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a _ Neco . b PLCCO The discovery of high-transition temperature
a a (high-T.) superconductivity in copper oxides
< < (cuprates) in 1986 created unprecedented re-
»* ' search activities in studying these materials. The

- B il L] L \
s | e | parent oompoupds of f[he high-T. cuprates are
0 i SN | 28 antiferromagnetic Mott insulators [1]. The crystal
Bl caxs structure of these materials is distinguished by
T 1T i typical CuO, planes. Each Cu* in such a plane
CE has one unpaired electron and the spins of these
e P electrons form an antiferromagnetic long-range
C Collinear structure d Noncollinear structure order. When holes or electrons are doped into
B ’ these planes, the long-range antiferromagnetic
$ 3 ordered phase is destroyed and the copper

oxide materials become metallic and supercon-
ducting with persistent short-range antiferromag-

$ 3 netic spin correlations. Much work has focused
> > on understanding the interplay between magne-
tism and superconductivity [1], because spin

1 fluctuations may mediate electron pairing for su-

_ " perconductivity. Soon after the discovery of hole-

2 s - doped superconductors, Tokura and his cowor-

g 5 kers found the electron-doped superconductor

Nd, Ce,CuO, (NCCO) [2]. Although both hole-

o doped La, ,Sr,CuO, (LSCO) and electron-doped

Y agns 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-

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.

28 Annual Report 2003 - Hahn-Meitner-Institut



User Service BENSC

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 (0.5,05,L)
4x10° + bal i
I ® 0T5K I ® 0T5K
< I‘. ® 4T5K .$ ® 4T5K
E ax10 + || - Bl c-axis . Bl c-axis
0 1 1\ E4 :
= 3 \ - . E4
=4 1
5 210 ! : 1 Q.b _
8 3 \ . ide .0
w10 + g !‘ . ++t,' A¥

r 1000

counts / 10 min

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.

counts / 10 min.
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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 Q--4----nm-- ol
competing phases. Back in the fifties and six- oB @ - BPY
ties, it was observed that superconductivity o C .
was strongly suppressed or extinguished by Q-f-------- ®
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.

T b

d(3p)d(5p)d(5p

'

d(4p)u(Sp)u(4p

)d(5p) at 1.3 K

It ]

)d(5p) at 2.4 K

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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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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Il P|astic deformation of amorphous silicon
under swift heavy ion irradiation

A. Hedler', W. Wesch'; S. KlaumUinzer?
M 1 Friedrich-Schiller University, Jena M2 HMI, SF4
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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.

30 pm
==

Y

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 