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I. Preface 

By this annual report we present a comprehensive survey of ongoing research projects and current results 
of solid state physics and cluster research in 2000. “Solid State and Cluster Physics” with the emphasis on 
material science and nanostructures is one of the main topics of research in our physics department besides 
“Quantum Optics” and “Soft Condensed Matter Physics”. 

It is a great pleasure to report the recognition given to the Konstanz solid state research in 2000 in form of 
two awards: the “Alfred-Krupp-Förderpreis” given to Elke Scheer and the Walther-Schottky award of the 
German Physical Society given to Clemens Bechinger (group of Prof. Leiderer). 

We gratefully acknowledge the generous support given by several research institutions, institutes and 
companies, in particular the “German Research Society” (DFG), the “European Union”, the State of Baden-
Württemberg, the “German Ministry of Education, Science Research and Technology” (BMBF), the “East 
European Office of the BMBF”, the “German-Israeli-Foundation” (GIF, Jerusalem), the “Paul-Scherrer-Insti-
tute” (Villigen/Switzerland), the “ISOLDE/CERN” (Geneva/Switzerland), and the companies Bayer AG, 
Bosch, Centrotherm, Dornier, EKRA, Sunways AG, BP Solar, DISCO Corp., Elkem, Photowatt, Shell Solar, 
Saint Gobrain Abrasives Winter, RWE Tessag ASE, and Zeiss. 

Finally, we thank all co-workers from the secretaries offices, central services, laboratories and workshops 
of the university contributing to the results presented here. 

Konstanz, October 2001 

Gerd Ganteför 
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II. Research Reports 

1. Nucleation phenomena on van der Waals surfaces 

J. Zimmermann, A. Müller, J. Boneberg and P. Leiderer 

In general there are three different modes for one 
material e.g. a metal to grow on a substrate. In our case 
we use the so-called Volmer-Weber growth mode for 
the creation of metal islands on a semi-conducting sur-
face. This growth mode occurs when the interaction be-
tween ad-atoms is much larger than the ad-atom surface 
interaction. Therefore evaporation of sub-monolayer 
amounts of metals on weakly interacting so-called van 
der Waals surfaces like layered semiconductors WSe2 
or WS2 leads to the formation of small nm-sized metal 
islands. 

In the ideal case, that means almost no surface de-
fects, which can influence the nucleation process, the 
main parameters for this are temperature and evapora-
tion rate. By controlling these parameters one can con-
trol the island density and size. Rate equation models 1) 

give theoretical descriptions of these processes.  
Our experiments are carried out under UHV condi-

tions. A homebuilt variable temperature UHV-STM 2) is 
used to study the nucleation and growth of metal islands 
(e.g. Au, Ag) on WSe2 or WS2 . 

Fig. 1 shows a typical image of Ag islands (1.5ML) 
on WSe2. 

Fig 1: STM picture of Ag Islands on a WSe2 surface. 
Picture area is 300 nm × 200 nm. 

In the non-ideal case defects on the substrate surface 
could have a great impact on the nucleation process. 
The semiconductors used have intrinsic surface defects, 
namely dopant sites in the first few layers. Fig. 2 shows 
two STM pictures of the same sample area. On the left 
side the clean WSe2 surface is shown. The dark spots 
are the dopant sites in the first layers of the crystal. The 
right picture was taken after evaporation of a small 
amount of gold on to the same sample area. A home-

built “mini” evaporation system that is located in the 
STM chamber and which allows evaporating directly 
under the STM tip was used for this experiment. It is 
clearly visible that almost 99% of the islands are situ-
ated on dopant sites. 

Fig 2: a) Clean WSe2 surface, the dark spots are dopant 
sites. b) After evaporation, Au-Islands are situated at 
dopant sites. 

Fig 3: a) Ag Islands on WSe2 b) controlled mani-
pulation by STM c) dopant site (white circle) at former 
island position  

On the other hand, we also demonstrated the inverse 
experiment. First step is now the evaporation of, in this 
case silver, on a clean WSe2 surface. In a second step, 
the Ag islands are moved with the STM tip in order to 
look below the previous island site. At that position we 
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also found surface defects. This experiment is shown in 
Fig. 3. 

All these experiments give strong indication that 
electronic defect like dopant sites influence the nuclea-
tion process of ad-atoms at a surface, even if they are 
located below the surface. 

(1) J.A. Venables, G. Haas, H. Brune, abd J.H. Harding, 
Mat. Res. Soc. Symp. Proc. 570 (1999) 51 

(2) F. Mugele, A. Rettenberger, J. Boneberg, and P. Leide-
rer, Rev. Sci. Instr. 69 (1998) 1765 
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2. Ruthenium islands on WSe2 

M. Lämmlin, A. Maier, M. Albrecht, Ch. Niedermayer and G. Schatz 

Metal depositions on van-der-Waals substrates like 
WSe2 generally lead to regular shaped islands whose 
average size and density can be tuned by the evapora-
tion conditions 1). This growth process can be well de-
scribed by nucleation of atoms once nuclei of a critical 
size has been reached. We have performed first experi-
ments in order to produce Ru islands on WSe2 to inves-
tigate the growth conditions and the structural proper-
ties. Of particular interest are the magnetic properties of 
Ru nanostructures, since theoretical considerations pre-
dict the appearance of a noticeable local magnetic mo-
ment once the lattice parameters are stretched due to 
epitaxial growth on appropriate substrates 2). 

Ru has been deposited at 300 K with a rate of 0.01 
ML/s onto WSe2 up to a total coverage of 0.23 ML. An 
STM image of the obtained island structure is shown in 
Fig. 1a. The exact island shape is not resolved, the is-
land density yields 1600 per (100 nm)2. Fig. 1b shows 
the size and height distribution of the Ru islands as a 
function of island diameter. Representing this size dis-
tribution by a Gaussian, the maximum is found at an is-
land size of 1.5 nm with a FWHM of 1.7 nm.  The 
height distribution exhibits a weak, approximately lin-
ear dependence on the island size. 

Fig. 1: STM picture (a) of 0.23 ML Ru on WSe2 (Tdep = 
300 K) and corresponding island size and height distri-
bution (b). 

A second Ru island system has been prepared with 
the same deposition rate and nominal thickness, how-
ever, now at a substrate temperature of 800 K. The re-
sult is shown in Fig. 2a. The island density is now only 
94 per (100nm)2. The obtained size and height distribu-
tion is shown in Fig. 2b, yielding an average size of 
5.8 nm with FWHM of 5.3 nm. The island heights 
range between 1 and 1.6 nm and follow again approxi-
mately a linear dependence on island size. 

Nucleation theory permits to extract diffusion barri-
ers for Ru on WSe2 from the island densities measured 

for two different temperatures. Assuming a Ru dimer as 
critical particle nucleus, a diffusion energy of 0.35(2) 
eV can be extracted. 
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Fig. 2: STM picture (a) of 0.23 ML Ru on WSe2 (Tdep = 
800 K) and corresponding island size and height distri-
bution (b). 
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Fig. 3: Normalized magnetic moment over B/T for 0.23 
ML Ru on WSe2 (Tdep = 800 K) measured at three dif-
ferent temperatures in parallel and perpendicular ge-
ometry. 

During growth of these islands at 800 K, in-situ 
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RHEED experiments have been performed in order to 
detect the Ru in-plane lattice parameters. There is no 
clear indication of stretched lattice parameters com-
pared to Ru bulk, which means that the Ru-islands do 
not take notice of the large lattice mismatch between Ru 
and WSe2 of about 17%. With this observation the same 
magnetic behavior for the Ru islands and Ru bulk is ex-
pected. 

The Ru-nanostructure system prepared at 800 K was 
covered with a 5 nm thick Pt capping film in order to 
protect against oxidation and was then investigated with 
a SQUID magnetometer. Magnetizations of the sample 
with surface parallel and perpendicular to the external 
magnetic-field direction have been recorded as a func-
tion of applied external field. 

Results are shown in Fig. 3 for three different meas-
urement temperatures, the data have been corrected for 
the diamagnetic contribution from the substrate and 
have been normalized to the high-field magnetizations. 
For a purely paramagnetic behavior (Brillouin behavior) 
all curves should overlap. This is true for the parallel 
geometry but strong deviations for the perpendicular 
geometry can be seen. These deviations are not under-
stood at present and will be clarified in further experi-
ments. 

 
(1) A. Rettenberger, P. Bruker, M. Metzler, F. Mugele, Th. 

W. Matthes, M. Böhmisch, J. Boneberg, K. Friemelt and 
P. Leiderer, Surface Science 402-404 (1998) 409 

(2) S. Blügel, Phys. Rev. Lett 68 (1992) 851 
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3. Size-dependent melting of self-assembled indium nanostructures 

M. Dippel, A. Maier, V. Gimple, H. Wider and G. Schatz 
in collaboration with 
W.E. Evenson (Brigham Young University, Provo UT 84602, USA) 
R.L. Rasera (University of Maryland, Baltimore County, Baltimore, MT 21250, USA) 

Production and physical properties of solids with 
geometrical dimensions in the nanometer range are of 
great fundamental and technical importance. One way 
to produce nanostructures is to use self-assembly of de-
posited atoms or molecules. 
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Maier et al. have demonstrated earlier 1) that the 
melting behavior of self-assembled indium islands de-
posited on WSe2 substrates can be studied using per-
turbed γγ-angular correlation spectroscopy (PAC). In 
the meantime, additional melting experiments have 
been carried out on samples with different island size 
distributions. Using these novel data, a direct connec-
tion between the melting process and the size of the in-
dium islands can be established. 

In the study presented here, self-assembled nano-
crystals of indium with average radii of 5, 19, and 35 
nm, with corresponding heights of 2.3(2), 4.3(2), and 
4.4(2) nm have been investigated. Nanoparticles of 
these average sizes have about 6×103, 1.7×105, and 
6×105 atoms, respectively. The size and height of the 
nanoparticles has been determined with in-situ scan-
ning-tunneling microscopy (STM). As has already been 
observed by Rettenberger 2), the indium nanoparticles 
have grown in triangular-like shapes with well-devel-
oped crystal facets. 

Using PAC, we have studied the fraction of radioac-
tive probes which are exposed to the electric field gra-
dient in the bulk of the nanostructures as a function of 
temperature for the three system sizes. The experimen-
tal result is summarized in Fig. 1. 

The measured starting bulk fraction of our probes 
well below the melting regime diminishes for smaller 
particle sizes. This effect is expected since smaller par-
ticles have a larger surface-to-volume atomic ratio and 
therefore a reduced bulk fraction. Taking a maximally 
observable bulk fraction of 62 % for thick indium films 
and assuming a surface layer of about 1.4 nm for which 
radioactive probes do not contribute to the signal from 
the three-dimensional crystalline volume of the particle, 
a reasonable agreement with the observed bulk fraction 
can be achieved. This estimate is included in Fig. 1 
(closed circles). 

The main effect shown in these melting curves is a 
strong melting-point depression, which is larger for the 
smaller nanostructures. The melting transition as a func-
tion of temperature is rather smooth, due to the size dis-
tribution of each of the systems. As an average melting 
point we define the temperature at half maximum. Dur-
ing cooling down from the molten into the crystalline 
state, we also observed a supercooling of about 5 K 
with respect to the nanoparticle melting point. 

Fig. 1: Fraction of 111In probes exposed to electric field 
gradients related to the tetragonal crystalline phase of 
the indium nanostructures as a function of temperature. 
Closed triangles describe increasing temperature se-
quence, open triangles cooling sequence. Closed circles 
at left are the expected starting fractions depending on 
the surface-volume ratio of the islands (see text). T∞:  
melting temperature for bulk indium. 

For a theoretical understanding of the observed size-
dependent melting-point depression, we turn first to ex-
isting theories, which are based on the assumption of 
spherical nanoparticles 3). Since we are dealing with 
manifestly non-spherical, triangular-like, highly faceted 
structures, these theoretical considerations can only be a 
first-order approach in order to understand the basic 
physical phenomena. Allowing for pre-melting, i.e. a 
thin liquid layer on the surface of the spherical particle, 
the melting-point depression has been well described 
by 3): 
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with Tm the melting temperature at which a solid sphere 
with radius (r – t0) is in equilibrium with a concentric 
liquid layer of critical thickness t0, T∞ the bulk melting 
point, L the latent heat of fusion, σ1 the solid-liquid sur-
face tension, σ2 the liquid-vapor surface tension, ρ1 and 
ρ2 the density of solid and liquid, respectively. For our 
case (indium islands), we have used the numerical val-
ues given by Berman and Curzon 4). 

Their experimental data and the predicted depend-
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ence of the relative melting-point depression as a func-
tion of nanoparticle radius is shown in Fig. 2 (dashed 
line). Our results on the indium nanostructures are also 
displayed in Fig. 2 for comparison. The observed melt-
ing-point reductions are smaller than expected from 
theory, at least for our smallest nanostructure sizes. This 
is not surprising since, in the nanostructures, the bind-
ing of atoms in the low-indexed facets at the interface to 
the liquid layer is higher compared to the spherical sys-
tems and it therefore takes more energy to melt the sys-
tem. In terms of surface tension this can be expressed as 
a diminishing of the solid-liquid surface tension, which 
would support the tendency of a reduced melting-point 
depression. 

Fig. 2: Relative melting-point depression as a function 
of indium island radius. The dashed curve represents 
the theory of melting for spheres including surface 
premelting 4). The solid line is a fit to our experimental 
data yielding an exponent of α = 0.39(10). 

A quantitative agreement applying this type of equa-
tion, however, cannot be reached, nor can it be ex-
pected, because melting of faceted islands depends 
strongly on the atomic packing within these facets. Pluis 
et al. 5) have pointed out that “only crystal facets with 
open packing may melt readily, whereas close-packed 
facets may not melt at all below T∞”. 

Another approach to understanding melting of our 
nanostructures is finite-size scaling 6), where a relation 
of the relative melting-point depression to the size of 
the nanostructures containing an exponent α is as-
sumed: 

For first-order phase transitions Landau and Binder 6) 
carried out Monte-Carlo simulations based on a Potts 
model and demonstrated that the specific heat maxi-
mum should scale with an exponent α = d, where d is 
the dimensionality of the system: 

 m
T T

r
T

a-•

•

-
µ  

Log-log axes are used in Fig. 2 in order to show clearly 

the exponent given by the slope. A fit to the ex-
perimental data (solid curve) yields α = 0.39(10). For 
the thermodynamic theory described above (dashed 
curve) an exponent α = 1.0(1) is found within the quasi-
linear range between 10 nm and 100 nm. Neither case 
can be explained by the Landau-Binder considerations. 
Therefore a microscopic approach applying Monte-
Carlo simulations to a model crystal of nanometer size 
is needed. Effects of system size and geometry on melt-
ing would then be accessible. Such theoretical in-
vestigations are in preparation 7). 

In summary, we have shown for the first time the 
melting-point depression for self-organized, faceted in-
dium nanostructures. The strength of the PAC method 
has been demonstrated for the study of physical proper-
ties on an atomistic length scale. The relatively small 
melting-point depressions observed in this work are 
clearly not explained by the classical thermodynamic 
considerations of melting and pre-melting. They thus 
pose a challenge to develop theoretical descriptions for 
nanostructures with well-defined structural properties. 
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(1) A. Maier, M. Dippel, V. Gimple, H. Wider and 

G. Schatz, Annual Report (1998) 63 
(2) A. Rettenberger, PHD thesis, Universität Konstanz 

(1998) 
(3) C.R.M. Wronski, Brit. J. Appl. Phys. 18 (1967) 1731 
(4) B.P. Berman and A.E. Curzon, Can. J. Phys. 52 (1974) 

923 
(5) B. Pluis, A.W. Denier van der Gon, J.W.M. Frenken and 

J.F. van der Veen, Phys. Rev Lett. 59 (1987) 2678 
(6) P. Landau and K. Binder, A Guide to Monte Carlo Simu-

lations in Statistical Physics (Cambridge University 
Press, 2000) 

(7) H. Knoth and P. Nielaba, private communication 
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4. Nanostructured CoPt3(111) films grown on WSe2(0001) 

A. Maier, B. Riedlinger, F. Treubel, M. Albrecht, M. Maret, U. Mazur and G.Schatz 
in collaboration with 
E. Beaurepaire (IPCMS, UMR46 CNRS-ULP, 23 rue de Loess, 67037 Strasbourg, France), 
J.M. Tonnerre (Laboratoire de Cristallographie, CNRS, F-38042 Grenoble, France) 

Among the class of magnetic alloys, Co-Pt films are 
attractive materials in magneto-optical storage technol-
ogy and their magnetic and structural properties have 
been extensively studied 1). The phase diagram of the 
Co-Pt system is relatively simple. It shows a chemically 
disordered fcc solid solution over the whole composi-
tion range at high temperatures and at lower tempera-
tures two L12 fcc ordered phases around Co3Pt and 
CoPt3 stoichiometries and one L10 tetragonal ordered 
phase around the equiatomic composition. In the L12 
phase the majority atoms are located at the face centers 
of the fcc unit cell and the minority atoms at the cor-
ners, while in the disordered fcc phase these sites are 
randomly occupied. 

The CoPt3 alloy presents in bulk an order-disorder 
transition at a temperature of 685°C. In continuous 
CoPt3(111) films epitaxialy grown on Pt(111) L12 long 
range ordering occurs for deposition temperatures be-
tween 550 and 700°C 1). While the L12 ordered 
CoPt3(111) films exhibit an easy axis of magnetization 
in the film plane as expected from the isotropic L12 
structure, films deposited around 400°C develop a 
strong perpendicular magnetic anisotropy. This comes 
from the existence of an anisotropic short range order 
characterized by Co-Co bonds preferentially in the film 
plane balanced by Co-Pt bonds out of the film plane 2). 
This anisotropic order is promoted by Pt segregation at 
the advancing surface governed by dominant surface 
diffusion and then frozen-in in the buried layers due to 
negligible bulk diffusion in a temperature range around 
400°C. 

Nanostructured films of CoPt3 were prepared by co-
deposition of Co and Pt atoms on WSe2(0001) at differ-
ent growth temperatures ranging from 20 to 700°C un-
der ultrahigh vacuum conditions. The epitaxial growth 
was followed in-situ using RHEED and the morphology 
was studied by AFM under UHV just after deposition. 
X-ray diffraction measurements in reflection and trans-
mission geometries were carried out at the ESRF in 
Grenoble on the 7-circle diffractometer of the CRG 
BM02 beamline. Polar and longitudinal MOKE loops 
were measured at room temperature. 

The growth of submonolayer deposits on the van der 
Waals-type surface WSe2(0001) leads to the formation 
of self-assembled mono-crystalline islands of 
CoPt3(111) 3) in spite of the large misfit between 
WSe2(0001) (ahcp = 3.286 Å) and CoPt3(111) (afcc/ 2  
= 2.72 Å). Fig.1 shows RHEED patterns taken along the 
[101

-
] and [112

-
] azimuths for a 1 Å deposit (a) and for a 

deposit of 30 Å (b). The RHEED images exhibit spots, 
typical of 3D growth. For 1 Å thickness the separation 
between the substrate streaks and the CoPt3 spots char-

acterizes the non-coherent epitaxy due to the large lat-
tice mismatch and the series of double spots observed 
along [101

-
] come from the fcc phase and its twinned 

phase. The polygon shape of the spots is the signature 
of faceted islands. Their positions indicate an in-plane 
distance close to that in the bulk phase. 
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Fig. 1: RHEED images of separates islands (a) and of a 
30 Å thick granular film deposited at 600°C (b). The in-
set shows how the ordering parameter was measured by 
RHEED. 
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Fig. 2: Change of the chemical order parameter as a 
function of growth temperature extracted from RHEED 
spots (along the profile line indicated in inset of Fig. 1) 
and from x-ray diffraction for 30 Å films grown on 
WSe2(0001). For comparison the values measured for 
3000 Å continuous films 1) are reported. 

Co-deposition above 100°C favors the L12-type or-
dering, indicated by the appearance of intermediate 
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spots. The ratio of the integrated intensities of the fun-
damental and intermediate spots (as shown in inset of 
Fig. 1) allows to follow the change of chemical ordering 
as a function of growth temperature (Fig. 2 square 
spots). X-ray diffraction measurements in the same 
films have confirmed the existence of such chemical or-
dering from the measurements of the 112 superstructure 
reflection. An accurate value of the chemical-order pa-
rameter η can be deduced from the ratio of the inte-
grated intensities of the 112 and 113 reflections includ-
ing their rocking curves and corrected for absorption 
and Lorentz factors. As shown in Fig. 2 the temperature 
dependence of η agrees quite well with that deduced 
from the RHEED intensities and confirms an onset of 
chemical ordering around 150°C. Between 200 and 
600°C chemical ordering remains relatively constant 
and disappears above 700°C, a temperature close to the 
order-disorder temperature measured in bulk alloys. In 
comparison with the continuous films which start to or-
der above 500°C, the low onset temperature of ordering 
in films grown on WSe2(0001) is attributed to their 
nanostructured shape which enhances the atomic ar-
rangements of both top and side-wall facets during 
growth process. A normal coherence length was de-
duced from the width of the 222 peak. This length is 
characteristic of both the height of the islands and the 
quality of the fcc stacking. A value around 40 Å is 
found in films grown up to 300°C which then increases 
up to 80 Å in the film grown at 600°C. The position of 
the 22

-
0 reflection measured in a film grown at 20°C in 

transmission geometry has confirmed a rhombohedral 
distortion of the fcc stacking (α = 90.32°) as suggested 
by the 113 peak position with respect to the 111 one, 
leading to an in-plane tensile strain. In comparison with 
the large misfit this distortion is small and decreases 
with the growth temperature. 

Fig. 3: AFM pictures of 30 Å thick CoPt3 films on WSe2 
for (a) Tdep = 20°C and (b) Tdep = 400°C. 

The width of the 22
-
0 peak leads to an in-plane coher-

ence length of 85 Å. This value is in good agreement 
with the average lateral sizes of islands obtained from 
AFM images, equal to 50 and 90 Å for films grown at 
20 and 400°C (Fig. 3). As found for sub-monolayer 
coverages the lateral island size increases with the 
growth temperature. The size increase between 0.8 and 
15 ML by a factor of 2 indicates that for a given tem-
perature the maximal size is reached after a few ML de-

posit when the substrate surface is completely covered. 
The percolation between islands can then start and is ef-
fectively visible from the AFM images of the 15 ML 
films. 

The polar MOKE loops measured at room tempera-
ture for the 30 Å films are shown in Fig. 4. 
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Fig. 4: Polar MOKE loops measured for the 30 Å thick 
nanostructured CoPt3(111) films grown at different 
temperatures. 

Square loops are observed for the films grown up to 
100°C with coercivities decreasing from 300 down to 
100 Oe. Above 150°C the easy axis of magnetization 
turns progressively in the film plane in agreement with 
the longitudinal MOKE loops. The disappearance of 
perpendicular magnetic anisotropy (PMA) is clearly at-
tributed to the occurrence of the L12 ordering which de-
velops a perfect isotropic short-range order. In compari-
son with the continuous films 4), we have lowered the 
temperature range where PMA appears down to room 
temperature by deposition CoPt3 on WSe2. This drastic 
change results from the morphology of these films 
based on dense assemblies of 111-oriented islands. 
However, a gradual approach to the behavior of the 
continuous films is observed when increasing the thick-
ness above 50 Å due to percolation of islands. 

50 nm50 nm

a) b)

The origin of PMA in the 20 – 100°C grown 30 Å 
thick films remains to be elucidated since the in-plane 
tensile strain found in these films cannot lead to a pref-
erential perpendicular magnetic axis due to a positive 
magnetostrictive constant of CoPt3 alloy. Polarized 
EXAFS measurements are planned to probe any aniso-
tropic chemical order which in the disordered continu-
ous films was shown to be the origin of PMA 2). 

 
(1) P.W. Rooney et al., Phys. Rev. Lett. 75 (1995) 1843 
(2) C. Meneghini et al., Eur. Phys. J. B 7 (1999) 347 
(3) M. Albrecht et al., Europhys. Lett., submitted 
(4) M. Maret et al., J. Magn. Magn. Mat 166 (1997) 45 
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5. Structural and magnetic properties of a Co3Cr(0001) film grown on a (4x4) 
reconstructed Pt(111) surface 

M. Albrecht, M. Maret, A. Barth, A. Maier, B. Riedlinger, F. Treubel, U. Mazur and G.Schatz 

Perpendicular recording, in which the medium is 
magnetized perpendicular to the surface of the disk, is 
expected to permit higher areal densities than conven-
tional longitudinal recording before reaching super-
paramagnetic limitations. In our group, it was shown 
that nanostructured films of CoPt3(111) grown at room 
temperature on the van der Waals surface WSe2(0001) 
reveal strong perpendicular magnetic anisotropy 
(PMA). This behavior is induced by the reduced lateral 
size of nanostructures (<10nm) which would favor the 
anisotropic short-range ordering established during the 
co-deposition process and driven by Pt segregation. 
Such ordering was observed in continuous films exhib-
iting strong PMA when grown between 300 and 430°C. 
The aim of this study was to investigate if similar ef-
fects can occur in nanostructured Co3Cr film, whose 
hcp structure and composition located in the magneti-
cally induced miscibility gap between ferromagnetic 
and paramagnetic phases 1)  should favor PMA and co-
ercivity. 

A Co3Cr alloy thin film was prepared by molecular 
beam epitaxy on a (4x4)-reconstructed Pt(111) buffer 
by co-deposition of Co and Cr at 400°C with respective 
deposition rates of 0.03 and 0.01 Å/s.  

The growth during co-deposition was followed by 
RHEED (Reflection High Energy Electron Diffraction) 
with a beam energy of 10 keV. Fig. 1a shows the 
RHEED patterns recorded after the growth of a 50 Å 
thick Pt(111) buffer on WSe2(0001) at 400°C along the 
[10-1

-
] azimuth. The well-defined streaks reveal the high 

monocrystalline quality of the Pt buffer with a clear 
(4x4)-surface reconstruction. An isotropic relief to ac-
commodate the strong lattice mismatch (15%) through 
the formation of a periodic array of dislocations could 
explain such reconstruction, which at our knowledge is 
observed  for the first time. 

The following RHEED images were recorded during 
the co-deposition of Co3Cr at 400°C, and taken along 
the [112

-
0] azimuth referring to the hcp Co3Cr phase. 

After 2 Å (see Fig. 1b,c) the surface reconstruction van-
ishes rapidly as expected and a coherent epitaxy of the 
alloy is observed. With increasing depositing the 
RHEED patterns get more and more spotty typical of a 
three dimensional growth with a decrease of the in-
plane distance. After 40 Å the pattern (Fig. 1g) clearly 
confirms the stabilization of an hcp(0001) Co-Cr alloy 
close to the composition Co3Cr with a a lattice parame-
ter of 2.51 Å. In addition, this pattern shows two inter-
mediate weak streaks (visible along the [101

-
0] azimuth, 

too), signature of a (3x3) reconstruction, whose origin 
remains to be understood. The alloy film was finally 
protected by a 20 Å Pt layer grown at room tempera-
ture, which adopts a fcc twinned stacking as shown in 

Fig. 1h. It is worth to mention that the co-deposition of 
Co and Cr on WSe2(0001) at 200°C instantly leads to a 
polycrystalline growth.  

Fig. 1: In situ RHEED investigations during the  growth 
of a 40 Å thick Co3Cr(0001) alloy on Pt(111)-(4x4) at 
400°C: 
a) (4x4)-reconstructed Pt(111) surface after different 
coverages of Co3Cr: b) 1 Å, c) 2 Å, d) 4 Å, e) 12 Å, f) 
17 Å, g) 40 Å h) After deposition of a 20 Å thick protect-
ing layer of Pt(111). 

The magnetization hysteresis loops measured at 
room-temperature using a SQUID magnetometer with 
the field applied perpendicular and parallel to the sub-
strate plane are shown in Fig. 2, and are corrected for 
the diamagnetic contribution of the substrate.  

The saturation magnetization is around 405 
emu/cm3, in good agreement with that found in thicker 
films 2). In spite of the uniaxial structure and the nanos-
tructured shape of the Co3Cr film, no PMA is observed. 
The area between the two hysteresis loops leads to a 
negative effective anisotropy of –0.006 MJ/m3, (Keff = 
Ku -0.5 µ0NMs

2). By subtracting the shape anisotropy 
energy of –0.03 MJ/m3, calculated with an aspect ratio 
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of 1 corresponding to a demagnetizing factor N of 0.27 
for a rod 3), we find an uniaxial anisotropy constant K1 
equal to 0.024 MJ/m3 much smaller than for pure hcp 
Co of 0.4 MJ/m3, indicating that Cr decreases strongly 
the magnetocrystalline anisotropy.energy. 

Fig. 2: Magnetization hysteresis loops measured at 
room temperature for a 40 Å thick Co3Cr(0001) film. 
The magnetic field was applied perpendicular (solid 
line) and parallel (dashed line) to the film plane. 

In comparison with the CoPt3 nanostructured films, 
the van-der-Waals epitaxy of Co3Cr on WSe2(0001) 
does not noticeably improve the magnetic properties re-
quired for perpendicular anisotropy. The influence of 
the film thickness on the magnetic properties will be 
examined. In the case where the hcp structure is pre-
served an enhancement of the coercivity for perpen-
dicular field is expected.  

This study has shown that depositions on a Pt recon-
structed surface grown on WSe2(0001) allow the for-
mation of Co3Cr islands with a perfect hcp structure. 
Therefore, we plan to use such a route for growing is-
lands of hexagonal Co3Pt phase and to study the re-
duced size effect on the MBE-induced uniaxial chemi-
cal ordering along the c axis (also the growth direction) 
observed in continuous films grown on Al2O3(0001) 4). 
Such ordering consisting of alternate planes of Co and 
CoPt favors strongly a PMA effect 5,6). 
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6. The growth of indium on Cu (111) 

H. Wider, M. Dippel and G. Schatz 
in collaboration with 
J. Jaworski, J. Prokop and M. Marszalek 
(Institute of Nuclear Physics, Department ofNuclear Spectroscopy, Krakow, Poland) 

In the course of investigations of the surfactantent ef-
fect of In on the growth of Co on Cu(111) experiments 
were performed to reveal the growth of In on Cu(111) 
itself. First observations of an interesting behavior were 
found during in–situ MEED (Medium Energy Electron 
Diffraction)-experiments. There submonolayer oscilla-
tions appeared within the first monolayer of deposited 
In with a maximum at 0.5 ML (Fig. 1). One can recog-
nize a small shift in the exact position and a different 
behavior in the absolute intensities due to different re-
cording areas on the spot. Also a pronounced peak was 
found for 1 ML. For 2 ML of evaporated In a repeated 
increase of the intensity could be observed but often 
much less pronounced. 

Fig. 1: Specular beam intensities of a MEED- experi-
ment during the growth of In on Cu(111). The different 
curves represent different recorded spot areas. 

The bulk phase-diagram of these elements show a 
rich spectrum of ordered alloys and it is also known 
from thin films and interfaces that new phases of or-
dered compounds were found, which play a consider-
able role in applications of thin film solarcells nowa-
days 1). So the suspicion was that the intermediate in-
crease of intensity results from an ordered surface alloy. 
Actually, LEED- patterns revealed two different sym-
metries of the surface. A )33(p × R30° reconstruc-
tions was found in the range of 0.05 ML to of little less 
than 1 ML In coverages. This pattern is replaced by an 
p(2×2) symmetry from 0.75 ML on (Fig. 2, 3). So the 
variation of the specular beam intensity can be ex-
plained by the formation of these ordered alloys as a 
consequence there of flat and well ordered surfaces. 
LEED I(E)-observations reveal that the first reconstruc-
tion which has its maximum in the intensity at an In 

coverage of 0.5 ML is only visible for the lowest elec-
tron energy, in contrast to the second pattern which is 
also visible for higher energies. This means that the first 
surface state is restricted to the top layer but the second 
with its intensity maximum near to 1 ML of deposited 
In is spread also to deeper layers. Based on these facts 
we assume a stoichiometry of Cu2In for the 

°× 30R)33(p  reconstruction and Cu3In for the 
p(2×2) symmetry. 

( 3 3p ¥

a) b)

Fig. 2: Observed reconstructions in the LEED-patterns. 
a) ) R30°-symmetry compared to the 
Cu(111) at 0.5ML deposited In. b) p(2×2)-symmetry for 
1ML In 

Fig. 3: MEED-Intensities of the specular spot in com-
parison to diffracted beams which exhibit the two found 
reconstructions during In evaporation on Cu(111). Also 
the evolution of the background intensity is shown. 

These results are consistent with PAC (Perturbed 
Angular Correlation)-spectra taken from 111In probe at-
oms evaporated in very low coverage (10-4ML) on a 
clean Cu(111) surface. They show strong, well-defined 
frequencies, which indicate substitutional terrace sites 
2). This signal gets subsequently damped due to slightly 
different probe environments of the Cu/In surface alloy 
after deposition of natural In. This disordering in the 
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surface structure becomes also visible in the MEED-
spectra as increase of the background intensity. After 
this has reached its maximum at 0.6 ML with a dip at 
the strong increase of the intensity of the second recon-
struction spot, it stays at its level while the diffracted 
spots become continuously weaker. This result can be 
explained with the formation of an In-concentration 
gradient, which leads to further disordering of the upper 
layers. This interpretation is supported by AES-data 
taken from the high- and low-energy peak of Cu in 
comparison to the In peak. They show that even for 
nominal coverages up to 22 ML Cu segregation takes 
place and the equilibrium is not reached. 

Fig. 4: STM-images of an In covered Cu(111) surface. 
Nominal coverages are given in ML. 

STM-images show a distinctive 2-D growth of the 
ordered Cu/In surface alloys (Fig. 4). In the cases where 
Cu2In is formed on the surface, the height histogram re-
veals In islands and Cu terrasses distinguishable by 
their heights. Fig. 5 shows a STM-image and a height 
distribution for a selected area of the Cu(111) surface 
where the Cu2In surface alloy is present. One can see 
that the measured height for the alloy is 0.4 Å less than 
for a Cu terrace. Since one would rather expect an in-
creased layer thickness, this observation can only be 
explained either by a changed electronic state density or 
by stressing the layer, which is strongly expanded later-
ally. Actually the evolution of the in-plane lattice con-
stant, recorded during the evaporation of In show this 
behavior. As far as it can be detected (0.5 ML In) the 
surface is expanded by about 10%. 

Due to the MEED-results and the stochiometry one 
would expect a higher coverage as observed with STM. 
In the case of nominal 2/3 of a monolayer one observes 
widespread islands but already partly coalesced and a 
second layer starts to grow. Between 0.66 ML and 1 

ML of evaporated In the film becomes closed. This is in 
the range where also the change in the reconstructions 
and thus in the stochiometry of the Cu/In alloy takes 
place. For higher nominal coverages than 1 ML only an 
increasing in the step density is observable which leads 
finally to a 3-D growth. 

Fig. 5: STM-image and a height distribution for a se-
lected area of the Cu(111) surface where the Cu2In sur-
face alloy is present. 

(1) W. Keppner, T. Klas, W. Körner, R. Wesche and G. 
Schatz; Phys. Rev. Let. 54 (1985) 2371. 

(2) H. Wider, M. Dippel, V. Gimple, G. Schatz, J. Jaworski, 
J. Prokop and M. Marszalek, Annual Report Solid State 
and Cluster Physics, Universität Konstanz (1999) p. 42 
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7. Investigations of the surfactant-effect of In on the growth of Co on Cu(111) 

H. Wider, M. Dippel and G. Schatz 
in collaboration with 
J. Jaworski, J. Prokop and M. Marszalek 
(Institute of Nuclear Physics, Department ofNuclear Spectroscopy, Krakow, Poland) 

It has already been shown that the growth of Co on 
Cu(111) is drastically modified under the influence of 
In as an interlayer 1,2). In-situ MEED (Medium Electron 
Energy Diffraction)-spectra clearly reveal the transition 
from 3-dimensional island growth to layer-by-layer 
growth with the onset of monolayer oscillations in the 
intensity of the specular beam when In is deposited be-
fore Co. Now this work has been completed with the 
systematical investigation of the influence of the In in-
terlayer thickness on the Co growth (Fig. 1). The results 
are summarized in a phase diagram (Fig. 2). 

Fig. 1:  MEED intensities of the specular beam during 
the growth of Co on Cu(111) with different In interlayer 
thicknesses, given in monolayers. 

Layer by layer growth was observed at In coverages 
from 0.1 ML to about 6 ML where a maximum in the 
surfactant effect was found at about 3 ML. The strong-
est change was found for In thicknesses between 0.1 
and 0.5 ML where the formation of an ordered inter-
metallic surface compound with p( 33 × )R30° su-
perstructure (see growth of In on Cu(111) in this pro-
gress report) was observed. Between 0.5 and 1 ML the 
In/Cu super-structure changes to a p(2×2) symmetry. 

Super structures were also found in other examples of 
surfactant effects e.g. in the case of homoepitaxy of Ru 
with O and the growth of Co on Cu(111) with Pb 3). It 
is remarkable that the onset of the oscillations was not 
immediate but emerge after an In-thickness dependent 
starting phase without oscillations. From In coverages 
of more than 1ML on, another phase appears during Co 
evaporation which is characterized by a drastically in-
crease of the background intensity and a total vanishing 
of the diffraction spots. This we interpret as formation 
of an amorphous or a disordered phase at the In rich in-
terface which is also known from the In/Pd interface 
and the initial phase of the Pb supported growth of Co 
on Cu(111) 3). For this assumption there is also strong 
evidence from STM data (see below). The observation 
of the in-plane lattice constant has also shown the evo-
lution of stress relief from a pseudomorphical growth 
(without In) up to Co film thicknesses of about 4 ML, to 
a linear reduction of the lattice mismatch for a In in-
terlayer thickness of 0.5 ML. For higher In interlayer 
thicknesses this behavior turns to a fast relaxation proc-
ess within 2 – 3 ML of Co due to the fact of much big-
ger lattice mismatch of about 20% with respect to the 
Cu/In-surface alloy. 
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Fig 2: Phase diagram based on the results from MEED 
investigations (Fig. 1), which shows the different 
growth modes depending of the In interlayer thicknesses 

PAC (Perturbed Angular Correlation)-studies at 111In 
probes deposited at the Cu/Co interface have shown that 
In first occupy substitutional terrace sites on Cu(111). 
The signal from these sites become subsequently 
damped due to little different probe environments of the 
Cu/In alloy after deposition of natural In. After Co 
deposition no magnetic hyperfine field and no uniform 
lattice sites could be observed, but the high damping at 
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reduced amplitude of the signal gives hints for surface 
probe sites. 

Fig. 3: STM images and corresponding height histo-
grams of different surfaces of the system Cu(111)/In 
0.33ML/Co in comparison with the pure Cu/Co-system. 
Co coverages given in ML. 

This interpretation is supported by annealing experi-
ments which show no intermixing or pronounced segre-
gation up to temperatures of 700K but well defined 

Co(0001) surface sites. Yet the question whether the Co 
structure is hcp or fcc with eventually twinned stacking 
faults could not be answered strictly, but LEED I(E)-
spectra suggests hcp structure 4). Cu(111)/Co 0.1

Cu/Co 2.0

Cu(111) In0.33

Cu/In/Co 0.25

Cu/In/Co 2.0

STM investigations which were performed succes-
sively with increasing Co film thicknesses with and 
without In as interlayer are in agreement with the previ-
ous experimental results. Fig. 3 shows stages of the Co 
growth on the pure Cu substrate together with its height 
histograms. One immediately recognizes a pronounced 
island growth for 0.1 ML Co on atomic flat Cu terraces. 
The height distribution proofs that a height of 2 ML of 
the islands is pronounced on a broad background due to 
convolution of island shapes with the STM tip. At a Co 
coverage of nominal 2 ML of Co the island are coa-
lesced to a closed film with pronounced grain structure 
and broad height distribution. In Fig. 3 also examples 
for the surfactant-supported growth are given. The STM 
images clearly reveal the 2-dim. growth of the ordered 
Cu/In compounds. The histogram indicates an island 
height 0.4 Å lower then a Cu terrace. Co evaporation on 
such a surface tends to result in island size distributions 
with smaller diameters compared to pure Cu surfaces. 
Higher nominal Co coverages in the range of observed 
layer-by-layer growth show again grains in lateral di-
mensions but a pronounced layered pattern in the height 
distributions. For Co coverages, which represent the 
transition to 3D growth, this behavior turns again to a 
broader height distribution in the histograms. An inter-
esting feature was found when the Co coverage was 
again increased. Grains which are little outstanding the 
surface start to appear preferred at step boundaries 
which we suspect to be segregated and aggregated In, 
surrounded by an area of much smaller grains with a 
size of about 10 Å, which we identify as modified nu-
cleated Co islands. 

These results lead us to the growth model where In 
segregation takes place at grain boundaries. In is not in-
corporated into the Co but is trapped to a small extent at 
defects and the Cu/Co interface. The growth behavior of 
the Co films is modified in the way that the nucleation 
of the Co tends to the creation of smaller grains and 
yields a layer-by-layer growth after the initial stage of 
growth. 

 
(1) H. Wider, V. Gimple, M. Dippel, J. Jaworski, J. Prokop, 

M. Marszalek and G. Schatz, Annual Report Solid State 
and Cluster Physics, Universität Konstanz (1998) p. 65 
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8. Magnetization dynamics of thin Co films under ns laser annealing 

B. Böck, B.-U. Runge and P. Leiderer 

Recently there have been several attempts to observe 
ferromagnetism in the liquid phase. In nature ferromag-
netism is found only in solids, since the melting tem-
perature TM is always higher than the  Curie tempera-
ture TC. All previous studies have been carried out us-
ing an electromagnetic levitation technique and mag-
netic ordering could be observed in sufficiently under-
cooled melts of cobalt alloys close to the critical point 
1,2). However up to now there are only limited possi-
bilities to make measurements below TC, mainly be-
cause cooling rates above 100 K/s are hard to achieve. 

Another approach is to use intensive nanosecond la-
ser pulses to melt thin (40 nm) cobalt films on glass or 
sapphire. Because of the high heating and cooling rates 
on the order of 1011 K/s it is possible to reach the re-
gime of a highly undercooled melt. The melting and re-
solidification as seen in reflectivity and magnetization 
were studied on the nanosecond time scale. Simultane-
ously the thermal radiation was recorded to relate the 
magnetic properties to the temperature of the sample. 
Fig. 1 shows the experimental setup. The sample was 
placed between the yokes of an electromagnet. Single 
pulses of a Nd:YAG laser system were used to melt the 
cobalt film. To measure reflectivity and Kerr rotation 
polarized light from an Ar+ laser was reflected at the 
surface of the sample. The analyzer was nearly crossed 
with respect to the polarizer. The thermal radiation was 
focused from the back side of the sample onto an In-
GaAs avalanche photodiode. All signals were recorded 
using a fast digitizing oscilloscope.  

Fig. 1: Schematic diagram of the experimental setup: 
P: Glan-laser-polarizer, F: filter, PD: photo diode. 

Fig. 2 shows as a first result the behavior of reflec-
tivity, Kerr rotation and thermal radiation for various in-
tensities of the heating pulse, which has a FWHM of 15 
ns and reaches the sample at the time t = 0. The sample 
was a 38 nm Co film on quartz glass with a 6 nm Ti 

buffer layer. The reflectivity curves show a minimum 
which becomes more and more pronounced as the pulse 
energy and therefore the maximum temperature of the 
sample rises. At sufficiently high pulse energies a jump 
in the rising slope of the curve appears due to the phase 
change from liquid to solid. Similarly the thermal radia-
tion shows a maximum and at high pulse energies a pla-
teau which relates to the melting temperature (TM = 
1770 K). The Kerr signal shows for low pulse intensi-
ties a peak which rises with rising energy. As soon as 
the energy is sufficient to reach the Curie temperature 
(TC = 1388 K) the heated film is fully demagnetized 
and the Kerr signal is maximal. Further increase of the 
pulse energy increases the time during which the film 
remains above the Curie temperature.  
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Fig. 2: Reflectivity, Kerr signal and thermal radiation 
for various intensities of the heating pulse. 

The data presented here are first results and do not 
yet show ferromagnetism in the undercooled melt as the 
resolidification is always earlier than the reappearance 
of the magnetization. This is mainly due to the rela-
tively thick Ti layer that limits heat transfer to the sub-
strate. Experiments with different samples are under 
way. 
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9. Diffusion of muons in metallic multilayers 

H. Luetkens and J. Litterst (IMNF, TU Braunschweig, Braunschweig) 
in collaboration with 
H.Glückler, E. Morenzoni, T. Prokscha and R. Khasanov (Paul-Scherrer-Institut, Villigen, Schweiz) 
E.M. Forgan (University of Birmingham, Birmingham, United Kingdom) 
H. Keller (Physik-Institut der Universität Zürich, Zürich, Switzerland) 
B. Handke, J. Korecki and T. Slezak (Academy of Mining and Metallurgy, Krakow, Poland) 
Ch. Niedermayer, M. Pleine and G.Schatz 

The development of the low energy muon beam at 
PSI opens the possibility to study the muon diffusion in 
artificial layered structures of a few ten nm thickness 1). 
Here, we report on the first muon diffusion experiments 
done in 1999 on a single 10 nm Cr / 40 nm Au / 10 nm 
Cr epitaxial trilayer. The motivation of these studies is 
threefold: first, as a basic experiment to understand 
muon diffusion in such systems it is a necessary prereq-
uisite for further LE-µSR studies on magnetic multilay-
ers. Secondly, they allow to study muon diffusion with-
out introducing magnetic impurities in the specimen as 
it is normally done in muon diffusion studies of non-
magnetic metal hosts. Thirdly, they allow to investigate 
interface effects like diffusion barriers due to different 
enthalpies of solution, preferential diffusion due to epi-
taxial strain and the role of disorder at the interface for 
sputtered samples. The principle of the experiment is 
shown in Fig. 1. 

Fig. 1: Initial muon implantation profile (solid line) and 
time dependent muon distribution due to thermally acti-
vated diffusion (dashed line). Muons reaching one of 
the magnetic (SDW) Cr interfaces immediately loose 
their spin polarization 2). The depolarization of the LE-
µSR signal therefore directly reflects the time dependent 
fraction of muons within the non-magnetic Au. 

The measured µSR spectra are well described by a 
single exponentially damped signal. The temperature 
dependent depolarization rate λ is shown in Fig. 2. At 
125 K, the onset of muon diffusion across the plane 
boundaries is detected by the increase of λ. The de-
crease of λ at 285 K indicates the magnetic phase tran-
sition of 10 nm Cr at a reduced Néel temperature com-
pared to bulk Cr due to the size effect 2). 

Monte Carlo calculations were performed to repro-
duce the experimental data. In these calculations, Ar-
rhenius like hopping between the octahedral interstitial 

lattice sites of the fcc Au lattice is assumed. For this 
thermally activated process the jump rate f at tempera-
ture T is given by: 

/
0

aE kTf f e-= ◊   (1) 

Here, Ea is the activation energy, k is the Boltzmann 
constant, and f0 is the attempt frequency. For a realistic 
initial stopping distribution the Monte Carlo code 
TRIM.SP 3) has been used. The calculated time depend-
ent fraction of muons in the Au layer is well reproduced 
by an exponential deflation of muons from the Au layer. 
As a first approximation we neglected any additional in-
terface barriers resulting in infinitely permeable inter-
faces. The calculated depolarization rates are compared 
to the experimental data in Fig. 2. It is visible that the 
diffusion to the Cr layers is strongly suppressed com-
pared to the literature values of muon diffusion in bulk 
Au. The data could only be reproduced by using ex-
tremely small attempt frequencies, clearly showing that 
interface effects are not neglectable. The energy barrier 
at the interface is expected to strongly depend on the 
enthalpy of solution, H, for muons in the two connected 
metals. Since H is related to the interatomic spacing in 
the metal lattice it is reasonable to assume the same 
qualitative behavior for muons and protons. First prom-
ising results are obtained using proton enthalpies of so-
lution at infinite dilution in the Monte Carlo code giving 
a repelling potential for muons at the interface. 

Fig. 2: Measured and calculated depolarization rates λ 
as a function of temperature T. 

 (l) E. Morenzoni, Appl. Magn. Reson. 13 (1997) 219 
(2) H. Luetkens et al., Physica B 289-290 (2000) 326 
(3) W. Eckstein, Computer Simulation of Ion-Solid Interac-

tions, (Springer Verlag, Berlin, 1991 
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10. Fabrication of Zn-whisker break-junctions 

E. Scheer 
in collaboration with 
P. Brenner and H. v. Löhneysen (Physikalisches Institut, Universität Karlsruhe, 76128 Karlsruhe) 
R. Cron (Service de Physique de l'Etat Condensé, CEA-Saclay, 91191 Gif-sur-Yvette, France) 

The electrical transport through single-atom contacts 
depends on the chemical valence of the central atom 
and the atomic configuration of the atomic-size point 
contact 1). The latter information has been deduced from 
the fact that the transport properties change when re-
arranging the contact region. However, the exact atomic 
positions in those experiments were unknown and thus 
no direct link between the transport properties and the 
atomic structure was established. 

To solve this problem we wish to investigate the 
transport through single-atom contacts of known atomic 
structure around the atomic-size constriction. Therefore 
we have prepared mechanically controllable break-junc-
tions (MCB) 2) consisting of Zn-whiskers glued on top 
of a pre-patterned flexible substrate (see Fig. 1). Whisk-
ers are thin single-crystalline needles, which in the case 
of the hexagonal metal Zn grow with a probability of 
67% along the (1120) direction perpendicular to the 
crystallographic c-axis 3). 

Fig. 1: Optical micrograph of a whisker-MCB. The thin 
wire in the center is the Zn whisker which is glued to Au 
electrodes patterned on a substrate covered with an in-
sulating layer. The two almost vertical lines with a 
spacing of 5 µm are the edges of the Au electrodes. In 
between the insulating under-layer is visible. The epoxy 
resin dots on the left and right sides of the micrograph 
contain Ag particles which establish the electrical con-
tact to the electrodes. 

The whiskers are produced by the following method: 
We electro-plate ≈ 5 - 7 µm thick layers of 99.95% pure 
Zn onto 0.25 mm thick stainless steel substrates. To ob-
tain continuous and homogeneous Zn layers, the sur-
faces of the substrates have to be prepared in three 
steps: 1. Sanding and subsequent cleaning of the subst-
rates in diluted HCl, 2. electro-plating a thick (» 10µm) 
Zn layer, 3. removing the layer completely in HCl. The 

final electro-plating was then performed in a solution of 
104 g ZnCl per liter H2O and a current of 0.7 A for 5 
min. This method has been shown to be preferable for 
the growth of whiskers 4). With these parameters crys-
tallites of 0.5 - 1 µm in diameter and the c-axis almost 
perpendicular to the surface can be grown. A package 
of 10 substrates, coated on both sides is then pressed to-
gether between stainless steel plates with stainless steel 
screws tightened to 5 Nm. The edges of the package are 
sanded and polished carefully until they have a shining 
surface with a roughness of less than ∼  0.3 µm. The 
package is then stored at T = 80 °C and p = 200 mbar 
helium atmosphere for at least several weeks. 

2 µm

50 µm

Fig. 2: Electrical micrographs of a Zn whisker with di-
ameter d ≈ 1.7 µm and length L = 0.25 mm after a 
growth period of 8 weeks. The whisker has been depos-
ited onto a Au covered substrate with the help of steel 
tweezers. When slightly touching the substrate with the 
tips of the tweezers, the Au was scratched locally and 
the whisker was bent accidentally such that a kink ap-
peared (see bottom of the micrograph). 

Fig. 2 displays a Zn whisker with diameter ≈1.7µm 
and length L = 0.25 mm. After a growth period of six 
months the average length is  ∼  1.5 mm and a consider-
able amount of whiskers have grown straight without 
kinks. The shape of the cross section is irregular (see in-
set of Fig. 2) and does not correlate with the growth di-
rection. 

For contacting and manipulating the whiskers we 
prepare bronze substrates of size 4 mm x 15 mm cov-
ered with an insulating layer of polyimide and 60 nm 
thick gold electrodes separated by a spacing of 5 µm 
patterned by optical lithography. Individual whiskers 
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are chosen, picked with a pair of tweezers and deposited 
on the substrate with the prepared electrode structure. 
The mechanical contact to the substrate necessary for 
breaking the whisker and the electrical contact between 
the whiskers and the electrodes is simultaneously pro-
vided by dots of epoxy resin with silver particles with 
diameter of > 1 µm. 

Fig. 3: Current-voltage characteristics of a Zn-whisker 
MCB at T = 36, 130, 350, 480, and 740 mK. 

A whisker MCB with a room temperature resistance 
of R(300K) = 10 Ω is mounted on a three point bending 
mechanism thermally anchored to the mixing chamber 
of a dilution refrigerator (for details see 5)). The sample 
was contacted in a two-wire-geometry, i.e. the resis-
tance value contains the contributions from short con-
necting copper wires, the silver glue and the gold elec-
trodes. Although bulk Zn has a superconducting transi-
tion temperature of Tc = 0.88 K we did not observe a 
supercurrent down to the lowest measuring tempera-
tures of 32 mK, possibly due to the proximity effect to 
the normal metal electrodes, i.e. the Au contact pads 
and/or the Ag particles in the epoxy glue. The residual 
two-wire resistance was R0 = 3 Ω. 

However, when the whisker was broken to a tunnel 
contact with resistance R ≈ 1.6 MΩ by bending the sub-
strate, we observed typical superconducting tunneling 
current-voltage characteristics with a gap 2∆ ≈ 240 µeV 
which is close to the literature value for bulk Zn (see 
Fig. 3). The onset of the current above the gap voltage 
is rounded, indicating that the quasiparticle density of 
states does not correspond to the BCS form but is 
smeared out. At present it is not clear if this rounding is 
due to the proximity effect or to intrinsic properties of 
the Zn whisker. In a similar experiment on a MCB 
made of a macroscopic Zn wire with an initial diameter 
of 125 µm, we found a slightly higher gap value and a 
density of states which deviates from the BCS form to a 
smaller extent compared to the whisker break-junction. 
Another possibility for the strong rounding of the qua-
siparticle density of states could be magnetic impurities, 
as e.g. Fe from the steel substrates on which the Zn 
films were grown. However, the solubility of Fe in Zn 

is known to be < 10 ppm 6) and no contamination has 
been found in layers and crystals prepared by a similar 
procedure 3). Thus, although very unlikely, we cannot 
rule out a small amount of Fe contamination since the 
metal volume of the whisker is too small to perform an 
atom absorption spectroscopy (AAS) measurement with 
sufficient resolution. 

The gap structure of the whisker disappears at Tc(B = 
0) ≈ 750 mK and at a critical field Bc1(T=0) ≈ 5.5 mT. 
The first-order transition to the normal state is hysteretic 
as expected for a type-I superconductor (see e.g. 7)) but 
hard to observe in bulk superconductors. From the su-
percooling of the normal phase down to Bc2(T = 0) = 
3 mT when lowering the field we estimate the coher-
ence length to ξ = (φ0/2πBc2)1/2 ≈ 325 nm (where φ0 = 
h/2e = 2 × 10-15 Tm2 is the superconducting flux quan-
tum) in reasonable agreement with values from the lit-
erature. 

-600 -400 -200 0 200 400 600
Voltage (µV)

-200

0

200

C
ur

re
nt

 (
pA

)

-100 0 100 200 300 400
Voltage / µV

-0.1

0

0.1

0.2
C

u
rr

en
t 

 / 
n

A

0 2 4 6
Field / mT

0
50

100
150
200
250
300

G
ap

 / 
 µ

V

T~ 50mK

B= 0mT
B= 3.36mT
B= 4.2mT

B= 5.03mT
B= 5.87mT

Fig. 4: Current-voltage characteristics of a Zn-whisker 
MCB at B = 0, 5.03, 5.87, 4.20, and 3.36 mT. Inset: 
Gap 2∆ as a function of applied magnetic field. 

Measurements in the “contact regime”, i.e. when the 
two parts of the MCB are brought back into contact, are 
in preparation. 

We thank R. Tidecks for helpful discussions. P.B. 
and E.S. thank the CEA for its hospitality during the 
low temperature measurements. This research was sup-
ported by DFG through SFB 195. 
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11. Conductance measurements of Cu:Mn nanobridges 

E. Scheer 
in collaboration with 
C. Bacca, F. Pérez-Willard and H. v. Löhneysen (Physikalisches Institut, Universität Karlsruhe, 76128 
Karlsruhe) 
H.B. Weber (Institut für Nanotechnologie, 76021 Karlsruhe) 

Non-equilibrium transport measurements of nano-
bridges allow to investigate the electron-electron inter-
action (EEI) in disordered metals 1). The EEI results in a 
correction of the density of states, which is observable 
as a reduction of the zero-bias conductance of the order 
of several e2/h 2). This feature is named “zero-bias 
anomaly” (ZBA). When the samples are disordered, but 
still reasonably good conductors the amplitude of the 
ZBA is small and high resolution measurements are re-
quired. It has been predicted and confirmed experimen-
tally for nano-bridges made of Cu and of Cu82Au18 that 
the reduction of the differential conductance follows the 
scaling law 

  (1) ( , ) (0, ) ( / )BG U T G T b H eU k T   

where b is a constant determined from the temperature 
dependence of G(0,T) and the function H(x) ≅  0 for x < 
1 and H(x) ≅  ln x for 1 < x (2). 

Fig. 1: Electron micrograph of a sample with c = 
52 ppm. The bright areas are the Cu reservoirs. The 
Cu:Mn nanobridge (light grey area) is contacted to the 
reservoirs via two overlay regions visible by their en-
hanced thickness. 

In order to study the influence of magnetic scattering on 
the EEI we have fabricated nanobridges of the Kondo 
system Cu:Mn. The bulk Kondo temperature of the sys-
tem is TK ∼ 10 mK. For low temperatures the system 
builds a spin-glass state with a freezing temperature Tf 
which depends on c. For the concentrations chosen 
here, Tf ∼ 100 mK which means that scattering off mag-

netic impurities is mainly uncorrelated for the measur-
ing temperatures of 100 mK < T < 2.6 K 3). Thus, for 30 
ppm < c < 300 ppm the depression of the phase coher-
ence length Lϕ is most effective. In previous experi-
ments we found Lϕ ≈ 350 nm for c = 80 ppm, while for 
our pure Cu samples Lϕ = 750 nm was measured 3). 
Applying a well-defined voltage drop across the nano-
bridge requires fixed-potential reservoirs. Therefore we 
have fabricated thin nano-bridges of Cu:Mn with Mn 
concentrations of c = 52 ppm and c = 88 ppm with 
length L ≅  100 nm, width w ≅  150 nm and thickness d ≅  
10 nm with wide and thick Cu reservoirs dres ≅  500 nm 
in a shadow evaporation technique 2). 
The Cu:Mn alloys are prepared in an arc-furnace under 
Ar atmosphere by subsequent dilution starting from a 
master alloy with 10% Mn. Because of the large differ-
ence in vapor pressure of the two metals Cu and Mn, 
the prepared alloy is flash-evaporated under UHV con-
ditions (see 3) for further details). In previous measure-
ments we found that this procedure results in homoge-
neous Mn distributions without indications of oxidiza-
tion or clustering. Within the volume of the nanobridge 
we expect 600 to 1100 Mn atoms at an average distance 
of 6 to 8 nm. 
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Fig. 2: Magneto-conductance curve measured at T = 
100 mK for a sample with c = 52 ppm. 

Fig. 1 is an electron micrograph of a sample with c = 
52 ppm. The nanobridge has a weak contrast due to its 
small thickness. The thickness step at the overlay re-
gions between nano-bridge and reservoirs demonstrates 
the high aspect ratio between mesoscopic sample and 
the reservoirs. The thick piece of metal in front of the 
nanobridge is an artifact of the shadow evaporation 
technique and is electrically disconnected from the rest 
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of the circuit.  
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From the residual resistivity ratio we estimate the 
elastic mean free path of the Cu:Mn bridge to ∼ 10 nm. 
This value is in the same order of magnitude as both the 
thickness of the bridge and the Mn-Mn distance. Thus, 
the electrons are mainly scattered off the surface and the 
Mn impurities. 

Fig. 2 displays the magneto-conductance in a perpen-
dicular magnetic field of a sample with c = 52 ppm at T 
= 100 mK for a field range from −8 T ≤ B ≤ 8 T. We 
observe universal conductance fluctuations (UCF) with 
an amplitude of δGrms = 0.3 e2/h superimposed on a 
positive magneto-conductance due to the suppression of 
the Kondo effect. The presence of UCF confirms that 
the transport is diffusive and phase coherent within the 
sample volume. The analysis of the UCF yields a corre-
lation field Bc ≈ 0.3 T corresponding to a coherence 
area of Aϕ = Φ0/Bc = 1.3·10-14 m2, where Φ0 = h/e = 
4·10−15 Tm2 is the flux quantum. The value for Aj corre-
sponds well to the sample surface area L·w ≈ 100 nm × 
150 nm, confirming that the measurement signal origi-
nates from the nanobridge only. 

Fig. 3: Temperature dependence of the linear conduc-
tance G(0,T) of a sample with c = 52 ppm for B = 0 and 
B = 8 T. 

The temperature dependence of the linear conduc-
tance G(0,T), plotted in Fig. 3, has been measured at 
zero magnetic field and at B = 8 T. The constants b  
0.55 ± 0.03 e2/h have been found to be similar for both 
Mn concentrations and to be only slightly influenced by 
the magnetic field. The nonlinear conductance G(U,T) 
has been measured for 100 mK to 2.6 K for voltages up 
to 2 mV. 

In Fig. 4 we show the scaling plot of G(U,T)−(0,T))/b 
vs. eU/kBT for the sample with c = 52 ppm. The agree-
ment with the theoretical curve (symbols) derived for 
elastic, non spin-dependent scattering is astonishing. 
The amplitude of the ZBA is almost independent of 
magnetic field for both samples, although a strong mag-
neto-conductance was observed. Furthermore, the coef-
ficient b is the same for the other Mn concentration in-
vestigated. 

Fig. 4: Scaling plot of the conductance data of the sam-
ple shown in Fig. 1 for T ≈ 100 mK, 150 mK, 250 mK, 
380 mK, 640 mK, 1.1 K, and 2.6 K. The voltage sweeps 
fall onto a single curve, when the data are scaled ac-
cording to Eq. (1). The symbols represent the theoreti-
cal function H(eU/kBT) calculated numerically. 

This striking rigidity of the ZBA against magnetic 
scattering is not understood at present. Apparently in 
our present experiment, the mechanism giving rise to 
the ZBA is independent of magnetic field, too. A possi-
ble explanation would be that the breaking of time-re-
versal symmetry due to magnetic scattering has sup-
pressed the contribution of time reversed paths, referred 
to as Cooper channel. The contribution observed here 
could then be attributed to the so-called Diffuson chan-
nel to the EEI only. Further measurements are required 
to understand quantitatively the effect of magnetic scat-
tering on the EEI. 
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We thank J. Kroha for helpful discussions and pro-
viding the numerical data of the scaling function. This 
work was supported by the DFG through SFB 195. 
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12. Conduction channels of gold single-atom contacts 

E. Scheer 
in collaboration with 
W. Belzig (Institu für Physik, Universität Basel, Switzerland) 
Y. Naveh (State University New York at Stony Brook, USA) 
D. Esteve, C. Urbina , and M.H. Devoret (CEA Saclay, Gif-sur-Yvette, France) 

During the last decade, the basic facts of supercon-
ductivity have been revisited under the light of the con-
cepts developed for normal mesoscopic structures in 
which electronic transport is quantum coherent. In this 
new field Andreev reflection plays a central role. On the 
one hand, an equilibrium phenomenon like the prox-
imity effect (PE), which corresponds to the dilution of 
the superconducting order at a normal-superconducting 
interface, has been reinterpreted in terms of coherent 
Andreev reflections of quasi-electrons into quasi-holes 
at the interfaces 1). On the other hand, a non-equilib-
rium phenomenon like the dissipative transport between 
two superconducting reservoirs connected through a 
small number of conduction channels 2), has been 
checked 3) to obey with great accuracy the full quantum 
theory of Multiple Andreev reflections (MAR) 4,5). 
What happens when both aspects are present simultane-
ously? We have developed an extension of the theory of 
MAR to non-BCS superconductors and present trans-
port experiments through atomic contacts between two 
small gold electrodes in which the PE has been induced 
by the contact with large aluminum reservoirs and 
which allow for the determination of the conduction 
channels of those contacts. 

We use micro-fabricated break-junctions 3) of Al, 
where the center part of the constriction consists of Au. 
Through a suspended mask we evaporate two Al elec-
trodes separated by a gap of width 2LN. Without break-
ing the vacuum, two Au layers are deposited at two dif-
ferent angles in order to fill the gap. .lm. After lifting o. 
the mask the samples are plasma etched to form a free-
standing nanobridge. The bridges are broken at the con-
striction at very low temperatures Θ < 1 K by controlled 
bending of the elastic substrate mounted on a three-
point bending mechanism. Details of the measurement 
are given in 3). 

From experiments on pure Al samples 3) we estimate 
the superconducting gap ∆ = 180 µeV, the diffusion 
constant D = vFlAl/3 = 0.042 m2/s and the coherence 
length ξ = ( D/2∆)1/2 = 280 nm. From the residual re-
sistance ratio RRR = R(300K)/R(4K) of the Au layers 
we deduce an elastic mean free path of lAu ≈ 25 -  45 
nm. 

For recording current-voltage characteristics (IVs) 
the motion of the bending mechanism can be stopped at 
any conductance value G. Fig. 1 shows the IVs of two 
Al-Au-Al samples and an Al sample obtained in the 
tunnel regime at Θ ≤ 50 mK. 

A clear minigap Eg < ∆ is observed for both samples 
and a maximum of the current slightly above the mini-
gap. This maximum is a consequence of the deviation 

of the density of states (DOS) ρ(E) from the BCS shape. 
Both, the spatial dependence of ρ(E,x) (x is the transport 
direction) and the size of the minigap can be described 
using a one-dimensional diffusive model where the 
sample geometry is approximated by two NS structures 
weakly coupled to each other via an opaque tunnel bar-
rier (“hard wall”) such that ρ(E,x = LN) at the tunnel 
barrier can be calculated neglecting the presence of the 
second NS structure. ρ(E,x) is determined by solving 
the Usadel equation for the retarded Greens functions 
G(E,x) and F(E,x) numerically 6). The DOS is given by 
ρ(E,x) = ρ0ReG(E,x) with the normal-state DOS ρ0. The 
length of the superconductor is assumed to be infinite, 
the length of the normal metal is LN, i.e. the bridge is 
broken symmetrically in the middle of the normal re-
gion. A second important parameter in the model is the 
“mismatch parameter” Γ = σN/σS(DS/DN)1/2 with the 
conductivities σN(S) and the electronic diffusion con-
stants DN(S) of the normal metal (superconductor). Both 
parameters can be estimated experimentally by the sam-
ple geometry and the RRR. 

Fig. 1: Measured IVs (symbols) for the Al-Au-Al sam-
ples #1 (triangles), #2 (circles) and an Al sample 
(squares) when in tunnel regime. Also shown are the 
calculated IV of a BCS superconductor at Θ ≤ 50 mK 
(solid line) and fittings to the IVs of samples #1 
(dashed) and #2 (dotted) according to Ref. 6 with the 
parameters LN = 0.16ξ [0.8ξ] and Γ = 0.6 [0.2]. Inset: 
DOS for a BCS superconductor (solid line) and samples 
#1 (dashed) and #2 (dotted). 

The tunnel IVs are calculated by autoconvoluting the 
DOS. The calculated ρ(E,LN) and IVs using those pa-
rameters are displayed in Fig. 1. When the two elec-
trodes are brought back into contact, the IV s show the 
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subgap-structure due to MAR 4,5). Fig. 2 displays sev-
eral IVs (symbols) of single-atom contacts of samples 
#1 (top panel) and #2 (bottom panel). G of all examples 
are smaller than or comparable to the conductance 
quantum G0 = 2e2/h. For small G the maximum in the 
IV at 2Eg is still observable and strong features appear 
at the submultiples 2Eg/me (m = 2, 3, ...). 

Fig. 2: Top [bottom]: measured IVs (symbols) of six 
[five] contacts of sample #1 [#2] and best numerical fits 
for PE superconductors (lines) with the same parame-
ters as in Fig. 1. The transmissions are from top to bot-
tom: T = 0.98, 0.85, 0.69, 0.55, 0.35, and 0.15 [T = 
0.93, 0.86, 0.68, 0.50, and 0.11]. 

In order to describe the IVs quantitatively we gener-
alize the theory of MAR of by introducing he Andreev-
reflection amplitude calculated for our model geometry 
via 
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into the scattering formalism of Ref. 4) and calculate he 
IVs for arbitrary transmission. This procedure implies 
that the PE inside one bank of the point contact is not 
altered when bringing the two banks into contact. 

The lines in Fig. 2 are calculated within this model 
for a single channel with the transmission given in the 
figure caption. Note, that the calculation contains no 
free parameter since the transmission is given by the 
slope of the IV far above the gap. 

Contrary to the observations for Al and other super-
conductors 3), we find for Au stable configurations in 
the contact regime whose transport properties can be 
explained by one single conduction channel. The trans-

mission of this channel can be varied within a wide 
range of values by rearranging the geometry of the cen-
tral region (opening and closing again the contact). It is 
possible to stabilize single-channel contacts with very 
high transmission up to 0.98. 

Several authors have predicted within different ap-
proaches 7,8) that single-atom contacts of monovalent 
metals as, e.g. noble metals, should transmit electrons 
through one single channel only. The mechanism which 
gives rise to a single-channel transport in Ref. 8 is the 
formation of a resonance of the 6s band at the Fermi en-
ergy. The transmission of this channel is a function of 
the contact geometry. Transmission close to one is pre-
dicted only if the central atom is coupled equally to 
both electrodes, i.e. symmetric geometrical configura-
tion. Disorder within several atomic layers from the 
central atom reduces the value of the transmission coef-
ficient. 

In conclusion, single-atom gold contacts accommo-
date a single conduction channel in accordance with 
theoretical predictions. The transmission of the channel 
can be varied widely by rearranging the contact geome-
try, showing that conductance quantization in atomic 
contacts is a product of both, atomic configuration and 
chemical properties of the element. Since almost the 
whole transmission range is accessible, gold is a model 
substance for testing transmission dependent transport. 
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13. Snapshots of magnetic flux penetration on a nanosecond timescale 

U. Bolz, P. Leiderer, and B.-U. Runge 
in collaboration with 
K. Numssen and H. Kinder (Technische Universität München, Physik Department E10, D-85748 Garching) 

Flux dynamics in superconductors has been a topic 
of continuous interest for many years. Most experi-
ments are either probing integral sample properties or 
are rather limited in temporal resolution 1). Magneto-
optics using a pulsed laser as illumination source allows 
to carry out studies with a spatial resolution of a few µm 
and a temporal resolution in the nanosecond range. 
With this technique earlier experiments studied the 
magnetic flux pattern of an avalanche 2). We greatly 
improved temporal and spatial resolution and extended 
our investigation to study general flux patterns in super-
conducting films. Depending on the external magnetic 
field and sample temperature we observe two different 
ways how magnetic flux penetrates into the supercon-
ductor: in form of a homogeneous flux gradient, or as 
dendritic flux avalanches. In our experiments the local 
rate of change in the magnetic field exceeds 108 T/s. 

In our experiments we have used YBCO films with a 
thickness of 300 nm, grown on a SrTiO3 substrate by 
thermal reactive co-evaporation 3). X-ray diffraction and 
REM measurements showed the c-axis of the films to 
be perpendicular to the substrate and a very homoge-
neous surface with very low outgrowths. The supercon-
ducting transition temperature was Tc = 90 K with a 
critical current density of jc = 106 A/cm2 at T = 77K. 

To visualize the c-component of the magnetic flux 
distribution a Bi-doped Yttrium Iron Garnet (YIG) film 
on Gadolinium Gallium Garnet with in-plane anisotropy 
is used as magneto-optic (MO) layer 4), which is 
mounted on top of the superconductor 5,6). In order to 
distinguish between positive and negative direction of 
the perpendicular field the polarizer and analyzer in our 
home-built polarization microscope were not crossed 
completely. Therefore magnetic fields between –50 and 
+180 mT could be observed. 

Fig. 1: Pump-probe setup used to obtain high time reso-
lution. 

To achieve a high time resolution, a pump-probe 
technique can be used in combination with a 
Ti:sapphire pulse laser (τ = 150 fs) as illumination 
source. A schematic drawing of the setup is shown in 
Fig. 1. One part of the pulse laser beam is used to trig-
ger an event whereas a second part is fed through an op-
tical delay line of up to 150 ns and then used to take a 

snapshot of the flux distribution. The YIG film used in 
our setup allows to obtain a time resolution of about 
200 ps 7). This time resolution is sufficient to investi-
gate the flux penetration velocity in superconductors in 
all situations we found. 

The YBCO film is zero field cooled below Tc. After 
reaching a stable temperature an external magnetic field 
Bext perpendicular to the sample surface is applied. 

Magnetic flux penetrates into the superconducting 
film from the edges. The shielding currents prevent the 
magnetic flux from penetrating into the inner part of the 
superconductor. The first part of the laser pulse is now 
used to apply a local magnetic field with a rise time of 
less than 200 ps 7). The laser pulse is focused with a cy-
lindrical lens onto the film from the substrate side of the 
sample. Hereby a line with a width of 50 µm is heated 
above Tc, dividing the sample into two rectangular su-
perconducting regions of equal size. Magnetic flux in-
stantaneously (within our experimental time resolution) 
fills the normal conducting line and then starts to pene-
trate from there on into the superconducting film. Fig. 2 
shows the flux profile perpendicular to the heated line 
after 67.8 ns and the corresponding one of the final 
state. 

analyzer

polarizer

Bext || c-axis

beam splitter

variable
delay line

YBCO film
with YIG

CCD camera

Ti:sapphire laser

150 fs, 800 nm lens

lamp

Fig. 2: Magnetic flux profile after 67.8 ns and of the fi-
nal state (T = 30 K, Bext = 15 mT). 

In Fig. 3 one can see flux profiles of the final state 
for three different temperatures at an applied external 
field of 15 mT and one at T = 10 K and Bext = 20 mT. 
As one expects, the field enhancement and the slope de-
crease with T while the distance x0 of the penetrated 
flux front increases. This is due to the temperature de-
pendence of the critical current jc. This is the current 
density where the flux starts to move. For T = const the 
field enhancement increases with Bext. 

The penetration distance x0 of the flux front is not 
only a function of time, but also of the sample tem-
perature (Fig. 4a). The penetration is faster for a higher 
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sample temperature probably due to the smaller jc. But 
the total penetration time until the flux flow is stopped 
increases as well with the temperature (Fig. 5). On the 
other hand variation of the external magnetic field Bext 
at T = const leads to an increased penetration velocity 
for higher Bext while the total penetration time seems to 
remain constant (Fig. 4b). 

Fig. 3: Flux profiles of the final state for three different 
temperatures at Bext = 15 mT and one at T = 10 K and 
Bext = 20 mT. 

Fig. 4: Time dependence of the penetration distance x0 
of the flux front. a) For three different temperatures 
with an applied field of Bext=15mT. b) For two different 
magnetic fields at T=10K. 

For Bext > 25 mT and T < 30 K avalanche patterns in 
form of dendrites are observed (Fig. 6). The spreading 
velocity of the dendrites is on the order of 104 m/s and 
is at least one order of magnitude higher than the pene-
tration velocity of the homogeneous flux front. The 
dendritic pattern shows different details for every new 
avalanche. But the starting points of the avalanches are 
often the same, if the external conditions (e.g. the laser 
focus) are not changed. This can be explained with 

slight local variations in the critical current density of 
the YBCO-film. At places with lower jc the avalanches 
are formed. Once the shielding current paths are curved 
at a location, magnetic flux can penetrate there more 
easily into the superconductor due to Biot-Savart's law. 
Moving vortices cause energy dissipation. This locally 
heats the superconducting film and reduces its critical 
current density leading to additional flux penetration. 

Fig. 5: Time dependence of the standardized penetra-
tion distance x0(t)/x0(∞) of the flux front. 

Fig. 6: 3D presentation of the flux density distribution 
after 50ns and of the final state at T = 10 K with an ap-
plied external field of 30 mT. The size of the images is 
2.28×1.52 mm2 and the maximal magnetic field density 
is 95 mT. 

In conclusion we have studied the dynamics of mag-
netic flux penetration in superconducting YBCO films 
on nanosecond timescale. The magnetic field was ap-
plied by heating a narrow line of the sample with a laser 
pulse while exposing it to an external perpendicular 
magnetic field. The penetration velocity depends on the 
sample temperature and on the magnetic field. At low 
temperature and above a threshold field of about 25 mT 
avalanche patterns are also observed. 

We would like to thank E. Il'yashenko for providing 
garnet layers. 

(1) R. Warthmann, J. Albrecht, H. Kronmüller, and Ch. 
Jooss, Phys. Rev. B 62 (2000) 15226 

(2) P. Leiderer, J. Boneberg, P. Brüll ,V. Bujok, and S. Her-
minghaus, Phys. Rev. Lett. 71 (1993) 2646 

(3) H. Kinder, P. Berberich, B. Utz, and W. Prusseit, IEEE 
Trans. Appl. Supercond. 5 (1995) 1575 

(4) L.A. Dorosinskii, M.V. Indenbom, V.I. Nikitenko, Yu. A. 
Ossip'yan, A.A. Polyanskii, and V.K. Vlasko-Vlasov, 
Physica C 203 (1992) 149 

(5) P. Brüll, D. Kirchgässner, and P. Leiderer, Physica C 182 
(1991) 339 

(6) Th. Schuster, H. Kuhn, E.H. Brandt, M.V. Indenbom, M. 
Kläser, G. Müller-Vogt, H.-U. Habermeier, and H. 
Kronmüller, A. Forkl Phys. Rev. B 52 (1995) 10375 

(7) B.-U. Runge, U. Bolz, P. Leiderer, to be published



Annual Report 2000 25 

14. Anomalous peak in the superconducting condensate density of cuprate 
high-Tc superconductors at a unique doping state 

Ch. Niedermayer 
in collaboration with 
C. Bernhard (Max-Planck-Institut für Festkörperforschung, Stuttgart)  
J.L. Tallon (Industrial Research Ltd., Lower Hutt, New Zealand) 
A. Golnik (Warsaw University, Warsaw, Poland) 

The superconducting condensate density, ns, is pro-
portional to the squared amplitude of the supercon-
ducting (SC) order parameter (OP), i.e. of the macro-
scopic wave function which describes the SC charge 
carriers. It is thus a fundamental parameter whose varia-
tion as a function of temperature and of carrier doping 
provides important information about the SC state. 
From early on in the investigation of the cuprate high Tc 
superconductors (HTCS), the absolute value of ns has 
been studied by transverse-field muon-spin-rotation 
(TF-µSR) measurements on polycrystalline samples. 
Using this technique a linear relationship between the 
low-T value, ns,0 ; and the critical temperature, Tc, has 
been established in underdoped HTCS (so-called “Ue-
mura-line”) 1). This finding has stimulated the de-
velopment of the so-called precursor pairing model 
whose basic idea is that the low value of ns,0 allows for 
large thermal phase fluctuations of the OP 2). These 
phase fluctuations can suppress the formation of a mac-
roscopically coherent SC state over a significant T-in-
terval below the mean-field transition temperature, 
Tc,macr << Tc,mf. This precursor pairing model could 
also explain the so-called pseudogap effect, which 
manifests itself as a partial suppression of the low-en-
ergy charge and spin excitations in the normal state of 
underdoped HTCS. In this model the pseudogap state is 
thought of as the macroscopically incoherent SC state 
within the range Tc,macr < T < Tc,mf 

2). Contrasting the 
precursor pairing model a number of alternative models 
have been proposed which associate the pseudogap state 
with electronic correlations which compete with SC 3,4). 
In particular, it has been shown that the combined sup-
pression of Tc and ns,0 in underdoped HTSC can be 
equally well explained in terms of the depletion of the 
density of states near the Fermi-level, N(εF ± ∆), 
brought about by competing correlations which rapidly 
grow in strength on the underdoped side 5). The ques-
tion as to the origin of the normal state pseudogap is 
presently vigorously debated and is considered as an 
important key to resolve the mystery of HTCS. 

Here we report extensive TF-µSR studies on the evo-
lution of ns,0/mab as a function of hole doping, p, for se-
ries of polycrystalline Y0.8Ca0.2Ba2(Cu1-zZnz)3O7-δ 
(Y,Ca-123) and Tl0.5-yPb0.5+ySr2Ca1-xCu2O7 (Tl-1212) 
samples. Our data demonstrate that ns,0 exhibits a pro-
nounced peak at a unique doping state in the slightly 
overdoped region. 

Fig. 1a displays the evolution of the low-T value of 
the depolarization rate σ0 ~ ns.0/mab as a function of the 

hole doping per CuO2 plane, p, for the series of under-to 
overdoped Y0.8Ca0.2Ba2(Cu1-zZnz)3O7-δ with z=0, 0.02 
and 0.04. Fig. 1b shows the evolution of Tc with p. It is 
evident from Fig. 1 that ns,0 exhibits a pronounced peak 
in the slightly overdoped regime. For all three series it 
occurs at a similar critical doping state of pcrit ≈ 0.19. 
At optimum doping of popt  ≈ 0.16, where the highest 
Tc value of Tc,max=85.5 K is observed for the Zn-free 
series, σ0 is already reduced by 25% to 30% as com-
pared to critical doping. 
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Fig. 1: (a) Evolution of the low temperature depolariza-
tion rate σ0 ~ ns.0/mab as a function of hole doping, p, 
for series of under- to overdoped Y0.8Ca0.2Ba2(Cu1-

zZnz)3O7-δ with z = 0 (open circles), z = 0.02 (solid 
squares) and z = 0.04 (stars). Critical (optimum) dop-
ing is marked by the solid (dotted) line. (b) Doping de-
pendence of the critical temperature Tc shown by the 
same symbols. 
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The difference between optimum doping (highest Tc 
value) and critical doping (highest ns,0 value) is largest 
for the pure series, but it is reduced for the Zn-substi-
tuted series since the optimum doping concentration in-
creases upon Zn-substitution. At very high Zn content, 
SC survives only in the vicinity of the critical doping 
state, i.e. popt → pcrit. This effect has been previously 
explained in terms of the suppression of N(εF ± ∆) due 
to the opening of the pseudogap below critical doping 
which, for impurity scattering in the unitarity limit, en-
hances the suppression of Tc and of ns,0 6). The other 
remarkable feature is the plateau in ns,0 versus p cen-
tered around 1/8 doping. The p-dependence of ns,0 
therefore is characterized by two marked features, a pla-
teau around 1/8 doping (likely associated with the for-
mation of static stripes) and the peak near critical dop-
ing. 

It is remarkable that the same critical doping state 
has been previously identified based on specific heat, 
susceptibility and NMR data as the point where the 
normal state pseudogap first appears and starts to de-
plete N(εF ± ∆) 3,5,7), most probably due to some kind 
of yet unknown electronic or magnetic correlations 
which compete with SC. 

In order to confirm that the peak of ns,0 at pcrit ≈ 0.19 
is a common feature of the hole-doped HTCS we have 
also investigated a series of under- to overdoped Tl-
1212 polycrystalline samples (Tc,max = 107 K). Fig. 2 
shows the evolution of σ0 as a function of p. It is evi-
dent that σ0 follows a similar p-dependence as in Y,Ca-
123 and, in particular, that it also exhibits a peak at pcrit  
≈ 0.19. 

Fig. 2: Doping dependence of the low temperature de-
polarization rate σ0 for under- to overdoped  
Tl0.5-yPb0.5+ySr2Ca1-xCu2O7. The solid (dotted) line 
marks critical (optimum) doping. 

Based on TF-µSR measurements we have presented 
strong experimental evidence that a unique critical dop-
ing state exists in the slightly overdoped regime where 
the superconducting condensate density, ns,0, exhibits a 

pronounced maximum. The observed sudden change of 
ns,0 is not expected within the precursor pairing model 
2). On the underdoped side the decrease of ns,0 coincides 
with the decrease of the normal density of states caused 
by the pseudogap correlations. This effect sets in 
abruptly at critical doping 5,7). In contrast, the rapid de-
crease of ns,0 on the strongly overdoped side cannot be 
easily understood within a conventional BCS model 
since the normal state carrier density or likewise the 
plasma frequency of the normal carriers ωpl,n ∼  nn/mab 
8) remain almost constant on the overdoped side. Even 
more surprisingly, ns,0 seems to scale with the conden-
sation energy as obtained from specific heat measure-
ments 5). This correlation suggests unconventional be-
havior even in the overdoped region. 
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15. Surface investigations of decagonal AlNiCo quasicrystals 

C. Cecco (Institut für Physikalische Chemie, LMU München) 
in collaboration with 
M. Albrecht, H. Wider and G. Schatz 

Quasicrystals are well-ordered materials with perfect 
long-range orientational order but no translational sym-
metry and hence no periodicity. These structures exhibit 
non-crystallographic symmetry elements, such as five-, 
eight-, ten- or twelvefold rotational axes, and are funda-
mentally different from both crystalline and amorphous 
structures. Decagonal quasicrystals are quasiperiodic in 
only two dimensions; they consist of quasiperiodically 
ordered atomic layers with tenfold symmetry which are 
stacked periodically along the tenfold axis.1)  

Besides their scientific attractiveness, quasicrystals 
exhibit some remarkable physical properties, e.g. poor 
heat conductivity, wear resistance, low friction and low 
surface energy that make them interesting from a tech-
nological point of view 1,2).Many applications rely spe-
cifically on surface properties, which are expected to be 
influenced by the quasicrystalline structure. Therefore 
both the surface structure and its effect on surface prop-
erties are of interest. 

Fig. 1:  RHEED patterns of the multidomain bcc (110) 
phase obtained after Ar+-sputtering at room tempera-
ture (a,b) and the corresponding patterns of the heat-
treated quasicrystalline surface (c,d). The incident elec-
tron beam is parallel to the bcc [001] direction in (a) 
and to the [11

_
1] and [11

_
0] directions in (b). 

We investigated the surface parallel to the quasiperi-
odic planes of decagonal Al72Ni13Co15 quasicrystals in 
UHV with 10 kV RHEED (Reflection High Energy 
Electron Diffraction), AFM (Atomic Force Microscopy) 
and AES (Auger Electron Spectroscopy). The surfaces 
were prepared by several cycles of Ar+-sputtering 
(E = 2,7 keV, I = 30 mA) and annealing. We observed 
well defined but spotty RHEED patterns directly after 
sputering at room temperature, indicating an ordered 
but rough surface (Fig. 1 a, b). Two patterns occurred, 
alternating every 18° (Fig. 1 a, b), revealing a tenfold 

symmetry with respect to the azimuthal angle of the in-
cident beam, but they did not originate from a quasi-
crystalline surface structure. As suggested by Shimoda 
et al. 3) this symmetry behavior is caused by a crystal-
line quasi-hexagonal bcc (110) overlayer consisting of 
multiple domains in different orientations. One of the 
patterns is caused by domains oriented along the [001] 
direction with respect to the incident beam (Fig.  1 a); 
the other pattern is a superposition of the [111] and the 
[110] directions (Fig. 1 b). This occurrence of the cubic 
phase in the surface region is caused by Al depletion 
due to preferential sputtering of Al and is well known 
for quasicrystalline surfaces 3,4). The composition is ap-
proximately Al50(NiCo)50, which has a CsCl-type struc-
ture 4). 

Fig. 2: Contact mode AFM images taken after anneal-
ing to a) 350 °C showing a z-corrugation of 29 nm and 
b) after annealing to 400 °C for 210 minutes, then 
600 °C for 10 minutes showing a z-corrugation of 14 
nm. 
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The RHEED patterns shown in Fig. 1 c, d reveal a 
strong temperature dependence of both structure and 
symmetry. A spontaneous phase transition into a qua-
siperiodic structure was observed upon annealing to 
~ 350 °C. The diffraction patterns changed considera-
bly, though still revealing tenfold symmetry as expected 
from the decagonal surface. Again, these two patterns 
alternate every 18°. They are interpreted as diffraction 
along the two sets of five equivalent twofold symmetry 
axes in the decagonal, quasiperiodic plane 3). The an-
nealing process reestablishes the composition of the 
quasicrystalline phase in the surface region by diffusion 
of Al from the bulk and hence induces the transition 
from the bcc phase to the quasicrystalline structure 4). 

In addition, we have performed contact mode AFM 
measurements on these surfaces. The image taken di-
rectly after Ar+-sputtering at room temperature and an-
nealing to ~ 350 °C is shown in Fig. 2 a. Sputtering 
lines and islands of 10 nm to 40 nm in diameter are 
clearly visible. 

Fig. 3: High-resolution contact mode AFM image  
taken after annealing to 400 °C for 210 minutes and 
600 °C for 10 minutes. 

The specimen was then annealed for 210 minutes at 
400 °C and for another 10 minutes at 600 °C. The 
RHEED patterns indicated a smoothening of the surface 
and weak additional spots were superposed onto the 
original pattern. Surprisingly, this superposition showed 
no azimuthal dependence and is probably induced by 
oxygen segregation to the surface during heat treatment, 
which was observed by AES. 

This heat-treated surface was again investigated by 
contact mode AFM. The surface still showed sputtering 
lines, but there were no longer islands present and the 
roughness was reduced (Fig. 2 b). We were able to get 
images of very high resolution (Fig. 3) with low cor-
rugation on this scale, revealing structures even on the 
atomic scale. The interpretation of these images is diffi-
cult: we are not sure about the presence, amount and ef-
fect of oxygen at this surface. Ongoing experiments will 
help to answer these questions. A first comparison to 
atomic resolution Z-contrast images 5) seems promising 
with respect to scale and arrangement of the structures. 
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16. Structuring with ultrashort laser pulses 

H.-J. Münzer, M. Mosbacher, O. Dubbers, M. Bertsch, B.-U. Runge, J. Boneberg, and P. Leiderer 

The current trend in many branches of industry to-
wards submicron structures requires new methods of 
surface structuring and has promoted a lot of research in 
recent years. As the traditional masking approach in op-
tical lithography is limited to a minimal resolvable fea-
ture size of λ/2, the Rayleigh diffraction limit, a lot of 
alternative structuring techniques have been developed. 
Many of them exploit the overwhelming potential of 
scanning probe microscopy. 

One approach in this respect was the illumination of 
the tip of a scanning tunneling microscope (STM) with 
a pulsed laser. By this method, structures with lateral 
dimensions below 30 nm and therefore well below the 
optical diffraction limit could be produced underneath 
the tip 1,2). It was proposed that the enhancement of the 
incoming laser field at the tip 3) is responsible for the 
structuring. Therefore the setup seemed to be promising 
both for the study of field enhancement effects at sharp 
tips, a question of great interest in optics, and for the 
application to surface structuring. However, further in-
vestigations made clear that the structuring resulted 
from the thermal expansion of the tip and its subsequent 
mechanical contact with the surface rather than from 
field induced effects 4-6). With regard to its application 
for structuring, the main disadvantage of the illumina-
tion of an STM tip is that the process is serial and al-
lows only the production of one single structure per la-
ser pulse. 

Therefore, we changed to a technique involving the 
illumination of micron and submicron sized spherical 
particles which allows both the study of field enhance-
ment effects and its application for a parallel nanolitho-
graphy process. The field enhancement underneath the 
spherical particles results in ablation of the substrate 
whereever it is exposed to a sufficiently high energy 
density. Imaging of the ablation pattern allows a lateral 
mapping of the field in the vicinity of the particle. 

The illumination of the samples was carried out by a 
pulsed Ti:sapphire-laser providing pulses of 100 fs du-
ration with energies up to 10 mJ/pulse. The utilization 
of ultrashort pulses is essential to avoid blurring of the 
ablation pattern due to heat diffusion in the substrate. 
The heat diffusion during the laser pulse can be ne-
glected for ultrashort pulses, whereas for nanosecond 
laser pulses the thermal diffusion length is on the order 
of 1 µm. Experimentally, this leads to rather sharp abla-
tion holes in the substrate using fs pulses, while for ns 
pulses only shallow, broadened structures are observed 
7,8). Therefore nanosecond pulses are unsuitable for 
structuring purposes as well as for the mapping of the 
near-field distribution. 

The field scattered by a spherical particle of arbitrary 
size in free space is described by the well-known Mie 
theory 9) . Therefore, the field of polystyrene particles 
was computed on the basis of this theory in the imag-

ined substrate plane. The resulting patterns are shown in 
Fig. 1a for a 320 nm and an 800 nm particle illuminated 
by a wavelength of 800 nm. They exhibit a double-peak 
structure with a distance between the maxima of about 
300 nm for both particle sizes, whereas the absolute 
value of the intensity enhancement differs by a factor of 
4.5. 

500nm 500nm500nm

200 nm 200 nm
200 nm200 nm

500nm

FI=9.0 AFM images

FI=11.0

FI=14.5

FI=2.0 fs-holes

a) b) c)

Fig. 1: Field intensity enhancement and ablation pat-
tern underneath colloidal particles with diameters of 
800 nm (top) and 320 nm (bottom) on a silicon sub-
strate. The direction of the  electrical field is oriented in 
the vertical direction. a) Calculated field enhancement 
neglecting the influence of the substrate. b) Ablation 
pattern resulting from illumination by a fs laser pulse. 
c) Calculation including the influence of the substrate. 

Now these calculations were compared to the ex-
perimental results shown in Fig. 1b. For 320 nm parti-
cles the ablation pattern resulting from illumination 
shows a dumbbell-like structure, but the distance be-
tween the maxima is obviously smaller than for the cal-
culation in free space. The pattern formed underneath 
an 800 nm particle does not show two peaks at all, but 
exhibits an elliptical shape. Apparently the Mie calcula-
tions differ substantially from the experimental find-
ings. However, this theory holds only for an illuminated 
sphere in free space, thus neglecting the influence of the 
substrate. Consequently the differences can be attrib-
uted to the influence of the silicon surface on the field 
distribution. More exact numerical calculations consid-
ering the surface (Fig. 1c) lead to field distributions 
which fit the experimental results very well. 

Besides the mapping of the field near particles, the 
occurrence of holes can be used for a nanolithographic 
process. As colloidal particles can be deposited onto 
various materials including polymeric, biological, and 
semiconducting ones, the technique seems to be feasible 
for nanostructuring of such technologically promising 
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substrates. By controlled application of the colloidal 
suspension, one is able to deposit isolated PS spheres at 
any desired concentration onto the substrate. This can 
be used to create single holes. 

Fig. 2: Hole arrays formed after illumination of a hex-
agonal colloidal monolayer with fs laser pulses. Left: 
silicon, right: germanium. 

An exciting possibility besides the fabrication of sin-
gle holes is the exploitation of self organization proc-
esses e.g. the utilization of 2D colloidal monolayers for 
the structuring process 10) . After illumination by an ul-
trashort laser pulse, the array of particles transforms 
into an array of holes. In Fig. 2 the resulting structure is 
shown for a hexagonal monolayer of polystyrene 
spheres arranged on a silicon and a germanium surface. 
A hexagonal monolayer of holes emerged at the semi-
conductor surface. This parallel technique allows the 
structuring of large substrate areas and can result in 
more than 1 million holes for a single shot. 

The results presented here are not only of great inter-
est for the nanostructuring of surfaces or for the map-
ping of field distributions. From our investigations, it is 
obvious that underneath the irradiated spheres one deals 
with light intensities far above the nominal applied 
ones. This has strong consequences in all techniques 
where one has to pay attention to threshold processes in 
laser fluence, e.g. cleaning thresholds in laser assisted 
particle removal 11) or ablation thresholds in surface 
structuring. 

1µm 1µm

We would like to thank R. Wannemacher and A. 
Pack from TU Chemnitz for the calculations of the field 
enhancement taking into account the influence of the 
surface. 
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17. Laser cleaning of silicon wafers: mechanisms and efficiency 

M. Mosbacher, V. Dobler, M. Bertsch, H.-J. Münzer, O. Dubbers, J. Boneberg, B.-U. Runge, and P. Leiderer 

In nanotechnology the production of extremely clean 
silicon surfaces is fundamental for a further increase of 
the integration density of devices. With the linewidth of 
ICs reaching down to 130 nm by the end of the year 
2001 particle contaminants with diameters larger than 
60 nm must be removed. Any damage of the substrate 
surface either in topography or in the electronic struc-
ture has to be strictly avoided. Recently it could be 
shown that laser cleaning 1) can efficiently remove such 
particles. 

In “Dry laser cleaning” (DLC) the dirty surface is ir-
radiated by a short laser pulse. It is assumed in the lit-
erature that thermal expansion of the substrate surface 
or the particle due to the absorption of the laser energy 
plays the major role in the cleaning mechanism. In 
“Steam laser cleaning” (SLC), a liquid is condensed 
onto the surface before the laser pulse. As in DLC the 
energy absorption in the substrate leads to a rapid tem-
perature increase, but now also the liquid is heated, 
bubbles are nucleated at the solid-liquid interface and 
the subsequent explosive evaporation of the liquid film 
ejects the particles. 

Previous work on the nucleation of bubbles in SLC 
2,3) discovered that quite moderate superheatings of 
about 20 K are sufficient for the generation of bubbles, 
much lower than the theoretically predicted 200 K for 
water 4). This has been attributed to the surface rough-
ness of the investigated metal films. But to our knowl-
edge there are no systematic studies which proof this 
roughness-dependent nucleation threshold. 

We therefore studied the nucleation of bubbles at a 
superheated liquid/solid interface under controlled sur-
face roughness. A Q-switched, frequency doubled 
Nd:YAG laser pulse of FWHM 8 ns was used to heat 
the sample surface. A cw Ar-ion laser (λ = 488 nm) was 
focused onto the sample and its scattered light by the 
bubbles is collected in two different directions: in for-
ward direction and perpendicular to the incident ray. 
Sample and liquid are placed in a fused silica cuvette 
which can be heated up to 360 K. Scattered light can be 
observed in both directions when the incident laser flu-
ence reaches a well defined threshold. This indicates a 
sharp nucleation threshold. The threshold decreases 
with increasing starting temperature T0 as less energy is 
needed to reach the nucleation temperature. Fig. 1 
shows these temperature dependent thresholds for the 
examined systems. The dashed lines are linear extrapo-
lations to vanishing fluence and yield the nucleation 
temperature. 

Water on atomically smooth silicon exhibits a nu-
cleation temperature of 250°C to 270°C in close agree-
ment to the expected value from theory. To test the in-
fluence of surface roughness we structured a silicon wa-
fer with holes (diameter ≈ 500 nm, depth ≈ 40 nm, den-
sity ≈ 0.05/µm3) 4). The nucleation temperature de-

creased strongly to 160°C, a clear evidence for the in-
fluence of surface roughness. The same measurement 
on a 50 nm silver film thermally evaporated on glass 
yields an even lower nucleation temperature of 130°C, a 
value only slightly above the ones reported in litera-
ture 2,3). As expected from its lower boiling point the 
bubble nucleation temperature of 120°C of isopropanol 
on a smooth surface is much lower compared to water. 

Fig. 1: Threshold fluence Fth as function of the starting 
temperature T0 with extrapolations (solid lines) to the 
nucleation temperature for various liquid/substrate 
combinations. 
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Fig. 2: Maximum temperature in water for various 
starting temperatures at the threshold fluence as a func-
tion of ξ. 

The heat transfer coefficient ξ which describes the 
heat flow through an interface between two different 
media could be deduced by comparing our extrapolated 
nucleation temperatures to numerically simulated 
maximum temperatures in the liquid. Fig. 2 shows that 
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for water on silicon the nucleation temperature of 
250°C is reached for ξ ≈ 3×107 W/(Km2). 

Fig. 3: Cleaning threshold fluence as a function of par-
ticle diameter for the removal of PS particles in air and 
high vacuum by DLC. 

For DLC we determined the cleaning efficiency and 
the cleaning thresholds in laser fluence for contaminants 
of different sizes and materials. We deposited individual 
spherical colloidal polystyrene (PS) and (SiO2) particles 
on industrial silicon wafers in a spin coating process. 
The samples prepared in this way were irradiated by a 
single Nd:YAG laser pulse (λ =532 nm, FWHM = 8 ns) 
either in ambient conditions (relative humidity 30-40%) 
or in high vacuum (10-6 mbar). In ambient cleaning a 
flow of pressurized filtered air was used to blow away 
the removed particles and to prevent redeposition. 

In contrast to previous experiments in SLC 6),where 
a universal cleaning threshold exists for a wide range of 
particle sizes, in DLC the cleaning threshold depends 
strongly on the particle diameter and increases for 
smaller particles due to the increasing adhesion forces. 
In Fig. 3 one can also detect oscillations in the cleaning 
threshold fluence as function of the particle diameter 
which are related to Mie resonances in the optical field 
enhancement at the particles. 

As field enhancement may also lead to substrate 
damage 5,7) we also determined the threshold for surface 
modification. For DLC in ambient conditions this 
threshold is identical to the particle removal threshold. 
Two important conclusions can be drawn from this: 
damage free DLC is impossible using our laser pa-
rameters and local ablation of the substrate plays an im-
portant role in DLC as a cleaning mechanism. 

A comparison of the cleaning fluences in air and 
high vacuum reveals a third cleaning mechanism: ex-
plosive evaporation of adsorbed humidity from the air. 
Like in SLC this evaporation promotes the ejection of 
particles and should disappear when DLC is performed 
in high vacuum as it was found in our experiments. For 
the removal of particles smaller than about 800 nm in 
diameter laser fluences up to two times higher than in 
air were necessary, the removal of larger particles is 
governed by local ablation and therefore the cleaning 

thresholds in vacuum and air are identical. 
When comparing the cleaning threshold fluences in 

vacuum for the removal of PS and SiO2 particles (Fig. 
4) we found that for particles larger than 1 µm they do 
not differ too much, again indicating the local ablation 
due to field enhancement as main cleaning mechanism. 
For smaller particles the scenario changes completely, 
the removal of SiO2 particles requires considerably 
higher laser fluences. 
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Fig. 4: Cleaning threshold fluence as a function of par-
ticle diameter for the removal of PS and SiO2 particles 
in high vacuum by DLC. 

Our results reveal insight into the processes under-
lying laser cleaning. For SLC we measured the super-
heating of a liquid during laser induced bubble forma-
tion and deter-mined the heat transfer coefficient for the 
silicon water system. The experiments in DLC have 
shown that field enhancement plays an important role in 
the process, both in promoting the particle removal by 
increasing the laser intensity underneath and in damag-
ing the substrate. DLC turned out to be an interplay of 
thermal expansion, explosive evaporation of adsorbed 
humidity and local ablation. 
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18. Solar cell characterization and simulation 

B. Fischer, T. Pernau, P. Fath and E. Bucher 

Analysis of solar cells during their fabrication steps 
is done using various methods. Unfortunately, they fre-
quently disagree with each other because usually ap-
plied assumptions are not adequately met. The main fo-
cus of the group is to explore these discrepancies and to 
extend the measurement and evaluation schemes to ac-
count for all relevant processes leading to a deeper un-
derstanding. Furthermore it is attempted to detect the 
weakest points by a detailed cell analysis and to im-
prove these using appropriate test structures rather than 
by fabricating solar cells. 

This approach was applied to the development of a 
simple high efficiency solar cell process which is re-
quired as reference to more complex novel device struc-
tures such as the LOPE- or MECOR-cell 1). The RP-
PERC-concept 2) (random pyramid passivated emitter 
and rear solar cell) was chosen as other institutes al-
ready demonstrated its efficiency potential of above 
20%. 

The weakest point in this high efficiency device was 
analyzed to be the rear surface recombination velocity 
which had to be reduced from above 1000 cm/s to < 
500 cm/s. This was done by optimizing the thermal ox-
ide passivation process and rear contact design. Further-
more, edge recombination could be drastically reduced 
by replacing a mechanical cutting by a photomask step. 
Switching from evaporated front contacts to electro-
plating of silver pushed fill factors from approx. 76% to 
almost 82%. The efficiency could therefore be im-
proved from 16.7% to 20.4% under one sun AM1.5 il-
lumination. The development of this process is de-
scribed in more detail in the following. 

The performance of a solar cell may be divided into 
three areas: 1) optical generation, 2) resistance losses 
and 3) recombination losses. 

Optical generation: active photon absorption in the 
sense that one electron hole pair is generated per photon 
leads to an important value: the photogenerated current 
density in mA/cm2 under one sun illumination. The 
chosen optical design is a random pyramid texture on 
the front side with a single anti-reflection coating of 
SiO2 and a Al/SiO2 back surface reflector. The gener-
ated current density for this given structure is calculated 
using the ray tracing program SUNRAYS 3) to approx. 
42 mA/cm2 on the active area. 

The major resistance losses in solar cells occur in  
the front metal grid and in the silicon adjacent to the 
rear contact points. The front grid design is the best 
compromise between low shadowing and low resis-
tance. The optimum is at approx. 5% shadowing reduc-
ing the generated current to 40 mA/cm2 and a series re-
sistance contribution of 0.24 Ωcm2. 

The starting material in the underlying study is float 
zone silicon doped with 3 × 1016 cm-3 boron and a diffu-
sion length many times the wafer thickness of 330 µm. 

Good results with this cell concept requires that recom-
bination in the bulk is negligible, i.e. the material is not 
deteriorated by the process. Fig. 1 shows a one dimen-
sional calculation of the current loss under these condi-
tions due to recombination at the rear surface. The ef-
fective rear surface recombination velocity must be be-
low 600 cm/s to achieve efficiencies above 20%. 

The rear contact design is a rectangular array of 
metal points contacting a few percent of the silicon 
whereas the majority of the rear surface is covered by a 
oxide to enhance reflection and minimize surface re-
combination. This device structure is basically equiva-
lent to a 3-dimensional problem periodic in two dimen-
sions. It can be analytically solved by means of Fourier 
transform analysis 4) in order to work out the optimum 
compromise between low recombination and low resis-
tance. 
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Fig. 1:  Loss in short circuit current for a given optical 
design as a funtion of surface recombination velocity. 

Rather than solving the complete set of coupled 
transport equations in order to predict current voltage 
behavior we prefer to separate effects of series resis-
tance and recombination in bulk and rear surface. These 
values then are combined in a 1-dimensional model to 
predict performance. For the typical operating condi-
tions of this cell type such as low-injection it proved to 
be a useful and valid approach to neglect minority carri-
ers for series resistance calculation and to attribute sur-
face recombination velocities to oxide passivated and 
highly recombining metallized areas. The latter can 
simply be added to an effective SRV as correct input for 
the 1D-problem. 

After these findings the oxide recombination can be 
neglected. The SRV of metallized areas can be assumed 
to be infinite reducing the problem to find the SRV of 
the point contact pattern as a function of metal coverage 
fraction and period length as shown in Fig 2 (for a 
given diffusion constant and wafer thickness). 

The quality of the oxide depends on the processing 
conditions such as growth temperature, cooling ramps, 
content of HCl in oxygen etc. and improves drastically  
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after covering with aluminum and sintering at low tem-
peratures at which most of the remaining defects at the 
surface are passivated by hydrogen. 

Future efforts aim at transferring parts of this simple 
high efficiency approach to a large area multicrystalline 
silicon solar cell process to overcome the performance 
limits posed by currently applied techniques in indus-
trial production. 

Fig. 2: Surface recombination velocity contribution of 
the metal points as a function of period length lp (top) 
and fractional contact area (bottom). 

The  surface recombination velocity is a strong func-
tion of minority carrier concentration 6). It is therefore 
important to optimize the oxide for operation conditions 
at the maximum power point. For this design this corre-
sponds to a carrier density of  2 × 1013. Furthermore the 
SRV changes during illumination. In this case it is im-
portant to apply a technique which measures the SRV 
after reaching a stable value. The steady state photocon-
ductance method 5) using illumination with IR-LEDs is 
best suited for oxide characterization. 

Fig. 3: SRV of an optimized oxide measured by photo 
conductance. After a few seconds under high carrier 
concentration the SRV degrades to a stable value repre-
sentative for solar cell performance. 

Table I shows the complete loss analysis of the RP-
PERC-Design. The main compromises are between 
shadowing and front grid metallization loss as well as 
rear SRV and bulk resistance. The design optimum lies 
in the range when these contributions dominate to equal 
parts. 
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Table I: Loss analysis of the PR-PERC cell type. 

Optical losses: 
5.8 mA/cm² of 45.9 mA/cm² 

Series resistance  0.5 Ωcm² Recombination at the maximum 
power point 

  

Bulk

RS (Met)

RS (Ox)

Emitter (Ox) Emitter (Met)

 

1012 1013 1014 1015 1016
0

100

200

300

400 MPP

 Initial
 light soaking

 

 

S
R

V
 [c

m
/s

]

Carrier density [1/cm³]

0



Annual Report 2000 35 

19. Industrial solar cells and technology transfer 

F. Huster, Ch. Gerhards, A. Hauser, Th. Pernau, W. Jooss, B. v. Finckenstein, P. Fath and E. Bucher 

The research activities of the industrial solar cell 
group aim at a process and technology development for 
future industrial solar cells. Our work comprises the de-
velopment of improved or novel technologies to be 
transferred into industry, but also basic research for a 
deeper understanding of the rather empirical knowledge 
of industrial solar cells. 

In the following years the largest share of the fast 
growing photovoltaic market will be covered by thin 
multicrystalline and ribbon silicon solar cells. Therefore 
our efforts focus on process schemes which are par-
ticularly suited for these materials. Current topics are 
the surface texturisation for reduced light reflectance, 
methods for the enhancement of the minority carrier 
lifetime (e.g. hydrogen passivation) and novel backside 
passivation schemes. Our work in these fields will be 
summarized in the following sections; more detailed in-
formation can be found in the conference proceedings 
listed in the appendix. 

Mechanical microtexturisation 

To provide a fast and efficient surface texturisation 
technology for multicrystalline and ribbon silicon we 
started developing a mechanical texturisation technique 
in 1991 which is now ready for implementation in the 
PV industry. A fully automatic texturing system is 
commercially available and first tests show good per-
formance with efficiencies up to 15.6%. 

Fig. 1: Short circuit current density  of microtextured 
and untextured cells as a function of the etching time. 

As some manufacturers want to use thinner wafers 
(e.g. ≤ 200 µm), we have developed a new tool genera-
tion and are now able to create a texture in the range of 
a few microns. Applying this texture the cell has a more 
homogeneous appearance, a higher current and a re-
duced etching duration as compared to as cut samples. 
Manufacturing of first microtextured screen printed 
multicrystalline silicon solar cells leads to a current gain 
of 2.5% relative. 

Roller-printing metallization technique 

The most important metallization technique for solar 
cells is still screen printing, which might not meet the 
demand of future production lines for cost effectiveness 
and high throughput. Therefore we have developed a 
rotational printing technique in collaboration with a 
printing machine manufacturer. Our approach is char-
acterized by a mechanical texturisation to shape a wafer 
surface consisting of V-grooved areas and small pro-
truding ridges. By applying an unprofiled roller coated 
with metal paste all these protruding ridges are covered 
with metal, leading to sharply defined fine contact fin-
gers. Besides the qualification of this technique as very 
fast printing and as self-alignment approach, which 
needs a sophisticated alignment in the case of screen 
printing, the roller-printing also offers a noticeable effi-
ciency increase. In 1999 when the first cells printed by a 
roller-printing apparatus have been presented only 
14.7% cell efficiency could be reached. Therefore the 
work in 2000 concentrated on the removal of bottle-
necks in the roller-printing cell process to show the 
theoretically predicted efficiency advantage over screen 
printed cells. By an optimization of the mechanical tex-
turisation, the printing and the contact firing a finger 
width of 25 µm and an efficiency of 16.3% have been 
reached (screen printed reference cells: finger width 120 
µm, efficiency 16.0%). A device analysis and subse-
quent simulation show the potential of this technique  to 
reach an efficiency of 17%, which would be very close 
to the world´s highest reported efficiency for large area 
multicrystalline industrial solar cells of 17.2%. 
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Investigations on hydrogen in silicon by means of 
lifetime measurements 

Various techniques (SIMS, Thermal Effusion, FTIR) 
have been suggested for the determination of the diffu-
sion of hydrogen in multicrystalline silicon. However 
these methods are either laborious or of a minor accu-
racy. Our work concentrates on the determination of 
hydrogen passivation depths in mc-Si by determining 
the minority carrier lifetime as a function of hydrogen 
passivation time. For the investigations EMC (Electro-
Magnetic Cast) multi silicon and reference FZ silicon 
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wafers have been used. From experimental data the pas-
sivation depth is obtained numerically applying numeri-
cal studies based on the simulation software PC1D and 
analytically using a simplified equation. For EMC pas-
sivation depths in regions of good and poor quality have 
been obtained indicating no significant influence on the 
passivation depth. Further experiments by polishing the 
wafer prior to lifetime measurements with a small angle 
have been performed for determination of the surface 
recombination velocity SRV. 

Hydrogen passivation and silicon nitride deposition 
using an integrated LPCVD process 

Hydrogen passivation and low pressure chemical va-
por deposition (LPCVD) of silicon nitride (SiNx) have 
been efficiently combined in a hot-wall reactor. Atomic 
hydrogen is generated in a microwave-induced remote 
plasma from either ammonia or He/H2 gas mixture. The 
improvements achieved on multicrystalline material are 
significant. By applying hydrogen passivation, the ef-
fective minority carrier lifetime can be doubled with re-
spect to standard LPCVD silicon nitride. Processed so-
lar cells show a relative improvement of 5.7%. Most 
standard LPCVD reactors can easily be upgraded with 
the H-passivation option without any or only a small 
prolongation of process time. 

Fig. 3: Schematic view of our LPCVD Reactor, showing 
the two possible injection modes for atomic hydrogen. 
The reactive process gases are kept separately until en-
tering the reactor vacuum tube. This reactor design has 
been applied for a patent together with the company 
centrotherm. 

Large area buried contact solar cells 

The purpose of this work was the development of a 
processing sequence for buried contact solar cells espe-
cially suitable for multicrystalline silicon (mc-Si). The 
proposed processing sequence includes features which 
are essential for high efficiencies on mc-Si solar cells: 
selective emitter, front surface texturisation (mechanical 
V-texturing), surface passivation on front (SiNx) and 
rear (Al-BSF) as well as bulk passivation (gettering, hy-
drogen passivation). Mechanical V-texturing enhanced 
the efficiency by 0.6 % to 0.7% abs. Different tempera-
tures for the P-Al co-diffusion step were investigated in 
order to increase the bulk diffusion length during solar 

cell processing due to a co-gettering action. Hydrogen 
passivation of bulk defects and grain boundaries leads 
to an improvement in cell efficiency of 0.7 to 1.7% abs., 
depending on the initial material quality. With the opti-
mized processing sequence efficiencies of η = 15.9% on 
a cell area of 23 cm2 and η = 15.6% on a cell area of 
144 cm2 were obtained. 

Local back surface field on thin silicon solar cells 

The industrially compatible firing-through PECVD 
silicon nitride process was adapted to the demands of 
thin wafers with a thickness of 200 µm. New backside 
schemes are needed to take into account the higher ratio 
of the diffusion length to the cell thickness and to over-
come the bowing of thin wafers with the standard full 
Al-BSF. A promising attempt is the realization of a lo-
cal back surface field (LBSF) by passivating the back 
side with SiNx and afterwards screen printing a square 
pattern of lines. The LBSF process was carried out us-
ing various coverage ratios and printing pastes. After Al 
evaporation as a back surface reflector cell efficiencies 
of 12.5% were obtained, representing an increase of 
0.6% absolute compared to the standard process. To ex-
clude the influence of leakage currents resulting from 
the double-sided POCl3 emitter diffusion the LBSF 
process was modified. The rear side emitter was com-
pensated by evaporating Al and alloying to perform a 
BSF. Furthermore the PECVD silicon nitride was re-
placed by a LPCVD SiN to avoid an additional process-
ing step. With this process sequence the fill factor losses 
could be minimized to 1 - 2% absolute. 
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Technology transfer  

In the last years a solar cell process suitable for in-
dustrial scale manufacturing was developed at the LS 
Bucher. With this process an average efficiency can be 
reached which is 10 – 15 % higher as compared to stan-
dard cells which are on the market. 

Now there is a strong demand from the solar cell in-
dustry not only concerning manufacturing systems but 
also process know-how. Therefore in 2000, LS Bucher 
established a co-operation with the leading system 
manufacturer Centrotherm (located in Blaubeuren, 
Germany) and the spin off company GP Solar GmbH 
(located in Konstanz, Germany) to offer solar cell proc-
essing know-how and complete turn key production 
lines. The first project of this consortium is the technol-
ogy transfer to Q-Cells AG in Germany which will start 
production in summer 2001. 

Within this cooperation LS Bucher receives addi-
tional funding to continue research on industrial type 
solar cells. Aim of this research is a continuous im-
provement of the manufacturing process to meet the 
demands of the strong growing solar cell market with its 
pressure to save costs, resources and energy consump-
tion. GP Solar was founded by members of the LS 
Bucher and offers consultancy services and personal 
support on the customers side. 
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20. New crystalline silicon materials 

G. Hahn, P. Geiger, D. Sontag and E. Bucher 

The research in the group of New Crystalline Silicon 
Materials is focused on the properties of alternative ma-
terials to standard ingot cast silicon wafers. Wafers cut 
from ingots (mono- or multicrystalline) are currently the 
standard material for the PV market. As the current cell 
processing technology is relying on the well known 
crystalline silicon processing technology and other ma-
terials (amorphous silicon or compound semiconduc-
tors) still struggling with basic processing or degrada-
tion problems, crystalline silicon will be the working 
horse for PV for most of the next decade. But the cost 
of the wafer within the finished solar module sums up 
to 60% of the module costs. Furthermore, the rapidly 
growing PV market will soon feel a shortage in raw ma-
terial supply (the waste of the electronic industry), 
which will rise the wafer cost level. Therefore new wa-
fer production techniques based on less silicon material 
consumption will address this problem. One alternative 
is the use of ribbon silicon materials, where the silicon 
wafer is solidified directly from the melt. In this way no 
subsequent sawing steps are involved, which sum up in 
the waste of 60% of the silicon material in the case of 
ingot cast materials. 

In the following a short summary of the activities 
carried out in the field of ribbon silicon research within 
the year 2000 is given. The interested reader is referred 
to the publications of this group which are listed at the 
end of the paper. 

Hydrogen passivation of silicon ribbons – electronic 
properties 

The boron doped p-type materials under investiga-
tion are EFG (Edge-defined Film-fed Growth) from 
ASE, SR (String Ribbon) from Evergreen Solar and 
RGS (Ribbon Growth on Substrate) from Bayer AG. 
EFG and SR are already produced commercially, while 
RGS is still in the R&D phase with a pilot plant under 
development. The advantage of a more economic mate-
rial consumption for ribbon silicon has to be faced with 
a higher crystal defect density in the silicon bulk. Grain 
boundaries and non-uniform dislocation densities as 
well as impurities (mainly carbon and/or oxygen) can 
influence charge carrier lifetimes, diffusion lengths Ldiff 
and solar cell parameters. Especially in RGS the high 
oxygen concentration present has to be handled during 
wafer crystallization by choosing appropriate tempera-
ture ramps (slow or fast) resulting in two ‘different’ ma-
terials which can be distinguished by their interstitial 
oxygen concentration [Oi]. 

Electronic transport properties of the majority charge 
carriers have been determined by temperature depend-
ent Hall measurements. In Fig. 1 Hall mobilities of four 
samples corresponding to the three materials are given 
including a monocrystalline reference (FZ Si). As al-

ready observed in earlier studies an anomalous mini-
mum in mobility can be seen at temperatures around 
100 – 200 K. This behavior is typical for small-grained 
multicrystalline silicon and can be explained with the 
assumption of acceptor-like traps at grain boundaries. 
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Fig. 1: Hall mobilities of as grown ribbon silicon com-
pared to a monocrystalline reference. 

After a remote H-plasma passivation step samples 
originating from the same wafers as those shown in 
Fig. 1 were measured. The results can be seen in Fig. 2. 
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Fig. 2: Hall mobilities of H-passivated ribbon silicon 
compared to a mono Si reference. 

For all materials the minimum observed in as grown 
samples has disappeared. This indicates, that the un-
derlying defect level responsible for the observed mini-
mum can be passivated by atomic hydrogen. In the case 
of RGS the H-passivation was carried out at two differ-
ent temperatures. While for RGS slow (lower [Oi]) the 
defect level seems to be fully passivated at a lower tem-
perature (375 °C), the minimum in RGS fast (higher 
[Oi]) vanishes only when a higher temperature (425 °C) 
and a longer passivation time is applied. This indicates, 
that H-diffusion inside the silicon bulk is influenced by 
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the interstitial oxygen concentration, as this is the only 
difference between the two RGS materials. 

While the temperature dependent majority charge 
carrier concentration p is not influenced by the H-pas-
sivation, the conductivity σ is connected to the mobility 
µ via 

.peps m=  

Therefore σ changes after H-passivation. The change in 
σ at room temperature can thoroughly be of a factor of 
2. This influences the electronic behavior of the H-pas-
sivated solar cell after cell processing. 

Current collecting channels in RGS solar cells 

Lifetimes in completed solar cell devices based on 
RGS silicon suffer from the high crystal defect density 
present in the bulk cell volume. Even after optimized 
gettering and H-passivation steps lifetimes are limited 
to values below 1 µs, corresponding to minority carrier 
diffusion lengths of < 40 µm. Nevertheless, in some 
RGS solar cells very high short circuit current densities 
are detected, although the reduced diffusion length 
should prevent minority carriers generated deep (> 40 
µm) in the silicon bulk of the cell (cell thickness: 250 
µm) from being collected by the front surface emitter. 

Fig. 3 shows the spatially resolved internal quantum 
efficiencies (IQE) at 905 nm (corresponding to a pene-
tration depth of the laser beam in silicon of 30 µm) for 
two RGS solar cells. Although diffusion lengths are re-
stricted to below 40 µm in all areas of both cells, some 
areas (mainly in the cell shown on the left) reveal a very 
high IQE signal. As this behavior (small diffusion 
length and high IQE signal) can not be explained with a 
planar emitter structure, the front side n-type emitter 
(formed by standard diffusion) must somehow extend 
into the bulk volume of the cell. 

Fig. 3: IQE at 905 nm of two RGS cells. The very high 
signal especially in large parts of the cell shown on the 
left can not be explained with a planar emitter structure 
and small diffusion lengths < 40 µm present in all areas 
of both cells. Therefore a 3-dimensional carrier collec-
tion mechanism from the bulk volume of the cell must be 
assumed. 

The physical and chemical nature of these 3-dimen-
sional structures could be clarified in collaboration with 

other project partners. A special EBIC technique (Elec-
tron Beam Induced Current), where the electron beam 
generating the electron-hole pairs hits the back side of 
the beveled and wedge-shaped sample, could detect that 
the current collecting channels are one-dimensional 
structures appearing as a point-like contrast. The points 
are in the same position as etch pits caused by disloca-
tions. Transmission electron microscopy revealed that 
dislocations in areas of high current collection (bright 
areas in Fig. 3) are always densely packed with SiOx-
based precipitates. Therefore we conclude that the cur-
rent collection is caused by a 3-dimensional network of 
dislocations penetrating through the silicon bulk of the 
RGS cell. The n-type conductivity of the precipitated 
dislocations within the p-type bulk of the cell is caused 
by inversion due to band bending in the vicinity of the 
dislocation. 

Ale
-

200 µm

Fig. 4: Special EBIC technique with the electron beam 
hitting the back side of the wedge-shaped solar cell. Al-
though the distance to the current collecting front side 
emitter in this part of the cell is far larger than the dif-
fusion length of the carriers (200 µm as compared to 40 
µm), very sharp point-like contrasts with up to 90% col-
lection probability are visible. (EBIC investigation by 
M. Langenkamp, MPI Halle). 
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21. Novel crystalline silicon solar cells 

K. Faika, A. Kress, W. Neu, W. Jooss, H. Knauss, K. Blaschek, S. Keller, M. Wagner, B. Terheiden, 
C. Goldmann, P. Fath and E. Bucher 

The research in the Novel Devices group focuses on 
new innovative device designs which are manufactured 
with industrial production techniques. Currently, new 
crystalline silicon solar cells are investigated with inter-
esting properties like semitransparency, bifacial light 
collection, high voltages and rear contact solar cells. 
The following is meant to give a short summary of the 
research in this group. The interested reader is referred 
to the publications of this group which are listed at the 
end of the paper. 

Back contact solar cells 

Back contact solar cells are devices in which contacts 
of both polarities are located on the rear surface unlike 
the n+pp+ design of conventional solar cells. These cells 
have the potential for higher solar cell efficiencies due 
to reduced shadowing losses of the front metallization. 
The process of cell interconnection is easier to automate 
which offers cost reduction in the module assembly. 
Different device designs were investigated including 
Emitter Wrap Through EWT and Metallization Wrap 
Around MWA solar cells. In EWT solar cells the cur-
rent collected in the front side emitter is conducted 
through small holes to the rear side emitter contact. The 
rear side of the solar cell consists of an interdigitated 
contact pattern of p- and n-type regions as can be seen 
in Fig. 1. These contact regions have to be electrically 
isolated, which is one of the main tasks to be solved in 
optimizing the manufacturing process. In MWA solar 
cells (see Fig. 2), the contact finger metallization re-
mains on the front side. Only the busbar (interconnector 
of the contact fingers) is removed from the front to the 
edges on the rear side. The current in the fingers is 
transported around the edges to the rear side busbar. 

Fig 1: Rear side view of the interdigitated contact pat-
tern of an EWT solar cell with screen printed contacts. 
Laser drilled holes connect the front side emitter to the 
rear side emitter contact. p and n-type regions are 
separated by a screen-printable diffusion barrier. 

For the formation of the holes in EWT solar cells a 
fast Q-switched laser was used and optimized in order 
to obtain holes with a minimum of induced crystal de-
fects. The diameter of the holes was about 100 µm on 

the entrance (rear side) and about 70 µm at the exit.  
The formation of rectifying p/n junctions is the key 

task to be solved in the processing of EWT solar cells. 
This can be done by depositing a masking dielectric on 
the corresponding areas which prevents the diffusion of 
phosphorous. However, if a common dielectric like sili-
con nitride is used which has to be deposited on the 
whole wafer surface, it has to be removed in some re-
gions requiring additional process steps. Two different 
approaches have been investigated which replace this 
process. The first one uses a screen printable diffusion 
barrier, which is locally deposited on the corresponding 
areas therefore simplifying cell processing. Different 
process conditions have been investigated to optimize 
the barrier property. Using screen printing contacts, 
high efficiencies of η = 16% (Voc = 601 mV, Jsc = 37.7 
mA/cm2, FF = 71%) have been obtained on Cz-Si. 

A completely different approach, which has been 
successfully developed, is the formation of rectifying 
p/n-junctions by the simultaneous diffusion of P and Al. 
Due to an adapted thermal cycle the interface between 
the two doping regions has rectifying properties. In this 
case, the deposition of a dielectric layer is not neces-
sary. EWT solar cells with an efficiency of η = 10.1% 
(Voc = 593 mV, Jsc = 23.9 mA/cm2, FF = 71%, untex-
tured without ARC) were processed on Cz-Si. 

isolating trenches
plated Ni/Cu

n+

p+

LPCVD SiNx

n++

n++

Fig. 2: Schematic illustration of a Metallization Wrap 
Around MWA solar cell. The front fingers are con-
nected to the emitter contact on the rear via two oppo-
site edges. External p- and n-contact isolation was real-
ized by isolating trenches formed by mechanical abra-
sion. 

The alternative back contact device design of MWA 
solar cells is especially easy to realize applying the Bur-
ied Contact Solar Cell BCSC technology. Metallization 
for this type of solar cell is done by electroless plating. 
The chemical reaction of the deposition occurs on semi-
conductor surfaces but not on regions which are masked 
by silicon nitride. Therefore the electrical inter-
connection between front side fingers and rear side bus-
bar is realized without any further effort. On this type of 
solar cell efficiencies of η = 16.6% (Voc = 614 mV, Jsc 
= 35.9 mA/cm2, FF = 75.5%) were reached on Cz-Si. 
The above reported solar cell efficiencies are the highest 
values world wide obtained on industrial back contact 
devices. 
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High Voltage (HighVo) solar cells 

A new concept for the realization of monolithically 
integrated silicon solar cells has been previously pre-
sented especially useful for mobile electronics. The 
concept is based on standard Si wafer technology and 
does not use thin film approaches. So far, the Metalliza-
tion Wrap Through design was used and the HighVo 
concept was further adapted to EWT solar cells. A 
schematic drawing of the EWT HighVo solar cell con-
cept is given in Fig. 3. The basic features are: 
- The existence of several Unit Cells (UCs) defined by 
discrete emitter (2) and back contact regions (5) on one 
wafer (1) realized with the help of a SiN or screen print-
able diffusion mask. 
- A partial isolation of UCs by inserting trenches (4) 
reaching from the cell front surface to the back surface 
whereby remaining narrow bridges guarantee the integ-
rity of the device. 
- A screen printed series connection: The series connec-
tion of neighboring UCs can be achieved by printing the 
emitter metallization (3) over the isolation trench (4) to 
contact the base metallization (5) of the neighboring 
UC. A shortening of the UCs themselves is circum-
vented by the emitter which also reaches via the 
trenches from the front to the backside. Additionally, 
the filling of the trenches recovers some of the original 
stability of the wafer. 

Fig. 3: Front (left) and backside view (right) of an 
EWT-HighVo solar cell. 2: emitter, 3: emitter contact, 
4: isolation trench, 5: base contact, 6: diffusion barrier, 
7: holes. The white dots in the right sketch symbolize 
the holes lying underneath the emitter contact metalli-
zation. 

HighVo solar cells with the EWT design were proc-
essed with ten UCs. An aperture corrected efficiency of 
η = 11.9% was measured with an open circuit voltage 
of Voc = 5.58 V, a voltage at maximum power point of 
Vmpp = 4.3 V and a fill factor of FF = 67.1%. These so-
lar cells exhibit a high effective shunt resistance of 
Rsh,eff = 2000 Ωcm2, which is important at low illumi-
nation levels. 

The MECOR and LAMELLA silicon solar cell con-
cepts 

The novel MECOR (MEchanically CORrugated) so-
lar cell concept relies on double sided mechanically V-

textured surfaces with the V-grooves running parallel 
on both sides as shown in Fig. 4. The grooves are made 
by mechanical abrasion using a conventional dicing saw 
equipped with bevelled blades of different tip angles. 

Fig. 4: Two MECOR-cell designs: the cell on the left is 
textured on both sides by a saw blade with a 90° tip an-
gle whereas the cell on the right is textured on the front 
side using a 35° saw blade and on the rear by applying 
a 60° blade. 

The cell thickness can be freely chosen by adjusting 
the cutting depth leading to 50 to 100 µm thin struc-
tures. Due to the low absorption coefficient of silicon an 
effective light trapping is required. The light trapping is 
realized by the corrugated structure in combination with 
an excellent rear surface reflector. The effectiveness of 
light trapping is reflected by the high short circuit cur-
rent density Jsc of the cell of 36.1 mA/cm2. This leads 
together with an open circuit voltage of 628 mV and a 
fill factor of 72.2% to an efficiency of 16.4% (4cm2, 
mono-Si). 7
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For LAMELLA solar cells the main objective is the 
shortening of the distance between the place of carrier 
generation and emitter which results in enhanced carrier 
collection. Especially RGS-silicon (Ribbon Growth on 
Substrate) with a lower diffusion length LB benefits 
strongly from this cell concept. If the width of the 
lamellas is in the range of LB a significant improvement 
in Jsc arises. A hydrogen plasma treatment for bulk pas-
sivation enhances the diffusion length to around 30 µm. 
This is also the distance of the lamellas and therefore 
even carriers generated deeper in the bulk can be col-
lected which results in an improvement in the internal 
quantum efficiency and Jsc leading to high efficiencies 
for this material of η = 8.4%. 
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22. µSR in II-VI solar cell materials 

N. Ayres de Campos, J M. Gill, H.V. Alberto and R.C. Vilão, J. Piroto Duarte (Physics Department, Coim-
bra, Portugal) 
in collaboration with 
A. Weidinger (Hahn-Meitner Institut, Berlin)  
SF.J. Cox (ISIS Facility, Didcot, U. K.) 
Ch. Niedermayer 

1. ZnO 

After the discovery of a shallow donor muonium 
state in CdS 1), a theoretical work predicted the exis-
tence of a similar state in ZnO 2). Experiments recently 
conducted at ISIS on ZnO powder 3) confirmed the ex-
istence of a shallow donor muonium state, with an iso-
tropic component of the hyperfine interaction of the or-
der of 500 kHz and an ionization energy of 64 meV. 

In this project, experiments were conducted in a 
commercially available ZnO single crystal. Transverse-
field (TF) measurements were performed in a field of 
200 G in the temperature range from 2.2 K to 100 K. 
The results confirm the ionization temperature and en-
ergy previously obtained for the shallow state. Fig. 1 
shows the envelope relaxation rate corresponding to the 
hyperfine interaction, the ionization being made visible 
as a sharp decrease when the diamagnetic signal be-
comes dominant in the time spectra. 

Fig. 1: Envelope relaxation rate of the muon-spin pre-
cession in a transverse field of 20 0G, in a ZnO single 
crystal. 

The shallow muonium signal in the low temperature 
spectra is not sharp enough to allow the desirable char-
acterization of the hyperfine interaction, possibly due to 
the presence of defects in the crystal. The envelope re-
laxation is seen to decrease with decreasing temperature 
below 16 K, which is probably due to either a second 
component or a dynamic effect on the paramagnetic 
signal. 

2. HgO 

A clear muonium paramagnetic signal was observed 
on HgO powder, in a survey of several II-VI com-
pounds. Fig. 2 presents an asymmetry time spectrum 
obtained on HgO powder in a 4 kG transverse field and 

at 50 K. The hyperfine interaction is of the order of 16 
MHz, considerably lower than that of MuBC in Si, but 
considerably larger than that of the shallow states in 
CdS and ZnO. 

Fig. 2: Muon-spin precession in a transverse field of 4 
kG on HgO powder at 50 K. 

A temperature scan at a transverse field of 100 G was 
first performed in the HgO powder sample. The dia-
magnetic fraction is observed to increase at the expense 
of the paramagnetic fraction in the temperature range 
from 150 to 200 K. This is attributed to the ionization of 
the paramagnetic state, as in the case of CdS. The 
analysis of the data yielded a paramagnetic state ioniza-
tion energy ED = (311±4) meV. 

2. ZnS 

In longitudinal field repolarization measurements on 
ZnSe at ISIS 4) full polarization could not be recovered 
at a field of 4.5 kG. The high longitudinal field, the high 
time resolution (1.25 ns), and the low temperatures at-
tainable at LTF, were combined to verify the existence 
of that fast relaxing component, which would justify the 
still missing fraction. A fast relaxation component was 
indeed observed in the time spectra at fields from 1.5 T 
up, at 50 mK. A preliminary analysis of these data leads 
to a spin exchange rate of 50 MHz in the slow-exchange 
limit, considering an isotropic muonium state as known 
from transverse field data. 

 
(1) J.M. Gil et al., Phys. Rev. Lett. 83 (1999) 5294 
(2) C.G. Van de Walle, Phys. Rev. Lett. 85 (2000) 1012 
(3) RB 12295 DD lSlS experimental report, October 2000 
(4) RB 11353 ISIS experimental report, April 2000 
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23. PAC study of ZnAl2S4 and CdIn2S4 by implanted 111In(111Cd) probe atoms 

V. Samokhvalov, I.I. Burlakov and S. Unterricker 
(TU Bergakademie Freiberg, Institut für Angewandte Physik) 
in collaboration with M. Dietrich 

ZnAl2S4 and CdIn2S4 are ternary semiconductor 
compounds crystallizing in the spinel structure. They 
are very attractive materials for applications in VIS and 
UV optoelectronics due to their wide energy gap. 

Single crystals of both spinels were grown by a 
chemical transport reaction method with iodine as trans-
port agent. X-ray diffraction analysis revealed the single 
phase spinel structure with lattice parameters a of 
10.009 Å and 10.8434 Å for ZnAl2S4 and CdIn2S4, re-
spectively. From the space group of normal spinel struc-
ture (Fd-3m) follows that the point symmetry at the A-
site is cubic (-43m) and the B-site (-3m) is coordinated 
by a distorted octahedron of anions. The anion site has 
the point symmetry 3m. At the A-sites the electric field 
gradient (EFG) must vanish if there are no defects in the 
environment, whereas at the B- and C-sites axially 
symmetric EFG are expected.  

The crystals have been implanted with 111In at the 
implanter of the University of Bonn. The PAC spectra 
were measured in a wide temperature range from 77 K 
to 973 K for both materials (typical PAC spectra ob-
tained at 573 K are shown in Fig. 1). In all cases the fit-
ted perturbation function contains one pronounced 
quadrupole interaction with an asymmetry parameter η 
= 0 that corresponds to the B-site occupation of the In 
atoms.  

Fig. 1: PAC spectra (left) and their Fourier transforms 
(right) for 111In(111Cd) implanted into ZnAl2S4 and 
CdIn2S4. Measurements have been performed at 573 K 
after annealing the implantation damage. 

In Fig. 2 the temperature dependences of quadrupole 
coupling constant νQ for ZnAl2S4 and CdIn2S4 are pre-
sented. Following the linear behavior of the temperature 
dependence of νQ, one can extrapolate the values of 
νQ = 25.1 MHz (CdIn2S4) and νQ = 31.4 MHz 
(ZnAl2S4) at 0 K, and calculate the corresponding EFG 
(see Table 1). In these systems, the probe atoms are not 
host atoms. Usually, the so-called Sternheimer an-
tishielding correction is used for a rough estimation of 
the corresponding EFG. We carried out ab initio calcu-
lations for the mentioned compounds using the 

WIEN97 code 1) in order to compare experiment and 
theory. The first step was a calculation of the “normal” 
structure, i.e. without introduction of an impurity. This 
structure has 3 nonequivalent atoms, a center of symme-
try and contains 14 atoms in the primitive cell. Com-
parison between theoretical calculations and experimen-
tal NMR results carried out for ZnAl2S4 with 27Al show 
a quite good agreement that encouraged us to calculate 
an “impurity-case” configuration. For the “impurity-
case” configuration we used a basis of 56 atoms 
(A8B15CdC32) which consists of 4 primitive cell of 
normal structure, where one of the B-atoms is replaced 
by Cd. Despite of the fact that such a new structure has 
a much lower symmetry (11 nonequivalent atoms), it 
still has a center of inversion. The results of the calcula-
tions with this configuration exhibit a good agreement 
with the PAC experiment for CdIn2S4 and are satisfac-
tory for ZnAl2S4. However, in the case of ZnAl2S4, 
large forces (78.2 mRy/a.u.) around the Cd-atoms ap-
pear due to the different sizes of Al and Cd atoms. 
Therefore, lattice relaxations at least in the nearest envi-
ronment of a Cd atom has taken into account in order to 
obtain more reliable EFG. 
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Fig. 2: Temperature dependences of the quadrupole 
coupling constants νQ for ZnAl2S4 and CdIn2S4 meas-
ured at 111In(111Cd). 

Table 1: Measured and calculated EFG at T = 0 K and 
300 K (for 27Al) at the B-site in ZnAl2S4 and CdIn2S4. 

 Vzz [B-site] (1021 Vm-2) 

 WIEN97 
host 

NMR 
27Al 

PAC 
111Cd 

WIEN97
impurity 

ZnAl2S

4 
-0.20 0.22 1.56 -0.77 

CdIn2S4 -2.17  1.25 -1.19 

We acknowledge with thanks V. Tezlevan (Technical 
University of Moldova, Chisinau) for the growth of the 
crystals, R. Vianden (University of Bonn) for the im-
plantation, E. Brendler and B. Thomas (TU Berg-
akademie Freiberg) for the NMR-measurement. 
(1) P. Blaha, K. Schwarz and J. Luitz, WIEN97 (1999) 
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24. Electrical properties of GaN doped with 72Se and 71As 

A. Stötzler and M. Deicher 
in collaboration with 
ISOLDE Collaboration (CERN, Geneva) 

The great interest on GaN is mainly based on its ap-
plications in optoelectronics and high temperature elec-
tronics. Most of the work during the last years have 
been focused on the optical properties and due to the 
difficulties in interpreting the gathered data there are 
only limited reports on the electrical properties of 
GaN 1,2). In spite of the fast development of new grow-
ing techniques, GaN is still a highly defective material. 
Especially after ion implantation and annealing it is ex-
tremely hard to distinguish between the intrinsic defects 
present in the GaN layer, defects caused by annealing or 
the levels introduced intentionally or unintentionally by 
implantation. 

Defects are getting distinguishable in electrical meas-
urements like Hall effect if one uses radioactive 
dopants. The concentration of a defect containing a ra-
dioactive atom is changing with the element specific 
half-life of the decay while the concentrations of all 
other defects remain unchanged. Therefore, the fraction 
of activated ions after annealing, the carrier type or the 
influence on resistivity and mobility can be determined 
directly from exponential fits to the data. 

Photoluminescence (PL) measurements 3) using the 
radioactive isotopes 72Se and 71As have proven that the 
PL emission centered at 2.58 eV is caused by a recom-
bination center involving one As atom located on a N 
site. Se located on N sites is found to produce a lumi-
nescence band centered at 1.49 eV and Ge introduces an 
PL transition at 3.398 eV. In both cases only one Se or 
Ge atom, respectively, is involved in the defect center. 
Furthermore, no transitions related to the GaN antisite 
have been observed. Especially, the lattice site of Ge 
could not be determined unambiguously by PL. Hall 
measurements should be able to determine, if Ge acts as 
acceptor (GeN) or as donor (GeGa). 

For the Hall measurements 1.5 µm epitaxial GaN lay-
ers grown on an AlN/c-sapphire substrate with a size of 
5 ×  5 mm2 were used. The nominally undoped layers 
were n-type with a free carrier concentration of 5 × 1016 

cm-3 prior to the annealing. The samples were doped by 
ion implantation with the radioactive isotopes 72Se and 
71As at the on-line mass separator facility ISOLDE at 
CERN. The isotope 72Se transmutes via the decay chain 
72Se (8.4 d) → 72As → (26 h) into stable 72Ge while the 
isotope 71As (64.28 h) first decays into 71Ge (11.43 d) 
which finally transmutes into stable 71Ga. The half-life 
of each decay is given in parentheses. The implantation 
energy was 260 keV and a maximum dose of 
1 × 1013 cm-2 was used. To reduce the implantation in-
duced damage the sample was annealed 600 s in an 
evacuated quartz ampoule together with a piece of ele-
mentary Si at 1573 K 4). During annealing a SiNx layer 
develops at the GaN surface which prevents the epi-

taxial layer from decomposition usually observed at 
such high annealing temperatures. After annealing the 
SiNx layer was removed by etching in a solution of 2 
HF: 5 HNO3 : 2 C2H4O2. The electrical characterization 
was performed by van der Pauw Hall measurements us-
ing alloyed (473 K, 60 s) Indium contacts at the corners 
of the sample. 
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Fig. 1: Resistivity ρ (a) and carrier concentration n (b) 
of 72Se doped GaN (1013 cm-2, 260 keV) plotted as a 
function of temperature. The solid symbols were re-
corded 1 h after annealing and the open symbols were 
recorded 122 d after annealing. 

Fig. 1 shows the net carrier-concentration n = (ND-
NA)  and the resistivity ρ of the 72Se-doped sample 1 h 
(solid symbols) and 122 d (open symbols) after implan-
tation and annealing as a function of temperature. One 
can clearly observe, that during the 122 d the carrier-
concentration n decreases (Fig. 1b) and that the resis-
tance ρ increases (Fig. 1a). GaN is a highly n- type ma-
terial and the higher the temperatures the greater the in-
fluence of the native donors on the resistivity and car-
rier concentration. At lower temperatures the effect of 
the native donors and activated intrinsic carriers can be 
minimized and therefore the changes in the carrier-con-
centration and especially the resistivity are more pro-
nounced. The decrease of the carrier concentration can 
be explained, if 72SeN acts as donor and Ge acts as ac-
ceptor which requires a N site for Ge (GeN).  

Se is known to replace N atoms in GaN 5) and the re-
coil energy during the decay of 72Se to 72As (0.83 eV) 
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is not sufficient for a site change, therefore also As is 
incorporated on a N site. The decay of 72As to 72Ge in-
volves a recoil energy of 140 eV which is sufficient to 
displace the Ge atoms from the N lattice site. If all Ge 
atoms change their lattice site to a Ga site during the ra-
dioactive decay, the carrier concentration would remain 
constant, because the only change in the sample would 
be a replacement of SeN donors by GeGa donors. 

Fig. 2: Carrier concentration (a) and resistivity (b) of 
72Se doped GaN (1013 cm-2, 260 keV) recorded at 300 K 
as a function of time after annealing. 

Resistivity and carrier concentration have been re-
corded at measurement temperatures between 100 K 
and 300 K as a function of time after annealing. As an 
example, the resistivity (b) and carrier-concentration (a) 
recorded at 300 K are shown in Fig. 2. The solid lines 
correspond to exponential least square fits described in 
detail in ref. 6. 

The fits to the carrier concentrations yield an average 
half-life of t1/2 = (11 ± 6) d in rough agreement with the 
nuclear half-life of the isotope while the fits on the re-
sistivities yield the correct average half-life of 
t1/2 = (8.9± 4.2) d. In contrast to the resistivity meas-
urements the carrier concentration strongly depends on 
the positioning of the sample in the magnetic field and 
therefore the deviation of the half-life determined from 
the carrier concentrations is reasonable. Only about 6% 
of the implanted Se ions are electrically active after the 
annealing procedure. 

Fig. 3 shows the net carrier-concentration n and the 
resistivity ρ of the 71As-doped sample a few minutes 
(solid symbols) and 103 d (open symbols) after implan-
tation and annealing as a function of temperature. Dur-
ing the 103 d the carrier-concentration n slightly in-
creases (Fig. 3b) and the resistance ρ decreases (Fig. 
3a). The small change in the carrier concentration can 
not be explained by the two series AsGa-GeGa-GaGa and 
AsN-GeN-GaN which may appear during the decay of 
71As. A possible explanation of the observations is the 

following scenario: The 71As atoms are incorporated on 
N sites and are electrically neutral. During the decay to 
71Ge (recoil 30 eV) a site change of 71Ge to a Ga site 
takes place, and 71Ga finally ends up on a Ga site and 
no GaN antisite is formed. 

3 4 5 6 7 8 9 10

0.5

0.6

0.7

0.8

0.9

1.0

2.0

4.0

6.0

8.0

n 
(1

017
/c

m
3 ) b)

 0 h
 103 d

1000/T
M
  (K -1)

 

a)

 0 h
 103 d

ρ 
(Ω

cm
)

400300 200 100
Temperature (K)

8.7

8.8

8.9

9.0

9.1

9.2

a)

 n
 (

1
016

 c
m

-3
)

T
M

= 300 K
t
1/2

= (9)2 d

0 25 50 75 100 125
0.58

0.60

0.62

0.64

  ρ
 (

Ω
cm

)

 Time (d)

b)

T
M

= 300 K
t
1/2

= 8.6(2.7) d

Fig. 3: Resistivity ρ (a) and carrier concentration n of 
71As doped GaN (1013 cm-2, 260 keV) plotted as a func-
tion of temperature. The solid symbols were recorded 
immediately after annealing and the open symbols were 
recorded 103 d after annealing. 

In agreement with PL measurements, no GaN antisite 
is observable by Hall measurements. PL measurements 
performed at GaN doped with 71As and 72Se showed 
identical Ge transitions. This is in contrast to the Hall 
measurements discussed here proofing Ge atoms are lo-
cated on different lattice sites. A possible explanation is 
that only a certain fraction of the Ge atoms are dis-
placed from the N sites and only Ge atoms on N sites 
are observable by PL. 
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25. Hg and Au acceptors in GaN 

A. Stötzler and M. Deicher 
in collaboration with 
ISOLDE Collaboration (CERN, Geneva) 

The great interest on GaN is mainly based on its ap-
plications in optoelectronics and high temperature elec-
tronics. Most of the work during the last years have 
been focused on the optical properties and due to the 
difficulties in interpreting the gathered data there are 
only limited reports on the electrical properties of 
GaN 1,2). In spite of the fast development of new grow-
ing techniques, GaN is still a highly defective material. 
Defects are getting distinguishable in electrical meas-
urements like Hall effect if one uses radioactive 
dopants. The concentration of a defect containing a ra-
dioactive atom is changing with the element specific 
half-life of the decay while the concentrations of all 
other defects remain unchanged. Therefore, the fraction 
of activated ions after annealing, the carrier type or the 
influence on resistivity and mobility can be determined 
directly from exponential fits to the data. 

Fig. 1: Resistivity ρ (a) and carrier concentration n (b) 
of 197Hg doped GaN (1013 cm-2, 60 keV) plotted as a 
function of temperature. The solid symbols were re-
corded 12 h after annealing and the open symbols were 
recorded 25 d after annealing. 

Hg and Au should act as acceptors in GaN, but their 
influence on the electrical properties on GaN has not 
been studied yet. On the other hand, both elements are 

used to form electrical contacts on GaN, for that reason 
their influence on the electronic properties should be 
known. 

Photoluminescence (PL) measurements 3,4) using the 
radioactive isotope 197Hg decaying to 197Au have 
proven that the PL emission centered at 2.43 eV is 
caused by an recombination center involving one Hg 
atom. Au forms in GaN an efficient recombination cen-
ter at 1.6 eV. A very shallow (6 meV) and a more deep 
level (224 meV) are correlated with this center. 

For the Hall measurements 1.5 µm thick epitaxial 
GaN layers grown on an AlN/c-sapphire substrate with 
a size of 5 ×  5 mm2 were used. The nominally undoped 
layer were n-type with a free carrier concentration of 
5 × 1016 cm-3 prior to annealing. The sample was doped 
by ion implantation with the radioactive isotope 197Hg 
at the on-line mass separator facility ISOLDE at CERN. 
The isotope 197Hg transmutes with a half-life of 2.67 d 
to stable 197Au. The implantation energy was 60 keV 
and an implantation dose of 1 × 1013 cm-2 was used. To 
reduce the implantation induced damage the sample was 
annealed 600 s in an evacuated quartz ampoule together 
with a piece of elementary Si at 1523 K 5). During an-
nealing a SiNx layer develops at the GaN surface which 
prevents the epitaxial layer from decomposition usually 
observed at such high annealing temperatures. After an-
nealing the SiNx layer was removed by etching in a so-
lution of 2 HF: 5 HNO3 : 2 C2H4O2. The electrical char-
acterization was performed by van der Pauw Hall meas-
urements using alloyed Indium contacts at the corners 
of the sample. 
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Fig. 1 shows the resistivity ρ and the net carrier-con-
centration n = (ND-NA) of the 197Hg-doped sample re-
corded 12 h (solid symbols) and 25 d (open symbols) 
after implantation and annealing as a function of tem-
perature. One can clearly observe, that during the 25 d 
the carrier-concentration n decreases (Fig. 1b) and that 
the resistance ρ increases (Fig. 1a). GaN is a highly n-
type material and the higher the temperature the greater 
the influence of the native donors on the resistivity and 
carrier concentration. At lower temperatures the effect 
of the native donors and activated intrinsic carriers can 
be minimized and therefore the changes in the carrier-
concentration and especially the resistivity are more 
pronounced. The decrease of the carrier concentration 
with time can be explained by compensation, if Hg 
forms a single acceptor and Au a double acceptor. Due 
to the decay of Hg to Au, an additional hole is created 
which compensates a free electron leading to a reduc-
tion of the carrier concentration and therefore to an in-
creased resistivity. 

Resistivity and carrier concentration have been re-
corded at measurement temperatures between 100 K 
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and 300 K as a function of time after annealing. As an 
example, the resistivity (a) and carrier-concentration (b) 
recorded at 130 K are shown in Fig. 2. The solid lines 
correspond to exponential least square fits described in 
detail in ref. 3. 

Fig. 2: Resistivity (a) and carrier concentration (b) of 
197Hg doped GaN (1013 cm-2, 60 keV) recorded at 
130 K as a function of time after annealing. 

Fig. 3:Hall mobility of 197Au doped GaN (1013 cm-2, 
60 keV) plotted as a function of temperature. The solid 
symbols were recorded 3 h after annealing and the open 
symbols were recorded 25 d after annealing. 

The fits to the carrier concentrations yield an average 
half-life of t1/2 = 2.8(9) d in good agreement with the 
nuclear half-life of the isotope while the fits on the re-
sistivities yield a half-life of t1/2 = 3.1(1.3) d. About 

22% of the implanted Hg ions are electrically active af-
ter the annealing procedure. 

One would expect an increased Hall mobility in non-
compensated GaN due to the decay of 197Hg to 197Au 
which leads to a lower carrier concentration and there-
fore to a reduced concentration of ionized scattering 
centers. Instead, a decrease in the Hall mobility is ob-
served below 225 K after 25 d (Fig. 3). Ionized impuri-
ties mostly influence the scattering of free carriers at 
low temperatures. Therefore, either the number or the 
degree of ionization of scattering centers have in-
creased. This is consistent with the transition from Hg- 
to the double acceptor Au2-. Au2- is a more effective 
scattering center leading to a shorter mean free path of 
the carriers resulting in a reduced mobility. 
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26. AlH3 and Al2H6: Magic clusters with unmagical properties 

S. Burkart and G. Ganteför 
in collaboration with 
B.K. Rao and P. Jena (Physics department, Virginia Commonwealth University, Richmond, Virginia/USA) 
G. Seifert (Theoretische Physik, Universität Paderborn, 33098 Paderborn) 

One of the most exciting discoveries in atomic clus-
ters in the past two decades is that their mass spectra ex-
hibit pronounced peaks suggesting the existence of very 
stable clusters with a specific size. In alkali metals, the 
peaks correspond to clusters having 2,8,20,... atoms, 
while in carbon it is the 60-atom cluster that is among 
the most stable ones. These clusters, commonly referred 
to as “magic” clusters, are characterized by low electron 
affinity and high ionization potential (i.e., large 
HOMO-LUMO gap), and enhanced stability. Their un-
willingness to either accept or donate an electron make 
them relatively inert, and two magic clusters are ex-
pected to interact weakly via a van der Waals like 
mechanism. Therefore, these clusters are suitable as 
building blocks for new bulk cluster materials like 
fullerite. 

We will show that AlH3 and Al2H6 not only deviate 
from this rule but also exhibit other unusual properties 
1). The results are based on ab initio calculations and 
photodetachment spectroscopy experiments. Al2H6 is 
formed by the coalescence of two AlH3 clusters in spite 
of the fact that the latter has all the attributes of a magic 
cluster. AlH3 (alane) is the most stable cluster in the 
AlHn series. It has low electron affinity (0.28 eV) and 
very high ionization potential (11.43 eV) which is typi-
cal for magic clusters. In spite of a large barrier sepa-
rating the two AlH3 species, the binding energy of 
Al2H6 against dissociation into two AlH3 units is 1.54 
eV. Al2H6, with small electron affinity (0.44 eV) and 
high ionization potential (10.14 eV), possesses the char-
acteristics of a magic cluster. The most unusual prop-
erty of Al2H6, however, is that its vertical detachment 
energy (which measures the difference in energy be-
tween Al2H6

- in its ground state and neutral Al2H6 hav-
ing the anion geometry) is almost 2 eV higher than the 
adiabatic electron affinity (the difference in energy be-
tween the ground state of the neutral and the anionic 
cluster). Such a large difference between adiabatic and 
vertical electron affinities is unusual among clusters and 
signals large changes in geometry and electronic struc-
ture between the neutral and anionic species. Our meas-
ured vertical detachment energy of 2.4 eV agrees com-
pletely with the predicted value of 2.42 eV. In addition, 
the broad photodetachment spectrum confirms the pre-
dicted geometry changes between the ground states of 
the anion and the neutral.  

The calculations of the equilibrium structure of neu-
tral and anionic AlH3 and Al2H6 clusters were carried 
out using density functional theory (DFT). The calcu-
lated structure of AlH3 has C3v symmetry (planar). The 
ionization potential of AlH3 is the highest in the AlHn 
series while its electron affinity is lower than that of 

AlH2 and AlH4. These properties coupled with the un-
usual stability of AlH3 make AlH3 a magic cluster. 

The calculated ground state structure of Al2H6 is 
given in Fig. 1(a). This structure is formed as two hy-
drogen atoms (one in each AlH3) form bridge sites with 
respect to the two Al atoms. Since an Al-H bond is 
quite strong, this bridging stabilizes the structure of 
Al2H6. Furthermore, the Al-Al bond distance in Al2H6 
is 2.62 Å. This has to be compared with the Al2 dimer 
bond length of 2.86 Å. Thus, the stability of the neutral 
Al2H6 is derived not only from the hydrogen bridging, 
but also from the Al-Al bond. Consequently, Al2H6 is 
1.54 eV more stable than the dissociated AlH3 units in 
spite of the fact that AlH3 is a magic cluster.  

Fig. 1: Geometry of (a) Al2H6 and (b) Al2H6
-. 

The structure of Al2H6 undergoes a drastic modifica-
tion as an electron is attached [see Fig. 1(b)]. The bridg-
ing seen in neutral Al2H6 partially disappears and only 
one hydrogen atom forms a bridge between two Al at-
oms and maintains a distance of 1.75 Å as in neutral 
Al2H6. The Al-Al distance in Al2H6 is 2.62 A, indicat-
ing that the bond is broken [see Fig. 1(a)]. The extra 
electron is shared almost equally among the six hydro-
gen atoms and is thus delocalized. The adiabatic elec-
tron affinity of Al2H6 is small, namely, 0.44 eV. How-
ever, the vertical electron detachment energy (i.e., the 
energy difference between the ground state of the anion 
and the neutral having the ground state geometry of the 
anion) of Al2H6 is 2.42 eV. This large difference be-
tween the adiabatic electron affinity and vertical de-
tachment energy is rather unusual, but results from very 
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different ground state geometries of the neutral and the 
anion [Figs. 1(a) and 1(b)] as well as accompanying 
changes in the electronic structure. It is important to 
emphasize that the adiabatic electron affinity of AlH3 
differs from its vertical detachment energy by only 0.01 
eV. Thus, while the small electron affinity (0.44 eV) 
and large ionization potential (10.14 eV) of Al2H6 per-
mits its classification as a “magic cluster”, its large ge-
ometry changes between the neutral and anionic ground 
states certainly make it an unusual magic cluster. 

We also performed a simulation of the Al2H6 disso-
ciation into two AlH3 units. The activation energy from 
this molecular dynamics simulation for the Al2H6 disso-

ciation is 4.4 eV. This will certainly be an overestima-
tion for the thermal dissociation of Al2H6, but it gives 
an estimate for this barrier. 
Fig. 2: Photodetachment spectrum for Al2H6

-. 

We now describe our experimental investigation 2). 
The electron affinity has been determined by photoelec-
tron spectroscopy of cluster anions. The Al clusters are 
generated using a pulsed arc cluster ion source and 
cooled in a 15 cm long extender with a diameter of 3 
mm. For the generation of AlnHm clusters, hydrogen is 
introduced into the extender and some of the H2 mole-
cules are dissociated in the electric arc. As a result, vari-
ous different AlnHm clusters are formed. The negatively 
charged clusters produced directly by the source are 
mass separated in a time-of-flight mass spectrometer. A 
selected bunch of anions of defined size is irradiated by 
a UV laser pulse (photon energy 4.66 eV, intensity 
about 10 mJ/cm2), and the kinetic energy of the de-
tached electrons is determined with a “magnetic bottle”-
type time-of-flight electron spectrometer. The resulting 
photodetachment spectrum of Al2H6 is plotted in Fig. 2. 
Note that a broad peak at a kinetic energy of 2.26eV 
corresponding to a vertical detachment energy of 2.4eV 
appears. This agrees well with the theoretical value of 
2.42 eV. The large width of this transition suggests that 
the ground state structures of the neutral and anionic 
Al2H6 are different as is evidenced from the theoretical 

results in Figs. 1(a) and 1(b).  
In conclusion, our combined ab initio calculations 

and photodetachment experiments reveal unusual prop-
erties of Al2H6. (1) Al2H6 cluster, with low electron af-
finity and high ionization potential, is formed by the 
coalescence of two AlH3 clusters in spite of the fact that 
AlH3 itself is a magic cluster and a large barrier sepa-
rates the two. (2) The geometry of Al2H6 is stabilized 
by bridging hydrogen atoms. (3) Attachment of an elec-
tron leads to the rupture of one of these bridging sites, 
and the geometry of the anion is significantly modified 
from that of the neutral clusters. (4) This leads to a large 
difference (2 eV) between the vertical and the adiabatic 
photodetachment energy of any known cluster. 
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27. Hydrogen Passivation of Si -n clusters 

R. Fromherz and G. Ganteför 
in collaboration with 
L. Kronik (Dept. of Chemical Engineering and Materials Science, University of Minnesota, Minneapolis) 

Small Sin clusters with up to n=10 atoms have geo-
metric and electronic properties different from those of 
bulk silicon. The reason are the dangling bonds at the 
“surface” of the cluster. In bulk silicon, these dangling 
bonds can be saturated by surface reconstruction or by 
adding hydrogen. In small clusters, reconstruction leads 
to a structure entirely different from that of the bulk. As 
a consequence, there is no regular dependence of the 
HOMO-LUMO gap on the cluster size as for other 
semiconductor clusters.  

By “passivating” the clusters with hydrogen, we ex-
pect their electronic and geometric structure to be more 
similar to bulk structure. Then, the HOMO-LUMO gap 
might show a more regular behavior, being large for 
small clusters and approaching the bulk band gap for 
larger clusters. The passivated clusters might be highly 
stable (“magic”) and might serve as building blocks for 
new cluster materials. 

While pure silicon clusters are extensively studied, 
there is little known about silicon hydride clusters. To 
learn more about those clusters, we generated SinHm

-

anions in the gas phase and examined these species by 
use of photoelectron spectroscopy. This method reveals 
the electronic structure of a cluster and the HOMO-
LUMO gap may be directly measured. 

Details of the experimental set up have been de-
scribed elsewhere 1). The anions are generated directly 
in a pulsed arc cluster ion source (PACIS) and mass 
separated with a time-of-flight mass spectrometer. A se-
lected bunch of anions is irradiated by an excimer laser 
and the kinetic energy of the detached electrons is 
measured using a “magnetic-bottle”-type time-of-flight 
electron spectrometer. 

Like in earlier experiments concerning hydrogen ad-
sorption to metal clusters 1), there is an additional 
pulsed valve to let molecular hydrogen flow into the ex-
tender. The H2 molecules are dissociated in the burning 
chamber of the source, and the amount of hydrogen can 
easily be controlled by tuning the valve. 

We use deuterium to avoid problems caused by the 
isotopic distribution of silicon: Silicon has three iso-
topes with 28Si being the most abundant (92,2%). How-
ever, there is a considerable contribution from the other 
stable isotopes 29Si (4,7%)and 30Si (3,1%), which coin-
cide with the masses of SiH and SiH2. For clusters this 
problem is even worse. Accordingly, there are peaks in 
the mass spectra which consist of contributions from as 
much as three different clusters (Fig.1). When using 2H 
instead of 1H, one line corresponds to two different spe-
cies at most. Accordingly, the photoelectron spectra are 
achieved by subtracting known spectra (e.g., of bare 
Sin

- clusters) from the ones measured at a mass corre-
sponding to SinHm

-. 

Fig 1: Isotopic distribution of silicon in Si6Hm. 

In the case of Si3Hm
- as well as Si4Hm

- (m=0;1), our 
results agree with earlier measurements 2). The first hy-
drogen atom added to Si3

- just leads to small shifts of 
the lines’ positions and intensities. By adding one hy-
drogen atom to Si4

-, the first peak of the electron spec-
trum disappears and the others shift to lower binding 
energies (Fig. 2). 

Fig. 2: Photo electron spectra of Si4Hm
- (m=0;1). 

The vanishing of the first peak can easily be ex-
plained. The 1s orbital of the hydrogen atom overlaps 
with a cluster molecular orbital. The resulting hybrid 
orbital is located at a high binding energy (about 13.6 
eV). This is well below the cluster’s HOMO and 
LUMO, and the electron that occupied the LUMO of 
the bare cluster now can be accommodated in this new 
orbital (the hydrogen atom contributes 1 electron only). 
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This leaves the LUMO empty and the peak at low bind-
ing energy vanishes.  

We also recorded photoelectron spectra of Si5Hm
- to 

Si10Hm
- (m=0...2). These species can be classified into 

two groups: Si5
-, Si8

-, and Si9
- do not show a significant 

HOMO-LUMO gap. As in the case of Si3
-, their spectra 

do not change considerably adding one hydrogen atom. 
As an example for these clusters, the spectrum of 
Si9Hm

- is shown in Fig. 3.  

Fig. 3: Photo electron spectra of Si9Hm
- (m=0...2). 

Si6
-, Si7

-, and Si10
- do have a HOMO-LUMO gap 

corresponding to a small peak appearing at low binding 
energy in the photoelectron spectra. The effect of add-
ing one H atom is the same as it is for Si4

-: The first 
peak which is due to the weakly bound electron occu-
pying the LUMO vanishes. The orbitals at higher bind-
ing energies are shifted towards lower energies. The 
spectra of Si6Hm

- are displayed in Fig. 4. 
The reason for these observations is similar as for 

Si4, i.e., the extra-electron of the anion now occupies 
the hybrid orbital, which is basically the H 1s orbital. 

When a second hydrogen atom is added to the clus-
ters, all species show an additional feature at low bind-
ing energies (except for Si3H2

-; we did not succeed in 
generating Si4H2

-). The distinctness of this structure 
varies with the cluster size, from a shoulder at Si5H2

- to 
well separated peaks at Si6H2

- and Si10H2
-. 

At those sizes for which the pure silicon cluster ex-
hibits a pronounced HOMO-LUMO gap, the new peak 
is slightly shifted compared to the pure cluster. The fea-
tures at higher binding energies show only small 
changes. 

The appearance of a HOMO-LUMO gap in double-
hydrogenated clusters is an indication for passivation. 
The clusters appear to be closed shell systems with a 
considerable HOMO-LUMO gap. For a quantitative 

analysis and an assignment of the orbitals a comparison 
to calculations is necessary (see Ref. 1). 
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Fig. 4: Photo electron spectra of Si6Hm
- (m=0...2). 

Computational simulations are currently being done 
by the group of L. Kronik (University of Minnesota). 
They will yield complementary information on the 
geometric structure of the clusters. 

In the future, the experiments on SinHm will be ex-
tended to larger clusters (n>10; m>2). There might be a 
saturation limit for hydrogen corresponding to maxi-
mum hydrogen uptake, which varies depending on clus-
ter size. Such saturated species might be extremely sta-
ble. However, due to the relatively low reactivity of Si 
towards hydrogen saturation is not easy to achieve for 
free cluster ions. 

 
(1) S. Burkart, PhD thesis: Wasserstoff-Chemisorption an 

Metallclustern, Universität Konstanz (2000) 
(2) C. Xu, T.R. Taylor, G.R. Burton and D.M. Neumark, J. 

Chem. Phys. 108 (1998) 7645 
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28. Deposition of mass selected silicon clusters 

M. Grass and G. Ganteför, 
in collaboration with 
T. Schlenker, J. Zimmermann, J.Boneberg, and P. Leiderer 

The preparation of nanostructures on surfaces is one 
of the major tasks in technology and basic research. 
Applications of nanostructured surfaces are abundant 
and cover a wide range from heterogeneous catalysis to 
high density integrated circuits. From the point of view 
of basic research, many of the properties of small 3-di-
mensional nanostructures and 2-dimensional islands on 
surfaces are not well understood yet. E.g., there is no 
systematic study of the size-dependence of the elec-
tronic structure of clusters of simple metals on surfaces, 
although free clusters of such metals show strong varia-
tions depending on the number of delocalized electrons. 

The deposition of mass selected clusters is a new 
method for the preparation of well defined nanostruc-
tures on surfaces. In the past annual reports we de-
scribed a new experimental set up including a cluster 
source which is operated at high repetition rates (up to 
500 Hz), ion extraction, mass selection using a 45° sec-
tor magnet and an ion optics to allow soft landing of 
clusters on a surface. First results on aluminum clusters 
have been reported last year. With our experimental set 
up currents of monodispersed cluster ions of 1012 atoms 
per second can be achieved which is sufficient to de-
posit a few percent of an atomic monolayer within rea-
sonable time, i.e. about one hour. The width of the ki-
netic energy distribution is in the range of 1 eV which is 
necessary to decelerate the cluster ion beam ("soft land-
ing") to an energy below the binding energy of the clus-
ters of about 1 eV per atom. 

To minimize the interaction between the substrate 
and the clusters we chose a graphite (HOPG = highly 
orientated pyrolytic graphite) substrate, which is an in-
ert Van der Waals surface. 

Fig. 1: STM picture of Si4 cluster aggregations on ter-
races and along a step on HOPG. 

In the first half of the year we focused our attention 
on small silicon clusters. Fig. 1 shows an STM image of 
Si4 clusters deposited on HOPG with a deposition-en-

ergy of EDep = 5 eV. A closer look (Fig. 2) reveals that 
most of the visible spots have diameters that are too 
large for Si4. The single Si4 clusters are very mobile on 
the surface and tend to build larger aggregates that are 
pinned to defects. 

Fig. 2: STM picture of an agglomeration of about four 
Si4 clusters pinned to a defect. 

Fig. 3: STM picture of a single Si4 cluster trapped at a 
defect. The superstructure of the substrate around the 
cluster is clearly visible. 

The smallest islands that can be found (Fig. 3) still 
seem to be too large for a single Si4 cluster but the 
cross-section (Fig. 4) shows that all but the central spot 
correspond to the HOPG lattice. The virtual elevation of 
the substrate around the actual cluster results from an 
electronic interaction between the cluster and the sub-
strate. 
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Fig. 4: Cross-section across the cluster in Fig. 3. 

Fig. 5 shows x-ray photoelectron spectra (XPS) of a 
deposited sample in comparison to a silicon bulk spec-
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trum. The rather small peak-components with binding 
energies greater 100 eV which are contributed to car-
bide and oxide contamination show that the clusters are 
very clean and have not reacted with the surface. A 
small shift in the main line of Si4 with respect to Si bulk 
can be seen. This is a well known effect caused by the 
finite size of the particle. It is difficult to gain further in-
formation about coagulation or fragmentation of the 
clusters from these core-level spectra. 
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Fig. 5: XPS of Si bulk (lower graph) and deposited Si4 
(upper graph). 

Therefore we spent the remainder of the year with 
the installation and characterization of a UV lamp for 
ultra-violet photoelectron spectroscopy (UPS). Valence-
band spectra are expected to yield a deeper insight into 
the electronic structure of the deposited clusters. 

First spectra were taken from Si atoms deposited on 
HOPG. As an example Fig. 6 shows a difference spec-
trum of clean HOPG subtracted from Si1 on HOPG. 
Some similarities can be seen between this spectrum 
and the reference spectrum for bulk silicon in Fig. 7. 
In the next step this studies will be extended to depos-
ited clusters. Another modification planned for the fu-
ture is the implementation of a sample cooling system 
to reduce the mobility of the clusters and hence to re-
duce agglomeration. 

Fig. 6: Difference spectrum between clean HOPG and 
1.4×1014 Si1

+ on HOPG / EDep = 10 eV. 

Fig. 7: Ultraviolet photoemission spectrum of silicon 
(100) bulk 1). 

(1) J.E. Rowe and H. Ibach, Phys. Rev. Lett. 32 (1974) 421 
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29. High resolution electron energy loss spectroscopy and its applications to 
clusters and nanostructures 

D. Stolcic and G. Ganteför 

The production of nanostructures and the creation of 
new materials with extraordinary electronic and chemi-
cal properties are in the focus of many investigations. 
One famous example of such a new material is the 
fullerite, a “cluster material” which consists of C60 clus-
ters. Recent investigations on clusters in the gas phase 
provide us several other candidates, which might be 
used as building blocks for a “new” material. These are 
“magic clusters” such as Si4, Si7 and Si10, with a high 
geometrical and electronical stability in the gas phase 
1,2). Accordingly, cluster deposition on surfaces is one 
of the most exciting topics in surface science in the last 
years. In a cluster deposition experiment, such clusters 
are generated in the gas phase and “soft landed” on a 
substrate. With this method very small and mono-
dispersed nanostructures on surfaces can be prepared. In 
addition, if “magic” clusters with a high stability are 
deposited, the suitability of these clusters as building 
blocks for cluster materials can be checked. The most 
suitable instrument to investigate this is, beside ultra-
violet photoelectron spectroscopy (UPS) and scanning 
tunnel microscopy (STM), the high-resolution electron 
energy loss spectroscopy (HREELS). In a HREELS ex-
periment electrons with a well-defined kinetic energy 
are scattered at the surface of a substrate. Some of the 
electrons loose their energy by electronic (e.g., plas-
mons) and vibrational excitations (phonons, adsorbate 
vibrations). The kinetic energy of the scattered electrons 
is measured using a cylindrical electrostatic energy ana-
lyser. 

In the last annual report we described a new experi-
mental setup consisting of a cluster ion source operating 
with repetition rates up to 1000 Hz and an ion optics, 
which allows soft landing of the cluster ions on the sur-
face of a substrate. In this report we present results we 
obtained using this new surface analysis tool HREELS. 

The measurements were performed in an ion-getter-
pumped ultrahigh vacuum system with a base pressure 
of 3×10-10 mbar. The SPECS Delta 0.5 HREELS sur-
face analysis spectrometer provides an energy resolu-
tion down to 0.5 meV FWHM and is able to detect an 
energy loss up to 50 eV 3). The preparations of the sam-
ples were performed in an additional vacuum chamber 
separated from the HREELS-system with a valve. This 
preparation chamber is pumped by a turbo molecular 
pump and a titanium sublimation pump, which provide 
a base pressure of down to 1×10-10. This preparation 
chamber is equipped with a sputter gun and an electron 
impact-heating unit capable to heat the samples up to 
1000 °C. 

Electronic excitations on highly orientated pyrolytic 
graphite (HOPG) 

Using HREELS, electronic excitations of a surface 

can be measured. E.g., in small Ag and Au nanostruc-
tures electron scattering can excite plasmons. The posi-
tion and shape of the plasmon peak in the electron 
HREELS spectrum is related to the shape and size of 
the nanoparticles on the substrate. With this method, in-
formation about the electronic and geometric structure 
of extremely small nanostructures on surfaces can be 
gained. We tested this modus of operation of the 
HREELS using a clean HOPG surface. 

Fig. 1 shows the electron loss spectrum of clean 
HOPG at 300 K, recorded with an electron impact en-
ergy of E0 = 30 eV under specular scattering conditions 
(α = 55°, with respect to the surface normal). Before 
HREELS-measurement the sample was heated up to 
450 °C for two hours, to obtain a clean HOPG surface. 
The peak A at 0 eV is due to the elastically scattered 
electrons. The asymmetry of this peak, with its charac-
teristic energy-loss tail, is due to the π-π*-electron-hole 
pair excitations in the π-band of the graphite. The broad 
loss peak B near 6,6 eV is attributed to a π plasmon 
mode of the same band 4). 
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Fig. 1: HREELS spectrum of HOPG. Lower curve: 
complete spectrum; upper curve: enlarged electron en-
ergy loss feature: the π plasmon of graphite (incident 
electron-beam energy E0 = 30 eV, specular impact an-
gle α = 55°). 

Adsorbates on the Si(100) surface 

With vibrational spectroscopy information about the 
geometric structure of nanostructures and adsorbates 
can be obtained. In the case of clusters, with vibrational 
spectroscopy the change of the geometry induced by the 
interaction with the substrate can be studied. In addi-
tion, it can be determined, whether the deposited clus-
ters remain separated on the surface or form larger is-
lands of bulk material (coagulation). 
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The (100) crystal surface of a silicon single crystal 
was cleaned by repeated cycles of argon ion bombard-
ment with an acceleration voltage of 450 V and an-
nealing up to 1200 K under ultra high vacuum (UHV) 
conditions. The record of the HREELS spectrum of a 
Si(100) surface before (dark line, black) and after 
(brighter line, blue) oxygen exposure at 300 K is shown 
in Fig. 2. The electron impact energy was chosen to be 
10 eV under specular scattering conditions (α = 53°, 
with respect to the surface normal). 

The dark (black) HREELS spectrum represents the 
Si(100) "clean" surface. Five loss peaks are observed at 
78, 100, 260, 364 and 458 meV. The losses at 78, 260, 
364 and 458 meV are attributed to hydrogen vibrations. 
The 78 and 458 meV losses are assigned to the Si-H 
bending respectively stretching vibration modes. The 
C-H and O-H stretching vibrations are observed at 
364 meV respectively 458 meV. The remaining loss 
peak at 100 meV is attributed to oxygen vibrations. This 
loss peak is assigned to the Si-O as well as the Si-OH 
stretching and bending vibrations 5,6). Due to the fact, 
that five loss peaks are observed, while for clean 
Si(100) surfaces no peaks are expected, we conclude 
that the number of sputtering/annealing cycles was in-
sufficient and the water contamination of the Si(100) 
surface was not completely eliminated. 

Fig. 2: Vibrational HREELS spectrum of the Si(100)-O2 
system. Dark (black) curve: before O2 exposure, ap-
pearance of H2O contamination features; bright (blue) 
curve: after O2 exposure, additional appearance of oxy-
gen features (incident electron-beam energy 
E0 = 10 eV, specular impact angle α = 53°). 

The brighter (blue) HREELS spectrum in Fig. 2 was 
recorded after Oxygen (O2) exposure. Three new fea-
tures appear; a shoulder at 108 meV and two peaks at 
124 and 175 meV. The loss peak at 175 meV is ascribed 
to the O-O stretching vibrations, while the losses at 108 
and 124 meV are attributed to the Si-O-Si symmetric re-
spectively antisymmetric stretching vibrations 5,6). The 

Si-O-Si may be formed by breaking of a Si-Si bond be-
tween the first and second layers of a Si substrate with 
atomic oxygen inserted to bridge the Si atoms or by 
atomic oxygen bridging two first-layer Si atoms, which 
have dangling bonds 7). 

The HREELS-spectra of these two different samples 
and their interpretations demonstrate, that the spec-
trometer works properly. The next step will be testing 
the complete setup including the cluster source and the 
ion optics.  

In a first series of experiments it is planned to deposit 
silicon clusters with sizes up to 50 atoms per cluster on 
HOPG or silicon oxide and study them with the 
HREELS spectrometer. If the vibrational modes of the 
“magic” clusters Si4, Si7 and Si10, which are known 
from gas phase spectroscopy, appear in the HREELS 
spectrum of the deposited clusters, very likely these 
clusters do not coagulate. They might be suitable as 
building blocks for new bulk material consisting of pure 
silicon. These data will be compared to complementary 
measurements using UPS and STM. These instruments 
are available in our group as well as in the group of 
Prof. Dr. P. Leiderer. 

 
(1) J. Müller, B. Liu, A.A. Shvartsburg, S. Ogut, J.R. 

Chelikowski, K.W.M. Siu, K.-M. Ho and G. Ganteför, 
Phys. Rev. Letters 85 (2000) 1666 

(2) C. Xu, T.R. Taylor, G.R. Burton and D.M. Neumark, J. 
Chem. Phys. 108 (1998) 1395 
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(3) VSI (SPECS) Delta 0.5 HREELS manual v9.96 
(4) U. Diebold, A. Preisinger, P.Schattschneider and P. 

Varga, Surf. Sci. 197 (1988) 430 
(5) M. Nishijima, K. Edamoto, Y. Kubota, H. Kobayashi 

and M. Onchi, Surface Sci. 158 (1985) 422 
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(7) F. Meyer and J.J. Vrakking, Surface Sci. 38 (1973) 275 
(8) C.-M. Grimaud, L. Siller, M. Andersson and R.E. 

Palmer, Phys. Rev. B 59 (1999) 9874 
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30. Constant dielectric loss response in disordered systems 

T. Höhr, W. Dieterich and P. Maass 

A widely observed phenomenon in glassy materials 
and highly defective crystals is the so-called “nearly 
constant loss” (NCL) response, signifying a frequency-
independent imaginary part of the dielectric permittivity 
ε′′(ω). The frequency-range, where ε′′(ω)  ≅  const., 
can extend over many orders of magnitude when the 
system is cooled to a few Kelvin. 

Still, the physical origin of the NCL-response is un-
clear 1). A common picture adheres to the “asymmetric 
double well potential (ADWP)” model, which rests on 
the assumption of thermally activated local relaxational 
steps of charged defects subject to a broad distribution 
of activation barriers 2). 

In this project we elaborate on the idea that long-
range interactions among dipolar centers can give rise 
to long-time tails in dielectric relaxation, consistent with 
NCL-type spectra. Evidence for the relevance of this 
mechanism emerged from dynamic Monte Carlo simu-
lations of a “dipolar lattice gas” 3). This model consists 
of a spatially random assembly of dipolar centers, 
where charged particles (ions) perform reorientational 
steps next to their associated immobile counterion. Con-
trary to the ADWP-model, the present version of the di-
polar lattice gas requires no extrinsic local disorder 
within the individual centers, but emphasizes the impor-
tance of dipole-dipole interactions. Interestingly, a simi-
lar line of reasoning is currently pursued in the context 
of low-temperature anomalies of glasses. Extensions of 
the well-known tunneling model in this area are pro-
posed, based on long-range interactions among the tun-
neling units 4). 

Fig. 1 illustrates our model of dipolar centers 
placed on a simple-cubic substrate lattice. Specific re-
sults for the dielectric loss spectrum 
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where  is the total polarization and β = 1/kBT, are dis-
played in Fig. 2 for a concentration c = 10-3 of centers 
and several temperatures, normalized by the typical in-
teraction strength Vdip-dip between centers 5). In this 
case the decay of the “self”-part of the correlation func-

tion  can be decomposed into a short-
time contribution, which corresponds to relaxation of a 
particular dipole in a static energy landscape and a long-
time contribution due to temporal renewals in the mini-
mum energy configuration seen by an individual dipole. 
The latter process turns out to be responsible for the 
slow decay at long times, in contrast to the Debye-like 
behavior of the initial decay. 
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Further notable features of this model are a signifi-
cant enhancement of the overall NCL-response χ′ ′(ω) 
relative to the “self-part” χself(ω), the appearance of dif-
ferent concentration-dependent scenarios in approach-

ing a constant loss under decreasing temperature and a 
robustness of the results against changes in the charac-
ter of positional disorder. 

Fig. 1: Section of the dipolar lattice gas model 

Fig. 2: Dielectric loss spectrum χ′ ′(ω) of a dipolar lat-
tice gas with c = 10-3 at different reduced temperatures 
θ = kBT/Vdip-dip, showing the gradual transition be-
tween Debye and NCL-behavior. 

(1) A.S. Nowick, B.S. Lim and A.V. Vaysleyb, J. Non-Cryst. 
Solids 172-174 (1994) 1243 

(2) M. Pollak and G.E. Pike, Phys. Rev. Lett. 28 (1972) 
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(3) P. Pendzig andW. Dieterich, Solid State Ionics 105 
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(5) T. Höhr, Diploma thesis, Universität Konstanz (2000) 
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31. Surface–induced ordering kinetics in metallic alloys 

M. Kessler and W. Dieterich 
in collaboration with 
A. Majhofer (Institute of Experimental Physics,Warsaw University, Warsaw, Poland) 

Near a surface, kinetic processes connected with 
first-order phase transitions are generally modified. A 
well-studied system is the (001) surface of Cu3Au, an 
fcc-alloy which undergoes a first-order bulk transition 
at a temperature T0 = 663 K. In the bulk, Au-atoms 
preferentially occupy one of the four simple-cubic 
sublattices of the underlying fcc-lattice. The ground-
state therefore is 4-fold degenerate, and there exist two 
types of antiphase boundaries separating the 4 types of 
energetically equivalent equilibrium domains. 

Several special ordering phenomena are known to 
occur at the (001)-surface of Cu3Au. These include an 
oscillatory segregation profile which above the bulk or-
dering temperature To decreases from the surface to-
wards the bulk on a length scale given by the bulk-cor-
relation length ξ(T). On extrapolation to lower tem-
peratures ξ(T) appears to diverge at the spinodal tem-
perature Tsp. Intriguing non-equilibrium behavior of 
segregation amplitudes has been detected recently by 
time-resolved X-ray experiments 1). After a quench 
from an initial temperature Ti > T0 to a final tempera-
ture Tf < T0 the initial surface segregation profile in-
duces a segregation front which rapidly progresses to-
wards the bulk, while lateral order was found to develop 
on longer time-scales. This two-stage ordering process 
was interpreted previously (see the Annual Report 
1999) in terms of time-dependent Ginzburg-Landau 
(GL) theory 2). Although restricted to one dimension 
and to the limit of vanishing thermal noise, this theory 
successfully yields the difference in time-scales for per-
pendicular and lateral ordering and identifies an anisot-
ropy of the evolving domain structure within a charac-
teristic penetration depth of the segregation front. 

Motivated by these studies we performed more de-
tailed Monte Carlo simulations within the atom-vacancy 
exchange mechanism. After verification of the model 
we studied both the propagation of the segregation pro-
file following a temperature quench (Fig. 1) and the 
evolution of lateral order. Our results revealed two dis-
tinctly different modes of progression of the segregation 
front, depending on the final temperature Tf to lie sig-
nificantly above the ordering spinodal, Tf > Tsp (quench 
into the metastable regime) or below, Tf < Tsp (quench 
into the unstable regime). An early-time linear (constant 
velocity) growth behavior of the segregation front and a 
characteristic time t*, where this linear growth deceler-
ates, can be seen in the case Tsp < Tf < T0. Below Tsp it 
changes over to a growth roughly proportional to t1/4 up 
to our longest computing times (Fig. 2). This growth 
law which is significantly slower than predicted by the 
Lifschitz-Allen-Cahn theory might be a consequence of 
the existence of flat (zero curvature) antiphase bounda-
ries which are extremely stable. We could also find 

growth exponents n ≅  ¼ within preliminary bulk simu-
lations. 

The behavior of lateral growth in the near-surface re-
gion is quite different. Within the segregation front no 
flat antiphase boundaries are allowed perpendicular to 
the surface. The lateral domain structure appears iso-
tropic, in contrast to the anisotropic shape of bulk do-
mains, and the lateral domain growth indicates curva-
ture driven coarsening and follows the Lifschitz-Allen-
Cahn law t1/2 . 

Cu3Au thus exemplifies a profound influence of the 
surface not only on the static ordering but also on the 
kinetics of the ordering process and on the symmetry of 
the domain structure within a mesoscopic region (up to 
80 atomic layers in our simulation) below the surface. 

a) t = 10 MCS
3

T = 0.972 Tf 0

b) t = 5·10 MCS
3

c) t = 10 MCS
4

z
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Fig. 1: Patterns of the order parameter component ψ3 
(amplitude for Au-segregation in layers parallel to the 
(001)-surface) at Tf = 0.972 T0 > Tsp for three different 
times after the quench, illustrating propagation of a 
surface-induced ordering wave. 
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Fig. 2: Time-dependent penetration depth z3(t) of the 
ψ3-front (see Fig. 1) for three different temperatures 
near and below Tsp ≅  0.967 T0. Different growth laws 
are indicated. 
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32. Density functional theory for lattice systems 

J. Buschle, M. Kessler, J. Reinhard, P. Maass and W. Dieterich 
in collaboration with 
H.L. Frisch (University of Albany, USA) and J.F. Gouyet (Ecole Polytechnique, Palaiseau, France) 

In the description of effects of surfaces and confine-
ment on phase transformations, density functional the-
ory (DFT) has proved most successful 1). 

In the past we have developed a discrete (lattice) ver-
sion of density functional theory, applicable in particu-
lar to metallic alloys, adsorbed submonolayer films, in-
tercalation compounds, solid ionic conductors etc. This 
includes a “semi-linear DFT” 2) improving upon mean-
field type theories as well as discrete forms of the 
“weighted density approximation”. 

One major aim of our current work is to use the 
mathematical structure of exact functionals in d = 1 di-
mension 5-7) as a guideline for constructing approximate 
functionals in higher dimensions. This can be achieved 
by extending the method of derivation of these func-
tionals based on Markov chains 4,5). In order to account 
for the connectivity of lattice points specific to two di-
mensions, we employed additional exact information on 
small clusters (“zero-dimensional” case) 7). First suc-
cessful tests in d=2, see Fig. 1, offer the possibility of 
treating problems such as ordering transitions, wetting 
phenomena or more general effects in inhomogeneous 
lattice gases. In particular, the novel 2d functionals ac-
count for a dimensional crossover, when the system is 
forced to one or to zero dimension under the action of 
confining walls. 

Fig. 1: Test calculations for the phase diagram of a 2d 
(square) lattice gas with attractive nearest neighbor in-
teractions. The DFT result is compared with the Bethe 
approximation and the exact (2d Ising) phase boundary. 

We took further steps in developing a time-depend-
ent DFT 8). Aiming at a microscopic description of 
phase ordering kinetics and spinodal decomposition in 
binary (AB) metallic alloys, we derived kinetic equa-
tions from a combination of time-dependent DFT with 
the “ABV-model”. Besides the A- and B-atoms in the 
mixture this model includes the system of vacancies (V) 

as a third component. Kinetic coefficients entering the 
phenomenological dynamic equations are expressed as 
local correlation functions for the vacancy density. For 
a 1-dimensional system with only one species of parti-
cles and vacancies, where the exact (static) density 
functional is known 5), explicit calculations were carried 
out. Compared with Monte Carlo simulations we found 
quantitative agreement in the temporal evolution of 
density profiles and local density correlators, see Fig. 2. 
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Fig. 2: Time-dependent density profiles (a) and local 
density correlators (b) in a 1d lattice gas with nearest 
neighbor repulsion. Full line: time-dependent DFT, 
data points: Monte Carlo simulations. 
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33. Ion transport in glasses 

B. Rinn, F. Scheffler, P. Maass and W. Dieterich 

Traditional glasses are composed of a network for-
mer, for example silicate or borate, and a network modi-
fier usually being an alkali oxide. In the glassy phase 
the alkali ions are decoupled from the frozen silicate or 
borate host network and have a relatively high mobility 
(cf. Fig. 1). More complex glass compositions have 
been developed in recent years to obtain specific elec-
trical properties. These are useful for the design of vari-
ous technical devices such as batteries, chemical sen-
sors, or optical fibers. From a theoretical point of view, 
the understanding of ion dynamics in glasses is a great 
challenge due to the presence of many peculiarities in 
the dispersive transport behavior (frequency dependent 
conductivity, spin lattice relaxation, mechanical relaxa-
tion) as well as due to drastic variation of diffusivities 
upon the composition of mobile ions. 

Fig. 1: Sketch of the motion of sodium ions in a silicate 
glass. 

In previous work we showed that the effect of com-
position on the long-time transport properties can be 
well understood from a model where the mobile ions 
perform thermally activated jumps in a spatially fluctu-
ating energy landscape being created by the disordered 
covalent host network 1). In order to describe the time-
dependent ion dynamics in this model, we followed an 
approach where the many particle master-equation is 
reduced to an effective one-particle equation 2). This 
one-particle equation is subsequently treated by a novel 
effective medium approximation (EMA) for jump proc-
esses in lattice systems with asymmetric hopping rates 
2,3). 

In particular we applied the EMA to understand the 
scaling properties of the frequency dependent conduc-
tivity σ(ν;c,T) 3,4). Recent experiments 6,7) suggest that 
glasses with varying ionic concentration c and different 
temperatures T exhibit a scaling when σ(ν;c,T) is meas-
ured in units of σdc(c,T) and the frequency ν in units of 
νx(c,T). Different dependencies of the characteristic 
frequency νx(c,T) on c and T have been suggested. One 
possibility is a scaling based on the empirical relation of 
Barton, Nakajima, and Namikawa, known as “BNN-re-
lation” in the literature. According to this relation, 
νx(c,T) = ε0∆ε(c,T)/σdc(c,T), where ∆ε(c,T) is the di-

electric strength, which can be obtained from the zero-
frequency limit of the imaginary part of the conductiv-
ity. 

O

Na

Si

Fig. 2: Mastercurve of the conductivity of  
(Na2O)x(GeO2)1-x glasses with x in the range 0.003 - 
0.1 (redrawn from 7)). The EMA mastercurve (solid 
line) is shown for comparison. 

We find that the EMA yields BNN scaling, similar as 
in experiments. Fig. 2 shows this scaling in comparison 
with the measured master curve of (Na2O)x(GeO2)1-x 
glasses 4). The EMA curve is similar to the measured 
one, although different in detail. It is important to note 
that the scaling with respect to c in real materials is only 
approximately obeyed and that there are subtle differ-
ences for different glasses (cf. the discussion in ref. 8). 

In a separate work we studied the scaling behavior of 
the frequency dependent conductivity in a Fermi lattice 
gas with Gausssian site energy disorder 5). Monte-Carlo 
simulations yield a scaling behavior of σ(ν;c,T) analo-
gous to that found in experiments at low T and interme-
diate c values. 

So far we specified the statistics of the energy land-
scape for the mobile ions from a phenomenological 
point of view. An improved microscopic description 
should be obtained by including more detailed informa-
tion on the main characteristics of the landscape. Cur-
rently we work on the problem how to extract this in-
formation from molecular dynamics simulations. 
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34. Nucleation on top of islands in epitaxial growth 

S. Heinrichs, J. Rottler and P. Maass 

A crucial parameter determining the morphology in 
thin film epitaxial growth is the additional step edge 
barrier ∆Es (Ehrlich-Schwoebel-Barrier). For high step 
edge barriers, nucleation on islands occurs before the is-
lands in the layer below coalesce and a rough mor-
phology results. Low barriers by contrast, lead to layer-
by-layer growth. The nucleation on top of an island oc-
curs once atoms form a cluster that is stable on all ex-
perimentally relevant time scales. The size of such a 
stable nucleus must exceed the critical size i. This size 
is one for many metals and typically larger than one for 
semiconductors. It usually becomes larger with in-
creasing temperature. For large i, subcritical metastable 
clusters of adatoms become relevant on the time scale 
of experiments. In order to extract the step edge barrier 
from experiments focusing on the second layer nuclea-
tion, it is necessary to develop a theory that can describe 
the nucleation process quantitatively. 

Fig. 1: Various states and the corresponding transition 
rates involved in the second layer nucleation for a criti-
cal nucleus of size I = 2 in the presence of metastable 
states. 

In a general approach developed recently by us 1), we 
describe the time evolution of the nucleation process by 
the probabilities for an island to be in a certain state that 
is determined by the number of adatoms on top of the 
island and the way these adatoms are decomposed into 
clusters (see Fig. 1). The fundamental processes consid-
ered are the deposition rate WF onto the island, the loss 
rate Wl for adatoms leaving the island by surmounting 
the step edge barrier, the dissociation rates Wd,j of un-
stable clusters composed of j atoms and the rates Wa,j

(n) 
for attachment of a single atom to an intermediate clus-

ter of size j if in total n atoms are present on top of the 
island. 

The time evolution of the probabilities can be deter-
mined analytically only in the simplest cases, but a nu-
merical solution turns out to be very efficient. Our gen-
eral treatment allows one to quantify the influence of 
metastable states on the nucleation process and to gain 
detailed insight into the dominant microscopic pathways 
that are followed to form a stable nucleus on top of the 
island, (see ref. 1). 

A scaling analysis based on the rates for second layer 
nucleation shows that systems with critical nuclei I ≤ 2 
are dominated by fluctuations 2). The previously known 
”mean-field theories” 3) are only applicable in the case I 
> 2. These results called for a reexamination of experi-
ments which employed the mean-field approach to es-
timate the step edge barrier 4,5). To demonstrate the sig-
nificance of a new evaluation, we fitted the new theo-
retical results to data of the experiment by Bromann et 
al. 4) (see Fig. 2). For the system Ag/Pt(111), for exam-
ple, the value for ∆Es is revised from 30 meV to 65 
meV. 
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Fig. 2: Fraction of islands with stable nucleus in de-
pendence of the island radius for Ag/Pt(111) (for the 
experimental procedure, see ref. 4). The points corre-
spond to the experiment (data redrawn from ref. 4 and 
the solid lines are obtained by applying the theory 1) 
with ∆Es=65meV. 
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35. Aging dynamics in complex systems 

B. Rinn and P. Maass 
in collaboration with 
J.P. Bouchaud (CEA Saclay, France) 

The dynamics of many complex non-equilibrium 
systems, in particular glasses, is found to become 
slower with the “age” of the system, that means with the 
time tw expired since the material was brought into the 
non-equilibrium (glassy) state. This slowing down of 
the dynamics is currently investigated in various dy-
namical probes (for a recent review, see e.g. ref. 1): 
shear stress relaxations in structural glasses, thermore-
manent magnetizations or a.c. susceptibility in spin 
glasses, dielectric susceptibility of dipolar glasses, dy-
namical structure factor in molecular dynamics (MD) 
simulations, light scattering of colloidal gels, domain 
coarsening in phase separation, motion of pinned do-
main walls and vortex lines, dynamics of granular mate-
rials, etc. While several theories have been developed to 
understand aging phenomena in these complex systems, 
most of these do not take into account thermally acti-
vated jump processes. 

Fig. 1: Sketch of thermally activated (effective) transi-
tions between the deepest minima of a rugged energy 
landscape. 

To get insight into the aging dynamics dominated by 
thermally activated processes, we studied a simple 
model for the jump motion of a state point in a random 
energy landscape 2), see Fig. 1. In the model, the states 
with lowest energies are arranged on a hypercubic lat-
tice in d dimensions and to each lattice site i is assigned 
a random energy Ei drawn from an exponential density 
of states ψ(E) = T0

-1exp (E/T0), -∞ < E ≤ 0. The lattice 
resembles an average finite connectivity of the mutually 
accessible states. By considering a quench at time 0 
from temperature T = ∞ to a temperature T below the 
“glass transition temperature’’ T0, we studied the slow-
ing down of the dynamics with the waiting time tw 
passed after the quench. A convenient way for quanti-
fying the aging dynamics is to consider a “generic cor-
relation function” C(tw+t,tw), which is the probability 
that no transition takes place between tw and tw+t. 

Based on a novel “partial equilibrium concept” 
(PEC) 3) we were able to explore a surprisingly rich ag-
ing dynamics and to calculate all their scaling prop-
erties. This includes the occurrence of ordinary scaling 
behavior, C(tw+t,tw) ∼  F1(t/tw

µ1
 ), where µ1 = 1 (normal 

aging) or µ1 < 1 (subaging), and the possible occurrence 
of generalized scaling behavior, tw

γ[1-C(tw+t,tw)] ∼  

F2(t/tw
µ2) with µ2 < µ1 (subaging). The exponents µi as 

well as the asymptotics of the scaling functions could be 
obtained analytically 3). All predicted scaling properties 
compare well with Monte-Carlo simulations in dimen-
sions d = 1-1000. In particular we could show that a 
mean-field type treatment of the hopping motion fails to 
describe the aging dynamics in any dimension. 

E

Fig. 2: C(tw+t,tw) from Monte-Carlo simulations as a 
function of the scaling variable 1

1
/

w
t t

mL =  for parame-
ters d=10, α = 3/8, T/T0 = 1/4. Waiting times are in the 
range tw = 108 - 1012. The curves for d=10, 100, 1000 
have been multiplied by 4, 16 and 64 to make them dis-
tinguishable. 

By extending our analysis we recently succeeded to 
treat general forms of hopping rates 4). We found that 
the functional dependence of the characteristic time 
scales t× on the waiting time tw can be quite different. 
For example, we showed the possibility of an ultra-slow 
subaging behavior where t× ∼  ln tw. Moreover, it is pos-
sible also to consider some random distribution of the 
form of the jump rates, and to work out the aging fea-
tures of such more realistic models 4). It turns out then, 
that in principle infinitely many aging regimes can ex-
ists in the two-time plane t, tw ≥ 0. 

Further work is in progress on the role of a modified 
fluctuation-dissipation theorem, similar as it was found 
for mean-field spin glass models. 
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36. Phase transitions and quantum effects in pore condensates 

J. Hoffmann and P. Nielaba 

Phase transitions of pore condensates in nano-pores 
(i.e. Vycor) have been investigated by experimental 
methods recently 1,2). Besides spinodal decomposition, 
phase transition temperature reductions have been stud-
ied for cylindrical nano-pores with small diameters. 

Fig. 1: Radial-layers-resolved (unrolled) pore Ar-con-
densate in cylindrical pore with diameter 5σ (T*=0.34). 

With computer simulations (CRAY-T3E) we have 
analyzed 3,4) many interesting properties of “Ar”- and 
“Ne”-pore condensates recently (modeled as Lennard-
Jones systems with particle diameter σ and interaction 
energy ε, in our computations we use particle masses 
m* = mσ2ε/ 2 = 100 and m* = 1000 for simplicity well 
approximating the particle masses of Ne and Ar (m* = 
112 and m* = 1160)). These systems have - like the 
“bulk”-systems a gas-liquid phase transition at low tem-
peratures, the precise shape of the phase diagram is 
strongly influenced by the system geometry (pore ra-
dius). 

It turns out that with increasing attractive wall inter-
action the critical density increases, the adsorbate den-
sity increases strongly, and the condensate density in-
creases weakly. A meniscus is formed with increasing 

Fig. 2: Density distributions (cylindrical average) for Ar in a cylindrical pore at T* = 0.6. Left: density profile for 
pores with various radii. Right: radial density distribution in the condensate (center part left). 
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curvature, the configurations become less stable and the 
critical temperature decreases. 

The critical temperature is reduced with decreasing 
pore diameter. Beginning from the wall a formation of 
layered shell structures is found which may favor or dis-
favor the occupancy of sites at the pore axis due to 
packing effects. In Fig. 2 we present the density profiles 
(cylindrical average) as well as the radial density distri-
bution in the condensate (center part of the system in 
the left picture). We note the layering structure and an 
oscillatory behavior of the density at the pore axis (r=0) 
as a function of pore radius with density maxima for 
pore radii of nσ and minima for pore radii of (n + 1/2)σ. 

For large pore diameters the density oscillations de-
cay from the wall towards the pore axis and the system 
approaches the “bulk”. 

At lower temperatures we obtain 3,4) a phase transi-
tion into a solid phase with long ranged positional or-
der. In this solid phase cylindrical shells are formed 
with triangular lattice structures in azimuthal direction. 
In Fig. 1 we show such unrolled layers for a pore with 
radius 5σ in a NVT- ensemble simulation indicating a 
meniscus shaped interface in the solid phase (see Fig.3). 

Fig. 3: Typical condensate configuration (T* = 0.31) 
showing the meniscus structure. 

The meniscus curvature decreases with the tempera-
ture in the solid as well as in the fluid phase. The triple 
point temperature is influenced by the geometrical finite 
size effects (pore radius) as well as by the wall-particle 
interaction. Increasing interaction strength results in an 
increasing freezing temperature. Only a small radius ef-
fect on the triple point temperature was detected. 

The geometrical finite size effect of the pore radius 
results in a packing effect with preferential occupancy 
of sites at the pore axis for pores with diameters 3.75σ 
and 4.75σ, whereas for diameters of 3.25σ and 4.25σ 
the density at the axis is reduced. Beyond these results a 
two step phase transition from the fluid to the solid 
phase was found in agreement with results obtained in 
experimental studies of specific heat capacities at the 
freezing of Ar in Vycor 5). 

By path integral Monte Carlo simulations 6-9) the ef-
fect of the quantum mechanics on the potential energy 

as a function of the temperature has been quantified 3,4). 
In contrast to classical simulations we obtain by PIMC 
simulations for Ar- and Ne-condensates an horizontal 
temperature dependency of the energy resulting in a de-
crease of the specific heat to zero at small temperatures 
in agreement with the third law of thermodynamics. The 
resulting phase diagram for Ar- and Ne-condensates and 
a comparison with classical computations shows impor-
tant quantum effects 4). In the Ne-system (containing 
the lighter particles) a significant reduction (by about 5-
10%) of the critical temperature is found due to quan-
tum delocalizations as well as a strong reduction of the 
solid density and a crystal structure modification in 
comparison with the classical case. 
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37. Phase transitions and quantum effects in two-dimensional (adsorbed) mo-
lecular layers 

D. Löding and P. Nielaba 

Phase transitions and quantum effects in two dimen-
sional layers have been studied in great detail in the past 
few years 1). We continued our investigation of phase 
transitions in Ar, N2 and CO monolayers on graphite 
and in mixed adsorbates Arx(N2)1-x 4) by path integral 
Monte Carlo simulations (PIMC) 2,3). 

Fig. 1: Configuration with a random distribution of Ar-
gon, x = 0.20, T = 2 K. Colors show the different her-
ringbone-domains, the boundaries are essentially given 
by the Ar-distribution. At single atoms neighboring N2-
molecules form pinwheel-structures (yellow). 

By utilizing the CRAY-T3E computer and realistic 
interaction potentials we were able to determine the 
structure of a CO monolayer at low temperatures. At 
low temperatures the molecular axes are parallel to the 
surface in the “herringbone” structure. For pure N2 and 
pure CO monolayers we obtain by PIMC-simulations a 
10% reduction of the transition temperature from the 
high temperature phase with orientational disorder to 
the low temperature phase with “herringbone” structure 
due to quantum mechanical zero point oscillations. The 
order parameter at low temperatures is reduced by 10% 
as well. The experimentally observed phase transition at 
5 K has been studied by PIMC as well. According to 
this study at low temperatures the system is in an anti-
ferroelectric structure. With increasing Trotter index P 
the phase transition temperature is shifted to smaller 
values compared to the classical value. In the large-P 

limit we obtain a transition temperature reduction of 
about 30 - 40% and a good agreement between the 
computed phase transition temperatures and experi-
mental values. 
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(CD: solid commensurate ( 3 -phase, ori-
entationally disordered 

3 30 )R¥ ∞

HB: herringbone phase, orientationally ordered 
GP: glass phase with herringbone domains and isolated 
pinwheel structures 
C: solid commensurate phase (Ar) 
IC: solid incommensurate phase 
F: fluid phase ) 

In mixed systems of the type Arx(N2)1-x on graphite 
we have varied the mixing ratio and studied the effect 
of different disorder averages (quenched - annealed). 

For the case of quenched average with randomly dis-
tributed Ar-atoms we obtain the result, that for small x-
values the herringbone structure is stable at low tem-
peratures. Roughly speaking for a concentration of 10% 
Ar a reduction of the phase transition temperature is ob-
tained of similar magnitude as the reduction in the pure 
system due to quantum effects. For larger x-values the 
perfect herringbone structure does not appear anymore 
on cooling, rather domains with local herringbone struc-
ture appear with all three possible orientations on 
graphite. At the domain boundaries preferentially the 
spherical Ar-particles are located and pinwheel struc-
tures appear, see Fig. 1. 

The phase-diagram in the temperature- concentration 
plane is given in Fig. 2. For x > 0.15 the system has ori-
entational glass-behavior in the orientational correlation 
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function and the Edwards-Anderson order parameter. 
Up to a concentration of x = 0.25 this “glass phase” is in 
coexistence with a herringbone phase, for x > 0.25 with 
a commensurate Ar-phase. Our phase diagram is in 
good agreement with experimental data 5). 

Fig. 3: Low temperature configuration (annealed) in 
the system Ar0.2(N2)0.8 (T = 2 K). The Argon-distribu-
tion shows preference for pinwheel structures. 

Fig. 4: Phase diagram as function of the Argon ratio x 
(PIMC- simulations). 
(CD: solid commensurate ( 3 -phase, ori-
entationally disordered 

3 30 )R¥ ∞

HB: herringbone phase, orientationally ordered 
PW: pinwheel phase with (2 3 2 3 30)R¥ ∞ -super 
structure of the Argon atoms 
C: solid commensurate phase (Ar) 
IC: solid incommensurate phase 
F: fluid phase) 

In case an additional diffusion of the Ar-atoms is 
considered as well, the structures and the phase diagram 
change. Instead of a “glass phase” a “pinwheel” phase 
results with Ar-atoms on a regular (2 3 2 3) 30R¥ ∞  
super-structure, see Fig. 3. 

The total energy is now lower compared to the 
quenched average and the phase diagram, see Fig. 4, is 
similar to the experimental phase diagram of 
Arx(CO)1-x-mixtures 6). 
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38. Path integral Monte Carlo simulations of silicates 

P. Nielaba 
in collaboration with 
Chr. Rickwardt (Landesbank Rheinland-Pfalz), M. Müser and K. Binder (Universität Mainz) 

The study and analysis of materials properties of 
crystalline silicates are important since these systems 
are used in many industrial processes. Many interesting 
effects have been found by experimental techniques at 
temperatures well below the Debye temperature. In this 
temperature range quantum effects like zero point mo-
tions and corresponding delocalizations of atoms are 
important which have to be taken into account in seri-
ous theoretical studies. Usually this is done by lattice 
dynamics theories, in the framework of the harmonic or 
quasiharmonic approximation. However, both near sec-
ond order structural phase transitions and quite gener-
ally at higher temperatures the accuracy of this ap-
proach is sometimes uncertain 1), and methods that 
work at all conditions would be desirable. 

PIMC simulations 2,3) enable us to analyze the crystal 
low temperature thermal properties. In principle, this 
method yields exact quantum-statistical averages (apart 
from statistical errors) and reduces to classical statistical 
averages at high temperatures. In general the agreement 
with experimental data 4) is much better compared to 
classical computations. For β-cristobalite it turns out 5,6) 
that even at temperatures as high as 600 K only with 
PIMC a good agreement with experimental findings is 
obtained. The negative thermal expansion in ß-quartz 
however may be explained by a classical modeling. 

Starting from the diamond lattice of silicon solids 
and placing between each neighbor pair of Si atoms an 
O atom, we arrive at a silicate which exists in nature in 
cubical symmetry: β-cristobalite. 

For the computation of SiO2-structures a variety of 
potentials are studied in the literature, for a review see 
ref. [7]. Concerning the computational time it is of great 
advantage that apparently two-body potentials like the 
TTAM-potential 8,9) and the BKS-potential 10) describe 
the system properties at least as good as three body po-
tentials. 

Utilizing the Trotter-product formula, 

exp( ) lim(exp( / ) exp( / ))
kin pot

P

PH E P Vb b b
Æ•

- = - - ,P  

we obtain the path integral expression 2,3) for the parti-
tion function. This formulation of the partition function 
allows us to perform Monte Carlo simulations for in-
creasing values of P approaching the quantum limit for 
P → ∞. 

In order to make our results comparable with those 
of experiments, our 5,6) IMC simulations have been per-
formed in the constant pressure ensemble. In summary 
the best agreement with the experimental data can be 
obtained with the BKS- potential - at least in a tem-
perature range above 700 K. For smaller temperatures 
apparently none of the classical computations can suc-
cessfully describe the experimental data. 

A different picture emerges if results of quantum 
simulations are considered in addition (BKS-potential, 
N = 648). At temperatures below 700 K the quantum re-
sults for the potential energies deviate from the classical 
results to higher values, but for higher temperatures 
they agree with the classical values. The volume of the 
simulation box obtained by the PIMC simulations agree 
within numerical scatter with the experimental data 4) 
for all temperatures studied - in contrast to the classical 
simulations. Despite the apparently high temperatures 

of 700 K quantum effects are very important for the 
thermal properties of β-cristobalite and thus quantum 
effects should not be neglected in simulations of real 
materials. This supports the assumption that quantum 
effects may still play an important role above the Debye 
temperature which is at about 500 K for SiO2. 
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Fig. 1: Distributions of the bond lengths in )β-cristobalite at the temperatures T = 400, 1000 and 1600 K. (a) Si-Si 
bonds, (b) Si-O bonds, (c) O-O bonds. Comparison of classical (P = 1) and quantum simulations (P = 30). 

According to a model of Wyckoff 11,12) for β-cris-
tobalite the O-atoms are located in the middle of a bond 
connecting two Si- atoms, the Si-O-Si bond angle is 
180° and the Si-O bond length 1.54 Å. In order to cor-
rect these values to obtain the actually observed angle 
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(between 140° and 150°) and bond lengths (Si-O: about 
1.61 Å) several models have been suggested in which 
the O-positions deviate from the ideal middle places 13-

17). The question which of these models describes the 
properties of β-cristobalite best is not yet decided by 
experimental methods. 

In Fig. 1 we show the bond length distribution func-
tion for the different atom pairs for three temperatures 
using the BKS potential and in Fig.  2 the average bond 
lengths as a function of temperature. Note that due to 
the choice of a finite size cubic simulation box with pe-
riodic boundary conditions, ß-cristobalite is stable (or 
metastable, respectively) in the simulation over the en-
tire temperature range, unlike experiment. 

In the PIMC simulations (with P = 30) the bond 
lengths have larger values at low temperatures com-
pared to the classical case (P = 1) (Fig. 2). The quantum 
results for the Si-O bond length are in much closer 
agreement with the literature value of 1.61 Å. The Si-O 
as well as the O-O bond lengths scale approximately 
linearly with the temperature, the Si-Si bond length de-
crease is stronger in parallel to the temperature depend-
ence of the volume. This may be due to the fact that the 
positions of the Si-atoms fix the lattice constant of β-
cristobalite and the O-atoms have a much larger mobil-
ity in the crystal lattice. In Fig. 2 we find again the dif-
ferent behavior of the Si-Si bonds compared to the other 
bonds. The temperature dependence of the Si-O and the 
O-O bonds have the following features: The width of 
the distributions increases with temperature, the height 
decreases. The average values increase with the tem-
perature. At the same temperature the distributions ob-
tained by PIMC (P = 30) have larger average values 
than the classical distributions. The difference in the 
distributions and the average values between the classi-
cal and the quantum results decrease with the tempera-
ture. 

All these effects are present in the Si-Si bonds as 
well, but there is a significant difference: In Fig. 1 we 
find that for the other two bond types the differences 
between the classical and the quantum values at the 
temperature T are always smaller than the difference be-
tween the classical values at T and the next higher tem-
perature studied. For the Si-Si bond the quantum distri-

butions at 400 K are closer to the distributions at 1000 
K and 1600 K (which do not differ very much any 
more) than to the classical distributions at 400 K. This 
shows that in particular the Si-Si bond properties are 
significantly determined by quantum effects. 

We conclude that for a realistic materials modeling 

the simulation by path integral Monte Carlo techniques 
is a useful method which should be used in future stud-
ies of thermal properties of other crystals as well. 
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Fig. 2: Bond lengths between nearest neighbors in β-cristobalite. (a) Si-Si bonds, (b) Si-O bonds, (c) O-O bonds. 
Comparison of classical (P = 1) and quantum simulations (P = 30). 

 
(1) G.C Rutledge, D.J. Lacks, R. Martonak and K. Binder; 

J. Chem. Phys. 108 (1998) 10274 
(2) R.P. Feynman and A.R. Hibbs, Quantum Mechanics and 

Path Integrals (McGraw-Hill, New York, 1965); H.F. 
Trotter, Proc. Am. Math. Soc. 10 (1959) 545; Commun. 
Math. Phys. 51 (1976) 183; J.A. Barker, J. Chem. Phys. 
70 (1979) 2914; K.S. Schweizer, R.M. Stratt, D. Chand-
ler, and P.G. Wolynes, J. Chem. Phys. 75 (1981) 1347; 
D.M. Ceperley, Rev. Mod. Phys. 67 (1995) 279 

(3) P. Nielaba, in: Computational Methods in Surface and 
Colloid Science, M. Borowko (ed.) (Marcel Dekker Inc., 
New York, 2000), p. 77 

(4) I.P. Swainson and M.T. Dove, Phys. Chem. Minerals 22 
(1995) 61 

(5) Chr. Rickwardt, Ph.D thesis, Universität Mainz (1998) 
(6) Chr. Rickwardt, P. Nielaba, M. Müser and K. Binder, 

Phys. Rev. B63 (2001) 045204 
(7) K. Vollmayr, Ph.D thesis, Universität Mainz (1995) 
(8) S. Tsuneyuki, M. Tsukada, H. Aoki, andY. Matsui, Phys. 

Rev. Lett. 61 (1988) 869 
(9) S. Tsuneyuki, H. Aoki, M. Tsukada, andY. Matsui, Phys. 

Rev. Lett. 64 (1990) 776 
(10) B. van Beest, G. Kramer andR. van Santen, Phys. Rev. 

Lett. 64 (1990) 1955 
(11) R. Wyckoff, Am. J. Sci 9 (1925) 448 
(12) R. Wyckoff, Z. f. Krist. 62 (1925) 189 
(13) A. Wright and A. Leadbetter; Phil. Mag. 31 (1975) 1391 
(14) D. Hatch and S. Ghose, Phys. Chem. Min. 17 (1991) 

554 
(15) M.Dove,A.Giddy and V. Heine, Ferroelectr 136 (1992) 

33 
(16) M. Dove, A. Giddy and V. Heine, Trans. Am. Cryst. 

Assoc. 27 (1992) 697 
(17) A. Giddy, M. Dove, G. Pawley andV. Heine, Acta Cryst. 

A 49 (1993) 697 
 

http://proc.am.math.soc.10/


Annual Report 2000 67 

III. Publications and Talks 
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German Patent, DE 10044226.9-33 (2000) 

 Group of Prof. E. Scheer 

S. Kirchner, J. Kroha and E. Scheer: 
Generalized conductance sum rule in atomic break junctions  
in: C. van Haesendonck, V. Chandrasekhar, F. Zawadowski (eds.): Size dependent magnetic scattering (Kluwer Academic 
Publishers, Dordrecht, 2000) 

H. v. Löhneysen, C. Paschke, H.B. Weber and E. Scheer: 
Universal conductance fluctuations in Cu:Mn nanocontacts 
Physica B 284-288 (2000) 1858 

E. Scheer, W. Belzig, D. Esteve and C. Urbina: 
Conduction channels of gold atomic-size contacts 
in I.O.Kulik and R. Ellialtioglu (eds.): Quantum Mesoscopic Phenomena and Mesoscopic Devices in Microelectronics, 
NATO ASI Vol. 559 (Kluwer Academic Publishers, Dordrecht, 2000) 

E. Scheer, J.C. Cuevas, A. Levy Yeyati, A. Martín-Rodero, C. Urbina, P. Joyez, D. Esteve and M.H. Devoret: 
Conduction Channels of superconducting quantum point contacts 
Physica B 280 (2000) 425 
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2. Conference Contributions 

 Group of Prof. E. Bucher 

16th European Photovoltaic Solar Energy Conference and Exhibition 
Glasgow / United Kingdom, 1. - 5.5.2000 

K. Faika, R. Kühn, P. Fath and E. Bucher: 
Novel techniques to prevent edge isolation of silicon solar cells by avoiding leakage currents between the emitter and 
the aluminium rear contact 

B. Finck von Finckenstein, H. Horst, M. Spiegel, P. Fath and E. Bucher: 
Local back surface field on thin silicon low cost solar cells 

R. Gamboa, J.C. Henriques, J.M. Serra, J. Maia Alves, A.M. Vallera, G. Hahn and P. Geiger: 
Silicon sheet materials grown by recrystallisation from linear and closed molten zones 

P. Geiger, G. Hahn, P. Fath, E. Bucher and R. Wallace: 
Characterization of string ribbon silicon material and solar cells 

P. Geiger, P. Raue, G. Hahn, P. Fath, E. Bucher, E. Buhrig and H.J. Möller: 
Multicrystalline SiGe solar cells with Ge content above 10 at% 

C. Gerhards, A. Fischer, P. Fath and E. Bucher: 
Mechanical microtexturization for multicrystalline Si solar cells 

G. Hahn, C. Gerhards, M. Spiegel, C. Zechner, P. Fath, G. Willeke, E. Bucher, H.-U. Höfs, C. Häßler, S. Thurm, F. Duerinckx, 
J. Szlufcik, J. Nijs, F. Ferrazza, C. Bucci, A.M. Vallera, J.M. Serra, J. Maia Alves, R. Gamboa and J.C. Henriques: 
Overview and results of the EC HEXSI project 

F. Huster, M. Spiegel, P. Fath and E. Bucher: 
Progress of the roller-printing metallisation technique towards an industrially compatible alternative to screen-printing 

W. Jooss, M.Spiegel, P. Fath, E. Bucher, S. Roberts and T.M. Bruton: 
Large area buried contact solar cells on multicrystalline silicon with mechanical surface texturisation 
and bulk passivation 

W. Jooss, K. Blaschek, R. Toelle, T.M. Bruton, P. Fath and E. Bucher: 
17% back contact buried contact solar cells 

W. Jooss, H. Knauss, F. Huster, P. Fath, E. Bucher, R. Toelle and T.M. Bruton: 
Back contact buried contact solar cells with metallization wrap around electrodes 

S. Keller, M. Wagner, S. Scheibenstock, W. Jooss, A. Kress, G. Hahn, P. Fath, E. Bucher, M. Langenkamp and O. Breitenstein: 
Simple mini module fabrication schemes for high voltage silicon solar cells 

A. Kress, P. Fath and E. Bucher: 
Recent results in low cost back contact solar cells 

A. Kress, T. Pernau, P. Fath and E. Bucher: 
LBIC measurements on low cost back contact solar cells 

T. Pernau, M. Spiegel, G. Kragler, P. Fath and E.Bucher: 
Hydrogen passivation and silicon nitride deposition using an integrated LPCVD process 

B. Terheiden, G. Hahn, P. Fath and E. Bucher: 
The LAMELLA silicon solar cell 

10th Workshop on Crystalline Silicon Solar Cell Materials and Processes, 
Copper Mountain / USA, 13. - 15.8.2000 

P. Fath: Review of back contact solar cells 

G. Hahn, C. Haessler and M. Langenkamp: 
Extremely High Currents in RGS (Ribbon Growth on Substrate) Silicon Solar Cells by 3D Carrier Collecting Channels 
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28th IEEE Photovoltaic Specialists Conference 
Anchorage / USA, 15. - 22.9.2000 

K. Faika, M. Wagner, P. Fath and E. Bucher: 
Simplification of EWT (Emitter Wrap-Through) solar cell fabrication using Al-P-codiffusion 

P. Fath, S. Keller, A. Boueke, E. Bucher, H. Nussbaumer and R. Burkhardt: 
Progress in the HighVo- and POWER solar cell development 

B. Finck von Finckenstein, H. Horst, M. Spiegel, P. Fath and E. Bucher: 
Thin mc Si low cost solar cells with 15% efficiency 

G. Hahn, P. Geiger, P. Fath and E. Bucher: 
Hydrogen passivation of ribbon silicon – electronic properties and solar cell results 

A. Hauser, M. Spiegel, P. Fath and E. Bucher: 
Investigations on hydrogen in silicon by means of lifetime measurements 

F. Huster, C. Gerhards, M. Spiegel, P. Fath and E. Bucher: 
Roller printed multicrystalline silicon solar cells with 16% efficiency and 25 µm finger width 

W. Jooss, H. Knauss, F. Huster, P. Fath and E. Bucher: 
Back contact buried contact solar cells with metallization wrap around electrodes 

A. Kress, R. Tölle, T. Bruton, P. Fath and E. Bucher: 
10 x 10 cm2 screen printed back contact cell with a selective emitter 

R. Kühn, P. Altermatt, G. Heiser, P. Fath and E. Bucher: 
Effects of pn-junctions bordering on surfaces investigated by means of 2D-modelling 

M. Spiegel, B. Fischer, S. Keller and E. Bucher: 
Separation of bulk diffusion length & back surface recombination velocity by improved IQE-analysis 

B. Terheiden, P. Fath andE. Bucher: 
The MECOR (mechanically corrugated) silicon solar cell concept 

 Group of Prof. W. Dieterich 

DPG Frühjahrstagung Festkörperphysik 2000 
Regensburg / Germany, 27. - 31.3.2000 

F. Scheffler und P. Maass: 
Leitfähigkeit und innere Reibung beim Mischalkalieffekt in Gläsern 

O. Dürr, W. Dieterich und A. Nitzan: 
Ladungstransport in polymeren Ionenleitern: Monte-Carlo-Untersuchungen bei konstantem Druck 

T. Höhr und W. Dieterich: 
Dipolare Relaxation in ungeordneten Medien 

Workshop “Nanostructures at Surfaces and Interfaces” des Sonderforschungsbereichs 513,  
Konstanz / Germany, 5. - 7.7.2000 

P. Maass: Nucleation on Top of Islands in Epitaxial Growth 

F. Eurich, P. Maass and W. Dieterich: 
Soft Ellipsoid Model for Gaussian Polymer Chains 

M. Kessler, W. Dieterich and P. Maass: 
Monte Carlo Simulations of the Ordering Kinetics Near the Cu3Au(001)-Surface within the ABV Model 

Workshop “Collective Phenomena in the Low Temperature Physics of Glasses” 
MPI für Physik komplexer Systeme, Dresden / Germany, 2. - 13.10.2000 

W. Dieterich: Collective dynamics in a random dipolar system and the nearly constant loss response in glasses 
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 Group of Prof. G. Ganteför 

DPG Frühjahrstagung 2000 
Bonn / Germany, 3. - 7.4.2000 

G. Ganteför: Die Suche nach neuen Bausteinen von Clustermaterialien: H-passivierte Nanopartikel und Metcars 

J. Müller und G. Ganteför: 
Vom HOMO-LUMO Gap zur Bandlücke: Die elektronische Struktur von Siliziumclustern 

55th Int. Symposium on Molecular Spectroscopy (MOLSPEC) 
Columbus, Ohio / USA; 12. – 16.6.2000 

S. Burkart, N. Blessing, B. Klipp, J. Müller and G. Ganteför: 
The change of the electronic structure of metal clusters upon hydrogen chemissortption 

S. Minemoto, J. Müller, R. Fromherz , G. Ganteför, H.-J. Münzer, J. Boneberg and P. Leiderer: 
Time resolved dynamics of electronic excitations in C3

- 

J. Müller, G. Ganteför, B. Liu, K. Ho, A.A. Shvartsburg, K.W.M. Siu, S. Ogut and J.R. Chelikowsky: 
Structure of Sin

- cluster anions: comparison of theory and experiment 

10th Int. Symposium on Small Particles and Inorganic Clusters (ISSPIC 10) 
Atlanta / USA, 11. – 15.10.2000 

P.S. Bechthold, J. Morenzin, H. Kietzmann, G. Ganteför and W. Eberhardt: 
Spectroscopic evidence for the magnetic behaviour of Rhodium and Ruthenium clusters 

R. Fromherz and G. Ganteför: 
Hydrogen Passivation of Sin

- Clusters 

G. Ganteför, J. Müller, Bei Liu, Kai-Ming Ho, A.A. Shvartsburg, K.W. Michael Siu, S. Ogut and J.R. Chelikowsky: 
Structure of Sin (n=9-50) cluster anions: candidates for stable species in the medium size range 

G. Ganteför, N. Blessing and S. Burkart: 
Size dependent transition from molecular to dissociative hydrogen chemisorption on small Ti clusters 

G. Ganteför, M. Grass , T. Schlenker, J. Zimmermann, J. Boneberg and P. Leiderer: 
A new cluster material of Silicon? 

G. Ganteför, S. Minemoto, J. Müller, R. Fromherz, H.-J. Münzer, J. Boneberg and P. Leiderer: 
Time resolved dynamics of electronic excitations in C3

- 

 Group of Prof. P. Leiderer 

18th General Conf. of the Condensed Matter Division of the European Physical Society (EPS-CMD'18) 
Montreux / Switzerland, 13. – 17.3.2000 

J. Boneberg, F. Burmeister and P. Leiderer: 
Lithography with colloid monolayers 

DPG Frühjahrstagung Festkörperphysik 2000 
Regensburg / Germany, 27. - 31.3.2000 

B. Böck, F. Burmeister, C. Häfner, B-U. Runge, P. Leiderer, M. Meincken, M. Albrecht, Ch. Niedermayer und G. Schatz: 
Magnetismus dreieckiger Nanostrukturen 

U. Bolz, B-U. Runge, J. Eisenmenger, P. Leiderer, K. Numssen und H. Kinder: 
Magnetische Instabilität in HTSL-Dünnschichten 

J. Boneberg, J. Bischof, V. Dobler, O. Yavas, B.-U. Runge und P. Leiderer: 
Unterkühlung von flüssigen Metallen nach Laser-Annealing: Experiment und Simulation 
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M. Denk, J. Blässing, R. Durner, B. Heinz, J. Eisenmenger, P. Ziemann, F. Burmeister, J. Boneberg und P. Leiderer: 
Durch Ionenstrahlung induzierte Formänderungen von ungeordneten und geordneten metallischen Nanostrukturen 

H.-J. Münzer, J. Boneberg, M. Ochmann und P. Leiderer: 
Strukturierung mit Hilfe von kurzen Laserpulsen 

M. Ochmann, U. Huber, H.-J. Münzer, J. Boneberg und P. Leiderer: 
Plasmonnahfeldmikroskopie 

J. Zimmermann,Th. Schlenker, A. Müller, M. Grass, B. Klipp, U. Lutz, J. Müller, J. Boneberg, G. Ganteför und P. Leiderer: 
Erzeugung von Metallnanostrukturen durch Deposition von Atomen und Clustern auf van der Waals Oberflächen 

Int. Symposium on High Power Laser Ablation 
Santa Fe / USA, 26. – 30.4.2000 

P. Leiderer, J. Boneberg, M. Mosbacher, C.N. Afonso: 
„Laser-induced particle removal from silicon wafers“ 

WE Heraeus 231 “Current Trends in Nano-Optics“ 
Bad Honnef / Germany, 14. – 18.5.2000 

P. Leiderer and J. Boneberg: 
Nanooptics with colloid particles 

Gordon Research Conference on Laser Interaction with Materials 
Andover, NJ / USA, 11. – 16.6.2000 

M. Mosbacher, H.-J. Münzer, J. Zimmermann, J. Solis, T. Fourrier, J. Boneberg and P. Leiderer: 
Field enhancement effects in laser assisted particle removal 

7th Int. Symposium on Particles on Surfaces 
Newark / USA, 19. – 21.6.2000 

M. Mosbacher, H.-J. Münzer, V. Dobler, J. Boneberg, P. Leiderer, N. Chaoui, J. Siegel, J. Solis, C.N. Afonso, T. Fourrier, G. Schrems 
and D. Bäuerle: 
Laser Cleaning for Particle Removal from Silicon Wafers 

Workshop “Nanostructures at Surfaces and Interfaces” des Sonderforschungsbereichs 513,  
Konstanz / Germany, 5. - 7.7.2000 

J. Zimmermann, A. Müller, Th. Schlenker, M. Grass, B. Klipp, J. Boneberg, G. Ganteför und P. Leiderer:  
Growth and characterization of metal nanostructures on van der Waals surfaces 

J. Boneberg: Nanostructuring with colloidal masks 

IX. Int. Conf. on Laser-Assisted Microtechnology (LAM-2000) 
St. Petersburg / Russia, 23. - 25.8.2000 

J. Boneberg: Dry and Steam Laser Cleaning of Si surfaces: efficiencies and problems 

6th Int. Conf. on Near Field Optics and Related Techniques (NFO-6) 
Enschede / Netherlands, 27. – 31.8.2000 

H.-J. Münzer, M. Mosbacher, M. Bertsch, J. Zimmermann, J. Boneberg andP. Leiderer: 
Local Field Enhancement Effects for Nanostructuring of Surfaces 

Workshop des Nanomat-Netzwerkes 
Dresden / Germany, 1. – 3.10.2000 

P. Leiderer: Optische Nahfeldeigenschaften von Kolloid- und Metallpartikeln 
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Euresco Conf. on Fundamental Aspects of Surface Science - Epitaxial Growth and Nanostructures at 
Surfaces 
Castelvecchio Pascoli / Italy, 7.- 12.10.2000 

P. Leiderer: Nanostructuring by Colloid Lithography 

 Group of Prof. G. Maret 

ISOLDE Physics Workshop 
Geneva / Switzerland, 10. - 12.3.2000 

M. Deicher: Solid state physics at ISOLDE: Presence and perspective 

DPG Frühjahrstagung Festkörperphysik 2000 
Regensburg / Germany, 27. - 31.3.2000 

J. Hamann, M. Deicher, S. Lany, V. Ostheimer, F. Strasser, H. Wolf und Th. Wichert: 
Identifizierung der Ag-Akzeptoren in 111Ag/111Cd-dotiertem ZnTe und CdTe 

V Vyacheslav ,Y. Samokhvalov, I. Burlakov, A. Richter, D. Degering, S. Unterricker, M. Dietrich and M. Deicher: 
Hyperfine fields in the magnetic semiconductor CdCr2Se4 as investigated by PAC-spectroscopy 

A. Stötzler und M. Deicher: 
Elektrische Charakterisierung von Akzeptoren und Donatoren in GaN durch Elementumwandlung 

M. Dietrich, M. Deicher, A. Stötzler und R. Weissenborn: 
Substitution von 117Cd(117In) in GaN nach Implantation 

5th Int. Conference on Radioactive Nuclear Beams (RNB-5) 
Divonne / France, 3. - 8.4.2000 

M. Dietrich, M. Deicher, A. Stötzler and R. Weissenborn: 
Formation of 117In-H-pairs after annealing of GaN implanted with 117Cd(117In) 

Workshop on X-ray Absorption Spectroscopy - An Access to Local Structures 
Berlin / Germany, 11. - 12.5.2000 

M. Deicher: 
Nuclear probes: structure and dynamics of defect complexes in semiconductors 

Int. Conference on Mass and Charge Transport in Inorganic Materials - Fundamentals to Devices  
Lido di Jesolo / Italy, 28.5. - 2.6.2000 

M. Deicher and Th. Wichert:  
Nuclear techniques in the study of thermodynamic parameters of defects in semiconductors 

Arbeitstreffen “Forschung mit nuklearen Sonden und Ionenstrahlen” 
Göttingen / Germany, 9. - 11.10.2000 

A. Stötzler, R. Weissenborn, M. Dietrich und M. Deicher: 
Dotierung von GaN durch Ionenimplantation: Optische und elektrische Untersuchungen 

V. Samohvalov, I. Burlakov, M. Dietrich und S. Unterricker: 
Hyperfeinwechselwirkung auf unterschiedlichen Gitterplätzen der ferromagnetischen Spinellverbindung CuCr2Se4 

M. Dietrich und M. Deicher: 
Implantation radioaktiver Isotope an ISOLDE/CERN 
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Materials Research Society 2000 Fall Meeting  
Symposium CC: Ferroelectric Thin Films IX 
Boston / USA, 27.11. – 1.12.2000 

M. Dietrich, J. Bartels, M. Deicher, K. Freitag, V. Samokhvalov and S. Unterricker: 
Response of the Electric Field Gradient in Ion implanted BaTiO3 to an External Electric Field 

 Group of Prof. P. Nielaba 

DPG Frühjahrstagung Festkörperphysik 2000 
Regensburg / Germany, 27. - 31.3.2000 

D. Fischer und P. Nielaba: 
Phasendiagramm einer Modell-Legierung mit elastischen Wechselwirkungen 

W. Strepp und P. Nielaba: 
MC-Simulationen von einem 2D-System harter Scheiben im äußeren, periodischen Potential 

D. Löding, M. Schwarz van Doorn und P. Nielaba: 
Pfadintegral Monte Carlo- Untersuchungen adsorbierter Molekülschichten auf Graphit 

J. Hoffmann und P. Nielaba: 
MC und Pfadintegral MC-Simuationen zu Phasenübergängen und Strukturen in Porenkondensaten 

 Group of Prof. G. Schatz 

6th Int. Conf. on Materials and Mechanisms of Superconductivity and High-Temperature Superconductors  
Houston / USA, 20.2. - 25.2.2000 

Ch. Niedermayer: Penetration Depth Studies With Slow Muons 

J. I. Budnick, C. Bernhard and Ch. Niedermayer: 
Inhomogeneous Magnetic and Electronic State in Underdoped High-Tc Oxides 

18th General Conf. of the Condensed Matter Division of the European Physical Society (EPS-CMD'18) 
Montreux / Switzerland, 13. – 17.3.2000 

M. Maret, M. Albrecht, J. Köhler, R. Poinsot, C. Vhlag-Bouillet, J.M. Tonnerre, J.F. Berar and E. Bucher: 
Magnetic anisotropy and chemical ordering in expitaxial CrPt3 films 

DPG Frühjahrstagung Festkörperphysik 2000 
Regensburg / Germany, 27. - 31.3.2000 

B. Böck, F. Burmeister, C. Häfner, B.-U. Runge, P. Leiderer, M. Meincken, M. Albrecht, Ch. Niedermayer und G. Schatz: 
Magnetismus dreieckiger Nanostrukturen 

V. Gimple, H. Wider, M. Dippel, A. Maier, M. Marszalek, J. Jaworski, J. Prokop und G. Schatz: 
Untersuchungen zur Modifikation des Wachstums von Co auf Cu(111) durch In im Hinblick auf eine eventuelle 
Surfactantwirkung 

H. Luetkens, J. Korecki, H. Glückler, E. Morenzoni, T. Prokscha, M. Birke, F.J. Litterst, Ch. Niedermayer, M. Pleines and G. Schatz: 
Magnetism of thin chromium films studied with low energy muon spin rotation 

A. Maier, F. Treubel, M. Albrecht, M. Maret, R. Poinsot und G. Schatz: 
Langreichweitige chemische Ordnung, magnetische Anisotropie und magnetische Domänen in ferrimagnetischen 
CrPt3(111) Filmen 

M. Pleines, Ch. Niedermayer, G. Schatz, T.J. Jackson, T.M. Riseman, E.M. Forgan, H. Glückler, T. Prokscha, E. Morenzoni, 
M. Birke, H. Luetkens and J. Litterst: 
Measurements of the Penetration Depth in both the Meissner and the Mixed States of an YBa2Cu3O7-δ Thin Film with Low 
Energy Muons” 
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Int. Conf. on Magnetism 2000 (ICM-2000) 
Recife /Brazil, 6. – 11.8.2000 

M. Albrecht, M. Maret, J. Köhler, B. Gilles, R. Poinsot, J.L. Hazemann, J.M. Tonnerre and E. Bucher: 
First evidence of weak ferromagnetic Cr in Cr/Ru(0001) superlattices 

M. Albrecht, A. Maier, F. Treubel, M. Maret, R. Poinsot and G. Schatz: 
Self-organized epitaxial CoPt3 nanostructures on WSe2 

Sagamore XIII Conference on Charge, Spin and Momentum Distributions 
Stare / Poland, 3. - 9.9.2000 

Ch. Niedermayer: Inhomogeneous magnetic and electronic state in underdoped high-Tc oxides 

3rd Int Conf. On Stripes and High TC Superconductivity 
Rome / Italy, 25. - 30.9.2000 

Ch. Niedermayer: Inhomogeneous magnetic and electronic state in underdoped high-Tc oxides 

4th Hasliberg Workshop on Nanoscience 
Hasliberg / Switzerland, 16. – 20.10.2000 

M. Lämmlin, M. Albrecht, A. Maier, M. Maret, Ch. Niedermayer, H. Wider, J. Zimmermann and G. Schatz: 
Self-Organized Magnetic Nanostructures on WSe2 

H. Wider, M. Dippel, W. Evenson, J. Jaworski, J. Prokop, M. Marszalek and G.Schatz: 
Indium used as a Local Probe or Surfactant – Application to Melting Point of Nanostructures and Thin Film Growth 

Meeting of GDR POMMES 
Nancy / France, 4. – 5.12.2000 

M. Maret, M. Albrecht, A. Maier, F. Treubel, E. Beaurepaire, R. Poinsot et G. Schatz: 
Nanostructures magnétiques de CoPt3(111) auto-organisées sur WSe2(0001) 

 Group of Prof. E. Scheer 

11. Edgar-Lüscher-Seminar 
Serneus / Switzerland, 5. - 10.2.2000  

E. Scheer: Electronic transport through atomic-size point contacts 

DPG Frühjahrstagung Festkörperphysik 2000 
Regensburg / Germany, 27. - 31.3.2000 

E. Scheer, W. Belzig, Y. Naveh, M. H. Devoret, D. Esteve und C. Urbina: 
Transportkanäle und Proximity-Effekt von normalleitenden Ein-Atom-Kontakten mit supraleitenden Zuleitungen 

236. WE-Heraeus-Seminar “Interacting Electrons in Nanostructures” 
Bad Honnef / Germany, 13. - 16.6.2000  

E. Scheer: Conduction channels of Au atomic contacts probed by the superconducting proximity effect 

Workshop “Nanostructures at Surfaces and Interfaces” des Sonderforschungsbereichs 513,  
Konstanz / Germany, 5. - 7.7.2000 

E. Scheer: Proximity effect and Multiple Andreev reflections in Au point contacts 
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Workshop “Mesoscopic Electronics” 
Ascona / Switzerland, 8. - 13.10.2000  

E. Scheer: Multiple Andreev reflections and proximity effect in gold atomic-size contacts 
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3. Lectures 

 Group of Prof. E. Bucher 

P. Fath: Review on the surface texturization of silicon solar cells 
Saint Gobain Abrasives, Hamburg / Germany, March 2000 

P. Fath: Review on Solar Cell Development at the University of Konstanz 
BP Solar, Frederick Maryland / USA, August 2000 

G. Hahn: RGS-Silizium – Materialanalyse und Solarzellenprozessierung 
Fraunhofer Institut für Solare Energiesysteme, Freiburg / Germany, 18.1.2000 

G. Hahn: Stand der RGS Solarzellenentwicklung 
Institut für Solarenergieforschung, Hameln / Germany, 3.4.2000 

G. Hahn: RGS Silicon – Silicon Solar Cell Material for the Future 
University of California, Berkeley / USA, 25.9.2000 

G. Hahn: Solarzellen aus neuartigem RGS-Silizium 
ACCESS e.V., Aachen / Germany, 4.12.2000 

 Group of Prof. W. Dieterich 

W. Dieterich: Modelluntersuchungen zum Ionentransport in Gläsern und Polymeren 
Universität Halle / Germany, 28.6.2000 

W. Dieterich: Monte Carlo Study of Diffusion in Polymer Electrolytes 
University of Stellenbosch / South Africa, 3.8.2000 

W. Dieterich: Modelluntersuchungen zum Ionentransport in Polymeren und Gläsern 
Universität Münster / Germany, 26.10.2000 

M. Kessler: Dynamical Monte-Carlo-Simulations on near surface ordering in Cu3Au 
University of Warsaw / Poland, 31.3.2000 

P. Maass: Über die Nukleation auf Inseln beim epitaktischen Wachstum dünner Filme 
Universität Freiburg / Germany, 2.5.2000 

P. Maass: Über die Nukleation auf Inseln beim epitaktischen Wachstum dünner Filme 
Universität Essen / Germany, 29.6.2000 

P. Maass: Hopping-Dynamik im Glas-Konfigurationsraum: Aging, Subaging und Vielfachscaling 
Universität Freiburg / Germany, 12.7.2000 

P. Maass: Hopping in the Glass Configuration Space: Aging, Subaging and Multiple Scaling Regimes 
Université Paris-Sud, Orsay / France, 12.10.2000 

P. Maass: Hopping-Transport in Gläsern 
Technische Universität Darmstadt / Germany, 23.10.2000 

 Group of Prof. P. Leiderer 

J. Boneberg: ns-zeitaufgelöste Experimente zu pulslaserinduzierten Phasenübergängen 
Universität Aachen / Germany, 15.12.1999 

J. Boneberg: Nearfield effects in Laser Cleaning Applications 
Yokneam / Israel, 10.1.2000 

J. Boneberg: Unkonventionelle Methoden der Nanostrukturierung 
Universität Kassel / Germany, 7.2.2000 

P. Leiderer: Kolloide – ein Modellbaukasten für Nanostrukturen 
TU Chemnitz / Germany, 12.7.2000 

M. Mosbacher: Lasercleaning von Siliziumwafern: Schadens- und Reinigungsschwellen 
Universität Linz / Austria, 13.10.2000 

P. Leiderer: Colloids – versatile tools for nanostructures 
MPI Halle / Germany, 20.11.2000 

P. Leiderer: Was ist an Nanostrukturen so interessant? 
Hochrhein-Seminar Waldshut-Tiengen / Germany, 15.12.2000 
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 Group of Prof. G. Maret 

M. Deicher: Neue Wege der Spektroskopie an Halbleitern 
Seminar, TU Bergakademie Freiberg / Germany, 7.2.2000 

 Group of Prof. P. Nielaba 

P. Nielaba: Phasenübergänge in Harte-Scheiben-Systemen 
Universität Würzburg / Germany, 5.12.2000 

 Group of Prof. G. Schatz 

Ch. Niedermayer: Experimente mit niederenergetischen Myonen 
Kolloquium, Universität Marburg, Marburg / Germany, 20.1.2000 

Ch. Niedermayer:  Experimente mit niederenergetischen Myonen 
Kolloquium, Universität Jena, Jena / Germany, 4.2.2000 

Ch. Niedermayer: Magnetic Nanostructure: Growth and Properties 
Kolloquium, Weizmann-Institut, Rehovot / Israel, 22.3.2000 

 Group of Prof. E. Scheer 

E. Scheer: Electronic transport through metallic quantum point contacts 
Institutsseminar, MPI für Mikrostrukturphysik, Halle / Germany, 4.1.2000 

 E. Scheer: Electronic transport through metallic quantum point contacts  
Gemeinsames Physikalisches Kolloquium des DESY und der Universität, Hamburg / Germany, 3.2.2000 

E. Scheer: Von metallischen Nanobrücken zu Ein-Atom-Kontakten 
Kolloquium Forschung und Technik der Fachhochschule, Mannheim / Germany, 23.3.2000 

E. Scheer: Electronic transport through metallic quantum point contacts 
Kolloquium des Instituts für Festkörper- und Werkstofforschung Dresden / Germany, 18.4.2000 

E. Scheer: Transport durch Ein-Atom-Kontakten 
Physikalisches Kolloquium Universität Essen / Germany, 3.5.2000 

E. Scheer: Elektronischer Transport durch Ein-Atom-Kontakte 
Kolloquium des Sonderforschungsbereichs 276, Universität Freiburg / Germany, 17.5.2000 

E. Scheer: Elektronischer Transport durch Ein-Atom-Kontakte 
Institutsseminar bei Prof. Merkt, Universität Hamburg / Germany, 5.6.2000 

E. Scheer: Elektronischer Transport durch Ein-Atom-Kontakte  
Physikalisches Kolloquium der TH Darmstadt / Germany, 30.6.2000 

E. Scheer: Elektronischer Transport durch Ein-Atom-Kontakte 
Physikalisches Kolloquium der Universität Karlsruhe / Germany, 14.7.2000 

E. Scheer: Wie fließt der Strom durch das Atom? 
Schülervortrag bei „Stein der Weisen“, Veranstaltung des Jahrs der Physik, Bonn / Germany, 20.9.2000 

E. Scheer: Elektronischer Transport durch Ein-Atom-Kontakte 
Abteilungsseminar bei Prof. K. Kern, MPI für Festkörperforschung, Stuttgart / Germany, 8.11.2000 

E. Scheer: Elektronischer Transport durch Ein-Atom-Kontakte 
Physikalisches Kolloquium der Universität Augsburg / Germany, 18.12.2000 
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4. Theses 

 Group of Prof. E. Bucher 

K. Blaschek: Rückkontaktierte Silizium Solarzellen 

Diploma thesis, April 2000 

A. Boueke: Entwicklung und Charakterisierung semitransparenter kristalliner Siliziumsolarzellen 

PhD thesis, April 2000 

K. Faika: Lokale p-n Strukturen auf kristallinem Silzium 

Diploma thesis, January 2000 

P. Geiger: Herstellung und Charakterisierung von Solarzellen aus Foliensilizium 

Diploma thesis, January 2000 

S. Keller: Neue Konzepte für monolithisch integrierte kristalline Siliziumsolarzellen 

PhD thesis, November 2000 

(http://www.ub.uni-konstanz.de/kops/volltexte/2001/647) 

R. Kühn: Herstellung, Charakterisierung und Simulation semitransparenter, bifacialer kristalliner 

Siliziumsolarzellen 

PhD thesis, November 2000 

(http://www.ub.uni-konstanz.de/kops/volltexte/2001/652) 

M. Wagner: Laser strukturierte monolithisch integrierte kristalline Siliziumsolarzellen 

Diploma thesis, June 2000 

 Group of Prof. W. Dieterich 

T. Höhr: Dipolare Relaxationen in ungeordneten Systemen 

Diploma thesis, May 2000 

(http://www.ub.uni-konstanz.de/kops/volltexte/2000/585) 

F. Scheffler: Ionendynamik in ungerodneten Systemen 

Diploma thesis, July 2000 

 Group of Prof. G. Ganteför 

St. Burkart: Wasserstoffchemisorption an Metallclustern 

PhD thesis, July 2000 

http://www.ub.uni-konstanz.de/kops/volltexte/2000/540 

P. Gerhardt: Glättung von Oberflächen  mittels Clustersputtern 

Diploma thesis, March 2000 

http://www.ub.uni-konstanz.de/kops/volltexte/2000/525 

B. Klipp: Deposition massenselektierter Aluminiumcluster 

PhD thesis, May 2000 

(http://www.ub.uni-konstanz.de/kops/volltexte/2000/493) 

U. Lutz: Elektronische Strukturen deponierter Cluster 

Diploma thesis, March 2000 

http://www.ub.uni-konstanz.de/kops/volltexte/2001/647
http://www.ub.uni-konstanz.de/kops/volltexte/2001/652
http://www.ub.uni-konstanz.de/kops/volltexte/2000/585
http://www.ub.uni-konstanz.de/kops/volltexte/2000/540
http://www.ub.uni-konstanz.de/kops/volltexte/2000/525
http://www.ub.uni-konstanz.de/kops/volltexte/2000/493
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 Group of Prof. P. Leiderer 

A. Müller: Wachstum von Metallnanostrukturen auf inerten Substraten 

Diploma thesis, May 2000 

T. Schlenker: Deposition und Abbildung von Clustern auf Oberflächen 

Diploma thesis, May 2000 

 Group of Prof. G. Maret 

A. Stötzler: Identifikation und Charakterisierung von Defektzuständen in GaN durch radioaktive Isotope 

PhD thesis, June 2000 

(http://www.ub.uni-konstanz.de/kops/volltexte/2000/544) 

 Group of Prof. P. Nielaba 

K.-P. Heue: Simulationen zur Struktur und Wachstumskinetik in Schicht-Systemen 

Staatsexamensarbeit, May 2000 

D. Löding: Quantensimulationen physisorbierter Molekülschichten auf Graphit 

Ph.D. Thesis, June 2000 

 Group of Prof. G. Schatz 

Th. Blasius Strukturelle und dynamische Eigenschaften der Vortex-Materie in Hochtemperatur-Supraleitern 

PhD Thesis, February 2000 

(http://www.ub.uni-konstanz.de/kops/volltexte/2000/405) 

M. Dippel: Charakterisierung des Schmelzverhaltens selbstorganisierter Indium-Nanostrukturen auf WSe2-

Substraten 

PhD Thesis, December 2000 

(http://www.ub.uni-konstanz.de/kops/volltexte/2001/651) 

M. Lämmlin Struktur und Magnetismus von Übergangsmetallen in eingeschränkter Geometrie 

Diploma thesis, December 2000 

(http://www.ub.uni-konstanz.de/kops/volltexte/2001/613) 

F. Treubel Wachstum, Struktur und Magnetismus von γ-Mn auf Pt(111) und CoPt3(111) auf WSe2(0001) 

Diploma thesis, September 2000 

(http://www.ub.uni-konstanz.de/kops/volltexte/2000/572) 

http://www.ub.uni-konstanz.de/kops/volltexte/2000/544
http://www.ub.uni-konstanz.de/kops/volltexte/2000/405
http://www.ub.uni-konstanz.de/kops/volltexte/2001/651
http://www.ub.uni-konstanz.de/kops/volltexte/2001/613
http://www.ub.uni-konstanz.de/kops/volltexte/2000/572
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IV. Staff and Guests 

 Groups: 

Professor Dr. Ernst Bucher 
Phone: +49-(0)-7531-88-2073 
Fax: +49-(0)7531-88-3895 
E-mail: ernst.bucher@uni-konstanz.de 
WWW: http://www.uni-konstanz.de/FuF/Physik/Bucher/lshome.htm 
Secretary: Angela Schellinger, Phone: +49-(0)7531-88-2086 

 
Professor Dr. Wolfgang Dieterich 
Phone: +49-(0)-7531-88-3816 
Fax: +49-(0)7531-88-3760 
E-mail: wolfgang.dieterich@uni-konstanz.de 
WWW: http://www.uni-konstanz.de/FuF/Physik/Dieterich/ 
Secretary: Renate Beck, Phone: +49-(0)7531-88-3815 
E-Mail: Renate.Astrid.Beck@uni-konstanz.de 

 
Professor Dr. Gerd Ganteför 
Phone: +49-(0)-7531-88-2067 
Fax: +49-(0)-7531-88-3091 
E-mail: gerd.gantefoer@uni-konstanz.de 
WWW: http://scampi.physik.uni-konstanz.de/ 
Secretary: Carina Hahn, Phone: +49-(0)-7531-88-3783 
E-Mail: Carina.Hahn@uni-konstanz.de 

 
Professor Dr. Paul Leiderer 
Phone: +49-(0)-7531-88-3793 
Fax: +49-(0)-7531-88-3091 
E-mail: paul.leiderer@uni-konstanz.de 
WWW: http://www.uni-konstanz.de/FuF/Physik/Leiderer/homede.htm 
Secretary: Sabine Widmann-Schmid, Phone: +49-(0)-7531-88-3792 
E-Mail: Sabine.Widmann-Schmid@uni-konstanz.de 

 
Professor Dr. Georg Maret 
Phone: +49-(0)-7531-88-4151 
Fax: +49-(0)-7531-88-3090 
E-mail: georg.maret@uni-konstanz.de 
WWW: http://hera.physik.uni-konstanz.de/Start.htm 
Secretary: Doris Drexler, Phone: +49-(0)-7531-88-3864 

 
Professor Dr. Peter Nielaba 
Phone: +49-(0)-7531-88-4259 
Fax: +49-(0)-7531-88-4462 
E-mail: peter.nielaba@uni-konstanz.de 
WWW: http://www.uni-konstanz.de/nielaba/ 
Secretary: Yolanda Fischer, Phone: +49-(0)-7531-88-4272 
E-Mail: Yolanda.Fischer@uni-konstanz.de 

 
Professor Dr. Günter Schatz 
Phone: +49-(0)-7531-88-3540 
Fax: +49-(0)-7531-88-3090 
E-mail: guenter.schatz@uni-konstanz.de 
WWW: http://www.agschatz.physik.uni-konstanz.de/ag/index.htm 
Secretary: Doris Drexler, Phone: +49-(0)-7531-88-3864 
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Professor Dr. E. Scheer 
Phone: +49-(0)-7531-88-4712 
Fax: +49-(0)-7531-88-3090 
E-mail: elke.scheer@uni-konstanz.de 
Secretary: Doris Drexler, Phone: +49-(0)-7531-88-3864 

 Scientific Staff 

The letters in parentheses indicate the group: 
 
(Di) = Dieterich 
(Ga) = Ganteför 
(Le) = Leiderer 
(Ma) = Maret 
(Ni) = Nielaba 
(Sc) = Schatz 
(Se) = Scheer 

 

Dr. M. Albrecht (Sc) Manfred.Albrecht@uni-konstanz.de 

M. Bertsch (Le) micha.bertsch@uni-konstanz.de 

S. Becker-Weimann (Ni) sabine@hamilton.physik.uni-konstanz.de 

K. Blaschek (Bu)  

Dr. T. Blasius (Sc)  

B. Böck (Le) Boris.Boeck@uni-konstanz.de 

U. Bolz (Le) uwe.bolz@uni-konstanz.de 

Priv. Doz. Dr. J. Boneberg (Le) johannes.boneberg@uni-konstanz.de 

Dr. A. Boueke (Bu)  

F. Bühler (Ni) buehler@hamilton.physik.uni-konstanz.de 

S. Burkart (Ga) Stefan.Burkart@uni-konstanz.de 

Priv. Doz. Dr. M. Deicher (Ma) manfred.deicher@uni-konstanz.de 

Dr. M. Dietrich (Ma) marc.dietrich@cern.ch 

M. Dippel (Sc)  

M. Dreher (Ni) dreher@hamilton.physik.uni-konstanz.de 

O. Dürr (Di) Oliver.Duerr@uni-konstanz.de 

O. Dubbers (Le) oliver.dubbers@uni-konstanz.de 

F. Eurich (Di) Frank.Eurich@uni-konstanz.de 

K. Faika (Bu) Katrin.Faika@uni-konstanz.de 

Dr. P. Fath (Bu) Peter.Fath@uni-konstanz.de 

B. Finck von Finckenstein (Bu) Benita.v.Finckenstein@uni-konstanz.de 

D. Fischer (Ni) Dominik.Fischer@uni-konstanz.de 

K. Franzrahe (Ni) franzrahe@hamilton.physik.uni-konstanz.de 

R. Fromherz (Ga) Roland.Fromherz@uni-konstanz.de 

P. Geiger (Bu) Patric.Geiger@uni-konstanz.de 

C. Gerhards (Bu) Christoph.Gerhards@uni-konstanz.de 

P. Gerhardt (Ga) Peter.Gerhardt@uni-konstanz.de 

V. Gimple (Sc)  

C. Goldmann (Bu) Claudia.Goldmann@uni-konstanz.de 
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M. Grass (Ga) Martin.Grass@uni-konstanz.de 

G. Günther (Ni) guenther@hamilton.physik.uni-konstanz.de 

Dr. G. Hahn (Bu) Giso.Hahn@uni-konstanz.de 

A. Hauser (Bu) Alexander.Hauser@uni-konstanz.de 

St. Heinrichs (Di) Stefan.Heinrichs@uni-konstanz.de 

P. Henseler (Ni) henseler@hamilton.physik.uni-konstanz.de 

M. Heuberger (Sc) cpmarcus@wicc.weizmann.ac.il 

T. Höhr (Di) Timm.Hoehr@uni-konstanz.de 

J. Hoffmann (Ni) hofmann@gibbs.physik.uni-konstanz.de 

H. Hoppe (Sc)  

F. Huster (Bu) Frank.Huster@uni-konstanz.de 

W. Jooß (Bu) Wolfgang.Jooss@uni-konstanz.de 

Dr. S. Keller (Bu) Steffen.Keller@uni-konstanz.de 

M. Kessler (Di) Michael.Kessler@uni-konstanz.de 

B. Klipp (Ga) Bjoern.Klipp@uni-konstanz.de 

H. Knauss (Bu) Holger.Knauss@uni-konstanz.de 

H. Knoth (Ni) knoth@hamilton.physik.uni-konstanz.de 

P. Koch (Ni) ptkoch@hamilton.physik.uni-konstanz.de 

A. Kress (Bu) Andre.Kress@uni-konstanz.de 

Dr. R. Kühn (Bu) Ralph.Kuehn@uni-konstanz.de 

M. Lämmlin (Sc)  

M. Lohrer (Ni) lohrer@hamilton.physik.uni-konstanz.de 

Priv. Doz. Dr. P. Maaß (Di) Philipp.Maass@uni-konstanz.de 

U. Mack (Ni) Mack@hamilton.physik.uni-konstanz.de 

A. Maier (Sc) andreas.maier@uni-konstanz.de 

Dr. M. Maret (Sc) Mireille.Maret@uni-konstanz.de 

M. Mosbacher (Le) Mario.Mosbacher@uni-konstanz.de 

A. Müller (Le) Alexander.Mueller@uni-konstanz.de 

J. Müller (Ga)  

H.-J. Münzer (Le) Hans-Joachim.Muenzer@uni-konstanz.de 

W. Neu (Bu) Wolfgang.Neu@Uni-Konstanz.de 

Priv. Doz. Dr. Ch. Niedermayer (Sc) Christof.Niedermayer@uni-konstanz.de 

V. Oehmichen (Sc)  

E. Öttinger (Ga) Eva.Oettinger@uni-konstanz.de 

T. Pernau (Bu) Thomas.Pernau@uni-konstanz.de 

C. Peucke (Ga) Christina.Peucke@uni-konstanz.de 

M. Pleines (Sc)  

B. Riedlinger (Sc) bernd.riedlinger@uni-konstanz.de 

B. Rinn (Di) Bernd.Rinn@uni-konstanz.de 

Dr. B.-U. Runge (Le) bernd-uwe.runge@uni-konstanz.de 

F. Scheffler (Di) Falk.Scheffler@uni-konstanz.de 

Th. Schlenker (Le) Thomas.Schlenker@uni-konstanz.de 

A. Schneider (Bu) A.Schneider@uni-konstanz.de 

G. Schrems (Le) garry_s@gmx.de 
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D. Sontag (Bu) Detlef.Sontag@uni-konstanz.de 

Dr. M. Spiegel (Bu) Markus.Spiegel@uni-konstanz.de 

R. Stadelhofer (Ni) rstadelh@hamilton.physik.uni-konstanz.de 

A. Stötzler (Ma)  

D. Stolcic (Ga) Davor.Stolcic@uni-konstanz.de 

W. Strepp (Ni) Strepp@hamilton.physik.uni-konstanz.de 

F. Treubel (Sc) Frank.Treubel@uni-konstanz.de 

M. Wagner (Bu)  

D. Weigold (Ni) weigold@hamilton.physik.uni-konstanz.de 

H. Wider (Sc) Helmut.Wider@uni-konstanz.de 

J. Zimmermann (Le) Joerg.Zimmermann@uni-konstanz.de 

 Technical Staff 

W. Betz (Le)  

H. Ballot (Le)  

A. Fischer (Bu) Ansgar.Fischer@uni-konstanz.de 

Ch. Goldbach (Le) Christoph.Goldbach@uni-konstanz.de 

M. Keil (Bu) Manfred.Keil@uni-konstanz.de 

G. Kragler (Bu) Gisa.Kragler@uni-konstanz.de 

J. Lax (Ma) Jutta.Lax@uni-konstanz.de 

U. Mazur (Sc) Uwe.Mazur@uni-konstanz.de 

W. Möbius (Ma) Walter.Moebius@uni-konstanz.de 

L. Morlang (Bu) Lydia.2.Morlang@uni-konstanz.de 

H. Riazi-Nejad (Bu) Hamidreza.Riazi-Nejad@uni-konstanz.de 

F. Richard (Bu) Franz.Richard@uni-konstanz.de 

 Guests 

Prof. Dr. H.L. Frisch Albany / USA 1.6. – 15.6.2000 

J. Jaworski Institute of Nuclear Physics, Cracow / Poland 26.11. – 20.12.2000 

Dr. A. Majhofer Warsaw / Poland 17.7. – 6.8.2000 

Dr. M. Marszalek Institute of Nuclear Physics, Cracow / Poland 14.5. – 2.6.2000 

Prof. Dr. D. Pohl Universität Basel / Switzerland Nov. 99 – Oct. 20000 

Dr. J. Prokop Institute of Nuclear Physics, Cracow / Poland 14.5. – 2.6.2000 

Dr. S. Puri New Delhi / India 19.7. - 22.7.2000 

Dr. S. Sengupta University of Madras / India 12.1. - 14.1.2000 
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