to a running
experiment.

EN (@]
1% 3% 88Ky 9%

2C 10%
>°Xe 10%
d 4%

“Au 31%
p 30%

Cocktails
2%

Fig. 5: Fast ion beams used at ISL: in 2003,
most of the beam time used either the lightest
or the heaviest ions available. In addition, so-
called cocktail beams have been produced.
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Il Antiferromagnetic order as a competing
ground state for electron-doped
high-transition temperature superconductors

H. J. Kang', M. Matsuura?, Pengcheng Dai'?, J. R. Thompson'?, J. W. Lynn®, Shou-Cheng Zhang*, D. N. Argyriou?,
K. Prokes®, Y. Onose?®, Y. Tokura™®, Y. Kurita®, Seiki Komiya®, Yoichi Ando®

B 1 Department of Physics and Astronomy, The University of Tennessee, Knoxville, Tennessee, USA M2 Con-
densed Matter Sciences Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA M 3 NIST,
Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, Maryland, USA

B 4 Department of Physics, Stanford University, Stanford, California, USA B 5 HMI, SF2 M6 Spin Super-
structure Project, ERATO, Japan Science and Technology, Tsukuba, Japan B 7 Correlated Electron Research
Center, Tsukuba, Japan M 8 Department of Applied Physics, University of Tokyo, Tokyo, Japan M9 Central
Research Institute of Electric Power Industry, Komae, Tokyo, Japan

a  nceo b PLcco The discovery of high-transition temperature
v (high-T.) superconductivity in copper oxides

+ < (cuprates) in 1986 created unprecedented re-

ﬂ_f <4 . . ) search activities in studying these materials. The

| ® Gu ! parent compounds of the high-7, cuprates are

47 L sl 1 antiferromagnetic Mott insulators [1]. The crystal

Bl c-axis [ ) structure of these materials is distinguished by

,,c* . ol typical CuO, planes. Each Cu* in such a plane

has one unpaired electron and the spins of these
electrons form an antiferromagnetic long-range
€ Collinear structure d Nencollinear structure order. When holes or electrons are doped into
v these planes, the long-range antiferromagnetic
ag Jad o $ f, ordered phase is destroyed and the copper
nz=ei oxide materials become metallic and supercon-

ducting with persistent short-range antiferromag-

A 4 l P ¥ $ netic spin correlations. Much work has focused
L. C A . on understanding the interplay between magne-

& Incommensurate peaks tism and superconductivity [1], because spin
1 fluctuations may mediate electron pairing for su-
perconductivity. Soon after the discovery of hole-
doped superconductors, Tokura and his cowor-
kers found the electron-doped superconductor
Nd, Ce,CuO, (NCCO) [2]. Although both hole-
0 doped La, ,Sr,CuO, (LSCO) and electron-doped
Hirlu) NCCO have two-dimensional CuO, planes, their
phase diagrams versus doping concentrations
are asymmetric. For hole-doped LSCO materials,
Fig. 1: Noncollinear spin structure of a) phase I/lll in NCCO antiferromagnetism rapidly weakens with increa-
b) in PLCCO. The oxygen atoms are not shown for clarity. sing doping x and is replaced by superconducti-
c) Collinear spin structure has the spins in adjacent layers pa- vity over a wide range of x with a maximum 7, at
rallel or antiparallel. d) The spins in adjacent layers are ortho- x = 0.15. For electron-doped materials, as-grown
gonal in noncollinear structure. e) Data from neutron scattering ~ materials are nonsuperconducting antiferromag-
on a copper oxide (sketch). The black circle is the Bragg peak  netic insulators and superconductivity can only
coming from antiferromagnetism of the undoped parent com- be induced after annealing the x > 0.11 samples
pound. The pink circles are incommensurate peaks, which are  in a narrow x range. Therefore, finding the simila-

L 2
i!‘
p.

shifted away from AF Bragg peaks. The incommensurate rites and differences of the n-type and p-type
peaks reflect a periodic structure with a period slightly differing  cuprates would be very important in understan-
from the period of the crystal. Here, these peaks are associa- ding the mechanism of high-T, superconduc-
ted with the separation of holes, when holes are doped. tivity.
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Since high-T7, cuprates are layered materials,
superconductivity is highly anisotropic and the
application of a magnetic field along the direc-
tion perpendicular to the CuO, planes can sup-
press superconductivity much easier than the
same field applied parallel to the CuO, planes.
For LSCO, superconductivity coexists with in-
commensurate (Fig. 1e) quasi two-dimensional
spin-density wave modulations in the underdo-
ped regime, where the superconducting transi-
tion temperature T, is below the highest value
[3]. Application of a magnetic field along the
c-axis enhances the static incommensurate
spin-density wave order [4, 5]. Since a similar
field applied in the CuO, plane has little effect
on superconductivity and spin-density wave
order [6], these results suggest that the incom-
mensurate spin-density wave order competes
with superconductivity.

For electron-doped materials, our ultimate goal
is to determine if similar spin-density wave
exists and, if so, to measure their magnetic
field-induced effect. The Cu* spins have a sim-
ple antiferromagnetic (AF) collinear structure
(Fig. 1¢) in the parent compounds of hole-
doped materials such as La,CuO, and
YBa,Cu;0,. Below 30 K, the Cu* spins in the
parent compound of electron-doped Nd,CuO,
and Pr,CuO, form the noncollinear anti-
ferromagnetic structure of Fig. 1a and b, due
to the exchange coupling between Cu*
and rare-earth ions. We use neutron scatter-
ing to investigate the magnetic field effect
in electron-doped high-T. superconductor
Nd, 4;Ce, ;sCuO, [7]. However, the annealing
process necessary to make superconductivity
in this material also induces a cubic (Nd,Ce),0,
as an impurity phase [8]. Because Nd in
(Nd,Ce),04 has a magnetic ground state and is
lattice matched with Nd, 4Cep;sCuO, in the
CuO, plane, application of a c-axis aligned
magnetic field on Nd, 4;Ce, sCuO, will also in-
duce paramagnetic scattering from (Nd,Ce),0;.
For zero momentum transfer along the c-axis,
the lattice from NCCO and (Nd,Ce),0, are latti-
ce matched. As a consequence, the results
obtained in [7] may be ambiguous [8] and are
subject to debate [9].

There are two ways to resolve this impurity
problem and determine the intrinsic properties
of electron-doped materials. First, even though
the lattice parameters of the cubic impurity
(Nd,Ce),04 are lattice matched with NCCO in
the ab-plane, its c-axis lattice constant is about
10 % smaller than that of NCCO. This lattice
constant mismatch gives incommensurate
scattering in NCCO at positions such as (0.5,
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0.5, L) L=2.2, 4.4, and so on. Therefore, one
can separate the impurity scattering by simply
performing a c-axis aligned magnetic field ex-
periment at non-zero integer L positions, such
as L =1, 2, and 3 as such scattering can only
arise from NCCO. To do this, we performed an
experiment at HMI using the HM-2 horizontal
field magnet to probe the AF order at (0.5, 0.5,
3) position. The antiferromagnetic reflection
(0.5, 0.5, 3) of NCCO shows clearly the field-
induced effect (Fig. 2a), while the impurity
reflection (2, O, 4) shows no observable field-in-
duced effect at NCCO position (0.5, 0.5, 4.4)
(Fig. 2b). These results unambiguously de-
monstrate that application of a c-axis aligned
magnetic field enhances the residual antiferro-
magnetic order [10].

The second method to resolve this impurity
issue is simply to perform field-induced experi-
ments on samples where the impurity phase
has a nonmagnetic ground state. For this pur-
pose, we grew single crystals of

Pr,gLaCe, ,CuO, (PLCCO), where Pr* has a
nonmagnetic singlet ground state and the im-
purity phase (Pr,La,Ce),0; has no observable
field-induced effect up to 12 T (see Fig. 3 b)
[11]. The as-grown PLCCO has the same non-
collinear Cu spin structure as phase /Il of
NCCO, except a small induced Pr moment is
antiparallel to the Cu moment direction. Since
the rare earth Pr** moment contribution is negli-
gible in PLCCO and the impurity phase
(Pr,La,Ce),0, does not show any field effect,
PLCCO is an ideal material for investigating the
phase transition from the superconducting
state to the AF ordered state.

a {0.5.0.5,L) b 0.5, 0.5,L)
4 T *
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Fig. 2: The field effect on Nd, 4sCe ;sCuO,

a) The L scan at AF position (0.5, 0.5, 3) of NCCO shows that

a c-axis aligned field enhances the AF order.

b) The impurity reflection (2, 0, 4), which is at (0.5, 0.5, 4.4) in

NCCO shows no field effect.
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We first investigate at zero-field how as-grown
AF ordered insulator is transformed into a su-
perconductor. We find that the existence of
commensurate spin-density wave modulations
in underdoped PLCCO is similar to that in
LSCO [12]. We then study the effect of an app-
lied magnetic field on spin-density wave modu-
lations at HMI. The c-axis aligned magnetic field
on PrylaCe ,CuO, induces the AF order at
(0.5, 0.5, 0) position (Fig. 3 a), whereas no field-
induced effect is observed at (0, 0, 2.2) from
impurity phase (Fig. 3 b) [11]. Therefore, it is
clear that the observed field effect at (0.5, 0.5,
0) cannot arise from the impurity phase and a
c-axis aligned field also affects the spin-density
wave modulation in electron-doped materials.

In summary, our experiments performed using
high-magnetic fields at HMI show that the spin-
density wave order can be enhanced by an
applied field irrespective of electron and hole
doping. These results can provide guantitative
constraints on theoretical understanding of the
interplay between magnetism and supercon-
ductivity in high-T, copper oxides.
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Introduction

Magnetism and superconductivity are two
basic properties of materials that have been
studied intensively for many years. While a solid
understanding of magnetism has been develo-
ped during the last fifty years, there are signifi-
cant basic properties that remain to be explai-
ned in superconductivity, as exemplified by the
mechanism underlying high-temperature su-
perconductivity. Superconductivity and static
magnetic order are generally considered as
competing phases. Back in the fifties and six-
ties, it was observed that superconductivity
was strongly suppressed or extinguished by
substitution of magnetic impurities at a 1% level
[1, 2]. However, in the seventies it was revealed
that true long-range magnetic order co-existed
in Chevrel phase superconductors like RMo4Sg
and the related RRh,B, (R = rare earth) [3]. Here
it is argued that the detrimental effect of the
rare earth ions is avoided, because they form a
fully ordered sublattice that is isolated from the
conduction electrons. Furthermore, the orde-
ring sets in at rather low temperature (approxi-
mately 1 K) and has a modulated structure that
averages out on a length scale of the super-
conducting order parameter. In the late eighties
all attention was given to the high-temperature
superconductors where highly interesting, but
so far unraveled, interactions exist between the
magnetic and the superconducting electrons or
holes within the same copper-oxide planes.

The rare-earth nickel boron-carbides RNi,B,C
have attracted much attention after their disco-
very in 1994 [4, 5], because superconductivity
and antiferromagnetism co-exist for R = Dy,
Ho, Er and Tm at comparable temperatures
6K=<T.<11Kand 1.7K = Ty = 11 K [6]. Here,
Ty is the Néel temperature. Above this tempe-
rature, the antiferromagnetic order in a crystal
is lost, similarly to the superconducting proper-
ties that are lost above the critical temperature
T.. ErNi,B,C, in particular, is interesting be-
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Fig. 1: Crystal structure of the rare-earth
borocarbides

cause magnetization studies have indicated
weak ferromagnetism below T, = 2.3 K in zero-
field and because several magnetic phases
develop in an applied magnetic field [7]. Single-
crystal neutron-diffraction studies in zero field
[8] have corroborated these results and confir-
med the earlier neutron powder-diffraction fin-
dings [6] that the magnetic phases are charact-
erized by a transversely polarized spin-density
wave with an ordering vector (wave vector) Q =
0.55 a* (or b*, where a* and b* are reciprocal lat-
tice vectors) and with the spins lying in the
basal plane of the tetragonal crystal structure
(see Fig. 1). If 0 = 0.5 a* was a stable configu-
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ration, the magnetic structure would consist of
ferromagnetic sheets, and since the unit cell
contains two Er-ions, the stacking sequence
would be double layers: up-up-down-down
etc. However, nesting at the Fermi surface re-
sults in phases with Q = 0.55 a* and introduces
phase slips in the stacking of the commensu-
rate sequences.

Recently, a mean-field model has been estab-
lished and shown to account for most of the
observed experimental data, including the
transition from weak ferromagnetism to anti-
ferromagnetism at 2.3 K shown in Fig. 2 [9].
The model suggests that the magnetic tran-
sitions result from a series of structures
with ordering vectors Q = n/m a* (or b*) with
0.55 < n/m < 0.60. The present neutron-diffrac-
tion study aims to establish the modulation
vectors of the stable magnetic phases and to
compare the results with the predictions of the
mean-field model. A detailed account of the
model is published in ref. 9, and the experi-
mental results and model analyses are present-
ed in ref. 10.

Results and discussion

Two stable structures have been identified with
ordering vector Q = 11/20 a* (or b*) in zero field
[9]. Above T. = 2.3 K there is an equal number
of up and down spins, but below T. one of the
spin directions becomes more populated, lea-
ding to weak ferromagnetism as visualized in
Fig. 2. At low temperatures the structures are
squared-up and not sinusoidal as they are
close to 7.

A field applied along [0 1 Q] results in the for-
mation of two different domains. Since the
spins are Ising like, the most favorable domain
has QO = w/m a*. When increasing the field H
more up-spins are formed and phase transi-
tions between structures with different com-
mensurate modulation vectors result, as shown
in Fig. 3a. The transverse domain stays at
0 = 16/29 b* = 0.55 b* and decreases gradually
in intensity as the field is increased. The
H-T-phase diagram in Fig. 3a agrees well with
data derived from bulk measurements [7, 11].

When applied along [0 O 1] the critical field
for the antiferromagnetic phase is as high as
~ 17 T at 1.8 K. The phase diagram, studied in
fields up to 12 T (the magnetic torque detached
the crystal at higher fields), is shown in Fig. 3c.
A gradual change of Q from = 11/20 to = 5/9 a*
(or b*) results when the field and/or the tempe-
rature is increased.

d(3p)d(5p)d(5p)d(5p) at 1.3 K

IMIRIMIMIN

d(4p)u(5p)u@p)d(5p) at 2.4 K

NIMINI

Fig. 2: One period of 40 layers of the O = 11/20 zero-field structures calculated below the Curie
temperature at 1.3 K, and in the antiferromagnetic phase at 2.4 K (the red arrows indicate those
layers in which the moments are reversed at the transition).
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Studies performed with the field along the
[1 1 Q] direction reveal a series of ordering vec-
tors 0 = 0,+0; as a function of field and tem-
perature. The principal ordering vector 9, along
a* or b* ranges from Q, = 11/20 to = 18/31 re-
ciprocal lattice units rlu, as shown in Fig. 3b. A
peculiarity is a small, but clearly observable,
rotation of the principal ordering vector Q,
by an orthogonal component Qjs=-0.005 5%,
which occurs close to and above the super-
conducting critical field, H..,.

The mean-field model has been a valuable tool
in the interpretation of the neutron diffraction
and the bulk magnetization data. It accounts
for the stability of many of the observed pha-
ses, but not for the small finite Q5. This small
rotation shows that the exchange interaction
has anisotropic components.
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Fig. 3: Magnetic phase diagrams of ErNi,B,C for the magnetic field applied along
a)[010],b)[110]andc)[00 1]. Small black dots mark the (7, H) points where the measure-
ments were made. The outermost boundary lines in a) and b) interpolate points where the magnetic
intensity disappears. In c) the boundary line is the Néel temperature determined by the mean-field
model. A fine solid line marks the superconducting critical field H.,, and the solid circles indicate the
magnetic phase lines derived from magnetization measurements [11]. Four commensurate phases
are presented in the phase diagram a) with Z 11 [0 1 Q). In b), H Il [1 1 Q], coloured areas indicate
the existence of one of the three phases, and the striped areas represent coexistence of two pha-
ses. The modulation vector has a finite transverse component above the dashed line, and the open
circles indicate that the orthogonal component is zero at lower field. The insert shows schematically
how the magnetic reflections are rotated in reciprocal space. In c), with A Il [0 O 1], the contours
indicate that Q increases continuously as function of H and T the open squares represent the Néel

temperature derived from the data.
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Interfaces of hydrophobic substrates against
aqueous media are of broad interest in view of
their ubiquitous presence in biological and other
types of colloidal systems. It is generally believed
that the adsorption of apolar molecules from
aqueous solutions onto a hydrophobic surface,
like their aggregation in water, is caused by
hydrophobic interactions [1]. Recent theoretical
studies [2] have indicated, however, that the
nature of the solvation of small and large apolar
species in water is quite different: Hydrogen bon-
ding of water persists around small molecules
but is depleted near large species, leading to a
drying phenomenon, i.e. a drastic reduction of
the local density of water near the surface of
large species, which is absent for species of
radius less than ca. 1 nm. Modern techniques like
X-ray and neutron reflectometry are ideally suited
to experimentally cross check above predictions
on extended systems. The fraction of reflected
X-rays or neutrons is a direct measure of the
density profile across the interface on the mole-
cular scale. Neutron reflectometry (NR) is particu-
larly useful as it offers the possibility to enhance
the sensitivity by changing the scattering con-
trast, mostly by replacing weak scattering pro-
tons ('H) by strong scattering deuterons (*H = D)
without distorting the chemical nature of the
system under investigation.

Neutron reflectivity experiments on the interface
of deuterated polystyrene fims (d-PS) and heavy
water (D,0) revealed that water is depleted (to
ca. 90 % bulk water density) in a ca. 3 nm thick
boundary layer of the liquid phase against the
hydrophobic substrate [3]. This finding coincides
with reports on two similar systems [4, 5] where
water depletion layers were also observed. Al fin-
dings can be explained in the general context of
wetting (or non-wetting) and in particular in the
context of above mentioned theory of a drying
transition [2] where the depletion of water is seen
as a (weak) dewetting of the hydrophobic walls
(d-PS coating, alkane monolayer) in contact with
the bulk agueous phase [6].

On a macroscopic scale, the wetting behaviour is
characterized by the contact angle of the liquid at
the surface of the substrate. Commonly, the ad-

vancing contact angle of macroscopic droplets
of water, 19, is taken as a measure of the hydro-
phobicity (and wettability) of surfaces (see Fig. 1):

Fig. 1: Image of a water droplet (diameter ca.
3 mm) on a polymer substrate at which the
contact angle ¢ at the three-phase contact
line (substrate/ liquid/ vapor) is less than 90°.
This is a signature of a weakly hydrophobic or
hydrophilic substrate.

Contact angles 9> 90° indicate hydrophobic sur-
faces, while ¥'< 90° indicate weakly hydrophobic
or hydrophilic surfaces.

For water on d-PS coatings, = 90°, and thus it
is not unexpected to find that water is depleted in
the boundary layer against d-PS surfaces. It is
more of a surprise that water is also depleted
near ethyleneoxide-terminated self-assembled
monolayers (EG3-OMe SAMs), for which the
water contact angle is only 63° [5]. Furthermore,
measurements of force as a function of distance
between two organic surfaces immersed in
aqueous solutions, performed by Ishida et al. [7],
indicated the onset of hydrophobic interactions
at even lower water contact angles (9= 40°). This
observation is remarkable as the onset of hydro-
phobic interactions is an indicator for incipient
drying of the surfaces.
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Contact angles in the range of 30-70° are also
typical for water or aqueous solutions at poly-
electrolyte coatings. In the present work we pre-
pared multilayer films, Si/PEI/(d-PSS/PAH), (9 =
63° and Si/PEI/(d-PSS/PAH)/d-PSS (9 = 379),
from the respective polyelectrolytes PEI (poly-
ethylene-imine), d-PSS (deuterated polystyrene
sulfonate) and PAH (poly-allyl-hydrochloride), by
“layer-by-layer” deposition [8] on top of silicon
single crystals. The polyelectrolyte-coated silicon
single crystals served as the top of a flow cell
made up by a Teflon trough (see Fig. 2).

Polyelectrolyte multilayers absorb substantial
amounts of water [9]. The scattering length den-
sity, Nb, of the films and of the water phase can
be matched by using appropriate mixtures of
D,0 and H,0, and in this way the fim/water inter-
face should become invisible to the impinging
neutrons in the absence of a depletion layer.
Thus, polyelectrolyte coatings are ideal model
systems to check the relation between water
contact angle and the appearance of water
depletion by neutron reflectometry.

Fig. 2 shows reflectivity curves for a given poly-
electrolyte coating (ca. 30 nm thickness) against
pure D,0, pure H,O and a contrast-matching
D,0/H,0 mixture. From these and further results
for a series of different D,O/H,0O mixtures the
scattering length density (sld) of the polyelectroly-
te film at given D,0/H,0 compositions of the wa-
ter phase was extracted from fits to the spectra
(solid lines in Fig. 2, bottom) and plotted versus
the scattering length density of the water phase.
By this procedure the matchpoint of polyelectro-
lyte film and bulk water phase was found to be
5.03 - 10 A=, For this condition the Kiessig frin-
ges stemming from the interference of neutrons
that are reflected at the silicon/fim and at the film/
water interface, respectively, are completely sup-
pressed (Fig. 2 bottom left, middle curve). This
finding proves that the polyelectrolyte coatings
are indeed contrast matched, but it also indica-
tes that there is no significant depletion of water
at the hydrophilic polyelectrolyte/water interface.
At least it is safe to say that water depletion is
much less pronounced than observed at the hy-
drophobic d-PS/water interface. The same con-
clusion also holds for the d-PSS terminated films.

Interestingly, the contact angle of water on the
PAH-terminated polyelectrolyte multilayers is al-
most the same as on the EG3-OMe terminated
SAMs of reference [5]. Nevertheless, the wetting
behavior of these two surfaces appears to be
quite different. While the water-sorbing polyelec-
trolyte coatings do not induce a depletion layer of
water, pronounced depletion of water is found at
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the non-swelling SAMs. This demonstrates that
the water contact angle cannot be taken as an
unambiguous indicator of the onset of the drying
transition of water at hydrophobic surfaces. Ap-
parently our knowledge about interfaces that are
generally considered “simple” is far from comple-
te.
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Polyelectrolyte film

depletion layer

D,0/H,0

Palyelectrolyte film
| layer *

D,0MO bulk liquid phase

4.50 475 5.00 525
Mb 3 10° A2

Fig. 2: Scattering geometry (top left), schematic scattering length
density profiles (top right), reflectivity curves (bottom left) and
zoom-in on the scattering length density profile at the polymer/
water interface (bottom right). Note that the polymer film sand-
wiched between the silicon backing and the water fronting is
invisible to the incident neutron beam upon appropriate index-
matching of the liquid phase (red solid lines, bottom left and right).
In this case the neutrons are reflected from the silicon/polymer
interface only and thus the characteristic oscillations of the reflec-
tivity curve are lost. The black dotted line shows the profile of the
scattering length density across the polymer/liquid interface. For
details see text.
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I \cutron Autoradiography of the painting
Armida abducts the sleeping Rinaldo
(~1637) by Nicolas Poussin

C. Laurenze-Landsberg', C. Schmidt’, L.A. Mertens?, B. Schroder-Smeibidl?

W 1 Berlin Picture Gallery (Gemé&ldegalerie Berlin)

Fig. 1: Nicolas Poussin, Replica, Armida
abducts the sleeping Rinaldo, (c. 1637),
Berlin Picture Gallery, 120 x 150 cm?, Cat

2 HMI

In close collabora-
tion, the Berlin Pic-
ture Gallery (Ge-
maldegalerie Ber-
lin, Stiftung PreuBi-
scher Kulturbesitz)
and the Hahn-Meit-
ner Institute investi-
gate old masters
paintings by means
of neutron autora-
diography. Neutron
autoradiography is
a very effective,
non-destructive, but
rather exceptional
method applied in

No. 486 the examination and
analysis of materials and techniques used in
painting. It allows the visualization of structures
and layers under the visible surface and, in
addition, enables one to identify in detail the
elements contained in the pigments. The
instrument B8 at the Berlin Neutron Scattering
Center BENSC is dedicated to these investiga-
tions.

Neutron autora-

Isotope | Half life | Pigment diography - the

5Mn 2.6h Brown colours, method and the
Umber, Ocre instrument

“Cy 13h Azurite, Usually, when exa-

Malachite mining paintings,

AS 1.1d Smalt, Realgar, | Museums  apply

Auripigmente metho?s basedf

upon the use o

:ZSE 20751 Naples-Yellow photon radiation.

- - Howeyer, thel in-

P 14d Bone-black formation provided

2Hg 47d Vermillion by these methods

“Co 53a Smalt is limited. Infrared

reflectography re-

Table 1: Main isotopes and pigments
used in neutron autoradiography and
their half-lives
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veals black car-
bon-based media,
whilst X-ray trans-
mission-records

only indicate the distribution of heavy elements
like iron or lead, e.g. in the pigment lead-white.
As a complementary method, neutron autora-
diography is capable of revealing different paint
layers piled-up during the creation of the pain-
ting. In many cases, the individual brushstroke
applied by the artist is made visible as well as
changes and corrections introduced during the
painting process. By using paintings that have
been reliably authenticated, one can identify
the unique style or “hand” of a particular artist.

The experimental principle

The experimental principle is simple: In the first
step, the painting is irradiated at the instrument
B8 by neutrons from the research reactor
BER Il. Some of the atomic nuclei within the
painting capture one of the neutrons thus
becoming radioactive. The probability of cap-
ture depends on the activation cross-section
specific for every isotope. During the irradiation,
the painting is fixed on a support in front of the
neutron guide end (open area: 3.5 x 12.5 cm?).
The surface of the painting is adjusted under a
small angle (< 5°) with respect to the axis of the
guide. This way, the main free path of the neu-
trons within the paint layer becomes much lon-
ger than in the case of perpendicular transmis-
sion. The support is then moved up and down
with a velocity of a few cm/s allowing for a uni-
form activation of the total area of the panel.
Due to the short irradiation time, only 4 of 10%
atoms became radioactive on average, insofar
the method is considered as a non-destructive
investigation. After irradiation, the neutron-
induced radioactivity decays with time. Around
a dozen of different light and heavy isotopes —
emitting - (electrons) and y-radiation — are cre-
ated. The most important isotopes, their half-
lives and the corresponding pigments are pre-
sented in Table 1. The induced B-decay black-
ens highly sensitive films or imaging plates thus
unveiling the spatial distribution of the pig-
ments. The big advantage of neutrons lies in
the fact that different pigments can be repre-
sented on separate films. This is due to a con-
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trast variation created by the differences in the
half-lives of the isotopes. The y-spectroscopy
provides information about the element com-
position in the pigments. The image plate tech-
nique allows for direct digital analysis and pro-
cessing.

The investigation of the painting
Armida abducts the sleeping Rinaldo
(c. ~1637) by Nicolas Poussin

Nicolas Poussin (1594-1665), one of the main
representatives of pictorial classicism in the
Baroque period, was French, but spent his ent-
ire career in Rome with the exception of two
years as court painter to Louis Xlll. The illustra-
tions in his paintings address scenes from the
Bible and from classical antiquity. Already in
1625, the legend of the sorceress Armida and
the crusader Rinaldo had inspired Poussin to a
painting named Armida and Rinaldo, now
owned by the Dulwich Picture Gallery in
London, that is accepted as being an original.
In contrast, the painting at the Berlin Picture
Gallery Armida abducts the sleeping Rinaldo
(Fig. 1) showing a different but similar scene, is
up to now listed in the Berlin Gallery’s catalo-
gue as a copy.

To clarify the open question of the ascription,
an investigation by means of neutron radiogra-
phy was carried out at the Hahn-Meitner
Institute. The record of an X-ray radiography
(Fig. 2) applied as a complementary method
did not contribute to the solution of the prob-
lem revealing primarily the image of the woo-
den frame. Because of the size of the painting,
the neutron radiography had to be carried out
in two separated irradiations. In Fig. 3, one of
the autoradiographs is depicted. The different
sets of image plates were processed digitally
and assembled afterwards. Already this first
record, showing the distribution of the short-
lived isotope *Mn contained in the brown pig-
ment umber, reveals surprising conceptual
changes - so called pentimenti: additional trees
(highlighted in Fig. 3) not present in the final
painting. Obviously, these pentimenti are cor-
rections made by the master himself. A copyist
would not have been aware of these changes.
Therefore, these pentimenti are strong and
important hints that this painting can possibly
be ascribed to Nicolas Poussin himself.
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Summary

With neutron autoradiography painting techni-
ques or conceptual changes and corrections of
a painting become visible. The art historian or
the restorer obtains valuable information about
the artist’s brushstroke and the actual condition
of the painting. In some cases, decisions about
the authenticity can be made. In addition, this
method is used more and more as an instru-
ment supporting the restoration of paintings.
The example presented above impressively
demonstrates the efficiency of neutron autora-
diography as a method for the examination of
paintings.

Fig. 2: Nicolas Poussin, Replica, Armida ab-
ducts the sleeping Rinaldo, X-Ray transmission
record, Picture Gallery Berlin

Fig. 3: Nicolas Poussin, Replica, Armida abducts the sleeping
Rinaldo, 1% neutron autoradiography assembled from 12 image
plate records: In order to investigate the whole picture, two
separated irradiations were carried out and finally recomposed.
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All investigated amorphous materials show
anisotropic plastic deformation under swift
heavy ion irradiation (SHI) as a consequence of
multiple anisotropic high electronic energy
deposition referred to as ion hammering [1-3].
In the past years this effect has been discussed
controversially [4-7]. The viscoelastic thermal
spike theory by Trinkaus et al. [4, 5] represents
a good description for glasses which show a
continuous transition to the liquid state. How-
ever, a verification of the model for amorphous
semiconductors, which show a phase transi-
tion of first order, has not been undertaken.
With its well-known physical properties amor-
phous Si (a-Si) seems to be a suitable candida-
te to be investigated first.

Single-crystalline, 370 um thick, one-side po-
lished Si wafers were amorphized by means of
multiple Si implantation at 77 K with energies of
0.25-9.5 MeV and ion fluences of 3-7 - 10" cm?
at the Tandetron accelerator of FSU Jena.
Rutherford-backscattering spectrometry, infra-
red-reflection spectrometry and cross-sectional
transmission electron microscopy imaging re-
vealed a homogenous amorphous surface
layer with a thickness of d = 5.7 um. In order to
measure surface shifts with a precision of 1 pm
an Au grid layer of 40 nm thickness has been
produced on the sample surface by subse-
quent Au evaporation through a Ni net.

Swift heavy ion irradiation of the samples was
carried out at HMI with the conditions descri-

bed in Table 1.
lon/Energy e T,[K] S,[keV/nm]
390 MeV Xe?t  45° 77, 300 15.8+0.2
350 MeV Au*t  45° 77, 300 18.8+1.0
600 MeV Au*r  45° 77, 300 21.3+0.3

Table 1: Irradiation conditions: the angle of the ion
beam with respect to the surface normal ©, the irra-
diation temperature 7, and the mean value of the
electronic energy deposition in the a-Si layer S, as
calculated by SRIM-2003.

By mounting the sample on a holder with a
movable aperture micrographs of the transition
region between irradiated and unirradiated sur-
face parts were taken in-situ with a long-distan-
ce microscope. As an example, Fig. 1 shows a
micrograph of the surface shift of a sample
irradiated with electronic energy deposition
S, = 18.8 keV/nm at 7, = 77 K indicating the
occurrence of plastic flow of a-Si under SHI.

In order to quantify the plastic flow process, the
dependence of the surface shift Ax on the ion
fluence @t has been measured for each SHI
condition. Fig. 2 shows the results for the irra-
diations at T, = 77 K.

v

Fig. 1: Micrograph of a calibrated a-Si sample.
The grid distance is 85 um. The upper part

(v = 0) has not been irradiated, the lower part
(v = 0) has been irradiated at T, = 77 K with
350 MeV Au and an ion fluence of

@t = 1.65 - 10" ecm? under an angle of

O = 45° from left.

A linear dependence of Ax(®r) and an intensi-
fied plastic flow with increasing S, have been ob-
served. For room-temperature irradiation and
small fluences the data points lie slightly below
those in Fig. 2. The linear increase of Ax(®x) is
a well-known feature of the ion hammering
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effect of embedded amorphous layers within
crystalline surroundings and can be under-
stood with the extended Maxwell model [1-3]
.é :4 ! @ +£elasr + .évixc (1)

which describes the macroscopic deformation
£ as a superposition of the ion hammering
effect, characterized by the deformation yield
tensor 4, with the elastic and viscous proper-
ties of the layer, characterized by g, and g,
respectively. In case of quasi-static equilibrium
and stress-free surfaces this model has a solu-
tion far from the interfaces, which describes the
surface shift as a function of the ion fluence

Ax=34,d-sin20 - dr. #)

[1] S. Klaumulnzer, Multisc. Phenom. in
Plasticity, 441 (2000).

[2] A. Gutzmann, S. Klauminzer, P. Meier,
Phys. Rev. Lett. 74, 2256 (1995).

[3] A. Gutzmann, S. Klaumunzer, Nucl. Instr. &
Meth. B 127/128, 12 (1997).

[4] H. Trinkaus, A.l. Ryazanov, Phys. Rev. Lett.
74, 5072 (1995).

[5] H. Trinkaus, J. Nucl. Mater. 223, 196 (1995).

[6] L. Cliche, S. Roorda, M. Chicoine, R.A.
Masut, Phys.Rev.Lett. 75, 2348 (1995).

[7] M. Chicoine, S. Roorda, L. Cliche, R.A.
Masut, Phys. Rev. B 56, 1551 (1997).
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A =502x10"cm® &
The tensor 4 reduces to the scalar 4, denoted 25| # // ¢ §,=213keVinm -

as deformation yield per ion and determines £/ ¢ &=188keVinm |
the slope of the linear dependence Ax(®z7) and 20 ;S = S =158 keV/nm
thus the strength of the anisotropic growth.

Trinkaus et al. assigned 4, to the ion-solid-in-
teraction and could derive an expression for the
dependence of 4, on both the irradiation con-
dition (energy deposition, irradiation temperatu-
re) and the target material properties [4-5].

o e [

surface shift Ax [um]

Being aware of the layer thickness d and the
incident angle of the ions O the dependence of
the deformation yield 4, on the electronic
energy deposition S, can be calculated for both
irradiation temperatures by using Eqg. (2). The
results are shown in Fig. 3. As a rough ap-
proximation a linear dependence of 4,(S,) has
been observed for both irradiation temperatu-
res. For constant energy deposition 4, de-

ion fluence @t [10" em™]

Fig 2: Dependence of the surface shift Ax on the ion
fluence @t for the irradiations at T, = 77 K.

creases with increasing T, due to enhanced 6
stress relaxation in the surroundings of the ion - v r
path [4-5] resulting in a lower slope d4,/dS, < 5'_ A, ,=a(5.-S,) |
for the higher T,. The energy deposition thres- G | 5§ =14.2 keVinm
hold of the plastic deformation can be assigned XA ” |
to S,,=142keV/nm and is independent of - | m T,=77TK
the irradiation temperature. The observed value 5 sl a=4.64x10™ m' | |
of the normalized deformation vyield for = |
T, =77 K d4,/dS, = 4.6 - 10 m¥/J is an order of 5 5l " T,=300 '_(“ . |
magnitude lower than typical values for metal- . | g=343x10"mN |/,
lic glasses [4-5] and is obviously due to the first ‘g 1L " i
order phase transition occurring during the - L I_.,-:.“--‘Il
thermal spike phase in a-Si. 0 P S T 4 S S

0 5 10 15 20 25
Further investigations should be directed to a electranic energy deposition 5, [keV/nm]
possible explanation of the observed normal-

ized deformation yield at the low irradiation tem-
perature with an extended Trinkaus theory inclu-
ding the phase transition of first order in a-Si.

Fig. 3: Dependence of the deformation yield per ion 4,
on the electronic energy deposition S,. The threshold
value of S, is denoted as S,,.
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Il Surface modification by irradiation with swift

heavy ions

W. Bolse', B. Schattat!, H. Paulus’, |. Zizak?, N. Darowski?, S. KlaumUnzer?
B 1 Institut fUr Strahlenphysik, Universitat Stuttgart B2 HMI, SF4

Swift heavy ions at energies of the order of
MeV/amu are slowed down in a solid predomi-
nantly by electronic excitation and ionization of
the target atoms, while nuclear energy deposi-
tion by elastic collisions is negligible. Defect
creation and amorphous track formation due to
electronic energy deposition, which has been
observed especially in insulators, demonstrate
that part of the electronic excitation energy is
transferred to the lattice. In thin film packages,
swift heavy ion irradiation results in atomic
mixing at the interfaces. In former experiments
it was shown that interface mixing in oxide
bilayers occurs as soon as a certain threshold
S, is exceeded, which is given by track forma-
tion threshold of the less sensitive material of
the bilayer [1, 2]. The threshold for interface
mixing of NiO/SiO, is given by NiO, where we
have investigated the track formation, too.

Samples and irradiation

NiO single crystals prepared for transmission
electron microscopy (TEM), as well as NiO bulk
material and the thin layer system NiO/SiO,
have been irradiated with 90 MeV to 350 MeV
Ar, Kr, Xe and Au ions at 7= 80 K and low
fluences, (~10" ¢cm?), where the single ion im-
pacts are clearly separated from each other.

The irradiations were performed at Hahn-
Meitner Institute, Berlin. No tracks were obser-
ved after irradiation with 90 MeV Ar ions, while
discontinuous track fragments became visible
after irradiation with 140 MeV Kr ions. This is in
good agreement with the intermixing and self
organization behaviour in NiO/SiO,-bilayers,
where the effects could only be observed after
irradiation with ions heavier than Ar [3].
Continuous tracks, with their number density
being in agreement with the ion fluence, were
formed during irradiation with 230 MeV Xe and
350 MeV Au, respectively.

In Fig. 1, the top view of a NiO-sample irradia-
ted with 350 MeV Au is shown, while in Fig. 2
the sample was tilted by 40°, displaying conti-
nuous tracks. Furthermore, spherical nanopar-
ticles have been formed at the ends of these
tracks. Fresnel contrasts, which evidence
voids, were observed along the tracks and
prove that the center of the tracks is empty.
The void formation conforms with the nanopar-
ticle formation at the surface. Similar nanopar-
ticles have been observed at the top of
NiO/SiO, due to swift heavy ion irradiation with
low fluences.

Experiment

X-ray scattering methods have been
proven to be a powerful tool for non-
destructive analysis of the shape, size
distribution and density fluctuations of
solid state matter. Using the 6-circle
goniometer at the KMC2 beamline at
BESSY and the available area sensitive
detector, it was possible to study the
diffuse small angle scattering (SAXS),
recording the beam reflected from the
sample surface (GISAXS). This geome-
try allows one to gain information
about structures at the surface with a

Fig. 1: TEM image of the single Fig. 2: Same position on the same  size of a few nanometers, and is there-

NiO crystall irradiated with sample as in the Fig. 1. Sample fore well-suited for the investigation of

4-10"cm? 350 MeV Au. The was tilted 40° for the TEM. Note the pellets on the irradiated NiO-sam-

image was taken normal to the the corresponding tracks marked ples. The shape of the pellets, their

surface. with numbers in the figures 1 and  size distribution and parts of the ion
2. The irradiation led to the crea- track near the surface can be studied
tion of hollow tracks with small and characterized.

spheres at the ends.
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The goniometer at the KMC2 beamline is opti-
mized for surface investigations using the gra-
zing incidence angle geometries, and, in com-
bination with the well collimated beam and the
area sensitive detector, it is suitable for GISAXS
measurements.

After the sample surface was aligned with the
incident beam, fast qualitative reflectometry
measurements were performed to estimate the
angle of total reflection for the specific sample.
Changing the incident angle in the GISAXS
experiment allows the study of different depths
under the surface. If the GISAXS measurement
is performed with incident angle smaller than
the total reflection angle, only objects which are
above the surface are detected. If the incident
angle is larger, part of the photons is penetra-
ting the surface and being scattered on the
objects below the surface. This way, the scat-
tering of the pellets and the hollow tracks can
be measured separately.

Results and Discussion

Since only one half of each sample was irradi-
ated, we were able to measure the scattering
from the unirradiated part, and use these mea-
surements for the background correction.

Fig. 3 shows the detected scattered inten-
sity from the thin NiO/SiO, irradiated with
5-10" 350 MeV Auions/cm?. The resolution
and the signal to noise ratio were not very satis-
factory, so only a part of the planned evaluation
was performed. The scattering pattern measu-
red on the unirradiated part of the sample was
subtracted from the pattern measured on the
irradiated part. The resulting scattering pattern
was fitted with the model function of mono-
disperse spheres laying on the sample surface
to obtain the radius of the pellets. The resulting
radius of the pellets was 6.2 nm. Thick NiO sin-
gle crystals showed no difference in scattering
function between the irradiated and the unirra-
diated part.

Although GISAXS offers more information on
the surface objects, it was not possible to eva-
luate the measured data with the expected
success. Low intensity of the primary beam
and large noise made the detection of the hol-
low tracks impossible. However, we were able
to detect and estimate the size of the spheres
on the surface of some irradiated samples. This
experiment showed that GISAXS provides
information on irradiated samples which are
very hard to measure with other methods.
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In 2005, a new SAXS experimental station is
going to become operational at the 7 T wiggler
at BESSY. The new station is optimized for the
surface scattering, and we plan to continue this
experiment at the new device. We hope to be
able to measure not only the radius of the
spheres, but also the radius and the dimen-
sions of the hollow track.

[1] W. Bolse, B. Schattat, Nucl. Instr. Meth. B
190, 173 (2002).

[2] B. Schattat, W. Bolse, S. KlaumUnzer,
F. Habsmeier, A. Jasenek, Appl. Phys. A 76,
165 (2002).

[3] W. Bolse, B. Schattat, A. Feyh, Appl. Phys.
A77, 11 (2003).

Fig. 3: Enlarged image from 2d
area detector. The white cross
marks the position of the primary
X-ray beam. The sample surface is
parallel to the x-axis of the detec-
tor, and the photons are reflected
upwards. The dark box in the
middle is the shadow of the beam
stopper, which protects the detec-
tor from the directly reflected
beam. The scattering in the surfa-
ce direction can be seen left and
right from the reflected beam.
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Il Tcndaguru Sauropod Dinosaurs —
Characterization of Diagenetic Alterations
in Fossil Bone

M. Stempniewicz, A. Pyzalla
B Institut fur Werkstoffkunde und Materialprifung, Technische Universitat Wien, Austria

Sauropod dinosaurs, and more specifically
Barosaurus africanus and Brachiosaurus bran-
cai, were animals of tremendous size. The
physiological and biochemical consequences
of this size and the resulting weight estimated
to reach up to 100 t [1] makes these dinosaurs
subject of our interest. In the project presented
here we investigate the structure of the
animals’ fossilized bones — a study exclusively
based on the fossil record, i.e. the excavated
skeletons.

In fossilized sauropod bone significant structu-
ral changes may have occurred due to the
interdiffusion between the bone and the envi-
ronment it was buried in for about 150 million
years. In order to assess these diagenetic
changes (alterations to a material’s original
mineralogy and texture due to geological pro-
cesses), the chemical composition of several
fossilized bones from the Tendaguru dinosaur
bed (Tanzania, East Africa) is studied. These
bones were excavated during the Tendaguru
Expedition run by Janensch in the years
1909-1913 [2] and have been stored at the
Museum of Natural History of the Humboldt-
University in Berlin (NHUB). Cores were taken
from the middle shafts of femora and humeri of
the sauropod skeletons by PD Dr. M. Sander,
University of Bonn. We investigated the cores,
i.e. cross-sections through the middle shafts, in
order to determine their structure on different
hierarchical levels as well as their texture (orien-
tation distribution of the crystallites). Since ma-
terial from individuals belonging to the same
species, yet buried in different stages of onto-
genetical development, is available, we expect
that the growth process of the sauropods can
be studied.

For the assessment of diagenentic changes in
the sample material quantitative analyses of
their elemental composition were necessary.
The measurements were performed at the ISL-
cyclotron by means of the PIXE method (Proton
Induced X-Ray Emission). All experiments were
carried out in air with a 68 MeV proton beam
with an area of (2 x 2) mm>. The cross sections
obtained from the cores were scanned radially
from the priosteal surface (outer surface of the
bone) to the border of the trabecular (“spongy”)
bone at the endosteal surface (inside surface of
bones that borders the bone marrow cavity).
The characteristic X-rays emitted from the tar-
gets were collected by an HPGe-detector.
From the obtained spectra quantitative analy-
ses were performed.

Fig. 1: General built of a sauropod dinosaur with
indicated humerus and femur bones (arrows).

Fig. 2: Radial cut of a cross section of a
femoral shaft of the Barosaurus africanus indi-
vidual with indicated measurement points.
Spot size: 2 x 2 mm?,
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Fig. 2 shows a typical radial cut of a cross sec-
tion with measurement points located on it.
Concentration profiles from all samples are
similar (Fig. 4). Among the observed element
distributions those of manganese, strontium
and uranium are the most interesting. Though
the bones remained buried for 150 million
years, the elements are still not evenly distribu-
ted. Uranium and strontium concentrations dif-
fer in absolute concentrations, but they seem
to follow the same pattern. Strontium, that
exchanges calcium in the apatite structure,
shows relatively higher concentrations toward
the outer surface. Manganese, in turn, is pre-
sent only inside the bone (in the pores), its con-
centration increases toward the inner part of
the bone. The absence of manganese in the
cortex indicates that only minor diagenetic alte-
rations of the bone occurred, since this ele-
ment was not incorporated in the biological
processes during the lifetime of the sauropods.
Iron is enriched in certain areas and causes the
typical brownish tint. There are several biologi-
cal and geochemical processes that might
explain these observations.

In our previous studies of the Tendaguru skele-
tons, we determined the crystallographic struc-
ture of the bone mineral, its habit and density
[3]. In addition, the application of PIXE yielded
concentrations of various elements and their
distribution over the sample. From the results
we conclude that some chemical alterations
occurred (strontium incorporation into bone
mineral) but they were not very significant since
manganese is only present in the pores and
does not infiltrate the bone cortex. Therefore,
the bone mineral particles are not fully recry-
stallized and further analyses of the crystallites
can be interpreted in contexts of an individual’s
life history. More details may be found in [4].

The authors gratefully acknowledge Dr. An-

drea Denker from ISL for her invaluable help
during and after experiments.
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Fig. 3: PIXE spectrum recorded on different points of
one section (Barosaurus africanus femur).
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Fig. 4: Representative elemental distributions
obtained by scanning a radial cut of a cross
section (Barosaurus africanus femur).

43



N AA User Service

Il |uid and particle retention in the hippos
Kathi and Josef of the Berlin Zoo
iInvestigated by Neutron Activation Analysis

A. Schwarm?, S. Ortmann?, M. Clauss®, D. Alber', D. Behne'
W1 HMI, SF6 M 2 Institute of Zoo and Wildlife Research (IZW), Berlin M 3 Institute of Animal Physiology and
Animal Nutrition, Oberschleissheim, Germany
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There are two basic forms of digestive systems
among herbivorous mammals: In foregut fer-
menters such as ruminants (i.e. cow, sheep,
goat) and other non-ruminating mammals with
forestomachs (i.e. hippo, kangaroo) the fer-
mentation of the food by microorganisms pro-
ceeds the enzymatic digestion while in hindgut
fermenters (i.e. horse, rhino, rabbit) it is the
other way round. In most hindgut-fermenting
mammals, larger particles are preferentially ex-
creted as they are more difficult to digest and
their retention would limit further food intake. In
ruminants which submit retained larger parti-
cles to repeated chewing, has selective large
particle retention been considered to be advan-
tageous. It has been assumed that other mam-
malian herbivores with forestomachs have a
particle retention mechanism similar to that of
ruminants, but this has not yet been investiga-
ted.

In order to obtain first information on this mat-
ter, the particle retention was investigated in
one animal each of two non-ruminant mamma-
lian foregut fermenters, the Common hippopo-
tamus (Hippopotamus amphibious, Kathi) and
the Pygmy hippopotamus (Hexaprotodon libe-
riensis, Josef) kept at the Berlin Zoo. The study
was carried out by means of an elemental tra-
cer technique. Hay particles with a length bet-
ween 1 and 2 mm were labelled with chromium,
larger particles with a length between 1 and
10 mm with cerium. Cobalt-EDTA was used as
a fluid marker. The animals were given the
mixed labelled hay particles and labelled water
as a single dose. Before and for five days after
the administration, the faeces of the animals
were collected as often as possible.

Fig. 1: The hippopotamus Kathi
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The concentrations of chromium, cerium and
cobalt in the faeces samples were determined
by instrumental neutron activation analysis.
After the samples had been dried and homo-
genized, 20-25mg aliquots were sealed in
ampoules made of highly pure silica, and,
together with standard samples, were irradia-
ted with thermal neutrons at the Berlin reactor
BER Il (neutron flux density 6 - 10" em™ s, irra-
diation period 2 d, decay period 3 d). Of the
radionuclides thus produced, the gamma rays
of 3'Cr, “'Ce and “Co were used for the quanti-
tative analysis.

Figs. 2 and 3 show the concentrations of the
three elements in the faeces collected at diffe-
rent periods of time after administration of the
labelled dose. From these values the mean
retention time was calculated. For Kathi the
mean retention time was 77.4 h for the Cr-label-
led 1-10 mm long hay particles and 73.4 h for
the Ce-labelled 1-2 mm long particles and for
Josef 62.7 h and 60.8 h, respectively. As was to
be expected, the mean fluid retention time
determined by means of the Co analysis was
much shorter (35 h for Kathi and 27 h for Josef).

These results are a first indication that the fore-
stomach physiology of the hippos differs from
that of ruminants, insofar as the former have a
faster excretion of the larger particles. In this
respect, hippos might be representative for
other non-ruminant foregut fermenters.

The study also showed that instrumental neu-
tron activation analysis which allows the simul-
taneous determination of several elements in
dried biological materials without any further
sample preparation, is very well suited to be
applied in tracer studies using multi-elemental
labelling techniques.
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Fig. 2: Concentrations of Ce, Co and Cr in the
faeces samples of Josef at different periods of
time after administration of the labelled dose
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Fig. 3: Concentrations of Ce, Co and Cr in the
faeces samples of Kathi at different periods of
time after administration of the labelled dose
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Il XED - an instrument in progress

J. Peters, K. Lieutenant, D. Clemens, F. Mezei
MW HMI, SF1

Fermi chopper .~
with 2 slit packages

21.79m

Z23m s

6 Disc choppers 19.6m
T3 m

PSD detectors 50 x 90 cm?

LL Magnet (25 or 40 T)

scattering process and
finally the crystal’s struc-
ture. Instead of being
equipped with a mono-
chromator, EXED is
based on the time-of-
flight (TOF) principle. In
this case, a system of
choppers — rotating slot-

y ted disks — selects pack-
r J ages of neutrons with
“ wavelengths in a predefi-
L ned range. These neu-
trons are then scattered
on the sample and re-

Fig. 1: Schematic view of the EXED instrument. The grey tubes correspond to a ballistic
neutron guide (straight guide and the compressor). The neutron pulses are produced alter-
natively by a Fermi chopper (in green) or by a counter rotating double disk chopper (in red),
which are exchangeable. The other disk choppers (in red) are frame overlap and a wave-
length band chopper. The position sensitive gas detectors are presented in yellow and can
be moved around the sample and the magnet. The blue structure is a magnet that might be
used with the instruments. The sample is placed at its centre; the scattered neutrons leave
in both forward and backward directions through the conical openings at the magnet’s
ends. The opening angles of the cones confine the range of accessible scattering angles.

The Extreme Environment Diffractometer EXED
will be a central element of the instrumentation in
HMI's new neutron guide hall, which is currently
under construction (cf. News article on page 9).
As a powder diffractometer, EXED will be mainly
used for investigations of crystal and magnetic
structures, in particular in substances available in
form crystal powder only. In the development of
this instrument several novel technologies will be
applied, some of them developed at HMI. The
instrument will be prepared for use with the plan-
ned 25-Tesla and 40-Tesla magnets thus contri-
buting to HMI's position as a leading centre for
the application of extreme sample environments
with neutron scattering. Currently, the design of
the instrument is in progress. EXED is expected
to become operational by the end of 2006 and
then serve as a user instrument at BENSC.

When monochromator crystals are employed in
powder diffractometers, they select from the
stream of neutrons incoming from the source
those with a particular wavelength. The neutrons
are then scattered in the sample and from the
change in the direction of their motion one can
deduce the momentum transmitted during the
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corded by a detector.
Since the wavelength of
the neutrons is correla-
ted with their velocity
and their energy does
not change during the
scattering process, from
the time of a neutron’s
arrival at the detector the
particle’s wavelength can
be inferred. From the
wavelength and the scattering angle one can cal-
culate the momentum transfer — the scattering
vector Q.

Wavelengthband: 3. - 1.2A + 0.6 A
55.6m 7
Flight |
path
278m / /6' Choppers
{
0 m |. - +
25 ms 50 ms Time-of-flight

Fig. 2: Time-of-flight diagram for the chopper
diffractometer. The diagonal lines correspond to
neutrons with the extreme values within the cho-
sen wavelength band of 2 = 1.2 A £ 0.6 A cut by
the chopper system out of the neutron stream.
In this example, a wavelength band of

AA = 1.2 A can be obtained, as for a larger band
subsequent neutron packages would overlap.
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For pulsed neutron sources the time-of-flight
technique is inherent. However, compared to a
common crystal monochromator instrument, it
offers a number of advantages on a continuous
neutron source, too:

- higher resolutions, comparable to those now
achieved at synchrotron radiation sources;

- efficient measurements for crystals with small
distances between the crystal planes
(d-spacing);

- more efficient in terms of neutron intensity for
conventionally high resolution neutron
diffraction work;

- full coverage of the relevant domain of
scattering vectors Q at very limited angular
access in scattering angles. Thanks to the
variety of wavelengths in the incoming neu-
tron package, the whole range of relevant
values of momentum transfer during the
scattering process can be observed within a
small range of scattering angles. This proper-
ty is important as the geometry of the new
magnets for extreme sample environments
will strongly confine the observable range of
scattering angles (see Fig. 1).

EXED will be installed on an innovative multi-
spectral neutron guide — a neutron guide deli-
vering both the thermal and the cold neutron
spectrum to the sample at about 80 m from the
neutron source. Computer simulations using
the Monte Carlo method

With a flight-path of 54 m between the chopper
and the sample, the highest resolution will be
achieved using a 36000 RPM curved Fermi
chopper for a pulse length of 6 us full-width
half-maximum (FWHM). The resolution will be
adjustable to the needs of the experiment by
extending the pulse length to up to 4000 us with
the help of alternate choppers (lower resolution
straight Fermi chopper and a disc chopper pair
with variable slit width). The highest resolution
in backscattering geometry will achieve o6d ~
3.5-10% A, i.e. 8d/d ~ 2-10* for common d-
spacing in the 2 A range. The wavelength
range to be explored will be defined by the
phases and angular velocities of the choppers
and can be scanned continuously (for example,
see Fig. 2).

The instrument has completely been simulated
with the Monte Carlo software package
VITESS, developed at HMI for the simulation of
neutron scattering experiments [1]. First results
show a good agreement with tabulated experi-
mental data for an Al powder sample (see Fig.
3) and confirm the theoretically calculated best
total resolution achievable at this instrument in
backscattering direction.

[1] VITESS website:
http://www.hmi.de/projects/ess/vitess/

[1] give an estimate of the
maximum flux at the
sample of 3 - 10° n/(cm?/s),
which is comparable to
the flux achieved by the
General Materials Dif-
fractometer GEM at the
ISIS laboratory in Eng-

land. The multispectral
guide allows for an inco- 20+
ming wavelength range
of 0.7 to 20 A, ie. a =

d-spacing ranging from

counts

035-10A, i.e. a mo- 1
mentum transfer Q do- 20
can be studied in the a )

N I e aka ! neEss

counts

ARED

Aspaang 4]

high resolution back-
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at scattering angles ran-

na
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Fig. 3: Powder pattern MC simulation results (VITESS - at the Ihs) for
0.7A <A< 18A and 156 ° < 20 < 179 ° as a function of the d-spacing (the distance
between parallel planes in the crystal structure). At 20 = 176 °© and A = 1.34 A (rhs),

nearly the highest total resolution of dd/d ~ 3 - 10* is obtained.

Adid=3x10*
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Il Relaxation in a glassy magnet

C. Pappas', F. Mezei', G. Ehlers?, P. ManueP, A. Hillier?, R. Cywinski* and .A. Campbell®

M 2 ILL, Grenoble, France and SNS, Oak Ridge, Tennessee, USA M 3 ISIS, Rutherford Apple-
ton Laboratory, Chilton, Didcot, UK M 4 Physics & Astronomy Department, University of Leeds, Leeds, UK

B 5 Laboratoire des Verres, University Montpellier I, Montpellier, France

B 1 HMI, SF1

The glass transition, characterised by a dramatic
slowing down of the dynamics without any no-
ticeable change in the spatial order, is a generic
phenomenon, seen in systems as different as
disordered magnets, polymers and biological
substances. In spite of its universality, it is still
controversial whether this is a real phase or a
gradual freezing. The difficulty is due to the ab-
sence of an observable static order parameter in
the low temperature phase. In fact the “snap-
shot” structure factor S(Q) = S(Q, t=0), which re-
flects the short and medium range static correla-
tions, shows no essential change when passing
from the high temperature liquid or paramagnetic
to the low temperature frozen glassy phase. In
this situation the observation of dynamic scaling
relations, which are the direct consequence of
the homogeneity hypothesis in the vicinity of a
critical instability can reveal the crucial signature
of a true phase transition.

Spin glasses are the
simplest realisation of
glassy systems from
the experimental as
well as from the theo-
retical point of view
and show the charac-
teristic non-exponen-
tial relaxation from

well above the free-
zing temperature Tg

fourler time [ns]

Fig. 1: Temperature dependence of the
normalised intermediate scattering func-
tion s(Q,1) of AuggeFey 4. at 0 =0.4 nm*
with the Neutron Spin Echo spectrometer
IN15 (ILL) for 7= 30.7 K (black), 40.6 K
(~Tg, green), 45.7 K (brown), 50.8 K (red)
and 55.8 K (blue) respectively. The conti-
nuous lines are the best fits to the data of
a simple power law decay below T, and
of the Ogielski function ¢~ exp(—(#/t(T))")

above Tj.
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down to the low tem-
perature phase, whe-
re the relaxation stret-
ches from the typical
microscopic  times,
some 10"s, to the
age of the universe.
Neutron Spin Echo
(NSE) spectroscopy
covers times ranging
from 10" to some
10*s, i.e. from cha-
racteristic microsco-
pic times up to times, which already belong to
the “long” time relaxation domain and for this
reason it is the method of choice for styding
glassy dynamics. NSE measures the intermedi-

ate scattering function s(Q,1) = S(Q,t)/S(Q,t=0),
which in spin glasses is Q-independent and
delivers a direct determination of the spin auto-
correlation function g(z).

Figure 1 shows in a log-log scale the NSE spec-
tra of the classical metallic Heisenberg spin glass
AuyeFep s @t 0=04nm™ as measured at the
IN15 spectrometer of the ILL with a wavelength
of 0.8 nm. The spectra extend over a dynamic
range of three orders of magnitude and by com-
bining these data with spectra obtained at a
wavelength of 0.45 nm at the BENSC spectro-
meter SPAN the time domain of the observation
is extended up to aimost 4 decades (Fig.2). s(0,1)
is strongly non-exponential and the large dyna-
mic range allows one for the first time to distin-
guish between the different forms, which have
been suggested to describe the relaxation [1].

From quite general scaling arguments relaxation
above a continuous phase transition must be of
the form t* f(tA(7)), where ©(7T) diverges as
(T-Tg)~, so that at the transition it reduces to a
simple power law with an exponent x related to
the standard critical exponents through
x=(d-2+n)/2z, with | the Fisher exponent, d the
space dimensionality and z the dynamical expo-
nent. As seen in Figs. 1 and 2, s(Q,1) follows a
simple power law decay at 7, (~40.6), s(Q,1) « t*,
with x = 0.116+0.007, which is in excellent agree-
ment with x=0.116+0.026 the value calculated
from the well established exponents of Heisen-
berg spin glasses, known from macroscopic
susceptibility measurements [2]. This is the first
time that it was possible to verify critical scaling in
a glassy system by relating quantities of very dif-
ferent nature and measured by different methods
on very different time scales, namely the micro-
scopic time dependence of the autocorrelation
function at times between the microscopic time
and 107 s on the one side and the macroscopic
a.c. susceptibility at time scales greater than
107 s together with the static non-linear suscep-
tibility on the other.
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Fig. 2: NSE spectra of Au, gFe, 4 collected at
the ILL spectrometer IN15 (full symbols) and at
the BENSC spectrometer SPAN (open symbols)
at 45.6 K. The continuous green line represents
the fit of an Ogielski function ¢ exp(—(#/t(1))").
The red dashed and blue dotted curves corre-
spond to a stretched exponential and a simple
exponential decay respectively.

Above T, neither a pure exponential nor a
stretched exponential decay describe the re-
laxation. In fact, the spectra are impressively
similar to the ¢() found in large scale Ising spin
glass simulations by A. Ogielski [3], which re-
vealed the existence of a phase transition in
three-dimensional Ising spin glasses. There is a
clear power law decay at short times with a cut-
off at longer times, which is not exponential.
Ogielski chose to represent f{y) by the stretched
exponential or KWW function, familiar in fragile
glass dynamics, and obtained excellent fits with
q(t)ct* exp(—(t/v(T))*) and B tending to 1/3 at T,
as expected from general arguments in glassy
systems [4]. The power law part of this so-called
Ogielski function describes the main part of the
relaxation above T,; and the NSE spectra lead to
an accurate determination of the exponent x. On
the other hand, the stretched exponential only
describes the tail of the relaxation and the para-
meters ©(7) and b are obtained to low accuracy.

A full description of the relaxation was made
possible by complementing the NSE results with
zero field Muon Spin Relaxation (USR) measure-
ments done on the very same sample. All pSR
spectra strongly deviated from a simple expo-
nential form and the non-exponential relaxation
stretches over an unusually broad temperature
domain up to almost room temperature, i.e.
~ 6 T, The fit to the stretched exponential form
leads to the temperature dependence of the
exponent B, seen in Fig. 3. Close to T, B tends
to 1/3 but becomes even smaller than 1/3 in the
very vicinity of T, which clearly indicates the
more complex relaxation than a simple stretched
exponential form found with NSE.
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The PSR spectra inform on the long time tail of
the Ogielski function, which describes the spin
autocorrelation function above T,. When fitting
the “log time” part of the NSE spectra to a sim-
ple stretched exponential the values of f are in
excellent agreement with those found by pSR
(Fig. 3). Muon depolarisation is due to the inter-
action with the Fe local magnetic moments. NSE
on the other side measures the spin autocorre-
lation function and the collective dynamics of Fe
spins. The agreement between YSR and NSE
shown in Fig. 3 should therefore not be taken for
granted. It is the

direct consequence 1
and at the same
time an additional 0.8

proof of the intrinsi-

08 [
cally homogenous

nature of the non- | = o4l * usr
exponential relaxa- " NSE
tion in spin glasses. 02 I T
Te
. . 0 I I
For intensity rea- 0 100 200
sons, NSE measure- TIK]

ments were only

300

possible close to T
and below. The pSr
spectra on the other
side were recorded

up to room tempe-
rature. They reveal
the existence of two
distinct regimes with

the muon depolarisation spectra. The

Fig. 3: Temperature dependence of the
exponent  deduced by fitting the stret-
ched exponential function exp(—(#/t(7))*) to

squares were obtained by fitting the tails of

the Neutron Spin Echo spectra to the
stretched exponential function.

a clear crossover

around 60 K, which can be seen as the cross-
over between the low temperature critical spin
glass relaxation and the high temperature
Arrhenius-like relaxation. § increases very slowly
above ~60 K and only around room temperatu-
re the relaxation becomes exponential with pf~I1.
This anomalous paramagnetic relaxation can
arguably be identified with the Griffiths phase,
which should extend up to the Curie temperatu-
re of the non-diluted reference ferromagnetic
phase. The very high Curie temperature of pure
Fe, 1140 K, would therefore explain the extreme-
ly large temperature domain of non-exponential
relaxation in this disordered system.

[1] C. Pappas, F. Mezei, G. Ehlers, P. Manuel,
I.LA. Campbell, Phys. Rev. B 8, 054431
(2003)

[2] L. P. Lévy, Phys. Rev. B 38 (1988) 4963

[3] A.T. Ogielski, Phys. Rev. B 32 (1985) 7384

[4] L.W. Bernardi, S. Prakash and
I.LA. Campbell, Phys. Rev. Lett. 77 (1996)
2798
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I Pre-equilibrium emission in 1.2 GeV proton-
iInduced spallation reactions

C.-M. Herbach, D. Hilscher, U. Jahnke
B (HMI, SF1) for the NESSI-collaboration: HMI, FZJ, GANIL, Univ. of Warsaw, Univ. of Rochester

Spallation reactions' induced by medium-ener-
gy proton beams have a wide field of interest in
science as well as in practical application: in
cosmology and astrophysics, cosmic ray phy-
sics, planetary and geochemical science, and —
last but not least — in nuclear physics on the
one hand, and for generation of neutrons in
spallation neutron sources on the other hand.
Spallation neutron sources, such as the future
European Spallation Source ESS, in turn, are
needed as a favorable alternative to conventio-
nal nuclear reactors in basic research, for the
transmutation of nuclear waste or possibly to
replace conventional nuclear power stations by
accelerator-driven hybrid systems.

= During recent years the

8 NESSI collaboration (HMI,
FzJ, GANIL, Univ. Warsaw
and Univ. Rochester) in-
vestigated systematically
GeV-proton induced spal-
lation reactions [1-7]. The
motivation for this program
is twofold. First, the above
mentioned applications call
for an experimental valida-

Fig. 1: The NESSI detector at the  tion of the underlying basic

COSY accelerator.
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spallation reaction models
in order to ensure that the
present models and codes have reached an
adequate precision which would allow one to
perform reliable simulation calculations. For
instance, structural materials of the target sta-
tion of a spallation neutron source, which are
exposed to GeV proton beams, must with-
stand the intensive generation and retention of
large levels of hydrogen and helium, the
amount of which has to be calculated reliably in
such a complex environment. Second, the inte-
rest of nuclear physics stems from the fact that
proton as well as antiproton induced reactions
generate nuclei with high thermal excitation
energy with a minimum of compression, defor-
mation, and spin — quite in contrast to heavy

ion induced reactions which excite the latter
collective degrees of freedom rather strongly.
These properties enable one to study the de-
cay of highly and thermally excited nuclei, in
particular fission at high excitation energies.

Spallation reactions can be considered as
three-step reaction mechanisms. The first step
is treated by an intra nuclear cascade (INC) [8]
which excites the nucleus to high excitation
energies depending on the impact parameter.
During a second intermediate step, particles
are emitted prior to the attainment of a statisti-
cal equilibrium and in the third step the equili-
brated nucleus de-excites by light-particle eva-
poration. While the first and the last step are
well understood and described in various
models the second step, the intermediate pre-
equilibrium emission of composite particles, is
presently not well understood and theoretically
discussed in terms of very different assump-
tions. Furthermore, the pre-equilibrium emis-
sion of fast composite particles in spallation
reactions has so far not been studied systema-
tically and very few experimental results are
available. The neglect of this reaction phase in
simulation calculations, however, turned out to
be a too crude simplification. In the reaction
p(2.5 GeV)+Au, for example, more than 50 % of
the deuterons are emitted from pre-equilibrium
[5] and the total energy carried off by fast com-
posite particles amounts to about 95 MeV.

Here we give a brief overview about prelimina-
ry results which have recently been obtained
with the NESSI detector (Fig. 1) at the COSY
accelerator in FZ Julich for the reaction of
1.2 GeV protons with target nuclei of Al, Ti, Fe,
Ni, Cu, Zr, Ag, Ho, Ta, W, Au, Pb, and Th. The
data have been measured with six triple-AE-E
telescopes [6] consisting of three silicon detec-
tors (25 um, 80 pm and 1000 pm) backed by a
7 cm long Csl crystal which were positioned at
angles of 30°, 75°, 105°, and 150°.

"In 1947 Glenn T. Seaborg coined the term spallation for reactions in which a heavy nucleus is hit by a highly ener-
getic light projectile, e.g. a proton, which leads to the ejection of a large number of light particles (neutrons, protons,

alpha particles) or heavier fragments.
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Energy spectra of **H and **He observed in the
reaction p(1.2GeV)+Zr are compared in Fig. 2
with results of simulations with the code
INCL2.0 [8] for the Intra-Nuclear Cascade and
the code GEMINI [9] for the subsequent stati-
stical evaporation. The calculated yields of eva-
porated particles have been scaled to fit to the
experimental data. They are used to separate
the contributions from pre-equilibrium emission
in the measured spectra and to correct the
data for losses due to the lower energy detec-
tion threshold. The angular dependence of the
spectra reveals that the pre-equilibrium emis-
sion occurs predominantly into the forward
hemisphere while the evaporation is almost iso-
tropic.

The experimental results for the integrated
cross sections of evaporated particles are sum-
marized in the upper panel of Fig. 3. The data
are well reproduced by the predictions of the
simulation calculation with INCL2.0+GEMINI.

The relative contribution of the pre-equilibrium
emission o, to the total production g,,,+0,,, of
composite particles is shown in the lower panel
of Fig. 3. The data indicate that the contribu-
tions of pre-equilibrium emission are slightly

enhanced for heavier targets. The smallest

portion of o,./(0,,+0,,.) is found for ‘He with
10-15 %, while the other contributions are as
high as 40-60 % for 2H and *He and 25-40 % for
*H. These observations together with our pre-
vious results [5] for p(2.5 GeV)+Au definitely call
for a consideration of fast composite-particle
emission in present reaction models. A refined
evaluation of the data will be devoted to the
evolution of pre-equilibrium emission with exci-
tation energy.

[1] L. Pienkowski et al., Phys. Rev. C 56, 1909
(1997).

[2] D. Hilscher et al., Nucl. Instr. Meth. A 414,
100 (1998).

[3] M. Enke et al., Nucl. Phys. A 657, 317 (1999).

[4] A. Letourneau et al., Nucl. Instr. Meth.
B 170, 299 (2000).

[5] A. Letourneau et al., Nucl. Phys. A 712, 113
(2002).

[6] C.-M. Herbach et al., Nucl. Instr. Meth
A 508, 315 (2003).

[7] D. Hilscher et al., J. Nucl. Mater. 296, 83
(2001).

[8] J. Cugnon et al., Nucl. Phys. A 620, 475
(1997).

[9] R.J. Charity et al., Nucl. Phys. A 483, 391

(1988).

Fig. 2: Kinetic energy spectra of '**H and **He as measu-
red for p(1.2 GeV)+Zr at 30°, 75°, and 150° (dots). Results
from simulations (INCL2.0+GEMINI) are plotted as gray
area for evaporated particles and as open area (dashed

line) for INC protons.
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(symbols) for evaporated particles in comparison with
results from INCL2.0+GEMINI simulations (lines); the
cross sections for pre-equilibrium emission of compo-
site particles (lower panel) are given relative to the total
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Il Surface and interface magnetization
of ultrathin films

H. Maletta
M HMI, SF2

Today’s magnetic materials are not the bulk
materials of old, but atomically engineered
structures of nanometer dimensions with ferro-
magnetic, antiferromagnetic and non-magnetic
components. This development is clearly
fueled by the already successful applications in
modern information technology and the further
need for even smaller magnetic devices. At the
same time, confinements on the nanoscale can
give rise to new and fascinating phenomena in
magnetism which are challenging to be under-
stood from fundamental physical aspects, too.
The study of such advanced materials requires
new experimental techniques that are capable
of probing them on the nanometer length scale.
Our group at HMI has studied various proper-
ties of such materials by applying both the neu-
tron beams at BENSC and the synchrotron
x-rays at the new HMI-undulator beamline at
BESSY.

Fe
V(110)

Fig. 1: Schematic view of the reflection measuring geometry
with an ultrathin iron (Fe) film grown on a vanadium (V) crystal.
Blue arrows: incoming and reflected beams. Black arrows:
Orientation of the magnetic moments in the Fe layer.
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Reflectometry with polarized neutrons

Reflectometry with polarized neutrons (PNR) is
a well established technique for the study of
thin film magnetism. One measures the reflecti-
vity — the ratio of reflected neutron intensity to
the total incoming intensity — as function of the
incident angle at very small angles (grazing inci-
dence). Due to the geometry (Fig. 1), one is pri-
marily sensitive to the density or magnetization
depth profile perpendicular to the film surface
(in z direction). We have successfully developed
a unigue option [1] where one can measure the
properties of even uncapped thin films by
in-situ PNR, i.e. the preparation, structural cha-
racterization and PNR measurement are per-
formed in the same UHV chamber. As a first
example we determined the absolute value of
the magnetization of thin epitaxial iron (Fe) films
with a free surface grown on a vanadium
V(110) single crystal as function of the thick-
ness of Fe. In addition, we found that the mag-
netization is changed in value when the sample
is capped with a V layer.

X-ray resonant magnetic reflectometry

In a second step, we studied the same sam-
ples with synchrotron x-rays [2] on the new
HMI undulator beamline at BESSY. It provides
highly intense x-rays which are variable in pola-
rization (linear and circular) and tunable in ener-
gy from 200 eV to 1800 eV. Whereas PNR is
well suited to measure the absolute value of the
total magnetization, the study with polarized
soft x-rays enables one to separate the ele-
ment-specific components via the magnetic
circular dichroism effect (XMCD). Indeed, we
detected a small induced V magnetization
being antiparallel to Fe. Our XMCD absorption
measurements are consistent with details of
the Fe magnetization indicated in Fig. 2. In
order to confirm the magnetic details at the free
surface and interface we are just preparing the
next experiments where we will perform the
X-ray resonant magnetic reflectometry (XRMR)
method.
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2.82 g

Fe

1.71 yg

Fig. 2: Details of the magnetization of Fe/V(110) (schematic view).

The XRMR method is a new tool which has
been developed by us in collaboration with the
MPI Stuttgart [3] on the basis of our know-
ledge on PNR. It utilizes the effect that the
magnetic cross section of x-rays is resonantly
enhanced by orders of magnitude near an ab-
sorption edge. Recently, the first experiments
were successfully performed on a sandwich
sample Pt/Co/Cu, i.e. on a 2 nm thin cobalt (Co)
film grown on a copper (Cu) substrate and cap-
ped with a platinum (Pt) layer. The quantitative
results summarized in Fig. 3 indicate that the
magnetic moment of Co is enhanced by up to
30 % near the interface to the Pt layer, but redu-
ced by 25 % near the Cu substrate. The ele-
ment specific technique enabled us also to
tune the x-ray energy to the value of the Pt
absorption edge revealing a small induced
magnetization in the Pt cap layer which decays
exponentially within a 1 nm depth. Hence, it is
demonstrated that high sensitivity for small
magnetic moments can be achieved by apply-
ing XRMR.

magn. moment [i]

Pt

40 Ll )

EL) BO
depth [A]

Fig. 3: Magnetization depth profile of Pt/Co/Cu
(schematic view) obtained by XRMR at the Co
and Pt site. The analysis includes the interface
roughness as indicated below.
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Outlook

These methods are considered as new tools
for systematic investigations of details of mag-
netization properties at buried interfaces and
free surfaces as a function of roughness or
ligand layer composition of various magnetic
layered systems. Work is underway in a colla-
boration in order to interpret the results quanti-
tatively by calculations of the effects of reduced
coordination numbers and hybridizations on
the magnetic moment value. Nowadays, such
systems work as basic components of devices
in information technology for instance for mag-
netic sensors and magnetic random access
memories (MRAMSs) due to the giant magneto-
resistance (GMR) effect, and may be relevant in
future spin-tronic devices.

[1] T. Nawrath, H. Fritzsche, F. Klose,
H. Maletta, Phys. Rev. B 60, 9525 (1999).
[2] D. Schmitz, J. Hauschild, P. Imperia,
Y.T. Liu, H. Maletta, J. Magn. Magn. Mater.
269, 89 (2004); and to be published.
[3] J. Geissler, E. Goering, M. Justen,
F. Weigand, G. Schitz, J. Langer,
D. Schmitz, H. Maletta, Phys. Rev. B 65,
020405 (R) (2002); and submitted for
publication.
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I ~icld distorted magnetic spirals: a neutron
diffraction study of the magnetism in the
frustrated quantum antiferromagnet CsCuCl,

N. StuBer', U. Schotte', A. Hoser?
B 1 HMI, SF2 M 2 Institut fUr Kristallographie, RWTH Aachen

I\/Itot l

a) b) Frustrated 0)

Fig. 1: a) In quantum mechanics only one component of the magnetic moment M,,, is defined
e.g. M.. The perpendicular components are uncertain and can be considered to fluctuate on the
ellipse. These fluctuations are basically a result of Heisenberg’s uncertainty relation.

b) Geometrical frustration: Three spins located at the corners of a regular triangle cannot simul-
taneously order antiparallel to each other.

c) If moments are free to rotate in a plane antiferromagnetic coupling between neighbours leads
to the formation of a triangular antiferromagnet (TAF). All spins are inclined by 120° to their
neighbours.

Since the foundation of quantum mechanics the
study of quantum effects has been a subject of
continuous interest in fundamental solid state
physics. In particular magnetic systems have ser-
ved as models to test theories in this field. For
magnetic systems quantum fluctuations can play
an important role in the formation of magnetic
structures. Differing from the classical descrip-
tion, in quantum physics a magnetic moment
can never be completely aligned. Only a part of
the total moment can be aligned along one direc-
tion and the perpendicular components are un-
certain. One can consider this situation as a mo-
ment fluctuating around some mean value deter-
mining the size of the ordered moment (Fig. 1a).
Quantum theory tells us that these fluctuations
are relatively enhanced for small moments which
are found e.g. at Cu**-ions. Another topic of cur-
rent interest is the investigation of systems with
geometrical frustration [1]. In geometrically frus-
trated systems, two body interactions like coup-
lings of magnetic spins can not all be realized due
to some special geometry of the underlying lat-
tice of the spins (Fig. 1b,c). This is realized in
CsCuCl; which will be presented now showing
our most recent results on the study of quantum
effects on a system with geometrical frustration.

Since a few years, we have been investigating
the magnetic structure of CsCuCl; crystals as a
function of temperature and magnetic field [2].
Different magnetic phases could be identified
and could be related to the influence of quantum

Fig. 2: Magnetic structure of CsCuCl, below
10.6 K. A long wavelength spiral is formed in
¢ direction. A triangular 120° structure is pre-
sent in the ab plane.
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Fig. 3: Magnetic spiral of CsCuCl; at 0 T, 7T, and 145 T

fluctuations. Let us first briefly introduce the mag-
netic structure of CsCuCl; at zero field (Fig. 2).
Below 10.6 K the spins at the Cu*-ions are mag-
netically ordered: a triangular spin arrangement
with 120°-type structure is formed in the ab plane
and an incommensurate spiral occurs along the
¢ axis with a repetition length of about 71 layers.
Fig. 2 shows only a small section of the structure
which should be repeated in the ab plane and
extended along c. The spiral is a result of a com-
petition between a dominating ferromagnetic
coupling of adjacent spins along ¢ which tries to
keep spins parallel, and a so called antisymme-
tric coupling which tries to keep spins perpendi-
cular. The compromise is an incommensurate
winding of the spins with a pitch angle of about
5° between neighbours. The 120° structure in the
ab plane is caused by geometrical frustration.
The antiferromagnetic coupling which favours an
antiparallel spin alignment of neighbours cannot
be satisfied simultaneously for three spins on a
triangle. This situation is called frustration. If the
spins are free to rotate in the ab plane — as is the
case for CsCuCl, — the 120° structure will corres-
pond to the minimum in energy. It is found expe-
rimentally that the ordered spins have a reduced
moment in agreement with theoretical calcula-
tions [3, 4]. The spin reduction is a direct conse-
quence of quantum fluctuations together with the
geometrical frustration. We were interested to
see how the application of a magnetic field chan-
ges the magnetic structure for such a frustrated
system in order to test recent theoretical predic-
tions. Therefore, diffraction experiments were
performed at a neutron spectrometer located at
our BER Il reactor of the Hahn-Meitner Institute.
A beam of neutrons with a well defined energy
was diffracted at a single crystal of CsCuCl,. The
crystal was mounted in one of our high field mag-
nets which allows the