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Preface

In front of you is the 2008 report of the Physics Institutes of the Universität Leipzig. The
year has brought a strong expansion of our interdisciplinary education and cooperation
with chemistry and biochemistry in the framework of the Leipzig Graduate School
of Natural Sciences “Building with Molecules and Nano-objects (BuildMoNa)”, now
hosting almost one hundred doctoral candidates. We particularly acknowledge the
strong participation of our industrial partners in the teaching modules. The Graduate
School is supported by the State of Saxony with two additional Research Units (“Nach-
wuchsforschergruppen”) funded via ESF and having started in the meanwhile.

The Universität Leipzig continues to host the EU Network of Excellence SANDiE
and supports research in the area of nanotechnology with its Top Level Research Area 1
“From Molecules and Nanostructures to Multifunctional Materials and Processes”
(“Profilbildender Forschungsbereich 1”). The beginning of the year 2008 marks also the
start of Sonderforschungsbereich 762 “Functionality of Oxidic Interfaces” intensifying
the cooperation with our neighboring university in Halle on novel memory concepts.

The report presents to you an overview of our research in numerous projects, enjoy-
ably conducted with colleagues and partners worldwide. We are grateful to our guests
in the colloquium and the research groups. They have enriched our academic year. Our
activities are only possible due to the generous support from various funding agencies
which is individually acknowledged in the short reports.

Leipzig, M. Grundmann
June 2008 J.A. Käs

R. Verch
Directors
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2

Molecular Nano-Photonics

2.1 Introduction

The challenge of experimental physics on the nanoscale is to access local phenomena,
that occur for example at interfaces, at specific molecular sites or at certain places within
nano-structured materials. These local phenomena may control molecular dynamics,
drive self-organization, cause charge separation or alter light propagation. Their im-
portance extends to almost every field involved in future nanotechnology. The research
of the molecular nano-photonics group thus aims at the development and application
of optical techniques to access nanoscale (dynamical) processes in various fields such
as chemical physics, biology or semiconductor physics. The understanding of these
dynamical processes shall ultimately lead to a control over single molecules and other
nano-objects by applying heat, flow, shear forces, electric fields or current.

The main experimental tool within our research is optical single molecule detection
by ultra-sensitive microscopic techniques including time-resolved confocal microscopy,
wide-field fluorescence or photothermal microscopy. Single molecules or semiconduc-
tor quantum dots provide the ideal local probes to access nanoscale physical properties
inside materials while keeping the information on the heterogeneity of the system.
Using these techniques recent projects focused on the

• Photothermal detection of single gold nanoparticles,
• Heat transfer on the nanoscale,
• Nanometric distance measurements with single gold nanoparticle pairs,
• Electrochemical manipulation of the emission of colloidal semiconductor nano-

crystals,
• Photophysics of single silicon nanoparticles,
• Defocused imaging of single emitters in photonic crystals,
• Single molecule diffusion in ultrathin confined liquid films.

During the year 2008 the Molecular Nanophotonics Group has started experimenting
on the new experimental facilities including

• confocal sample scanning optical microscope for fluorescence correlation spec-
troscopy and time-resolved detection,

• sample scanning photothermal microscope coupled with a fluorescence wide field
and optical confocal microscope,



36 INSTITUTE FOR EXPERIMENTAL PHYSICS I

• fluorescence wide field microscope for high speed single molecule detection,
• single molecule wide field fluorescence microscope for defocused imaging and

orientational mapping of single molecules.

The group has contributed in 2008 significant work to the DFG research unit 877
“From Local Constraints to Macroscopic Transport”. Especially first collaborations with
the group of Prof. Dr. Klaus Kroy (University Leipzig) and Dr. Michael Mertig (Tech-
nische Universität Dresden) have been established.

Frank Cichos

2.2 Photothermal Correlations Spectroscopy

R. Radünz, F. Cichos

Single molecule detection is meanwhile a widely used technique to study dynamical
processes in complex materials, especially in biophysics. It is, however, always re-
stricted to fluorescent probes such as organic dye molecules or quantum dots. Within
this project, we analyze the capabilities of photothermal microscopy and photothermal
correlation spectroscopy for the detection of single non-fluorescent nano-objects such
as gold nanoparticles.

Figure 2.1: Left: Principle of the photothermal correlation spectroscopy (PhoCS). A laser is
heating gold nanoparticles diffusing through the focal volume of a confocal microscope. A red
laser probes the refractive index change around the nanoparticle with heterodyne detection
technique. Right: Verification of PhoCS. The top graph shows the contrast obtained from the
correlation function, which is a linear function of the particle concentration. The lower two
graphs depict the particle diffusion time as a function of the viscosity and particle radius.



MOLECULAR NANO-PHOTONICS 37

The detection is based on the absorption of light not on the fluorescence and therefore
free of processes as for instance photo-blinking. The photothermal detection technique
is based on the generation of a temperature gradient around a heated gold nanoparticle.
The temperature gradient modifies the local refractive index which is used to detect
single particles optically even though the scattering cross section is far below the single
particle detection limit. The group has developed a variant of the photothermal detec-
tion technique – the so called photothermal correlation spectroscopy or PhoCS – which
is capable of characterizing fast fluctuations of the photothermal signal. This technique
can be i.e. applied to replace fluorescence correlation spectroscopy for the study of local
tracer diffusion or fast distance fluctuations between gold nanoparticels as described
in Sect. 2.4. By studying the diffusion of heated gold nanoparticles in water, we find
that the local temperature and viscosity gradient around the hot particle speeds up
diffusion. The speed up can be well described by a generalized Stokes–Einstein relation
as developed in collaboration with the group of Prof. Klaus Kroy (University Leipzig).

The technique is currently extended to single nanoparticle counting for high through-
put screening application techniques in biomedicine.

2.3 Heat Transfer on the Nanoscale

R. Radünz, F. Cichos

Single gold nanoparticles can be intentionally used as nano heat sources, allowing
the fabrication of thermal nanoactuators for a variety of microfluidic tasks. As the
temperature around a single optically heated gold nanoparticle decays on a lengthscale

Figure 2.2: Left: Histogram of the photothermal signal strength of R = 30 nm gold nanoparticles
diffusing in water at different heating power. Right: Cut-off signal according to the dashed line in
the left graph. The cut-off photothermal signal intensity clearly shows a saturation of the signal
at a particle temperature of about 100 ◦C, which is presumably due to local structural changes
in the liquid next to the particle surface.
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of a few 10 nm, also phase transitions or just the transfer of heat across a nanoscale
curved interface can be studied. Photothermal correlation spectroscopy is therefore
and ideal tool, since the photothermal detection technique as presented in Sect. 2.2 is
intrinsically based on the heat released from a particle to the surrounding.

We therefore couple the observation of particle mobility, which reveals thermal
fluctuation strength and viscosity changes due to temperature with the observation of
photothermal signal strength, which tells about the thermal gradient in the surrounding
liquid. Our results demonstrate, that heat transfer at the nanoscale is influenced by the
local structure of the liquid. Local structural changes at the particle surface result in
an insulation layer for the heat transfered from the particle to the surrounding liquid.
These local structural changes on a nanoscale lead to a saturation of heat transfer and
thus the photothermal signal (see Fig. 2.2). These effects go along with a saturation of
the particle mobility. The details of these changes are currently under investigation by
molecular dynamics simulations.

2.4 Nanometric Distance Measurements

with Single Gold Nanoparticle Pairs

N. Neubauer, M. Wähnert, R. Radünz F. Cichos

The number of optical techniques capable of measuring distances and distance fluc-
tuations on the nanoscale is limited to charge and electron transfer processes. The
upper limit of distances being measured with these methods is currently 10 nm and no
other method is available, which fills the gap between 10 nm and 1µm (correspond-
ing to optical resolution). This project develops a technique based on pairs of gold
nanoparticles for this intermediate distance range. Gold particles are strongly inter-

Figure 2.3: Left: Electron microscopy image of coupled gold nanoparticles (R = 30 nm). The
nanoparticles are coupled by 30 nm double stranded DNA. The separation of the particles is
not visible as a result of capillary effects during sample preparation. Right: Photothermal signal
intensity histograms of individual R = 30 nm gold nanoparticles (red) and gold nanoparticle
dimers (yellow). The histograms show for the first time an increased signal intensity of dimers
as compared to individual nanoparticles.
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acting with light due to a collective excitation of free electrons in the nanoparticle.
These plasmon can be resonantly excited with visible light. The electric field associated
with the plasmon resonance couples between closely spaced nanoparticles and forms
a new resonance.

In collaboration with the group of Dr. Michael Mertig at the TU Dresden the group
has fabricated sucessfully gold nanoparticle pairs coupled by 30 nm DNA strands (see
Fig. 2.3). The pairs are synthesized by coupling two complementary single stranded
DNA chains to gold nanoparticles. The complementary DNA chains then bind to
form gold nanoparticle dimers, which have been further separated from monomers
by gel electrophoresis. These dimers have been investigated by dark-field scattering
microscopy, which reveals clear signs of plasmon coupling in the structures. Further,
photothermal measurements have been carried out to investigate the photothermal sig-
nal enhancement due to the plasmon coupling. As shown in Fig. 2.3 clear enhancement
effects of the photothermal signal are found, which are the first photothermal proof of
coupled plasmon resonances. Currently the technique is extended to monitor distance
fluctuations and to allow for screening applications on DNA.

2.5 Electrochemical Manipulation of the Emission

of Colloidal Semiconductor Nanocrystals

N. Amecke, A. Topalov, F. Cichos

Semiconductor nanocrystals and dye molecules show an intermittent emission on
timescales ranging from microseconds up to several hundred seconds. Such extremely
long periods without any emission are still a mystery. They are thought to be re-
lated to photoinduced charging processes. A charge, presumably an electron is ejected
from the excited state of an emitter by a tunneling process to the surrounding en-
vironment, which is often an amorphous, disordered polymer or glass. Due to the
rugged energy landscape in such amorphous environments, the kintetics of “on–off”
blinking in quantum dots or dye molecules follows a power law statistics being very
robust, which makes the characterization of the physical processes behind the blinking
very difficult.

Our studies are aimed to take control of the blinking processes. We are developing
a method to study emission intermittency of quantum dots in an electrochemical cell.
The electrochemical cell shall allow a controlled removal or addition of electrons to
the quantum dot in solution. The fluorescence based detection with picosecond time
resolution will correlate the photophysics with the charge state of the quantum dots.
First experimental success showing the influence of a current on dissolved quantum
dot emission is depicted in (Fig. 2.4). The present results cleary demonstrate that the
emission intensity of a quantum dot ensemble in solution is strongly correlated with
the applied voltage in the cell. This correlation is clearly related a change in the non-
radiative decay rate of the quantum dots.

Thus current experiments demonstrate the feasibility of optically detected electro-
chemistry on quantum dots. Our further efforts will extend these measurements to
single quantum dots to clearify the physical origins of quantum dot blinking.
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Figure 2.4: Top: Fluorescence emission intensity of CdSe quantum dots in solution as a function
of the voltage applied to the electrochemical cell. The intensity clearly follows the triangular
voltage applied. Bottom: Fluorescence emission lifetime of the quantum dots. Since the lifetime
also follows the applied voltage, we assume a change in the non-radiative transition rate in the
quantum dots.

2.6 Defocused Imaging of Single Emitters

in Photonic Crystals

R. Wagner, G. Kropat, F. Cichos

Photonic crystals provide a powerful way to manipulate light on a basis, which is very
similar to that of semiconductors. The photonic crystal structure can be tailored in great
detail in contrast to semiconductor crystals. As in photonic crystals the refractive index
is a function of the position in the crystal and thus a local property, all optical properties
of emitters become also a function of their position in the crystal. This spatial change
of the so called local optical density of states is difficult to explore in three dimensional
systems as all local methods cannot penetrate structure. We have therefore developed
a method, which is based on the imaging of single emitters inside a photonic crystal.
The method employs a defocusing of single emitters (e.g. quantum dots), in which
a diffraction pattern of the emitting object appears. This diffraction pattern contains
information on the anisotropic light propagation in material.

This type of study reveals the anisotropic light propagation in colloidal photonic
crystals from a single image of a quantum dot and is now further applied to wavelength-
selective studies in colloidal photonic crystals (see Fig. 2.5). The emission diffraction
pattern is studied at different incorporation depth in the photonic crystal, which gives
information on the local optical density of states at various positions. Currently these
methods are extended to realize emission anisotropy studies in liquid crystals as well
as long range energy transfer in photonic crystals.
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Figure 2.5: Left: Sequence of defocused fluorescence images from a single CdSe/ZnS quantum
dot embedded inside an opaline photonic crystal made of 260-nm polystyrene beads. Middle:
Emission intensity cross section of the quantum dot fluorescence image in the focal plane (top)
and emission intensity of the central intensity maximum as a function of the focus position
inside the photonic crystal. Both plots deliver a localization accuracy of the quantum dot inside
the photonic crystal of 20 nm and 50 nm. Right: Schematics depicting the incorporation depth d
of the quantum dot in the photonic crystal as well as the colloidal diameter dk of the photonic
crystal building blocks.

2.7 Single Molecule Diffusion in Thin Liquid Films

and Liquid Crystals

M. Pumpa, F. Cichos

The experiments of this project are aimed at the direct manipulation of molecular
mobility due to local chemical modifications of a solid surface. Chemical modifications
alter locally the hydrodynamic boundary conditions which also effect the viscous drag
experienced by any tracer molecule or particle at the solid surface. To proof this effect,
we have applied micro-contact printing to prepare alternating stripes of hydrophilic
and hydrophobic regions on a glass substrate. This glass slide is used together with
a hydrophilic one to confine a liquid containing dye labeled polystyrene beads (100 nm
diameter) down to a film thickness of 150 nm in a home built surface forces apparatus.
This surface forces apparatus is coupled to a wide field single molecule microscope.

Single particle tracking experiments reveal a significant change in the particle mobil-
ity between hydrophobic and hydrophilic surface areas, which we can clearly attribute
to modified hydrodynamic coupling to the surface (see Fig. 2.6). However, the chemi-
cally modified regions reveal themselves considerable variation in the particle mobility
(see Fig. 2.6a). The spread of local mobilities in regions of hydrophobic surface mod-
ification suggests local imperfections and defects of the chemical modification. Thus
particle tracking experiments as shown exemplarily can be used to sense chemical
surface composition.
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(a) (b)

Figure 2.6: (a) Local mobility map for 100-nm polystyrene particles confined between a hy-
drophilic and a chemically structured glass surface (1 pixel corresponds to 140 nm). Brighter
areas denote large particle mobility. (b) Histogram of local particle mobilities obtained from the
left image. A bimodal mobility distribution is visible, which is the result of the chemical surface
modification. The larger spread in the mobilities is found in the hydrophobic part, which for
the first time reveals a local sensitivity of particle diffusion to chemical surface imperfections.

2.8 Single Molecule Nanorheology

M. Selmke, S. Adhikari, F. Cichos

A drastic slowdown of the dynamics of a liquid when approaching the transition to
a disordered amorphous solid state is common to a vast variety of systems. Such systems
involve simple molecular fluids of small molecules and extend to complex polymeric
or polyelectrolyte systems and even to the cell’s network of structural filaments. All
of these systems have two things in common: structural disorder and metastability,
which define the still not well understood complexity of the systems dynamics. Within
this project we explore a new way to reveal the maroscopic viscoelastic properties
from nanoscopic measurements. By coupling two fluorophores to a single polymer
chain embedded in a polymer, we are able to measure distance fluctuations between
these dye, which contain information about the viscoelastic coupling due to the local
material properties. A detailed analysis of the distance fluctuations shall thus give
information if the local viscoelestic response of a polymer is still corresponding to the
macroscopic ones.

Current experiments of this project investigate the temperature dependence of the
reorientational dynamics of single dye molecules in polymers (see Fig. 2.7). By polariza-
tion resolved fluorescence microscopy we are able to take snapshots of the orientation
of single dye molecules. Our experiments reveal so far, that the polymer dynamics
in the studied temperature range is spatially heterogeneous. In comparative measure-
ments, we could for the first time directly show, that the dynamics as reported by single
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Figure 2.7: Left: Emission polarization images of single dye molecules embedded in a polymer
film. These images allow the calculation of a linear dichroism, which is a measure of the dye
molecule orientation in the polymer (see the text). The fluctuations of the correlation allow
the extraction of a single molecule rotational diffusion time-constant. Right: Single molecule
rotational diffusion time constants (SM-data) in comparison with dielectric measurements.

dye molecules resembles that of dielectric measurements. Further, efforts are made to
synthesize doubly labeled polymer molecules, which allow for a detection of the end
to end fluctuations of single polymer chains in polymer melts. This will lead to a new
rheological technique applicable to a large variety of viscoelastic materials.

2.9 Funding

Light Emission of Single Emitters in 3-dimensional Photonic Crystals
Frank Cichos
Ci 33/5-1

Ortsaufgelöste Detektion von Struktur und Dynamik in nematischen Phasen biaxialer
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Frank Cichos
Ci 33/6-1

FG 877: Constrained Single Molecule Dynamics in Glassy Polymer Systems
Frank Cichos
Ci 33/7-1
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F. Cichos
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2.13 Graduations

Diploma

• Eugen Ehrenpreis
Basic considerations towards photothermal trapping
August 2008

• Momchil Ivanov
Development of Optically Detected Cyclic Voltammetry for Measurements on Single
Semiconductor Quantum Dots
December 2008

• Rüdiger Kürsten
Photothermal Correlation Spectroscopy
September 2008

• Markus Selmke
Study of Polymer Dynamics with the help of Single Fluorescent Molecules
December 2008

• Miriam Wähnert
Abstandsmessungen auf der Nanometerskala mit Hilfe von Goldnanopartikelpaaren
December 2008

• Sven Zimmermann
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Molecular Physics

3.1 Introduction

In 2008 Ulrich Keyser and his coworkers accomplished their move to Cambridge, UK.
Later in the year Anatoli Serghei moved to Amherst, USA and Mahdy Elmahdy joined
the group as Postdoctoral coworker. Periklis Papadopoulos was awarded with the
“Peter Debye Prize for young investigators for excellence in dielectric research”, which
was given to him at the IV. Annual Meeting of the International Dielectric Society (IDS)
in Lyon from the chairman of the prize committee, Prof. Dr. G. Williams, Swansea, UK
and the head of IDS, Prof. Dr. J. Berberian, Chapel Hill, North Carolina, USA. For her
excellent diploma thesis and her very good grades Carolin Wagner was awarded with
a “Diploma with distinction”.

A longstanding open problem in dielectric spectroscopy, the phenomenon of elec-
trode polarization (EP), was unraveled by Anatoli Serghei. He could show – both
experimentally and theoretically – that its frequency and temperature dependence is
characterized by special features, for which scaling laws exist. By that it is possible –
for the first time – to deduce information concerning the bulk conductivity from the
dispersion of the complex conductivity and the complex dielectric function on the very
low frequency side (≤ 102 Hz). The paper is submitted to PRL, but sometimes it is not
easy to convince reviewers about new ideas and concepts.

Friedrich Kremer

3.2 Apparent Changes in the Molecular Dynamics

of Thin Polymer Layers due to the Impact

of Interfacial Layers

M. Tress, A. Serghei, F. Kremer

The glassy dynamics of ultra-thin polymer films is currently a topic of large scientific
and technological interest. Broadband Dielectric Spectroscopy has proven – based on
its ability to measure molecular fluctuations over a wide frequency and temperature
range – its strength in unravelling the mechanisms of confinement-effects in thin poly-
mer layers [1]. These effects are supposed to rise due to the changes of the polymer
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Figure 3.1: (a) Sketch of the proposed layer model of a polymer film confined in a so called
capped geometry. (b) Calculated thickness dependence of the apparent relaxation peak of the
net dielectric function of a layer arrangement like shown in (a) assuming constant measures
of the interfacial layers. A pronounced effect is introduced by the variation of the dielectric
strength ∆e. (c) Thickness dependence of the apparent relaxation peak of several polymers
having different dielectric strengths measured in a capped geometry.

glassy dynamics in the nanometric vicinity of confining interfaces (Fig. 3.1). Thus, the
dielectric response of thin polymer films is calculated by taking into account possi-
ble modifications of the dielectric function in interfacial polymer sub-layers (Fig. 3.1).
A multitude of mechanisms leading to an apparent faster dynamics in thin capped
polymer films is revealed (Fig. 3.1). None of them corresponds to a faster molecu-
lar structural relaxation. It is shown that several reported experimental findings can be
traced back to the influence of such interfacial layers: (i) no shifts in the mean-relaxation
time for polymeric systems showing a weak alpha relaxation, while (ii) polymers hav-
ing a large dielectric strength could experience apparent shifts already at thicknesses
as large as 200 nm.

[1] A. Serghei et al.: Apparent changes in the molecular dynamics of thin polymer
layers due to the impact of interfacial layers, J. Chem. Phys. (2009), in press

3.3 Electrode Polarization and Its Scaling Laws

J.R. Sangoro, A. Serghei, M. Tress, F. Kremer

Electrode polarization is a ubiquitous phenomenon taking place at the interface be-
tween an electrode and an ionic conductor. It shows a characteristic signature in the
measured dielectric response of the sample cell in dependence on frequency of the
applied electric field, temperature, concentration of the charge carriers and the sample
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Figure 3.2: Dielectric properties of ionic liq-
uids showing electrode polarization exempli-
fied by 1-HMIM-PF6, τe: hopping time, σ0: DC
conductivity, fon: onset of electrode polariza-
tion, slope of −1.86 in ǫ′ for f < fon, fmax: full
development of electrode polarization, slope
of −0.1 in ǫ′ for f < fmax, change in slope of σ′

for f < fmax.

Figure 3.3: Measured and calculated com-
plex dielectric permittivity and conductivity
of HMIM-PF6.

length (Fig. 3.2). Furthermore, it is well known that electrode polarization is strongly
affected by the material of the electrodes, a finding which lacks – until now – a micro-
scopic understanding. Despite early theoretical insights into the physics of electrolytes
at solid interfaces (resulting in the electrical double layer model), no consistent descrip-
tion of the scaling laws governing electrode polarization effects exists (Fig. 3.3). Based
on the fact that, due to coulombic interactions, the ion mobility is drastically slowed
down at the interfaces, a quantitative description of electrode polarization is suggested
which describes the observed scaling laws and enables one to deduce – by use of a novel
formula – the bulk conductivity of the ionic charge carriers under study [1].

[1] A. Serghei et al.: Electrode polarization and its scaling laws, Phys. Rev. Lett., sub-
mitted (2008)

3.4 Universal Scaling of Charge Transport

in Glass-Forming Ionic Liquids

J.R. Sangoro, C. Iacob, A. Serghei, F. Kremer

Charge transport and glassy dynamics of a variety of glass-forming ionic liquids (ILs)
are investigated in a wide frequency and temperature range by means of Broadband
Dielectric Spectroscopy, Differential Scanning Calorimetry and Rheology [1–4]. While
the absolute values of dc conductivity and viscosity vary over more than 11 decades
with temperature and upon systematic structural variation of the ILs, quantitative
agreement is found between the characteristic frequency of charge transport and the
structural α-relaxation. This is traced back to dynamic glass transition assisted hopping
as the underlying mechanism of charge transport (Fig. 3.4).
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Figure 3.4: DC conductivity, σ0, versus the characteristic frequency, ωc, for different liquids as
indicated. This plot experimentally demonstrates the universality of charge transport in ionic
liquids. Inset: Correlation of ωc(T) with the characteristic frequency, ωη(T), corresponding to
structural relaxation time obtained from viscosity by applying the Maxwell relation.

[1] J.R. Sangoro et al.: Phys. Chem. Chem. Phys. 11, 913 (2008), doi:10.1039/b816106b
[2] J.R. Sangoro et al.: Phys. Rev. E 77, 051 202 (2008)
[3] J.R. Sangoro et al.: J. Chem. Phys. 128, 212 509 (2008)
[4] J.R. Sangoro et al.: Macromolecules 42, 1648 (2009)

3.5 Charge Transport and Glassy Dynamics

in Imidazole-Based Liquids

C. Iacob, J.R. Sangoro, A. Serghei, F. Kremer

Broadband Dielectric Spectroscopy (BDS), differential scanning calorimetry, rheology
and Pulsed Field Gradient Nuclear Magnetic Resonance (PFG-NMR) are combined
to study glassy dynamics and charge transport in a homologous series of imidazole-
based liquids with systematic variation of the alkyl chain length [2]. The dielectric
spectra are interpreted in terms of dipolar relaxation and a conductivity contribution.
By applying Einstein, Einstein–Smoluchowski and Stokes–Einstein relations, transla-
tional diffusion coefficients in quantitative agreement with PFG-NMR measurements
are obtained (Fig. 3.5) [1, 3]. With increasing alkyl chain length, it is observed that the
viscosity increases whereas the structural a-relaxation rate decreases in accordance with
Maxwell’s relation. Between the rate we of electrical relaxation and the rate wa of the
structural a-relaxation scaling is observed over more than 6 decades with a decoupling
index of about 2.

[1] C. Iacob et al.: J. Chem. Phys. 129, 1 (2008)
[2] J.R. Sangoro et al.: Phys. Chem. Chem. Phys. 11, 913 (2008), doi:10.1039/b816106b
[3] J.R. Sangoro et al.: Phys. Rev. E 77, 051 202 (2008)

http://dx.doi.org/10.1039/b816106b
http://dx.doi.org/10.1039/b816106b
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Figure 3.5: Diffusion coefficient D vs. inverse temperature as measured by Pulsed-Field Gradi-
ent NMR (open symbols), BDS (open symbols with vertical line) and from Stokes–Einstein equation
(upper filled symbols). Inset: DC conductivity σ0 vs. inverse temperature (open symbols with verti-
cal line).

3.6 Infrared Transition Moment Orientational Analysis

in Liquid Crystalline Elastomers

P. Papadopoulos, W. Kossack, F. Kremer

A novel method is suggested for unraveling the mean orientation and the molecular
order parameter in any IR-transparent or translucent material under study. It is based on
the analysis of IR transmission spectra as a function of polarization and an intentional
inclination of the sample. Taking advantage of the specificity of the IR spectral range,
it is based on the analysis of the absorption coefficient, where is the transition dipole
moment and the electric field of the IR beam, in dependence on the polarization and the
angle of inclination. Additionally, for non-scattering samples, the complex refractive
index tensor can be determined by using the Fresnel equations. The spatial resolution
of the technique is only limited by the wavelength. The measurement setup is shown
schematically in Fig. 3.6a. Polarization can be varied from 0◦ − 360◦ and inclination
from −80◦ − +80◦, allowing the electric field vector to become almost perpendicular to
the sample.

The setup is used in the sample compartment of a FTIR spectrometer to determine
the molecular order parameter and the spatial orientation of the director of a smectic
Liquid Crystalline Elastomer (sLCE) film as a function of external strain. The molecular
moieties exhibit different alignment (Fig. 3.6b,c). At 0 % strain the molecular order
parameter of the main chains is 0.8, with the mesogens lying on the film plane. This
result could not have been obtained by conventional polarization-dependent studies,
where the electric field is only varied in the xz-plane. At a strain value of 190 % the order
parameter is increased to 0.91 and the mesogens are slightly reoriented (by 15◦) and
become parallel to the stretching direction. The findings show that the technique can
give detailed structural information for materials with multiple levels of organization.
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(a) (b) (c)

Figure 3.6: (a) Measurement principle used for the IR-TMOA technique. The electric field vector
of the IR beam (green) can be rotated with a polarizer, while the sample can be tilted. This way the
electric field can have any of the x,y,z directions. (b) Application of IR-TMOA to a smectic liquid
crystalline elastomer (grey plane) at 0 % strain. The 3D polar plot (red) shows the dependence of
the absorbance on the orientation of the electric field and, therefore, the distribution of transition
dipole moments. In this case the corresponding transition moment (C−O stretching) is parallel
to the main chains of the elastomer, which consist of the mesogen. The mean orientation is
not parallel to the stretching direction (x-axis) and there is no cylindrical symmetry about the
mean absorbance axis. (c) Absorbance dependence of an absorption band with a transition
dipole moment perpendicular to the main chain (C=O stretching). As one would expect, no
cylindrical symmetry is observed, but the lowest absorbance is found for the direction parallel
to the highest absorbance in (b).

3.7 Combined Mechanical and Time-Resolved

Polarization-Dependent FTIR Studies

in Major and Minor Ampullate Spider Silk

R. Ene, P. Papadopoulos, F. Kremer

Minor and major ampullate spider silks are studied under varying mechanical stress by
static and time-resolved FTIR-spectroscopy [1]. This enables one to trace the external
mechanical excitation on a microscopic level and to determine for the different moieties
the time-dependence of the molecular order parameters and corresponding band shifts
(Fig. 3.7). It is concluded that the hierarchical nanostructure of both types of silk is
similar, being composed of highly oriented nano-crystals which are interconnected by
amorphous chains obeying the worm-like chain model and having a gaussian distri-
bution of pre-strain [2]. By that it is possible to describe the mechanical properties of
both silks by two adjustable parameters only, the center and width of the distribution.
For major ampullate silk the observed variability is small in pronounced contrast to the
findings for minor ampullate [3].

[1] P. Papadopoulos et al.: Eur. Phys. J. E Soft Matter 24, 193 (2007)
[2] P. Papadopoulos et al.: Coll. Polym. Sci. 287, 231 (2009)
[3] P. Papadopoulos et al.: Similarities in the structural organization of major and minor

ampullate spider silk, Macromol. Rapid. Commun. (2009), in press
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(a) (b)

Figure 3.7: Stress dependence of band shift in different time scales. (a) Step scan measurements
of the AlaGly vibration frequency in a Nephila edulis minor ampullate silk sample. A sinusoidal
mechanical field is applied to the sample, while spectra are measured with a time resolution
of 125 µs. The band shift (sinusoidal fit shown) clearly reflects the field. No phase difference is
observed (±1◦). (b) Band shift dependence on stress for static (black), kinetic (red) and step scan
measurements (blue) of the same sample. The same linear dependence is observed for all sets,
showing that macroscopic and microscopic stress are equal regardless of the time scale. The
crystals must be in serial arrangement, otherwise deviations would have to be observed before
reaching equilibrium.

3.8 In-Situ Analysis of the Forces of Interaction

in Polyelectrolyte Brushes

M.M. Elmahdy, G. Dominguez, C. Gutsche, K. Kegler, F. Kremer

Optical tweezers are employed to measure the forces of interaction within single pairs of
poly(acrylic acid) (PAA) grafted colloids with an extraordinary resolution of±0.5 pN [1].
Parameters varied are the concentration and valency of the counterions (KCl, CaCl2)
of the surrounding medium as well as its pH. The force-separation dependence for
varying pH (Fig. 3.8) at a fixed concentration of 10−3 M KCl enables one to trace –
within a single pair of PAA-grafted colloids – the swelling of the polymer brush with
increasing pH. The data are well described by Jusufi model of the effective interaction
between spherical polyelectrolyte brushes [2]. The brush height L as obtained from the
fits (inset of Fig. 3.8b) shows a strong pH effect and compares well with independent
ellipsometric measurements [1]. The increase in the brush height is caused by the pH-
induced augment of the PAA dissociation and results in a stretching of the grafted
chains.

[1] G. Dominguez et al.: Polymer 49, 4802 (2008)
[2] A. Jusufi et al.: Coll. Polym. Sci. 282, 910 (2004)



54 INSTITUTE FOR EXPERIMENTAL PHYSICS I

(a) (b)

Figure 3.8: (a) Scheme of the experimental set-up. One colloid is held with a micropipette due to
the capillary action, and the other is kept in an optical trap. (b) Force vs. separation (D) between
the solid surfaces of two PAA-grafted particles under conditions of varying pH: 4 (open circle),
5 (full squares), 6 (open up-triangles), 7 (full down-triangles), 8 (full hexagon) and 9 (full rhombus) at
10−3 M KCl. The dashed lines represent the fits to the experimental data according to a model by
Jusufi et al. [2]. Inset: brush height L vs. pH at 10−3 M KCl obtained from analyzing the Optical
Tweezers measurements using the Jusufi model (full squares) and as measured by Ellipsometry
(open circles).

3.9 Polyelectrolyte-Compression Forces

Between Spherical DNA-Grafted Colloids

K. Kegler, F. Kremer

The experimental investigation was based on the measurement of the force–distance
dependence between two identical, negatively charged DNA-grafted colloids employ-
ing optical tweezers [1, 2]. Optical tweezers offer unprecedented accuracy down to
the pN domain and 3 nm in measuring forces and position, respectively. By moni-
toring the force–distance dependencies between two grafted colloids it is possible to
learn how the different physicochemical properties (molecular weight, grafting density,
ionic strength of the surrounding medium) affect the effective interaction between the
grafted colloids (Fig. 3.9). The measured force–distance relation is analyzed by means
of a theoretical treatment. Quantitative agreement with the experiment is obtained for
all parameter combinations. The physical system provides a convincing verification of
the importance of the PE-compression mechanism in sharp contrast to most hitherto
studied systems, which were dominated by counterion entropy [3].

[1] K. Kegler et al.: Phys. Rev. Lett. 98, 058 304 (2007)
[2] K. Kegler et al.: Phys. Rev. Lett. 100, 118 302 (2008)
[3] M. Konieczny, C.N. Likos: J. Chem. Phys. 124, 214 904 (2006)
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Figure 3.9: (a): Interaction length l( f = 2 pN) at a force of 2 pN versus grafting density for
DNA (1000 bp)-grafted colloids of varying grafting density in buffered (10 mM C4H11NO3, pH
8.5) solution (square). The scaling relationships are indicated by straight lines. The circles are
predicted by the model [3]. (b) Double-logarithmic plot of the interaction length for a force
F = 2 pN versus the ionic strength of the added salt. Here, the molecular weight of the grafted
DNA is N = 1000. Different types of symbols correspond to different salt valencies (NaCl -
circle, CaCl2 - square, LaCl3 - triangle). The line of slope −1/3 indicates theoretical scaling law
predictions for comparison.

3.10 Investigating Fluctuation and Dissipation

of Optically Trapped Colloids

O. Ueberschär, F. Kremer

Fluctuation and dissipation as the dominant mechanisms behind the well-observable
Brownian motion of micron-sized particles are investigated and quantified on a single
colloid level by means of the optical tweezers technique [1–3]. Using an outstandingly
fast optical diffraction image analysis routine with a sampling frequency of 10 kHz
combined with an automated data acquisition loop, we deduce the precise size of the
colloid under study. Moreover, we measure the colloid’s entropy production and con-
sumption along a large number of different trajectories (e.g. 6000) in a non-equilibrium
steady-state. Since our micron-sized single colloid clearly does not fulfil the assump-
tions of the second law of thermodynamics, i.e. the limit of large numbers of particles
(N → ∞) and a big system size (V → ∞), entropy is observed to be produced (δS ≥ 0)
or consumed (δS ≤ 0) depending on the particular trajectory and time scale. Replacing
the second law for arbitrarily system sizes, the fluctuation theorem (FT) by Evans et
al. only discovered in 1993 still holds, however. It quantifies the probability of entropy
production compared to entropy consumption,

Pr(δS = +A)
Pr(δS = −A)

= exp

(
A

kB

)
, (3.1)

where A is an arbitrary value of entropy change. Obviously, for large positive values
of entropy change, i. e. A ≫ kB, the second law is obtained from the FT. We find
quantitative agreement between our measurements and the predictions of the FT.
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(a) (b)

Figure 3.10: (a) Comparison of the left-hand side (LHS, black balls) and the right-hand side
(RHS, red line) of the FT for 6000 single trajectories 100 ms after the initiation of a disturbance
(logarithmic plot). (b) Comparison of the LHS and RHS of an integrated, time-dependent form
of FT applied to our system (black line and red line). The theoretical prediction by stochastic
dynamics is also shown (blue line). As expected, these three graphs almost collapse. Inset: LHS-
RHS of IFT.

Running out measurements on both blank and DNA-grafted colloids (DNA proper-
ties: molecular weight of 4000 base pairs, contour length of approximately 1360 nm), we
compare their average entropy change rates, addressing the issue if there is evidence
for an additional dissipative mechanism due to the DNA coat (Fig. 3.10).

[1] G.M. Wang et al.: Phys. Rev. Lett. 89, 050 601 (2002)
[2] G.M. Wang et al.: Phys. Rev. E 71, 046 142 (2005)
[3] D.M. Carberry et al.: J. Opt. A 9, S204 (2007)

3.11 Single Colloid Electrophoresis

I. Semenov, O. Otto, G. Stober, P. Papadopoulos, U.F. Keyser, F. Kremer

Optical Tweezers enable one to trap a single particle without any mechanical contact
and to measure its position and the forces acting on it with high resolution (±4 nm,
±160 fN) [1, 2]. Single spherical polystyrene (PS) colloids of a diameter d = 2.23 mm are
used. The imaging system and experimental setup based on epifluorescent microscope
(Fig. 3.11). The fluidic cell geometry is defined by the inner shape of the PMMA spacer
(Fig. 3.11)): two reservoirs with Pt electrodes are connected by a narrow channel (width:
300 mm, height: 1 mm) that helps to obtain a uniform electric field distribution. The
channel is extended to the other sides of both reservoirs and the ends are kept open
to avoid back flow. For measuring of phase displacement between applied AC signal
and colloidal response, a light-emitting diode (LED), connected to synchronization
output of function generator is incorporated right in front of the CMOS sensor. By
applying an outer electrical sinusoidal field the complex (sum of the electrophoretic and
electroosmotic contributions) response of the single colloid under study can be directly
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Figure 3.11: Scheme of the experimental setup. Particles are imaged using an epifluorescence
microscope accomplished with a high resolution CMOS camera. Scheme of the sample cell used
to measure the electrophoretic (colloid at position A) or the electroosmotic (colloid at position
B) response. The fluidic cell consists of an open ended narrow channel (width: 300 mm, height:
1 mm) in which two reservoirs with Pt electrodes (diameter= 0.2 mm, the tip is along the axis)
are incorporated. For the phase measurement of the electrophoretic response an LED flash
indicates the zero-value of the external electric field.

determined. It is found that the phase is shifted with respect to the applied external
field. Hence, this gives rise to observe the complex electrophoretic mobility which is
theoretically described by a strongly damped driven harmonic oscillator model. The
electroosmotic effect is studied separately with the result that it stays more than one
order of magnitude lower than electrophoretic motion of the particle. Exchanging the
medium surrounding the colloid allows deducing the (KCl) concentration dependence
of a single colloidal complex response. The results are compared with conventional
Zetasizer measurements.

[1] A. Delgado et al.: J. Coll. Interf. Sci. 309, 194 (2007)
[2] O. Otto et al.: Rev. Sci. Instrum. 79, 023 710 (2008)

3.12 Drag-Induced Forces on Colloids

in Polymer Solution at Low Solvent Velocities

C. Gutsche, F. Kremer

We already present a first direct experimental observation of jamming-induced drag-
enhancement on colloids pulled through a solution of λ-DNA (used here as a monodis-
perse model polymer) with an optical tweezer [1]. The experiments have shown a drag
force which is larger than expected from the Stokes formula and the independently
measured viscosity of the DNA solution. We attribute this to the accumulation of DNA
in front of the colloid and the reduced DNA density behind the colloid. Now this former
measurements are expanded to very low solvent velocities, which lead to a nonlinear
response based on soft shape and high flexibility the DNA-coils have on this slow
approaches. Therefore the resolution of our optical tweezers setup was increased up to
5 fN. Preliminary results are shown in Fig. 3.12.
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(a) (b)

Figure 3.12: (a) Polymer density around the colloid averaged over 2000 snapshots of the system
by Brownian Dynamics simulations. Lighter colors denote higher DNA concentration. (b) Drag
force on colloids in λ-DNA as a function of the pulling velocity (red dots). Also shown is the
Stokes force on the colloids (black open circles fitted with solid black line) in pure water.

[1] C. Gutsche et al.: J. Chem. Phys. 129, 084 902 (2008)

3.13 DNA Condensation under the Action of the Protein

TmHU as Studied on a Single Molecule Level

C. Wagner, M. Salomo, U.F. Keyser, C. Gutsche, F. Kremer

The interaction of the histone-like protein TmHU (from Thermotoga maritima) to DNA
is analyzed on a single molecule level by use of optical tweezers [1, 2]. This technique
provides a nm-resolution in positioning a micron-sized colloid and an accuracy of
±50 fN in measuring the forces acting on it. As a further refinement, our set-up is now
accomplished with a fast feed-back loop (regulation frequency: 30 Hz) which allows
to carry out the experiment under conditions of a constant and adjustable force. The
proceeding of the condensation and its dependence on the applied force (2−40 pN) is
investigated (Fig. 3.13). At a pre-stretching of 2 pN the length of the DNA is reduced by
about 80 %. At higher forces, the reaction is disrupted at an incomplete level. The process
shows two distinct regimes that can be related to different organizational levels. The
condensation also shows a pronounced dependence on the concentration. By stretching
the TmHU/DNA-complex, it is possible to disrupt the proteins from the DNA. The
length of the smallest event conforms with the results of a simulated rupture.

[1] M. Salomo et al.: Microsc. Res. Techn. 70, 938 (2007)
[2] M. Salomo et al.: Molec. Biol. 359, 769 (2006)
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Figure 3.13: (a) The TmHU-induced condensation of the DNA at different force levels. The
proceeding of the condensation of the DNA as well as the shortening depend on the applied
force. (b) Stretching the TmHU/DNA-complex (v = 5 nm/s) after the condensation at a force
level of 10 pN (red line) compared to stretching of bare DNA (blue line). The complex shows
a plateau at 5−15 pN as well as an increased noise. Inset: Comparison of the step size of the
curves. In case of the TmHU-DNA-Complex there are seen larger steps. These are interpreted
as the disruption of single proteins from the DNA strand.

3.14 DNA Binding under the Action of the Protein E.coli

HU as Studied on a Single Molecule Level

C. Krause, C. Wagner, M. Salomo, J. Reinmuth, F. Kremer

In contrast to eucariotic histone proteins, not much is known about the interaction of
procaryotic histone-like proteins with DNA. Optical Tweezers enable one to analyse
the binding of the histone-like proteins TmHU (from Thermotoga maritima) and E.coli
HU-protein (from Escherichia coli) to DNA on a single molecule level [1, 2]. The proteins
act on the DNA by condensating it.

By use of a fast feedback-loop that allows to carry out the experiments under
constant force conditions the action of TmHU on DNA has been investigated. TmHU
consists of 90 amino acids residues and has a molecular mass of 9994 Da per monomer.
In solution it exists as a homodimer containing an a-helical “core” from which two b-
arms protrude. Values vor Kd for DNA vary from 5.6 to 73 nM depending on the method
and the length of the DNA. The Protein causes within a few seconds a shortening of
the DNA-length about 80 %. The dependence on the applied force and the protein
concentration allowed to unravel the kinetic and energetic of the reaction. Now similar
experiments on E.coli HU are ready to be realized. This HU-protein mainly exists as
a heterodimer containing two homologous subunits a and b, 9.5 kDa each. As can
easily be seen from Fig. 3.14, HU E.Coli binds to DNA very differently in comparison
with TmHU. Values for Kd for dsDNA can vary from 200 to 2500 nM according to
the experimental set-up. From the literature it is known that an introduction of Hu
E.Coli results in a decrease in the end-to-end length after approximately 800 s [4]. In
our Optical Tweezers experiments we now expect to detect a significant difference to
the reaction with TmHU.
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(a) (b)

Figure 3.14: (a) DNA binds to TmHU by bending it with an angle of 160◦ around the protein. (b)
Stereoviews of modeled HUab octameric unit of the left-handed multimer with DNA fragment
as a repeating unit of a spiral structure. The a-subunit is in red, and the b-subunit is in blue. [3]

[1] M. Salomo et al.: Microsc. Res. Techn. 70, 938 (2007)
[2] M. Salomo et al.: Molec. Biol. 359, 769 (2006)
[3] F. Guo, S. Adhya: Proc. Nat. Acad. Sci. 104, 4309 (2007)
[4] J. van Noort et al.: Proc. Nat. Acad. Sci. 101, 6969 (2004)

3.15 TmHU-DNA Binding Studied

by Atomic Force Microscopy

H. Brutzer, M. Salomo, U.F. Keyser, F. Kremer

In contrast to the well-characterized processes of formation and destabilization of com-
plexes from eukaryotic histones with DNA, little is known about interactions between
histone-like proteins from prokaryotes and DNA. These proteins also kink and bend
DNA leading to chromatin-like structures. The histone-like HU protein is nearly ubiqui-
tous in all bacteria. Especially TmHU from Thermotoga maritima exhibits some extraor-
dinary properties, such as the protection of DNA inside the bacterium against thermal
denaturation. Experiments with optical tweezers suggest the existence of a threshold
protein concentration for the formation of TmHU-DNA complexes [1]. Here we use
atomic force microscopy to study the concentration dependence by alternative means
and minimize influence by external forces. The end-to-end distance and the height of
the complexes were measured in dependence of protein concentration (50−5000 nM).
With increasing protein concentration the end-to-end distance decreases from 70 to
38 nm while the height increases from 0.7 to 2.2 nm for 250 bp dsDNA, indicative of the
formation of a globular structure of the TmHU-DNA complex (Fig. 3.15). Most likely
this originates from a secondary organizational level during TmHU-DNA binding ob-
served in optical tweezers experiments.

[1] M. Salomo et al.: Microsc. Res. Techn. 70, 938 (2007)
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Figure 3.15: End-to-end distance dependence of TmHU-DNA complexes on protein concentra-
tion. TmHU compacts the DNA above a concentration of 20 ng/ml.

3.16 Optical Tweezers to Investigate Receptor–Ligand

Interactions on a Single Contact Level

M. Salomo, C. Wagner, F. Kremer

The extraordinary features of optical tweezers [1, 2] having a nm-resolution in position-
ing a micron-sized colloid and an accuracy of (±50 fN) in measuring the forces acting on
it, enable one to study the interaction within a single receptor–ligand contact. For that

(a) (b)

Figure 3.16: (a) Micro-image of the two colloids and scheme of the experimental setup. For
investigating the interaction between a receptor–ligand pair, the particular interaction partners
are immobilized on the surface of microparticles. One of the particles is held by a micropipette,
the other one is trapped by the optical tweezers. (b) Force–distance trace. The particles are
approached until a force of 5 pN is reached (1). Afterwards the particles are pulled apart. Due
to a single contact between the P-Protein A and the Immunoglobuline P-RIgG the particle in
the optical trap is shifted out of the equilibrium position in the optical trap (2). When the force
reaches a certain level, the rupture of the binding between the receptor and the ligand can be
observed (3) [1].
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ligand and receptor molecules are immobilized on the surface of two different colloids.
By holding one of these by a micropipette and the other in the optical trap, it is pos-
sible to approach the particles until a certain contact force of typically 5 pN is reached
(Fig. 3.16). Directly afterwards the particles are pulled apart. If a receptor–ligand con-
tact was established, the forces of interaction cause the particle in the optical trap to
be shifted out of the equilibrium position in the optical trap. This approach benefits
additionally from the chance for the identical pair of colloids the measurements can be
repeated many times. Furthermore it is possible to modify the surrounding medium
(pH, ion concentration, etc.) and to study its effect on the binding-characteristics.

It is the goal of the present project to advance this approach to a novel automated
screening technique in single molecule bio-nano-technology. For that multifold hard-
and software developments have to be initiated.

[1] M. Salomo et al.: Microsc. Res. Techn. 70, 938 (2007)
[2] K. Kegler et al.: Phys. Rev. Lett. 98, 058 304 (2007)
[3] M. Salomo et al.: Eur. Biophys. J. 37, 927 (2007)

3.17 Localized Heating Effects

in Micro-Capillaries and Nanopores

J.H. Peters, U.F. Keyser

Optical tweezers are a powerful and widely used experimental tool in biological physics
including single molecule investigations. The strongly focused laser-beam in such
a setup can reach power densities in the order of 108 W/cm2 that cause significant
heating exceeding 10 K per Watt of incident laser power for a 1064-nm-Laser [1, 2].
As the reaction constants of biomolecules are temperature dependent, heating effects
should be considered in biophysical experiments. The ionic current through a chan-
nel or pore depends on the local temperature in a well-defined manner and hence (i)
can be used for temperature measurements with high spatial resolution [1] (ii) map
out the ionic current profiles in micron sized capillaries [3]. We compare experiments
using nanopores and micro-capillaries with numerical finite element calculations and
investigate the dependence of heating effects on parameters like geometry and thermal
conductivity of water and nanopore material (Fig. 3.17). We were able to confirm earlier
findings as the logarithmic dependence of the maximal temperature on the size of the
system [2] and also gain a more detailed insight into the temperature distribution found
in optical tweezers. The is also a strong correlation with impurities in the glass.

[1] U.F. Keyser et al.: Nano Lett. 5, 116 104 (2005)
[2] E. Peterman et al.: Biophys. J. 84, 1308 (2003)
[3] L.J. Steinbock et al.: Biosens. Bioelectron. 24, 2423 (2009),

doi:10.1016/j.bios.2008.12.026

http://dx.doi.org/10.1016/j.bios.2008.12.026
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Figure 3.17: Top: Microscope image (grey) and ionic current map of a micron-scale glass capillary.
Red denotes high ionic current and thus high temperature and blue denotes low ionic current
Temperature-distribution generated by a focussed (gaussian). Bottom: Ionic conductance map as
a function of laser position of a capillary with impurities attached to the glass. The Laser-beam
is strongly adsorbed by the impurities and leads to significant and localized heating patterns
detected by the ionic current measurements (green, yellow and red spots in the graph). These
correlate with optical microscope images (not shown).

3.18 Modeling of Colloidal Transport in Capillaries

G. Stober, L.J. Steinbock, U.F. Keyser

We dynamically model the passage of micron-sized colloids through micro-capillaries
in silicon [3, 4]. The computer model is able to reproduce the signal shape, the transition
time and the amplitude and baseline current with an accuracy of approximately 35 %.
This is achieved by computing the electrical field in the fluidic cell in dependence from
the geometry of the capillary orifice. Further, the model physics includes a numerical
implementation of a Hagen-Poisseuille flow profile in dependence of a free adjustable
fluidic cell geometry, the colloid size, the ion mobility, the ionic strength, the colloid
charge and coatings as well as the applied voltage [1, 2]. A simulated signal is given in
Fig. 3.18 and shows a quantitative agreement with a measured signal (Fig. 3.18b).

Additionally, the simulation of the gaussian noise allows to test the custom writ-
ten detection algorithm to determine the detection threshold for smallest observable
colloids.

[1] U.F. Keyser et al: Rev. Sci. Instrum. 77, 105 105 (2006)
[2] C. Gutsche et al.: Phys. Rev. E 76, 031 403 (2007)
[3] L.J. Steinbock et al.: Biosens. Bioelectron. 24, 2423 (2009),

doi:10.1016/j.bios.2008.12.026
[4] G. Stober et al.: J. Appl. Phys. 105, 084 702 (2009), doi:10.1063/1.3095761

http://dx.doi.org/10.1016/j.bios.2008.12.026
http://dx.doi.org/10.1063/1.3095761
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Figure 3.18: (a) Current as a function of time calculated for a typical capillary geometry showing
a sudden rise to the maximum amplitude and a gradual decay. The geometry of the capillary
required to use two different taper in the simulation, due to a not gradual opening of the orifice.
This simulation was carried out with similar settings as in the experiment, which used a colloid
of diameter 1 µm and a capillary with diameter of 3.5 µm and a taper (1) length of 70 µm and a
taper (2) with 930 µm. The NaCl concentration was 20 mMol. (b) The graph shows a detected
colloid for a similar capillary.

3.19 Sensing DNA-Coatings of Microparticles

Using Micropipettes

L.J. Steinbock, G. Stober, U.F. Keyser

The resistive pulse technique is widely used to detect the size of small particles in aque-
ous solutions. This work demonstrates that a few tens of DNA molecules and thus the
charges on a particle can be simply detected by pressure-driven translocation through
a microcapillary based Coulter counter [1]. The typical opening of the capillaries ranges
from 2 to 6µm. The custom-built system gives optical access using a high numerical
aperture objective allowing to observe colloids passing the sensing volume by optical
means. We show the feasibility of our setup by distinguishing colloids with one and
two micron diameters. Our measurements prove that a few ten strands of DNA bound
to the colloids can be detected. This can be achieved by simple comparison of current
amplitudes for blank and coated colloids at low salt concentrations (2−40 mMol NaCl).
Our results clearly demonstrate that the Coulter counter can be used to detect the sur-
face charges on colloids (Fig. 3.19). Moreover, the results are in good agreement with
a dynamical computer model taking into account the full geometry of the capillary [2].

[1] L.J. Steinbock et al.: Biosens. Bioelectron. 24, 2423 (2009),
doi:10.1016/j.bios.2008.12.026

[2] G. Stober et al.: J. Appl. Phys. 105, 084 702 (2009), doi:10.1063/1.3095761

http://dx.doi.org/10.1016/j.bios.2008.12.026
http://dx.doi.org/10.1063/1.3095761
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Figure 3.19: Left: Characteristic current signal (∆ current) as a function of time showing peaks
caused by the translocation of 1-µm (black) and 2-µm colloids (red). For better presentation the
mean current was subtracted. The inset illustrates the characteristics of a single translocation
event. The start of an event is defined once a certain current threshold is surpassed. The
difference between the baseline and peak current is defined as event amplitude. Once the
current reaches the baseline level the translocation event is defined as finished. The start and
termination point determines the duration of the translocation event. The ∆ current divided by
the actual potential gives the ∆ conductance value. Right: ∆ conductance values as function of
the NaCl concentration during translocation of blank and DNA-labeled colloids as red and black
lines, respectively. The capillary was 6 µm wide, colloid diameter was 1 µm and the pressure
10 mbar. Due to the charge of the grafted DNA molecules the ∆ conductance shows higher
values for the DNA than for the blank colloids. The standard error of the fits was less than 1 %
of the actual ∆ conductance value and lie therefore within the data points.
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4

Physics of Interfaces

4.1 Introduction

The activities of our group in 2008 were dominated by the transition into the sec-
ond funding period of our International Research Training Group (IRTG) ‘Diffusion
in Porous Materials’, including the presentation of our achievements during the past
four years and the defense of our proposal for continuation, in front of a prominent
international review panel. In addition to the aspired, wonderful outcome, namely the
extension of the (Dutch-NWO and German-DFG) sponsorship till 2013, with the Groups
of Profs. Krijn de Jong and Bert Weckhuysen (DECHEMA Awardee 2007) from Utrecht
University and of Profs. Jürgen Haase, Harald Krautscheid and Friedrich Kremer from
Leipzig University, as well as with Prof. Roger Gläser on the Chair of Chemical Tech-
nology, we received prominent reinforcement. It was this novel input which notably
ensured the intensification of the exchange of our students, with as much as five longer
stays of our students in the Netherlands in 2008, namely of Rungroj Chanajaree with
Prof. Coppens in Delft, of Muslim Dvoyashkin with Prof. Benes in Eindhoven, of Mar-
cel Gratz with Profs. Kopinga and Magusin in Eindhoven, of Aleksey Khokhlov with
Prof. Kapteijn in Delft and of Konstantin Ulrich with Prof. Petra de Jongh in Utrecht.

The activities of the IRTG were in particular catalyzed by the presence of our Amster-
dam IRTG partner, Prof. Rajamani Krishna, who was awarded a DFG Mercator Profes-
sorship at Leipzig University. His immediate influence notably contributed to a number
of ambitious publication projects (including two PRL papers as a respectable outcome)
which quite decisively promoted the progress in the work of our IRTG PhD students.

Among the manifold contacts all over the world, our IRTG notably benefitted from
those with US scientists, including Profs. D.M. Ruthven, University of Maine, presently
back to Leipzig as a Humboldt Research Awardee, and D.B. Shah, University of Ohio,
Cleveland, who sustains close contact with us as a former Mercator professor of our Uni-
versity. Particular emphasis deserves the cooperation with Prof. P. Monson, Amherst
University, Massachusetts. His lecture series and numerous discussions during a longer
stay in Leipzig initiated two fundamental papers on the interrelation between adsorp-
tion dynamics and hysteresis. Following his invitation to Amherst, one of our IRTG
students (Sergej Naumov) had a most productive (and agreeable) stay in the US.

We are particularly pleased that, within the frame of a joint initiative with the insti-
tute of inorganic chemistry, we are going to welcome Prof. R.Q. Snurr, Northwestern
University Evanston. Following a stay in our group as a Humboldt Fellow in 1994,
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he is now honoured with the Leibniz Professorship of our University. We are looking
forward to intensify our joint efforts in exploring the microdynamics of guest molecules
in metal-organic framework (MOFs), within the frame of a recently established DFG
priority programme. Finally, we enjoy the continued collaboration with our former
colleague Prof. S. Vasenkov, now at University of Florida, Gainesville, in a further DFG
priority programme on Molelcular Modelling.

Our research activities, together with those of our partners, led to two further
supra-regional research units, namely to an international research group dedicated to
the diffusion in zeolites, jointly sponsored by DFG, CNRS, EPSRC and NSF, and to
the Saxonian DFG Research Unit ‘From Local Constraints to Macroscopic Transport’,
ensuring the long-term exploration of molecular dynamics under confinement as one
of the hot topics within the priority research project From molecules and nano-objects
to multifunctional materials and processes (PbF1: Von Molekülen und Nanoobjekten
zu multifunktionalen Materialien und Prozessen) of Leipzig University.

It is with great sadness that we must report that Professor Harry Pfeifer passed away
on September 28th, 2008. He established our research group, the department of Physics
of Interfaces, and chaired it until 1994. We have lost an outstanding scientist, an excellent
mentor and a good friend. His interest in our work continued to the end and he would
certainly have been delighted to learn that Rustem Valiullin who, a couple of years ago,
joined us as a Humboldt fellow was awarded a DFG Heisenberg fellowship in October
2008. The continuing success of this research group stands as a tribute to his memory.

Jörg Kärger

4.2 Surface Permeabilities: An Unexploited Field

D. Tzoulaki, L. Heinke, J. Li∗, J. Kärger

∗Department of Chemistry and Chemical Biology, Rutgers University, Piscataway, USA

Within the scope of investigating a MOF material, attention was attracted by crys-
tals of Zn(tbip) [1], synthesized by the group of Prof. Jing Li (Rutgers University,
USA). These crystals are characterized as “guest-free microporous metal organic frame-
works” (GFMMOFs) and demonstrate an unusually high structural and thermal sta-
bility (they remain intact upon repeated heating at 330 ◦C). Zn(tbip) (tbip = 5-tert-butyl
isophthalate) are elongated, hexagonally prismatic crystallites and possess a 3D frame-
work with 1D channels running along the longitudinal axis.

Figure 4.1 provides the results of adsorption and desorption runs with a particu-
larly large number of permeability data for one crystal. Propane profiles provide us
both the boundary concentrations and surface fluxes which are used to determine the
surface permeability for each value of boundary concentration. These permeabilities
are indicated in Fig. 4.1 as large bullets and are obtained by (6) uptake and (6) release
experiments either under constant (5 runs for each process) or variable (1 run for each
process) pressure for propane. The projection of each large bullet on the bottom plane
gives the corresponding pair of the equilibrium and boundary concentration, provided
by the respective transient profiles monitored by interference microscopy.
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Figure 4.1: Surface permeability as a function of the equilibrium and the boundary concentration
of the crystal. Large bullets stand for surface permeabilities. Their projection on the bottom plane
gives the corresponding pair of equilibrium and boundary concentration. The inserted surface
(varying from black to red) represents the best fit to a dependency α = α

( ceq+csurf

2

)
. The open blue

symbols refer to the uptake under constant external pressure for an initial concentration of 0.5
to a final concentration of 0.9 molecules per segment.

It has been found that the transport diffusion coefficient remains, in princple, the
same in each crystal, since the pore space in every crystallite of the sample should be
identical [2]. On the contrary, the surface permeabilities readily vary between different
crystals [3].

[1] L. Pan et al.: J. Am. Chem. Soc. 128, 4180 (2006)
[2] L. Heinke et al.: Phys. Rev. Lett. 102, 065 901 (2009)
[3] D. Tzoulaki et al.: Assessing surface permeabilities from transient guest profiles in

nanoporous host materials, Angew. Chem., in press

4.3 Diffusion Measurements at Elevated Temperatures

F. Hibbe, T. Binder, S. Schlayer, J. Kärger

Interference microscopy (IFM), as introduced by Kärger et al. in 1978 [1] and brought to
systematical usage by Ulf Schemmert in 2001 [2], is a powerfull tool to investigate mass
transport in nanoporous, transparent host systems. After one decade filled with inter-
esting and so far unseen experimental results but only few advancements concerning
the experimental setup itself, the experimental setup and the methods used for data
preparation could be improved significantly.

New computer programs allow to reduce the time needed for data analysis from
several days down to few hours and help to correct systematical errors done during
the experiments, leading to better signal-to-noise ratios and smoother concentration
profiles (Fig. 4.2a). The experimental setup was improved by adding a temperature
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(a) (b)

Figure 4.2: (a) Time dependent, transient concentration profiles of propane in ferrierite obtained
by interference microscopy. (b) Uptake of propane in ferrierite for variable temperatures und
gas preasures.

control device, wich allows us to control the temperature during the experiment in the
range from room temperature up to approximatly 100 ◦C. With this device, it is now
possible to investigate the influence of elevated temperatures on the velocity of mass
transport, the total amount of adsorbed material meq (Fig. 4.2b) and the barriers that
often occur on crystal surfaces and hinder the transport process [3].

[1] J. Kärger et al.: Feingerätetechnik 27. Jg. 12, 539 (1978)
[2] U. Schemmert: PhD Thesis, Universität Leipzig (2001)
[3] L. Heinke et al.: Adsorption 23, 215 (2007)

4.4 Adsorption and Diffusion of Alkanes

in Cu3(BTC)2 Crystals Investigated Using

FTIR Microscopy and Molecular Simulations

C. Chmelik, L. Heinke, M. Wiebcke∗, J. Caro∗, J.M. van Baten†, R. Krishna†, J. Kärger
∗Institut für Physikalische Chemie und Elektrochemie, Leibniz University Hannover
†Van ’t Hoff Institute for Molecular Sciences, University of Amsterdam, The Netherlands

In recent years there has been a remarkable upsurge in research activity on metal-
organic frameworks (MOFs), in view of several potential applications in storage, sepa-
rations, and catalysis. In the development of separation technologies using MOFs, data
are required on both adsorption and diffusion of guest molecules.

The current work focuses on one important MOF, i.e. CuBTC (Cu3(BTC)2 with
BTC=benzene-1,3,5-tricarboxylate). Our major objective is to gain insights into the
adsorption and diffusion of a variety of linear and branched alkanes in CuBTC, with
a view to examining the potential of this material in alkane separations. Our study uses
a combination of molecular simulations (Configurational-Bias Monte Carlo (CBMC)
for adsorption, and MD for diffusion), and Infra-red Microscopy (IRM) [1].
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Figure 4.3: Occupancy dependence of the Maxwell–Stefan diffusivity Ði, and the inverse ther-
modynamic factor 1/Γi of n-butane in CuBTC. The symbols represent Ði values backed out from
IRM experiments, and the continuous solid lines are derived from IRM isotherm fits.

Both, experiments and simulations show strong inflection characteristics in the ad-
sorption isotherms. The primary cause of the inflection is due to the strong preference
for adsorption within, and in the regions close to the mouths of tetrahedral pockets. The
isotherm inflection has a significant influence on the dependence of the Maxwell–Stefan
diffusivity, Ði, on the fractional occupancy, Θi. Both IRM experiments and simulations
show that the Ði−Θi behaviour appears to be influenced by the loading dependence of
the inverse thermodynamic factor 1/Γi = d lnΘi/d ln pi (Fig. 4.3). This work highlights
the rich features of adsorption and diffusion of alkanes in CuBTC. Our study pro-
vides a platform for further research on diffusion in CuBTC and will aid in separation
technology development using MOFs.

[1] C. Chmelik et al.: Micropor. Mesopor. Mater. 117, 22 (2009)

4.5 Diffusion of n-Butane/iso-Butane Mixtures

in Individual Silicalite-1 Investigated Using

Infrared Microscopy

C. Chmelik, L. Heinke, J.M. van Baten∗, R. Krishna∗, J. Kärger
∗Van ’t Hoff Institute for Molecular Sciences, University of Amsterdam, The Netherlands

Adsorption and diffusion of n-butane/iso-butane mixtures in individual silicalite-1 crys-
tals has been investigated using infrared (IR) microscopy and computer simulations [1].
The experimental data of the equilibrium sorption isotherm have been found to be in
excellent agreement with the isotherm obtained from CBMC simulations (Fig. 4.4a).
The simulation results could be used to calibrate the IR data enabling the determina-
tion of absolute concentration in the experiments. The n-butane counter-uptake under
presence of iso-butane has been investigated for different initial iso-butane loadings
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(a) (b)

Figure 4.4: (a) CBMC isotherms for single components (connected full symbols) and 50:50 gas
mixture (connected open symbols) of nC4 and iC4 in silicalite-1. The simulations are compared
with experimental results obtained by IRM. (b) Impact of different initial iC4 loadings on the
counter-uptake of nC4. The rate of nC4 is determined by the availability of free sites, i.e. by the
release of iC4.

between zero and 4 molecules per unit cell (Fig. 4.4b). The n-butane uptake was found
to be limited by the availability of free sites rather than the n-butane diffusivity. The
availability of free sites, in turn, is determined by the rate at which iso-butane desorbs
from the crystal. The large difference in the diffusivity by about two orders of magnitude
implicates that the much more immobile iso-butane is able to shield network regions
from n-butane by occupying and blocking channel intersections, which act as preferred
sites for iso-butane. A site-percolation threshold given by the number of iso-butane
molecules blocking these traffic junctions has been found to nicely describe the fraction
of network regions which are initially inaccessible for n-butane. The reported work is
relevant not only in the modelling and design of zeolite membrane permeation pro-
cesses, but also for catalytic processes in which one of the reactants (such as iso-alkanes,
or benzene) is located preferentially at the intersections of MFI-type crystals.

[1] C. Chmelik et al.: Diffusion of n-butane/iso-butane Mixtures in Silicalite-1 Investi-
gated Using Infrared (IR) Microscopy, Micropor. Mesopor. Mater. (2009), in press

4.6 Dynamics of Triblock Copolymers in SBA-15

K. Ulrich, P. Galvosas, F. Grinberg∗, J. Kärger, J. Vernimmen†, V. Meynen†, P. Cool†

∗Institute of Neurosciences and Biophysics Medicine, Research Centre Jülich
†Department of Chemistry, University of Antwerpen, Belgium

Amphiphilic symmetric triblock copolymers (BCP) find widespread applications in
drug delivery, gene therapy and in molecular engineering. In particular Pluronic BCPs
are used as templates for synthesising the silica-based SBA-15 materials with cylindrical
pores [1]. Recently it was demonstrated that invaluable information on the influence
of the phase states and structure morphology on molecular diffusion of BCP can be
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Figure 4.5: Diffusion coefficients D of the polymer P123 confined in SBA-15 as a function of
temperature.

obtained with the help of the PFG NMR [2]. In spite of the wide-spread use of self-
assembling molecules in synthesis of the novel mesoporous materials, there is little
knowledge about the phase and transport properties of such systems when they are
confined in pores. Understanding the molecular dynamics of the BCPs in SBA-15 has
a great importance for modifying and optimizing synthesis routes. The purpose of
this work is the study of the effects of the nanoscaled confinements on molecular
self-assembly and self-diffusion of BCP.

The diffusivity of Pluronic P123 ((EO)20-(PO)70-(EO)20) was measured using PFG
NMR in combination with ultra-high magnetic field gradients. This technique allows
monitoring translational dynamics in the range of 100 nm and several microns First
diffusion study was performed with the P123+water system confined in the meso-
porous SBA-15. Figure 4.5 shows diffusion of Pluronic P123 in SBA-15. With decreasing
temperatures, the molecular diffusivity increases step-like. This is a consequence of the
increasing solubilisation of the PO block below 15 ◦C which counteracts self-assemblage.
In fact, yielding a diffusivity close to that of PEO in solution, the Pluronics diffusion now
occurs by individually dissolved chains rather than by chain aggregations. The results
obtained can be discussed in terms of the constraints imposed by specific molecular
ordering and pore walls on the diffusion mechanisms.

[1] W.J.J. Stevens et al.: J. Phys Chem. B. 110, 9183(2006)
[2] K. Ulrich et al.: Phys. Rev. Lett. 102, 98 (2009)

4.7 Assessing the Pore Critical Point of a Confined Fluid

by Diffusion Measurement

M. Dvoyashkin, P. Zeigermann, R. Valiullin, J. Kärger

Supercritical fluids (SCF) represent a special class of fluids with physical properties
typical for both liquids and gases. With high densities as in the liquid state but, at
the same time, possessing dynamical properties typical of gases (high diffusivity, low
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viscosity), these fluids have become a powerful tool of modern chemical industry.
The use of SCF in such processes like heterogeneous catalysis, preparation of novel
mesoporous materials, separation, etc., may not only enhance their productivity but
also leads to completely new technological solutions and material properties.

In this study, by means of pulsed the field gradient NMR technique, we investigated
diffusion properties of confined n-pentane molecules undergoing phase transition to the
supercritical state within mesopores [1, 2]. Two porous glass materials as host systems
have been used: Vycor particles of about 500µm size having an internal mesoporous
structure with a mean pore diameter of about 5 nm and ERM FD121 with particles of
140−200µm size and with a pore diameter of about 15 nm.

The measured diffusivities of the bulk fluid and of the fluid in the pores are found to
increase with increasing temperature following an Arrhenius law [3], with a difference
in the absolute values caused by the tortuosity of the porous space (Fig. 4.6). As ex-
pected, for the bulk fluid the transition to the supercritical state takes place at the bulk
critical temperature, i.e. at 470 K for n-pentane. Around this temperature, the diffusion
coefficient increases by more than one order of magnitude in a temperature range of
only about 7 K.

Most importantly, however, around a certain temperature (ca. 438 K for Vycor and
ca. 458 K for ERM) below the bulk critical temperature a remarkable deviation from
the Arrhenius pattern in the intrapore diffusivities is observed. We anticipate that this
occurs due to the transition of the intrapore fluid to the supercritical, more mobile state.
Noteworthy, in the vicinity of this temperature the diffusivity of the bulk liquid does
not show any appreciable deviation from the normal behavior. Importantly, such type
of measurements can directly provide the pore critical temperature of fluids introduced
into porous solids.

Figure 4.6: Arrhenius plot of the bulk (open circles) and pore fluid (solid symbols) diffusivities for
n-pentane in Vycor porous glass (diamonds) and ERM (stars) as a function of temperature. The
vertical dashed lines show the positions of the bulk (black line) and pore critical points for Vycor
(brown) and ERM (blue).
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[1] M. Dvoyashkin et al.: Adsorption 13, 197 (2007)
[2] M. Dvoyashkin et al.: J. Am. Chem. Soc. 129, 10 344 (2007)
[3] R. Valiullin, M. Dvoyashkin: Adsorption 13, 239 (2007)

4.8 Network Effects within Independent Pores

S. Naumov, R. Valiullin, J. Kärger

Adsorption of gases by mesoporous materials at subcritical temperatures is often
accompanied by the phenomenon of hysteresis, i.e., the amount adsorbed depends
on whether the gas pressure of the surrounding atmosphere is increased (adsorption
branch) or decreased (desorption branch). Such a behavior is generally associated with
confinement effects upon condensation and evaporation transitions occurring in pores.
In addition to shifts of the transition pressures as compared to the bulk one, variation
of pore sizes within a material may lead to evaporation or condensation occcuring over
a range of pressures. In the simplest way, this may be governed by the distribution
of the pore sizes. It has already long ago been noted that for an array of independent
pores with different pore sizes both desorption and adsorption branches should be
affected in the same way, i.e., these two branches should be parallel to each other. Ex-
periments, however, often reveal asymmetric hysteresis loops. This is typically the case
for materials with highly networked pore structures, such as random porous glasses,
and the asymmetry of the hysteresis is generally considered as a consequence of the
interconnectivity of the pores.

Recently, porous silicon (PSi) materials, obtained using electrochemical etching of
single crystals, have emerged as a promising, potential candidate for studying the
effects of pore structure on phase equilibria in pores. It has been shown that by proper
tuning of the fabrication conditions PSi with independent, linear pores up to a few

(a) (b)

Figure 4.7: (a) Adsorption (open symbols) and desorption (black symbols) isotherms for nitrogen
in porous silicon at 77 K as a function of pressure. (b) Adsorption and desorption isotherms
calculated by means of the mean field theory for the model of linear channels with mesoscalic
disorder.
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Figure 4.8: The fluid density profiles in linear pores obtained using MFT calculations. Adsorp-
tion is followed by desorption.

hundred micrometres in length can be obtained. A number of different experimental
methods have been used to verify the absence of the intersections between individual
channels [1]. Importantly, the fabrication procedure also allows some control of the
shape of the pores [2]. Given such attractive options for structural control, PSi has
been extensively used for experimental studies. However, the experiments revealed
some unexpected, apparently counterintuitive results. The main observation is the
similarity of the sorption behavior in the linear independen channles of PSi to that of
the disordered 3D pore network (Fig. 4.7a).

In light of such challenging experimental results, we have performed a study using
mean field theory (MFT) of a lattice gas [3] of how disorder in linear pores may affect
sorption behavior. It was found that all the experimental findings described above can
be comprehensively explained taking account of strong mesoscalic disorder of the pore
diameter as shown in Fig. 4.8.

[1] S. Naumov et al.: Phys. Rev. E Rapid 78, 060 601 (2008)
[2] A. Khokhlov et al.: New J. Phys. 9, 272 (2007)
[3] P. Monson: J. Chem. Phys. 128, 0021 (2008)

4.9 Freezing Kinetics in Linear Pores with Disorder

D. Kondrashova, A. Khokhlov, R. Valiullin, J. Kärger

Recent progress in the synthesis of nanoporous materials with controlled structural
properties made it possible to address various phenomena occurring in mesoscalic
molecular systems. Among them, different aspects of fluid phase transitions could now
be related to the structural properties of mesoporous matrices. In this work, we take
advantage of the option to prepare mesoporous silicon with linear, tailor-made pores
and thus to study the process of freezing of a fluid under well-defined conditions of
confinement [1]. In an ideal cylindrical pore one expects a reduction of the freezing
temperature in proportion to the pore size. In the material under study, however,
freezing starts already before the transition temperature corresponding to the average
pore size is reached. This is referred to the fact that the material possesses a certain
degree of disorder, namely a pore size distribution along the pore axis.
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Figure 4.9: Freezing front propagation into a disordered linear pore of mesoporous silicon.

In this work, we have experimentally studied the kinetics of this process using NMR.
We found it to be very slow and to depend on temperature. Thus, at sufficiently high
temperatures, power-law dependencies are typically observed in a certain range of the
observation times. We suggest a simple thermodynamical model capturing the main
features observed in the experiments. It takes account of the fact that the propagation
of the solidification front into a pore having a certain degree of disorder (Fig. 4.9)
may require overcoming temperature- and pore-size-dependent barriers in the free
energy [2]. This, thus, leads to the activated character of the freezing process under
certain conditions, where the geometrical disorder in the pore structure results in
a very broad range of characteristic microscopic times. As a particular point, computer
simulations performed with the use of this model predict that, at a certain temperature,
the solidification front may exhibit a behavior typical of Sinai diffusion [3].

[1] M. Dvoyashkin et al.: J. Chem. Phys. 129, 154 702 (2008)
[2] R. Denoyel, R.J.M. Pellenq: Langmuir 18, 2710 (2002)
[3] C. Monthus, T. Garel: Phys. Rev. E 78, 041 133 (2008)

4.10 Crystallization of Zeolite MFI under Super-Gravity,

Studied in situ by 11B MAS NMR Spectroscopy

E.E. Romanova, F. Scheffler∗, D. Freude
∗Department for Technical Chemistry, Otto-von-Guericke University, Magdeburg

Zeolites find extensive use in industrial applications as catalysts, adsorbent, selective
membranes and ion exchangers. Their performance in these applications is strongly
determined by structure type, crystal size and morphology [1]. The synthesis of zeo-
lite crystals in space has attracted attention, since micro-gravity offers convection- and
sedimentation-free conditions [2]. Crystals of different size and character compared
to those grown on earth upon standard gravity of 1 g could be synthesized aboard
the International Space Station (ISS), see Kirschhock et al. [3] and Manning et al. [4].
Opposite to micro-gravity, the understanding of the crystal growth mechanism un-
der high-gravity conditions is still poorly investigated. There are only a few groups
who have performed zeolite crystallization under conditions of elevated gravity up to
100 g [5, 6]. However, macro-gravity is an important complement to micro-gravity; and
corresponding investigations are less expensive.
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Figure 4.10: Semi-logarithmic plot of the percentage of the boron, which moved from the
synthesis mixture into the zeolite framework.

The present 11B MAS NMR study demonstrates in situ the synthesis of MFI-type
zeolite under macro-gravity up to 128 000 g. The centrifugal acceleration a of material
having the distance r to the rotational axis leads to an elevated gravity a = ω2r, where
ω denotes the MAS angular frequency. The MAS frequency was varied from 2 to
4 kHz. Correspondingly, the synthesis of zeolites was carried out under gravity of
32 000 g as well as under 72 000 g and 128 000 g at the reaction temperature of 95 ◦C. The
same synthesis has been performed in an oven at 95 ◦C in a steel vessel and in a non-
rotating quartz tube. The products of the syntheses in the oven were investigated by
11B MAS NMR spectroscopy at room temperature. Three parameters of crystallization
were determined from Fig. 4.10. The first parameter is the crystallization onset which
corresponds to the time at which we observe 10−12 % of the total boron in the zeolite. We
obtain 12 h, 14 h, 16 h and 24 h for 1 g, 32 000 g, 72 000 g, and 128 000 g, respectively. The
second parameter is the yield of crystallization, which corresponds to the percentage
of boron after 72 h. The values are 43.0 %, 30.2 %, 25.1 % and 21.9 % for 1 g, 32 000 g,
72 000 g, and 128 000 g, respectively. As a third parameter we determined the rate of
crystallization from the slope of the plots in Fig. 4.10. Rates of 1.3 %, 0.5 %, 0.4 % and
0.4 % were found for 1 g, 32 000 g, 72 000 g, and 128 000 g, respectively.

The statements derived from the three parameters are that the crystallization onset
increases from 12 to 24 h, the crystallization rate decreases from 1.3 % to 0.4 % and the
yield of crystallization decreases from 43.0 % to 21.9 %, for 1 g and 128 000 g, respec-
tively. Although the parameters of crystallization degrades with increasing gravity, the
difference between crystallization under 128 000 g, 72 000 g, and 32 000 g is relatively
low. Then the conclusion is that the increase of gravity from 1 g to 128 000 g degrades
significantly the synthesis condition, but the parameters downgrade by less than one
order of magnitude

[1] R. Xu et al.: Chemistry of Zeolites and Related Porous Materials: Synthesis and
Structure, (Wiley, Weinheim 2007)

[2] Z.A.D. Lethbridge et al.: Micropor. Mesopor. Mater. 79, 339 (2005)
[3] C. Kirschhock et al.: Stud. Surf. Sci. Catal. 154, 139 (2004)
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[4] M.P. Manning et al.: Stud. Surf. Sci. Catal. 154, 147 (2004)
[5] H.H. Xu et al.: Zeolites 19, 119 (1997)
[6] Y. Kiyozumi et al.: Nippon Kagaku Kaishi 4, 320 (1995)

4.11 Polysaccharide Salt Hydrogels for Controlled

Internal Curing of Hydrating Cements

K. Friedemann, F. Stallmach, J. Kärger

Using non-destructively operating low-field 1H NMR relaxometry, hydrogels of differ-
ent polysaccharides were investigated for their suitability for controlling the release
of internal water during hydration of ordinary Portland cements. The polysaccharide
hydrogels (calcium and aluminium carboxlates and sulfates) differ with respect to
the chemical structure, the functional groups as well as the cations stabilizing the gel
structure. It was found that they release the water to the cement mainly during the
accelerated period of cement hydration. The transition of water starts at a degree of
hydration of about 0.1. The water in the hydrogels is consumed completely by the ce-
ment hydration at a degree of hydration of approximately 0.7 (Fig. 4.11a). Based on our
results of NMR relaxometry the development of the volume fractions of water inside
the hydrogel, of the capillary bound water, of water in gel pores, of the solid hydration
products and of the unhydrated cement was quantified according to Powers hydration
model [1] (Fig. 4.11b). The results are discussed in detail in [2].

(a) (b)

Figure 4.11: (a) The content of water in five different hydrogels in dependence on the degree
of hydration. The initial water content (10 %) refers to the relative amount of water, detected
inside of the hydrogel directly after sample preparation. (b) Volumetric phase distribution in
dependence on the degree of hydration αH for a hydrating cement with internal curing by
hydrogel, w/c0 = 0.275 + 0.025. It is shown that αH is increased and the extent of chemical
shrinkage can be reduced by internal curing.

[1] T.C. Powers, T.L. Brownyard: J. Am. Concrete I. 43, 101 (1946)
[2] K. Friedemann et al.: Cement Concrete Comp. 31 244 (2009)
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4.12 Self-Diffusion in CuBTC Monitored by PFG NMR

M. Wehring, J. Gascon∗, F. Kapteijn∗, F. Stallmach
∗DelftChemTech, Delft University of Technology, Netherlands

In the field of synthesised porous materials the invention of metal organic frameworks
(MOF) has attracted a great deal of attention during the last years. So far most of the
studies about host-guest interactions of hydrocarbons inside the pores of the MOFs
are computer simulations or adsorption studies. For the development of applications
using MOFs like gas separation, gas storage or heterogeneous catalysis the knowledge
of diffusion of adsorbed hydrocarbons is important.

This study focuses on the MOF copper(II) benzene-1,3,5-tricarboxylate
(Cu3(BTC)2(H2O)3 (CuBTC)), which was first synthesised by Chui et al. [1]. In the
current work, the self-diffusion of butane and butene adsorbed in CuBTC is investi-
gated experimentally by (1H) pulsed field gradient nuclear magnetic resonance (PFG
NMR)[2]. The self-diffusion measurements were carried out in a temperature range
from 193 K to 353 K and the activation energy of self-diffusion were determined. The
spin echo attenuations show a strictly mono-exponential behaviour (Fig. 4.12a). De-
pending on the temperature, the intracrystaline self-diffusion coefficient varies between
10−11 m2s−1 and 10−10 m2s−1 (Fig. 4.12b). The activation energy of butane (8.5 kJ/mol) is
found to be slightly smaller than that of butene (9.7 kJ/mol) [3].

(a) (b)

Figure 4.12: (a) Spin echo attenuation of butane adsorbed in CuBTC for temperatures of T =
193 K (+), 253 K (H), 313 K (◦), 333 K (△). (b) Intracrystalline self-diffusion coefficients of butane
(black diamonds) and butene (stars), with the corresponding activation energies of self-diffusion.

[1] S.S.Y. Chui et al.: Science 283, 1148 (1999)
[2] F. Stallmach, P. Galvosas: Ann. Rep. NMR Spectrosc. 61, 51 (2007)
[3] M. Wehring et al.: Poster at the 1. Int. Conf. Metal Organic Frameworks and Open

Framework Compounds (MOF2008), Augsburg, Germany, 08. – 10. October 2008
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4.13 Molecular Exchange of n-Pentane in NaX Zeolite

Investigated by DEXSY

M. Gratz, P. Galvosas

We recently investigated the exchange behaviour of n-pentane among its free phase and
a phase being confined in the microporous NaX zeolite. Therefore we used the diffusion
exchange spectroscopy (DEXSY) as suggested in [1], which was adapted to the use of
ultra-high pulsed magnetic field gradients [2] as outlined in [3]. The DEXSY experiment
consists of two NMR spin echo experiments, which are separated by a mixing time τm.
The pairs of pulsed field gradients as incorporated in each spin echo sub-sequence are
raised independently, thus leading to a 2D NMR signal map. With the help of an inverse
2D Laplace transformation of this map one may obtain the distribution p(D1,D2), which
is shown for a mixing time of 500 ms in Fig. 4.13a.

Starting with small mixing times τm, molecules are not able to pass over to the
other phase, thus not changing their motional behaviour. Hence, the transformed map
yields only two diagonal peaks (D1 = D2). For increasing mixing times, off-diagonal
(exchange) peaks raise, since for longer τm the probability for a molecule to migrate
from the zeolite to the free phase (D1 < D2) and vice verse (D1 > D2) increases.

An analysis of the growth of all occurring peaks (Fig. 4.13b) yields an exchange time
of τexch = (460±50) ms (see [3] for details). This value is much bigger than that, one
would expect for an exchange process, which is limited by intra-crystalline diffusion
only. Thus, we conclude, that the exchange is also controlled by the surface of the zeolite.

(a) (b)

Figure 4.13: Results of the DEXSY experiments: (a) Exchange map from the DEXSY using the
mixing time τm = 500 ms. (b) Intensities of the exchange peaks (▽ and H) and the free (△) and
adsorbed peaks (N) and their corresponding fits (solid line), as well as the sum of all intensities
(dashed line).

[1] P.T. Callaghan et al.: Magn. Reson. Imaging 21, 243 (2003)
[2] P. Galvosas et al.: J. Magn. Reson. 151, 260 (2001)
[3] M. Gratz et al.: Multidimensional NMR diffusion studies in microporous materials,

Micropor. Mesopor. Mater. (2009), in press
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Pore Sizes in Porous Silicon by Scanning Electron Microscopy and NMR Cryoporome-
try, J. Surf. Invest. X-ray, Synchr. Neutr. Techn. 2, 919 (2008)

A.G. Khokhlov, R.R. Valiullin, M.A. Stepovich, J. Kärger: Characterization of Pore Size
Distribution in Porous Silicon by NMR Cryoporosimetry and Adsorption Methods,
Colloid J. 70, 507 (2008)

M. Krutyeva, J. Kärger: NMR Diffusometry with Beds of Nanoporous Host Particles:
An Assessment of Mass Transfer in Compartmented Two-Phase Systems, Langmuir 24,
10 474 (2008)

S. Naumov, A. Khokhlov, R. Valiullin, J. Kärger: Understanding Capillary Condensation
and Hysteresis in Porous Silicon: Network Effects within Independent Pores, Phys.
Rev. E 78, 060 601 (2008)

S. Naumov, R. Valiullin, J. Kärger, R. Pitchumani, M.-O. Coppens: Tracing Pore Con-
nectivity and Architecture in Nanostructured Silica SBA-15, Micropor. Mesopor. Mater.
110, 37 (2008)

S. Naumov, R. Valiullin, P.A. Monson, J. Kärger: Probing Memory Effects in Confined
Fluids via Diffusion Measurements, Langmuir 24, 6429 (2008)

E.E. Romanova, C.B. Krause, A.G. Stepanov, W. Schmidt, J.M. van Baten, R. Krishna,
A. Pampel, J. Kärger, D. Freude: 1H NMR Signal Broadening in Spectra of Alkane
Molecules Adsorbed on MFI Type Zeolites Solid State Nucl. Magn. Reson. 33, 65 (2008)
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D. Tzoulaki, L. Heinke, W. Schmidt, U. Wilczok, J. Kärger: Exploring Crystal Morphol-
ogy of Nanoporous Hosts from Transient Guest Profiles, Angew. Chem. Int. Ed. 47,
3954 (2008)

D. Tzoulaki, W. Schmidt, U. Wilczok, J. Kärger: Formation of Surface Barriers on
Silicalite-1 Crystal Fragments by Residual Water Vapour as Probed with Isobutane
by Interference Microscopy, Micropor. Mesopor. Mater. 110, 72 (2008)

K. Ulrich, M. Sanders, F. Grindberg, P. Galvosas, S. Vasenkov: Application of PFG NMR
with High Gradient Strength for Studies of Self-Diffusion in Lipid Membranes on the
Nanoscale, Langmuir 24, 7365 (2008)

S. Zschiegner, S. Russ, R. Valiullin, M.-O. Coppens, A.J. Dammers, A. Bunde, J. Kärger:
Normal and Anomalous Diffusion of Non-Interacting Particles in Linear Nanopores,
Eur. Phys. J. 161, 109 (2008)
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F. Grinberg: NMR of constrained fluids, in Magnetic Resonance Imaging, ed. by J. Sey-
mour, S. Codd (Wiley, Weinheim 2008) p 534

G. Kalies: Der flüssige Zustand, in Alles fließt, Dimensionen des Wassers, ed. by
E. Schenkel, A. Lempert (Peter Lang Verlag für Wissenschaften, Frankfurt am Main
2008) p 55

J. Kärger: Application of IR Spectroscopy, IR Microscopy, and Optical Interference
Microscopy to Diffusion in Zeolites, in Adsorption and Diffusion, ed. by H. Karge,
J. Weitkamp (Springer, Berlin 2008) p 135

J. Kärger: Determination of Diffusion Coefficents in Porous Media, in Handbook of
Heterogeneous Catalysis, ed. by G. Ertl, H. Knözinger, F. Schüth, J. Weitkamp (Wiley,
Weinheim 2008) p 1714

J. Kärger: Diffusion Measurements by NMR Techniques, in Adsorption and Diffusion,
ed. by H. Karge, J. Weitkamp (Springer, Berlin 2008) p 85

J. Kärger: Single-File Diffusion in Zeolites, in Adsorption and Diffusion, ed. by H. Karge,
J. Weitkamp (Springer, Berlin 2008) p 329

J. Kärger, R. Valiullin: History-Dependent Molecular Dynamics in Nanoporous Host
Matrices, in Physik-Statistik-Informationen, ed. by W. Eisenberg, U. Renner, S. Trimper,
B. Fritzsche, K. Vogelsang (Universitätsverlag Leipzig, Leipzig 2008) p 74

R. Valiullin, J. Kärger: Anomalous Molecular Dynamics in Confined Spaces, in Anoma-
lous Transport: Foundations and Applications, ed. by R. Klages, G. Radons, I.M. Sokolov
(Wiley, Weihnheim 2008)
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in press

C. Chmelik, L. Heinke, J.M. van Baten, R. Krishna: Diffusion of n-Butane/iso-Butane
Mixtures in Silicalite-1 Investigated Using Infrared (IR) Microscopy, Micropor. Meso-
por. Mater.

K. Friedemann, F. Stallmach, J. Kärger: Carboxylates and Sulfates of Polysaccharides
for Controlled Internal Water Release During Cement Hydration, Cement Concrete
Comp.

M. Gratz, M. Wehring, P. Galvosas, F. Stallmach: Multidimensional NMR Diffusion
Studies in Microporous Materials, Micropor. Mesopor. Mater.

D. Tzoulaki, L. Heinke, J. Li, H. Lim, D. Olson, J. Caro, R. Krishna, C. Chmelik, J. Kärger:
Assessing Surface Permeabilities From Transient Guest Profiles in Nanoporous Mate-
rials, Angew. Chem.

Talks

C. Chmelik, F. Grinberg, J. Kärger: The Evidence of Microscopic Diffusion Measurement:
Surprises and Miracles (invited plenary lecture), 1. Int. Workshop Nanopor. Mater.
Energy Env. (NAPEN 2008), Chania, Crete, Greece, 12. – 15. October 2008

C. Chmelik, L. Heinke, J. Kärger, W. Schmidt, J.M. van Baten, R. Krishna: Inflection in
the Loading Dependence of the Maxwell-Stefan Diffusivity of iso-Butane in MFI-type
Zeolites, 1. Int. Workshop Nanopor. Mater. Energy Env. (NAPEN 2008), Chania, Crete,
Greece, 12. – 15. October 2008

C. Chmelik, L. Heinke, J. Kärger, M. Wiebcke, J. Caro, J.M. van Baten, R. Krishna:
Adsorption and Diffusion of Alkanes in Cu3BTC2 Crystals Investigated Using FTIR
Microscopy and Molecular Simulations, 1. Int. Workshop Nanopor. Mater. Energy Env.
(NAPEN 2008), Chania, Crete, Greece, 12. – 15. October 2008

C. Chmelik, J. Kärger, R. Krishna, M. Wiebcke, J. Caro: Adsorption and Diffusion of
Guest Molecules in Single Cu3BTC2 Crystals Studied by FTIR Microscopy, 20. Deutsche
Zeolith-Tagung, Halle, Germany, 05. – 07. March 2008

C. Chmelik, J. Kärger, M. Wiebcke, J. Caro, J.M. van Baten, R. Krishna: Adsorption
and Diffusion of Alkanes in Single Cu3BTC2 Crystals Studied by IR Microscopy and
Molecular Simulations, 235. ACS National Meeting - Spring 2008, New Orleans, USA,
06. – 10. April 2008

C. Chmelik, S. Naumov: Diffusion Measurements in Porous Glasses (invited talk),
Institute for Chemistry, Martin-Luther-University Halle-Wittenberg, Halle, Germany,
19. December 2008

M. Dvoyashkin, R. Valiullin, J. Kärger, R. Gläser, W.-D. Einicke: Diffusion of Supercritical
Fluids in Mesoporous Materials Studied by PFG NMR, 11. Eur. Meeting Supercritical
Fluids, Barcelona, Spain, 04. – 07. May 2008
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M. Gratz, P. Galvosas: Investigation of Molecular Exchange Using DEXSY with Ultra-
High Pulsed Field Gradients, 9. Int. Bologna Conf. Magn. Reson. Porous Media
(MRPM9), Cambridge, USA, 13. – 17. July 2008

F. Grinberg: Diffusion and Structure in Self-Assembling Fluids Studied by NMR, AM-
PERE NMR School, Wierzba, Poland, 22. – 28. June 2008

F. Grinderg: Self-Assembly and Molecular Diffusion of Amphiphilic Blockcopolymers
in Mesopores, 9. Int. Bologna Conf. Magn. Reson. Porous Media (MRPM9), Cambridge,
USA, 13. – 17. July 2008

G. Kalies: Synthesis, Characterization and Adsorptive Application of Nanoporous
Solids, Minisymposium for Particle Synthesis, Friedrich-Alexander-University Erlan-
gen-Nürnberg, Erlangen, Germany, 08./09. Juni 2008

G. Kalies: Kontrolle der treibenden Kräfte für Keimbildung und Wachstum bei der
Nanopartikelsynthese, Minisymposium for Particle Synthesis, Friedrich-Alexander-
University Erlangen-Nürnberg, Erlangen, Germany, 08./09. Juni 2008

J. Kärger: The Beauty of Transient Concentration Profiles and their Evidence for Un-
derstanding Mass Transfer in Nanoporous Materials, colloquium at the Northwestern
University, Evanston, USA, 10. October 2008

J. Kärger: The Evidence of Microscopic Diffusion Measurement: Surprises and Miracles,
colloquium at the EXXON-MOBIL research center, Clinton, USA, 23. October 2008

J. Kärger: The Evidence of Microscopic Diffusion Measurement: Surprises and Miracles,
colloquium at the University of Massachusetts, Amherst, USA, 17. October 2008

J. Kärger: The Potentials of Diffusion Measurement by NMR: Exploring the Rate-
Determining Steps of Mass Transfer in Nanoporous Materials, colloquium at Rutgers
University, Piscataway, USA, 24. October 2008

J. Kärger: Studying Guest Diffusion in Nanoporous Hosts by Monitoring Transient
Concentration Profiles, 7. Brazil. Meeting Adsorption, Campina Grande, Brasil, 25. –
27. June 2008

J. Kärger: Unprecedented Options to Study Diffusion in Zeolites by Monitoring Tran-
sient Concentration Profiles, 58. Canad. Chem. Eng. Conf., Ottawa, Canada, 19. – 22.
October 2008

J. Kärger, A. Märcker, J. Gabke: Physikalische Spielereien, 129. Sonntagsvorlesung
an der Fakultät für Physik und Geowissenschaften, Universität Leipzig, Germany,
9. March 2008

S. Naumov: Diffusion Processes in Mesoporous Adsorbents Probed by PFG NMR, 20.
Deutsche Zeolith-Tagung, Halle, Germany, 05. – 07. March 2008

S. Naumov: Overview of the Department of Interface Physics, 1. Young Res. Meeting
INSIDE POReS, Delft, The Netherlands, 10./11. February 2008
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S. Naumov: Phase Transitions under Confinement: Deeper Insight using NMR, AM-
PERE NMR School, Wierzba, Poland, 22. – 28. June 2008

D. Tzoulaki: Silicalite-1 Crystals: A Study of their Morphology by means of Interference
Microscopy, 18. Int. Congress Chem. Proc. Eng. (CHISA 2008), Prague, Czech Republic,
24. – 28. August 2008

D. Tzoulaki: Unprecedented Insight into MOF Transport Properties by Monitoring
Transient Concentration Profiles, 1. Int. Conf. Metal Organic Frameworks and Open
Framework Compounds (MOF2008), Augsburg, Germany, 08. – 10. October 2008
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C. Chmelik, L. Heinke, J. Kärger, W. Schmidt, J.M. van Baten, R. Krishna: Inflection in
the Loading Dependence of the Maxwell-Stefan Diffusivity of iso-Butane in MFI-type
Zeolites, 1. Int. Workshop Nanopor. Mater. Energy Env. (NAPEN 2008), Chania, Crete,
Greece, 12. – 15. October 2008

C. Chmelik, L. Heinke, J. Kärger, M. Wiebcke, J. Caro, J.M. van Baten, R. Krishna:
Adsorption and Diffusion of Alkanes in Cu3(BTC)2 Crystals Investigated Using FTIR
Microscopy and Molecular Simulations, 1. Int. Conf. Metal Organic Frameworks and
Open Framework Compounds (MOF2008), Augsburg, Germany, 08. – 10. October 2008

C. Chmelik, L. Heinke, J. Kärger, M. Wiebcke, J. Caro, J.M. van Baten, R. Krishna:
Adsorption and Diffusion of Alkanes in Cu3BTC2 Crystals Investigated Using FTIR
Microscopy and Molecular Simulations, 1. Int. Workshop Nanopor. Mater. Energy Env.
(NAPEN 2008), Chania, Crete, Greece, 12. – 15. October 2008

C. Chmelik, L. Heinke, D.B. Shah, J. Kärger, J.M. van Baten, R. Krishna: Loading De-
pendence of the iso-Butane Diffusivity in Silicalite-1 Studied by IR Microscopy and
Computer Simulations, 4th Int. FEZA Conf., Paris, France, 02. – 06. September 2008

L. Heinke, C. Chmelik, S. Khajavi: Diffusion of Water in Sodalite, IRTG Meeting Diff.
Porous Mater., Leipzig, Germany, 18. February 2008

L. Heinke, C. Chmelik, J. Kärger: Analysing Transient Concentration Profiles in Nano-
porous Host Materials, 4th Int. FEZA Conf., Paris, France, 02. – 06. September 2008

L. Heinke, J. Kärger: IR Microscopy and Analytical Methods for Analyzing Intracrys-
talline Concentration Profiles, IRTG Meeting Diff. Porous Mater., Leipzig, Germany, 18.
February 2008

L. Heinke, P. Kortunov, D. Tzoulaki, J. Kärger: Exchange Dynamics at the Interface of
Nanoporous Materials with their Surroundings, 20. Deutsche Zeolith-Tagung, Halle,
Germany, 05. – 07. March 2008

L. Heinke, D. Tzoulaki, C. Chmelik, J. Kärger: Determining the Transport Parameters
in Nanoporous Materials from Transient Concentration Profiles, 1. Int. Conf. Metal
Organic Frameworks and Open Framework Compounds (MOF2008), Augsburg, Ger-
many, 08. – 10. October 2008
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L. Heinke, D. Tzoulaki, C. Chmelik, J. Kärger: Diffusion of Guest Molecules in MOFs:
A Detailed Analysis of Transient Concentration Profiles, 1. Int. Conf. Metal Organic
Frameworks and Open Framework Compounds (MOF2008), Augsburg, Germany, 08. –
10. October 2008

L. Heinke, D. Tzoulaki, C. Chmelik, R. Krishna, J. Kärger: Analysing Time-Dependend
Concentration Profiles in Nanoporous Host Materials Nanostruct. Mater. Membr. Train-
ings Course, Patras, Greece 18. – 27. June 2008

M. Gratz, C. Horch, S. Schlayer, P. Galvosas: Methodical Aspects of 2D NMR Spec-
troscopy under Conditions of Ultra-High Pulsed Field Gradients, 9. Int. Bologna Conf.
Magn. Reson. Porous Media (MRPM9), Cambridge, USA, 13. – 17. July 2008

E.E. Romanova, F. Grinberg, J. Kärger, D. Freude: Binary Liquid Mixtures and Liquid
Crystals Confined in Porous Glasses Studied by MAS PFG NMR, AMPERE NMR
School, Wierzba, Poland, 22. – 28. June 2008

E.E. Romanova, F. Grinberg, J. Kärger, D. Freude: MAS PFG NMR Diffusion Studies of
Liquid Crystals and Liquid Mixtures Confined in Porous Glasses, 9. Int. Bologna Conf.
Magn. Reson. Porous Media (MRPM9), Cambridge, USA, 13. – 17. July 2008

F. Stallmach, P. Galvosas, K. Friedemann: Understanding T2 Relaxation Times in Hard-
ening Cement Pastes Using the NMR Exchange and the Powers’ Hydration Models,
9. Int. Bologna Conf. Magn. Reson. Porous Media (MRPM9), Cambridge, USA, 13. – 17.
July 2008

D. Tzoulaki: Playing with Intracrystalline Concentration Profiles: A Detailed Study of
Zn(tbip) MOF Material, 1. Int. Workshop Nanopor. Mater. Energy Env. (NAPEN 2008),
Chania, Crete, Greece, 12. – 15. October 2008

D. Tzoulaki: The Striking Influence of the Amount of Silica on the Diffusion Properties
of SAPO STA-7 Samples investigated by Interference Microscopy, 20. Deutsche Zeolith-
Tagung, Halle, Germany, 05. – 07. March 2008

K. Ulrich, F. Grinberg, M. Krutyeva: Molecular Dynamics and Structure of Self-Assemb-
ling Systems Studied by NMR Techniques, EUROMAR-2008, St. Petersburg, Russia,
06 – 11. July 2008

M. Wehring, J. Gascon, F. Kapteijn, F. Stallmach: Self-Diffusion of Hydrocarbons in
CuBTC, 1. Int. Conf. Metal Organic Frameworks and Open Framework Compounds
(MOF2008), Augsburg, Germany, 08. – 10. October 2008

M. Wehring, J. Gascon, P. Magusin, F. Stallmach: High-Resolution NMR Diffusion Mea-
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4.18 Graduations

Doctorate

• Christian Chmelik
Orts- und zeitaufgelöste Untersuchungen der intrakristallinen Diffusion in Zeolithen
mittels FTIR-Mikroskopie
February 2008

• Moises Fernandez Perez
Mixture diffusion in porous media studied by MAS PFG NMR
June 2008

• Oraphan Saengsawang
Rotation and diffusion of n-pentane in the zeolite ZK5
July 2008

• Wiete Schönfelder
Studying petrophysical and geotechnical parameters by multi-dimensional NMR
methods
July 2008

• Konstantin Ulrich
Diffusion measurements in nanomaterials using PFG NMR with ultra-high magnetic
field gradients
September 2008

• Stephan Zschiegner
Self- and transport diffusion in narrow pores in the Knudsen regime
October 2008

Diploma

• Marcel Gratz
Nutzung von ultra-hohen gepulsten magnetischen Feldgradienten zur Untersuchung
von Korrelation und Austausch in mehrdimensionalen NMR-Experimenten
January 2008

• Florian Hibbe
Interferenzmikroskopische Untersuchung der Temperaturabhängigkeit transienter
Konzentrationsprofile in nanoporösen Materialien
November 2008

• Carsten Horch
Konstruktion und Aufbau eines Messsystems zur NMR-Relaxometrie unter hohen
statischen Gasdrücken
December 2008

4.19 Guests

• Rajamani Krishna
Van’t Hoff Institute for Molecular Science, Amsterdam, The Netherlands
15. February – 14. July 2008
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• Alexander Stepanov
Boreskov Institute of Catalysis, Novosibirsk, Russia
30. April – 01. July 2008 and 01. November 2008 – 31. March 2009

• Mikkail Stepovich
University of Kaluga, Russia
10. October – 31. December 2008

• Sergey Vasenkov
Department of Chemical Engineering, University of Florida, Gainesville, USA
21. July – 04. August 2008

• Peter Moson
Department of Chemical Engineering, University of Massachusetts, Amherst, USA
15. June – 31. July 2008

4.20 Awards

• Dr. Rustem Valiullin
Heisenberg Fellowship (DFG)
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5

Soft Matter Physics

5.1 General Scientific Goals - Polymers and Membranes

in Cells

In his book “What is Life?”, Schrödinger recognized the immense challenge to explain
biological processes by basic physics and chemistry. Consequentially, traditional medi-
cal physics had predominately the role to develop devices for medicine such as sophis-
ticated imaging solutions (X-ray, NMR, multiphoton) or laser scalpels. Commencing
with Watson and Crick, science has gained tremendous insight into the molecular ba-
sis of biological cells. Over 25 000 genes encode the information of human life, and
their subsequent transcription and translation add to the complexity of molecular in-
teractions resulting in an insurmountable combinatorial number of relations. Recent
progress in biosciences towards a more quantitative description opens a challenging
and new pathway for medical physics to use physics underlying biological processes to
directly impact diagnosis and therapy. Despite that this approach is still in its infancy, it
may redefine medical physics. This kind of research is based on fundamental biological
physics and has in its ideal case applied aspects in medical physics. By identifying
cellular subunits acting as independent functional modules this complexity becomes
tractable and the fundamental physical principles of these modules can be studied.

A prototypical example for such a module is the intracellular scaffold known as the
cytoskeleton. The cytoskeleton is the key structural element in cellular organization
and is an indicator of pathological changes in cell function. It is a compound of highly
dynamic polymers and molecular motors as active nano-elements inside cells. The cy-
toskeleton mechanically and chemically senses a cell’s environment achieving a high
sensitivity by using processes such as stochastic resonance. This active polymeric scaf-
fold generates cellular motion and forces in the tens of nanoNewton sufficiently strong
to push rigid AFM cantilevers out of the way. These forces are generated by molecu-
lar motor-based nano-muscles and by polymerization through mechanisms similar to
Feynman’s hypothetical thermal ratchet. A new type of polymer physics describes these
active polymer networks since the nano-sized motors overcome the inherently slow,
often glass-like Brownian polymer dynamics. This results in novel self-organization
of the polymer scaffolds and rapid switching between different ordered states. This
organization of the cytoskeleton is tightly controlled in cells. Thus, suspended cells’
biomechanical properties are well-defined and distinguish different cellular states and
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cell types with confidence levels of more than 95 % (metastatic from non-metastatic
cancer cells, stem cells from differentiated cells in adult tissues, etc.). Since cell elas-
ticity depends highly nonlinear on cytoskeletal composition already small changes in
a cell’s state are measurable by biomechanical changes and recent polymer theories
can be used to deduce the cytoskeletal part of a cell’s proteomic condition. Recently,
the optical stretcher, a photonic device developed in our laboratory, was demonstrated
within a clinical study as a highly sensitive non-invasive tool for mechanical classifica-
tion of cancer cells [1]. The device’s versatility was drastically improved by integration
of the capability to rotate cells under observation [2]. The cytoskeleton uses up to 30 %
of cellular ATP, which is a cell’s fuel. Optical gradient forces due to cells’ dielectric
nature can manipulate the cytoskeleton’s consequential active and dynamical state.
Opto-molecular coupling between laser light and cytoskeletal processes permits opti-
cal control of neuronal growth. The specific opto-molecular influence on membrane and
cytoskeletal transport is complex. Cells cannot modulate diffusion by the parameters
found in the Einstein equation (temperature, viscosity, molecular size).

Consequentially, cells exhibit rich multifaceted intracellular transport including
motor-driven motion and anomalous subdiffusion, which can be probed by the use
of nanoparticles as tracers. The cytoskeleton as active, soft condensed matter, with
structures on nanometer and micron scales representative of individual proteins and
cells, calls forth new biological and polymer physics. Our research group’s goals center
on unraveling this new physics of the cytoskeleton. The current and future research
goals are summarized in the following sections.

Josef A. Käs

[1] T. Remmerbach et al: Cancer Res. 69, 1728 (2009)
[2] M. Kreysing et al: Opt. Express 16, 16 984 (2008)

5.2 The Optical Cell Rotator

T. Kießling, A. Fritsch

The optical cell rotator (OCR) is a modified dual-beam laser trap for the holding and
controlled rotation of suspended dielectric microparticles, such as cells. In contrast to
optical tweezers, OCR uses two counter-propagating divergent laser beams, which are
shaped and delivered by optical fibers. The rotation of a trapped specimen is carried
out by the rotation of an asymmetric laser beam [1]. Experiments were performed on
human erythrocytes, promyelocytic leukemia cells (HL60), and cell clusters (MCF-7).
Since OCR permits the rotation of cells around an axis perpendicular to the optical axis
of any microscope and is fully decoupled from imaging optics, it could be a suitable
and expedient tool for tomographic microscopy (Fig. 5.1).

[1] M. Kreysing et al.: Opt. Express 16, 16984 (2008)
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Figure 5.1: Illustration of the optical cell rotator.

5.3 Diffusion of Nano-Particles

in Inhomogeneous Lipid Membranes

F. Rückerl, D. Martin∗, M. Forstner†, C. Selle, J. Käs
∗Department of Physics, Lawrence University, Appleton, USA
†Department of Physics, Syracuse Biomaterials Institute, Syracuse University, USA

Lipid membranes play a fundamental role in vital cellular functions such as signal
transduction. Many of these processes rely on lateral diffusion within the membrane,
which is generally a complex fluid containing ordered microdomains. Langmuir mono-
layers are often used as simple models for such biological membranes. The possibility
to change their composition and phase state in a very controlled manner as well as the
access to a large observation area makes them a versatile tool for the investigation of
membrane related interactions.

In our group we investigate the interaction of single, partially charged nanoparticles
with lipid microdomains by experiments and Monte Carlo simulations. We address
the effect of such interactions on diffusive transport by studying lateral diffusion in
a phase-separated Langmuir phospholipid monolayer via single-particle tracking. The
attractive dipole–dipole interactions between condensed phase domains and diffusing
probe beads lead to transient confinement at the phase boundaries, causing a transition
from 2D to 1D diffusion. The electric dipole field changes with increasing size of the do-
main. This change from single dipole (E ∝ 1/r3) to semi-infinite domain characteristics
(E ∝ 1/r), significantly influences the motion of the particle (Fig. 5.2). Small immobile
domains (R = 1µm,E(r) ∝ 1/r1.1) confine the movement of the tracer to the boundary
of the domain whereas for large domains (R ≥ 10µm,E(r) ∝ 1/r) its motion is only
temporarily hindered [1].

Using Brownian dynamics simulations, the long-term diffusion constant for such
a system is found to have a sensitive, Boltzmann-like dependence on the interaction
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Figure 5.2: Mean square displacement (MSD(∆t)) for two different domain sizes (left: 1 µm,
right: 10 µm) at varied potential depths (0, 5, 7.5 and 10kBT). The thin straight line represents
a normal diffusing particle (α = 1, MSD(∆t) = 4D∆tα. The trajectory segments were chosen to
start 10 s before the first contact, indicated by the vertical line. For both domain sizes a typical
track at a potential depth of 10kBT is shown as an inset (not to scale).

strength. In addition, this interaction strength is shown to be a strong function of the
ratio of domain to particle size [2]. As similar interactions are expected in biological
membranes, the modulation of diffusive transport dynamics by varying interaction
strength and/or domain size may offer cells selective spatial and temporal control over
signaling processes.

[1] F. Rückerl et al.: Langmuir 24, 3365 (2008)
[2] M. Forstner et al.: Phys. Rev. E 77, 051 906 (2008)

5.4 Errors in Two-Particle Tracking at Close Distances

M. Gyger, F. Rückerl, J. Käs, J. Ruiz-García∗

∗Instituto de Física, Universidad Autónoma de San Luis Potosí, Mexico

Tracking single and multiple particles is of great importance for many physical inves-
tigations in a variety of different areas. It is essential to find and eliminate sources of
systematic errors in the particle position determination (PPD) and to determine the
limits of its applicability to a given problem. Particularly when measuring the inter-
actions between colloids at close distances, artifacts in the image taking process pose
a great problem.

By means of a simulation technique, we investigated the accuracy of the PPD using
2D Gaussian and Gaussian-like fitting functions (Fig. 5.3). For the distance between the
two colloidal particles this revealed a systematic overestimation of the inter-particle dis-
tance of up to 1.9 % of the particle diameter for the Gaussian fitting function. This devia-
tion can be explained by the differences between the intensity distribution of the overlap
of the simulated particles and the linear superposition of the Gaussian functions [1].
Modifications of the fitting functions can reduce the systematic error significantly.
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Figure 5.3: Effect of different fitting functions for particles at close distances. The simple gaussian
function (yellow) leads to a systematic over estimation of the inter-particle distance. The modified
function (blue) reproduces the inter-particle distance more accurately.

[1] M. Gyger et al.: J. Colloid Interf. Sci. 326, 382 (2008)

5.5 Growing Actin Networks Form Lamellipodium

and Lamellum by Self-Organization

F. Huber, B. Stuhrmann, B. Gentry, D. Strehle, D. Smith, M. Steinbeck, C. Vogt, S. Ehrig,
M. Dogterom∗, T. Pollard†, M. Rao‡

∗Institute for Atomic and Molecular Physics, Foundation for Fundamental Research on Matter,
Amsterdam, The Netherlands
†Department of Molecular Cellular and Developmental Biology, Yale School of Medicin,
Yale University, New Haven, USA
‡Raman Research Institute, Bagalore, India

Cell migration is associated with the dynamic protrusion of a thin actin-based cytoskele-
tal extension at the cell front. This extension has been shown to consist of two different
substructures, the lamellipodium and the lamellum, which differ in their kinetic and
kinematic properties as well as their molecular composition. While the formation of the
lamellipodium is increasingly well understood, organizational principles underlying
the emergence of the lamellum are just beginning to be unravelled.

We developed a 2D Monte-Carlo simulation [1] and an analytical description [2] that
include chemical reaction kinetics, actin monomer diffusion, and filament transport
to investigate the formation of growing actin networks in migrating cells. We could
demonstrate the system’s ability to form two distinct networks by self-organization
(Fig. 5.4). We found a characteristic transition in filament lengths and a distinct max-
imum of depolymerization, both within the leading 1−2µm of the cell, in agreement
with experimental data (Fig. 5.5). Moreover, we investigated the complex interplay
between ADF/cofilin and tropomyosin and propose a mechanism that leads to spa-
tial separation of, respectively, ADF/cofilin- or tropomyosin-dominated compartments.
Tropomyosin is found to play an important role in stabilizing the lamellar actin network.
Furthermore, the influence of filament severing and annealing on the network proper-
ties is explored [1]. With both the simulation and the analytical model we contribute
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Figure 5.4: Computer generated pseudo-fluorescence signals. The simulated F-actin network (a)
is coarsegrained using a Gaussian blur to mimic the optical resolution limit of light microscopy
(see text), yielding pseudo-fluorescence F-actin (b) and ADF/cofilin-F-actin (c) signals. (d) An
overlay of F-actin and ADF/cofilin-F-actin signals is in qualitative agreement with experimental
data [4].

Figure 5.5: Mathematical model solutions suggesting the compartmentalization of the calcu-
lated network into lamellipodium and lamellum. Criteria for the distinction are the position
of the depolymerization flux maximum (top) and the difference in mean filament lengths (bot-
tom). Computer simulation data (not shown) agree reasonably well with the solutions of the
mathematical model (< 25 % deviation at each data point).

to a fundamental understanding of how cells organize their molecular components to
achieve movement.

In addition, an experimental attempt to model lamellipodial actin network growth
in vitro was established and already lead to first results [3]. Future research will aim
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towards combining all three modeling approaches in order to gain a deeper insight into
the self-organization of cellular actin networks.

[1] F. Huber et al.: Biophys. J. 95, 5508 (2008)
[2] B. Stuhrmann et al.: J. Theor. Biol. (2009), in press
[3] D. Smith et al.: Biophys. Rev. Lett. 4, 181 (2009)
[4] T. Svitkina et al.: J. Cell Biol. 145, 1009 (1999)
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6

Magnetic Resonance
of Complex Quantum Solids

6.1 Introduction

The electronic properties of quantum-solids in which the electrons exhibit strong cor-
relations with each other or with the lattice are particularly rich and will be of special
importance in future functional materials. In addition, such solids are challenging for
experiment, as well as theory, as the more than twenty-year history of high-temperature
superconductivity shows: we still do not understand the electronic structure of these
systems and new systems that were just discovered this year. One particular aspect
of strongly correlated electronic materials is their tendency towards nano-scale elec-
tronic phase separation. Even in perfect lattices, electronic nano-structures can form.
The investigation of such materials requires the use of methods that can give detailed
information. Here, magnetic resonance, on nuclei and electrons, is of particular interest
as they not only have atomic scale resolution, but also yield bulk information in con-
trast to surface techniques. As one might expect, the material properties can be quite
different from the bulk near the surface.

Jürgen Haase

6.2 Two-Component Behaviour

of High-Temperature Superconductors from NMR

J. Haase, C.P. Slichter∗, G.V.M. Williams†

∗Department of Physics, University of Illinois at Urbana-Champaign, USA
†The MacDiarmid Institute and Industrial Research Limited, Wellington, New Zealand

Most NMR experiments on high-temperature superconductors, in particular spin shift
measurements, have been interpreted in terms of a single component. New NMR ex-
periments presented here on Cu and O in La1.85Sr0.15CuO4, from which uncertainties
from the Meissner effect have been removed experimentally by recording apical oxygen
spectra, are in disagreement with single-component behaviour in the temperature de-
pendence of the spin susceptibility. Instead, it can be explained within a two-component
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model that was used to explain early uniform susceptibility measurements. With this it
is possible to determine the temperature dependences of the two susceptibilities, even
below the transition temperature Tc, from NMR. It is found that one of the susceptibili-
ties is constant above Tc and drops exponentially at lower temperatures, while the one
that carries the pseudogap feature starts to decrease at much higher temperatures and
continues to do so below Tc.

6.3 Cw and Pulsed ESR Spectroscopy of Cupric Ions in

the Metal-Organic Framework Compound Cu3(BTC)2

B. Jee, A. Pöppl

The metal-organic framework (MOF) compound Cu3(BTC)2(H2O)3 ×H2O (BTC = ben-
zene 1,3,5-tricarboxylate) was prepared by solvothermal synthesis under ambient pres-
sure and structurally characterized by powder X-ray diffraction and nitrogen adsorp-
tion at 77 K. X- and Q-band cw electron spin resonance (ESR) (Fig. 6.1) and hyperfine
sublevel correlation spectroscopies (HYSCORE) were used to explore the coordina-
tion state and location of the Cu(II) ions in the porous coordination polymer. Cupric
ions were found to be present in two different chemical environments [1]: (a) Cu(II)2
clusters in the paddle-wheel building blocks of the Cu3(BTC)2q network giving rise to
an antiferromagentically coupled spin state in accordance with previous susceptibility
measurements [2]. However, the cross-linking of the paddle-wheels by the BTC linker
lead to an additional spin exchange among dimers as evidenced by the characteristics of

Figure 6.1: Q-band cw ESR spectra of Cu3(BTC)2.
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the S = 1 ESR signal of their excited spin state. (b) In addition, paramagnetic monomer
Cu(II) species are accommodated in the pore system of Cu3(BTC)2 material. They co-
ordinate to adsorbed water molecules and form [Cu(H2O)6]2+ complexes, which are
inhomogeneously distributed over the Cu3(BTC)2 pore system.

[1] A. Pöppl et al.: J. Phys. Chem. C 112, 2678 (2008)
[2] X.X. Zhang et al.: J. Appl. Phys. 87, 6007 (2000)

6.4 Temperature Stability and Photodimerization

Kinetics of β-Cinnamic Acid and Comparison to

its α-Polymorph as Studied by Solid-State NMR

Spectroscopy Techniques and DFT Calculations

I. Fonseca, M. Bertmer

Photoreactions of the α- and β-polymorphs of trans-cinnamic acid were studied by
13C CPMAS solid-state nuclear magnetic resonance spectroscopy, and the reactants
and products were spectroscopically characterized in detail [1]. Chemical shifts and
chemical shift anisotropy tensors calculated using density functional theory (DFT)
were found to be in good agreement with the experimental results and helped to
identify the polymorphs and the individual assignments of reactant and photoproduct
carbon atoms. The β-polymorph is metastable. Its transformation into the α-cinnamic
acid polymorph is monitored by temperature-dependent 13C NMR spectroscopy. The
transformation occurs at a very slow rate at room temperature but is highly accelerated
at elevated temperatures. Analysis of the kinetics of the photoreaction shows that the
β-polymorph progresses at a slower rate compared to that of α-cinnamic acid (Fig. 6.2).

Figure 6.2: Photodimerization curve for β-cinnamic acid (dots and solid line) in comparison to
that of α-cinnamic acid (dashed line).
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Based on chemical shift tensor values of reactants and products as obtained from 2D
PASS spectra, the difference in reaction rates is suggested to be due to the higher
amount of molecular reorientation of functional groups upon photoreaction and the
larger distance between the reacting double bonds.

[1] I. Fonseca et al.: Phys. Chem. Chem. Phys. 10, 5898 (2008)

6.5 Jahn–Teller Effect in BaTiO3:Cr5+

An Electron Paramagnetic Resonance Study

R. Böttcher, H.T. Langhammer∗, T. Müller†

∗Physikalisches Institut, Martin-Luther-Universität Halle-Wittenberg
†Chemisches Institut, Martin-Luther-Universität Halle-Wittenberg

Electron paramagnetic resonance (EPR) spectra of chromium defects with 3d1 electron
configuration incorporated on Ti sites in single crystal and powdered ceramics of BaTiO3
(BTO) were investigated in the temperature range 50 K to 220 K at 34 GHz (Q band).
Single-crystal and powder measurements allow the unambiguous determination of the
full 1 tensor in the ferroelectric rhombohedral phase whereas in the orthorhombic phase
only the determination of the principal values of the Cr5+

I
1 tensor was successful. The

Jahn–Teller Effect stabilizes the vibronic ground state of the 3d1 electron of the Cr5+
I

ion
and leads to a tetragonally compressed defect-O6 octahedron with the point symmetry
D4h. The spontaneous electrical polarisation present in the ferroelectric phases of BTO
appears as a further perturbation. The quadratic field effect reduces the D4h symmetry
of the Cr5+

I
defect centre and produces an additional 1 tensor breaking the tetragonal

symmetry of the Zeeman term. For symmetry reasons one of the principal axes of the
rhombic 1 tensor must be directed along one 〈110〉 direction. The angles of the other
two principal axes with respect to the 〈001〉 axes are dependent on the absolute value
of the spontaneous polarisation. The difference in the temperature behaviour of the
single-crystal and powder spectra can be explained by the presence of internal stress
in the grains of the ceramic samples which increases the JT energy of the 3d1 electron.
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Cu nuclear magnetic resonance study of Sr0.9La0.1Cu1−xNixO2, Phys. Rev. 78, 104 522
(2008)
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July – September 2008
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7

Nuclear Solid State Physics

7.1 Introduction

Our research is focused on two main fields: materials sciences (analysis and modifi-
cation) and life sciences. The latter one includes quantitative microscopy of elemental
distributions in biological samples (mainly for neuroscience), the targeted irradiation
of living cells with counted single ions for low dose radiobiology, and a new ion beam
based biotechnological method to create areas of confined cell growth for patterned
cell cultures. For material analysis we use the standard ion beam analytical methods
with the broad as well as the focussed beam, for wich we successfully introduced chan-
neling techniques on the micrometer scale. We could also extend the capabilities for
3D-density and elemental analysis by introducing the limited angle tomography for
the scanning microbeam.

The high energy proton or helium-ion beam is also used to modify the physical
properties of solids (resists, semiconductors and carbon based materials) by ion irra-
diation. We create high aspect ratio and free standing microstructures in positive and
negative resists and in several types of semiconductors. In carbon based materials we
are able to change the electronic properties, which is highly interesting for the study of
intrinsic ferromagnetism in these systems.

Our working horse is the high-energy ion-nanoprobe LIPSION with specifications
which are unique in Germany and belongs to the best systems worldwide. A careful
re-adjustment of the ion optical system lead to a major improvement which opened
new high current applications that are usually not feasible on focussed microbeams.
Over the last ten years, since the first beam in 1998, we have developed to one of the
leading high-energy ion-nanobeam laboratories in the world. This was recognized by
the international community by awarding us to host the next international conference
on nuclear microprobe technology and applications ICNMTA in 2010.

We have also a longterm expertise in perturbed angular correlation of γ-rays (TD-
PAC). This method is used to determine the nuclear quadrupole interactions of materi-
als like TiO2 bulk and TiO2 nano-particles and nano-wires. TDPAC is especially suited
to assess in-vitro the solubility of these nano-particles in body fluids without separa-
tion of the particles and solution. This information is absolutely necessary to determine
probable health risks after incorporation of nano-particles.

A few technical remarks: After the breakdown of our X-ray detector in June 2007,
the repair process at the manufacturer lasted till May 2008 with moderate success.
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The detector performance dramatically degraded which complicated X-ray analysis.
Therefore, we ordered a new X-ray detector (from a different supplier), that will be
delivered in April 2009. Nevertheless, standard µPIXE analyses could be performed.
The TDPAC laboratory equipment was extended by a fully digital TDPAC-spectrometer
that has been developed to improve the experimental setup and the data acquisition.

Our research was financially supported by the European Commission, the Deutsche
Forschungsgemeinschaft, and the Federal German Excellence Initiative that we grate-
fully acknowledge. We also acknowledge the fruitful cooperation with our partners in
academic and industries.

Tilman Butz

7.2 Lattice Distortion and Atomic Displacements

in Proton-Induced Freestanding

GaN Thin Layer Splitting

A. Guittoum∗, O. Moutanabbir†, S. Jankuhn, R. Krause-Rehberg∗

∗Department of Physics, Martin-Luther-University Halle-Wittenberg, Halle
†Max Planck Institute of Microstructure Physics, Halle

The modification of GaN structural, electrical, and optical properties by ion implanta-
tion has attracted a great deal of attention [1]. However, in spite of more than a decade
of extensive investigations, there are yet several unexplored aspects and unexplained
phenomena. In particular, the influence of the implantation of hydrogen ions at inter-
mediate fluences is still poorly understood. It was demonstrated that annealing above
500 ◦C of hydrogen-implanted GaN (peak concentration ≈ 12 %) leads to the formation

(a) (b)

Figure 7.1: RBS/C spectra of as-implanted and annealed (at 400 ◦C and 600 ◦C) GaN. For compa-
rison spectra (random and channeled) of unimplanted material are also shown. (a) Channeling
along [100] direction; (b) channeling along [101].
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of extended internal surfaces. This phenomenon is technologically highly relevant as
it could bridge the gap between cost and quality in the fabrication of GaN-based de-
vices [2]. Our objective is to unveil the underlying physics and the atomic processes
involved in hydrogen ion splitting of GaN thin layers. Due to the complexity of the
microstructure produced immediately after implantation, we have employed several
techniques to probe the nature of ion-induced defects and their thermal evolution
leading to the splitting. Rutherford backscattering spectrometry in channeling mode
(RBS/C) is the technique of choice to investigate the atomic displacements and lattice
distortion. A set of GaN substrates implanted at the optimal dose of 2.6×1017 cm−2 at
50 keV and annealed at different temperatures were analyzed by RBS/C using a 2-MeV
He+ beam. From the RBS/C spectra, we note the presence of a damage-related peak lo-
calized at 1.25 MeV for as-implanted and annealed samples (Fig. 7.1). The damage peaks
for ion channeling along the [101] direction are wider than that obtained for [100]. For
the annealed sample at 600 ◦C, the RBS/C spectrum indicates the existence of a shoul-
der which appears beyond the damage-related peak. The appearance of this shoulder
coincides with the formation of nanoscopic cracks [3] and also with the positronium
formation [4].

[1] S.O. Kucheyev et al.: Mater. Sci. Eng. R 33, 107 (2001),
doi:10.1016/S0927-796X(01)00028-6

[2] O. Moutanabbir et al.: Electrochem. Solid State Lett. 12, H105 (2009),
doi:10.1149/1.3066081

[3] O. Moutanabbir et al.: Appl. Phys. Lett. 93, 031 916 (2008), doi:10.1063/1.2955832
[4] O. Moutanabbir et al.: Talk at Int. Workshop Positron Studies of Defects, Prague,

Czech Republic, 01. – 05. September 2008

7.3 Characterization and Elemental Analysis

of Nano- and Microdimensional Structures

using PIXE and RBS

C. Meinecke, C. Czekalla∗, J. Vogt, A. Rahm, T. Butz
∗Semiconductor Physics

Due to the current research in materials science, like in semiconductor physics, the pro-
duction of micro- and nanostructures raises more interest for basic researchers. The aim
is to control the electronic, magnetic and optical properties by variation of the elemen-
tal composition and feature size. During the last few years we developed an elemental
characterization of different micro- and nanostructures using ion beam analysis with
an expected spatial resolution of 100 nm, which is unique in the world. New analytical
experiments using focused high energy ion beams can reveal, apart from stoichiom-
etry and morphology, also the lattice structure of the micro- and nanostructures. The
application of ion channeling like channeling-RBS and channeling-STIM to these new
nanostructures, reveals lattice distortions. This project characterizes sub-micrometer
structures of different shapes and compositions (heterostructures, coated structures,
homogeneous doped structures etc.) to learn more about growth procedures, electronic

http://dx.doi.org/10.1016/S0927-796X(01)00028-6
http://dx.doi.org/10.1149/1.3066081
http://dx.doi.org/10.1063/1.2955832
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and magnetic properties, elemental distributions of multilayered microstructures and
crystal quality using focused high energy ions.

7.4 Ion Beam Analysis of Doped and Undoped ZnO

as well as BGaAs and BGaP Thin Films

C. Meinecke, D. Spemann, J. Vogt, T. Butz

In collaboration with the divisions of Semiconductor Physics and Superconductivity
and Magnetism, respectively, ZnO thin films, nominally undoped, alloyed with Mg,
P, Co and Ga grown epitaxially on c-plane sapphire by pulsed laser deposition (PLD)
were investigated.

In order to determine the elemental composition as well as the film thicknesses
the films were analysed by Rutherford Backscattering Spectrometry (RBS) and Particle
Induced X-Ray Emission (PIXE) using a H+ ion beam.

The knowledge of the composition of the Mg, P, Co and Ga doped ZnO films is
required to understand the optical and electronic properties. Additionally, sensitive
trace element analysis was carried out on some of the films in order to quantify the
influence of extrinsic impurities on the magnetic properties of the samples.

Furthermore, the crystalline quality and the incorporation of boron in BGaAs and
BGaP thin films grown by MOVPE (V. Gottschalch, Institute of Anorganic Chemistry)
were investigated using RBS/channeling as well as nuclear reaction analysis under
channeling conditions. For this purpose, the proton yield from the 10B(α,p)13C nuclear
reaction excited by 2.3 MeV He+ ions was recorded under channeled incidence into the
[001], [011] and [111] axis of the thin film material. The reduction of the proton yield
was nearly identical with the reduction of the RBS yield from the same depth interval.
From this it could be concluded that more than 90 % of the incorporated Boron atoms
are located on substitutional lattice sites.

7.5 Channeling Contrast Microscopy –

Spatially-Resolved Ion Channeling at Lipsion

N. Liebing, D. Spemann, T. Butz

Ion channeling is an established technique since 1950 [1]. The channeling effect relies
on the regular arrangement of atoms in a crystal. The atomic rows or planes can be
considered as strings or sheets of charge. The average of the individual atomic potentials
can be described as a continuum potential. The channeled ions are steered by the rows
or planes and suffer only small angular scattering. Therefore, the alignment of a major
direction of a crystal (rows or planes) leads to a large reduction in the rate of energy loss
and scattering probability. This steering ability gives rise to a number of phenomena
useful for the investigation of the crystal structure. Anything that disturbs this regular
arrangement can be studied using this technique.

The traditional channeling technique with a broad, unfocused beam is limited to
distinguish between different types of defects and delivers information about their
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Figure 7.2: CCM image (106×106 µm2) of Si (along [100]) irradiated on a 54×54 µm2 area with
2 MeV 4He+ ions. The dechanneling at the outer edges of this area which was swollen shows
up in light grey.

depth distribution. However, the exact nature of the defect cannot be determined
unambiguously. Spatially resolved information cannot be produced using conventional
broad beam channeling analysis.

The nuclear microprobe offers the capability to raster a sample with a focused
beam. This allows to study crystalline materials using the traditional channeling tech-
nique in addition with spatial information from the sample (Fig. 7.2). The spatially
resolved channeling techniques are called Channeling Contrast Microscopy (CCM) [3]
and Channeling Scanning Transmission Ion Microscopy (CSTIM) [2]. CCM has now
been established at the ion nanoprobe LIPSION. In general for CCM a very high ac-
curacy in sample motion is required. Therefore, a eucentric two-axis goniometer was
installed and a new software was developed for an automated alignment procedure
which links the data acquisition with the goniometer control.

A first application of CCM was the investigation of the ion beam induced swelling
of a silicon single crystal [4]. For this purpose the beam was aligned with the [100] axis
and the normalized RBS yield (χ = Yaligned/Yrandom) was monitored. As can be seen the
ion beam induced swelling leads to a misalignment of the crystallographic axis at the
outer edge of the irradiated area with respect to the ion beam (Fig. 7.2). This results in
an increased back-scattering yield.

Furthermore, we studied the dependency of the dechanneling due to swelling on
scan area and ion fluence (Fig. 7.3). Whereas the minimum yield χmin of the total scan
area increases significantly with ion fluence due to the contribution of the misalignment
in the outer edge, good channeling conditions remain in the center of the scan.

Crystal defects influence the electrical properties of materials in different ways.
Thus, the imaging of the crystal quality is an important application for ion microbeams
in the field of materials analysis of semiconductors. Channeling Contrast Microscopy
offers the capability to perform these analyses even for µm-sized samples. Further
developments focus on the introduction of CSTIM (high resolution single ion technique)
which allows a better spatial resolution without having ion beam induced swelling as
a limiting factor, but requires thin samples.
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Figure 7.3: Left: CCM image of a Si crystal irradiated with 2 MeV 4He+ ions. Right: Minimum
yield χmin extracted from the regions indicated in the CCM image as a function of ion fluence.
Whereas the dechanneling in the total scan area increases remarkably with ion fluence due to
the contribution of the misalignment in the outer edge, good channeling conditions remain in
the center of the scan.

[1] L.C. Feldman et al.: Materials analysis by ion channeling: Submicron crystallogra-
phy (Academic Press, New York 1982)

[2] M. Cholewa et al.: Nucl. Instrum. Meth. 54, 397 (1991)
[3] C.J. McCallum et al.: Appl. Phys. Lett. 42, 827 (1983)
[4] N. Liebing: Diplomarbeit, Universität Leipzig (2009)

7.6 Modification of Electric Transport Properties

of Carbon-Based Systems

by MeV-Ion Beam Irradiation

A. Arndt, D. Spoddig∗, P. Esquinazi∗, T. Butz
∗Superconductivity and Magnetism Workgroup

In a cooperation between the groups of Nuclear Solid State Physics and Superconductiv-
ity and Magnetism a newly developed experimental setup was realized to determine
the electric properties of multi graphene layers during the ion irradiation. Further-
more, also the electric transport properties should be investigated in situ. In the frame
of this work a special sample holder and a suitable electromagnet was build to fit into
the LIPSION chamber for the external beam with exit nozzle. The sample holder al-
lows the in situ resistance and magneto-transport measurements. The used ions were
2.25-MeV protons with a fluence between 9×1012 cm−2 and 6×1015 cm−2. After the pro-
ton irradiation, the samples exhibits an increase of resistance and a reduction of the
magneto-resistance effect. This effect is correlated with the ion-induced ferromagnetic
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Figure 7.4: In-situ measurement of electric resistance during irradiation with quoted fluence
values.

order within the graphene system. During the actual investigations this behavior was
not established in the samples. Surprisingly, during the in situ irradiation measure-
ments of the resistance a clearly visible reduction in the electric resistance could be
observed within the used fluence range. Furthermore, after the minimum of the resis-
tance a relaxation behaviour was found. Figure 7.4 shows this effect in the normalized
resistance values. The figure depicts six resistance curves of a multi graphene system
of 60 nm thickness. Between the starting point (t = 0 s) and the end point (t = 40 s) of
the irradiation process, the resistance drops by up to 5 % of the initial value. After this
irradiation the resistance exhibits a relaxation curve to a resistance value higher than
the initial one of each irradiation process (0.2 % up to 1 %). This process is still not fully
understood. One part of this process could be identified as a thermal relaxation process
due to the temperature increase during the irradiation. Another possible effect could
be the recombination of the induced vacancies and interstitial carbon atoms.

7.7 Development of New Proton-Beam Writing

Techniques and Creation of 3D Microstructures

in III–V Semiconductors

F. Menzel, D. Spemann, J. Lenzner∗, W. Böhlmann†, T. Butz
∗Semiconductor Physics Workgroup
†Superconductivity and Magnetism workgroup

The work with the new method of grayscale lithography by proton-beam writing
(PBW) was developed further leading among other things to the creation of a Fresnel
lens in negative resist (Fig. 7.5a). However, detailed investigations concerning the
improvement of the structure quality produced by this technique, especially the surface
roughness, has to be to carried out.

Furthermore a new approach for the creation of 3D resist structures using masks
and homogeneous ion irradiation was developed. Thereby the mask absorbs part of
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Figure 7.5: SEM images of microstructures in different materials created by PBW followed by
a chemical or electrochemical etch procedure: (a) Fresnel lens in the negative ma-N resist, (b)
micro pillars in p-type GaAs, (c) self-supporting structure in p-type InP, and (d) 3D and partly
underetched microstructure in SI GaAs.

the primary ion energy leading to a lateral distribution of ions with different energies
and penetration depths in the irradiated negative-resist layer beneath the mask. Due
to the different exposure depths 3D freestanding resist structures result.

Experiments dealing with the creation of microstructures in GaAs and InP by PBW
and electrochemical etching were continued. In p-type GaAs an increase of the etch
current density leads to high aspect microstructures with vertical side walls and with
heights of some tens of micrometers as well as with lateral dimensions down to ∼ 1µm
(Fig. 7.5b). In p-type InP similar microstructures as well as self-supporting microstruc-
tures (Fig. 7.5c) already shown for p-type Si and GaAs were created successfully. Fur-
thermore, the irradiation of SI GaAs with 1.125 MeV H+2 -molecules and different flu-
ences leads to partly underetched multilevel microstructures due to the influence of
the irradiation fluence on the electrochemical etch rate (Fig. 7.5d).

7.8 Creating Mircofluidic Devices

using Proton-Beam Writing

R. Feder, F. Menzel, C. Meinecke, C. Chmelik∗, J. Kärger∗, T. Butz
∗Department of Interface Physics

The creation of microfluidic devices in polymethylmethacrylat (PMMA) using proton-
beam writing (PBW) for diffusion measurements in organic crystals and zeolites is in
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Figure 7.6: Different test structures created with PBW in PMMA: (a) for ink flowing through
enclosed micro channels and (b) for experiments showing the negative resist behavior of PMMA
after high-fluence irradiation.

progress. PBW is a direct writing technique using a focused beam of MeV protons to
create 3D structures in different resist and semiconductor materials down to the sub-
micrometer range. Because the height of the structures is given by the irradiation range
of the protons, the farbricated channels are up to 90µm deep. After developing the
PMMA the structures were coupled on a substrate by thermal bonding. A microfluidic
test structure with ink flowing through the channels only powered by capillary forces
is shown in Fig. 7.6a.

The chamber for the diffusion experiments will be linked with two capillaries for
evacuation and for Xe gas inlet, to establish a defined atmosphere surrounding the crys-
tal. Installing this construction into the LIPSION nanoprobe irradiation chamber allows
in-situ PIXE and RBS measurements of the diffusion process. A possible effect of the
inner boundaries given by the crystal structure to the diffusion could be determined by
these experiments. Another task of the experiments was to analyse the characteristics of
PMMA influenced by different irradiation fluences. PMMA is usually a positive resist,
so irradiated arrays dissolve during the development. At fluences which are about ten
times higher than necessary for normal exposure (0.5 pC/µm2) PMMA crosslinks. This
crosslinked PMMA is resistant against aceton and can be used as a high resolution
negative resist.

7.9 Creation of Microstructures in Silicon

for Acoustic Applications by Proton-Beam Writing

U. Scholz, F. Menzel, E. Twerdowski∗, W. Grill∗, T. Butz
∗Solid State Optics and Acoustics Workgroup

Micromachined Si structures have been produced for acoustic applications like mode
converters. Different arrays of upright and inclined rods with heights ranging from
10−50µm and different array sizes and distances between the rods were created by
proton-beam writing (PBW) and subsequent electrochemical etching of Si. These struc-
tures were investigated using an ultrasonic microscope at frequencies of 86 MHz in
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Figure 7.7: (a) SEM image of micromachined 30◦ inclined walls with a lateral distance of 10 µm in
a Si sample. (b) Transients of the magnitude obtained by scanning the micromachined ≈ 430 µm
thick sample in tomography mode at different places on the sample.

holography mode. The comparison of measured and simulated holographic patterns
show significant differences between structured and unstructured silicon surfaces in-
dicating a transverse/longitudinal mode conversion of acoustic waves at the struc-
tured surfaces.

In order to increase this effect of mode conversion, arrays of silicon walls with
different inclination angles θ have been produced (Fig. 7.7a). Acoustic tomography
measurements reveal different intensities of acoustic transmission which can be as-
cribed to mode conversion depending on θ (Fig. 7.7b).

7.10 Improvement of the Ion-Microprobe Performance

M. Rothermel, T. Reinert

After the rebuild of the target chamber of the Leipzig high-energy nanoprobe, the probe
forming system was realigned. The system consists of two separated quadrupole dou-
blets, an aperture and an object diaphragm. The magnetic quadrupoles were aligned
by successively adjusting the position of each lense’s line foci to the ion optical axis.
Watching the line foci on a glass with the online microscope in the chamber, the align-
ment process was effective and precise. Thus, just a small residual, intrinsic rotational
misalignment remained, which is essentially reduced by a correction lens. To further
improve the performance of the system, experimental grid shadow patterns were taken
and compared with ion optical simulations (Fig. 7.8). These reveal dominant spherical
aberrations of the system and a parasitic octupole field (0.3 % contribution) superim-
posed on the third quadrupole. The simulation allows to design a corrective octupole
field (Fig. 7.8c) that will be installed in front of the third quadrupole lense.

The grid shadow technique also allows to determine the optimal position where the
aperture diaphragm has to be set. Thus, the influences from spherical aberrations on
the beam focus can be minimized.

Performance tests yielded proton microbeam currents of 8.3 nA with 1.5µm beam
spot and for a 2µm beam 17.2 nA which are the best values compared to other micro-
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Figure 7.8: (a) Experimental grid shadow pattern. (b) Ion optical simulation of the experiment
gives the 0.3 % contribution of a parasitic octupole field. (c) Design of a corrective field.

probes worldwide. Since the analysis of minor and trace elemental distribution with
a spatial resolution in the micrometer or sub-micrometer range commonly involves
large data acquisition times, the reached high beam currents reduce the measurement
time without loosing sensitivity. Thus, larger numbers of samples can be analyzed
which ensures sufficient statistics in e.g. in biological studies.

We gratefully acknowledge the financial support of the Leipzig Graduate School of Natural
Sciences BuildMona.

7.11 Limited-Angle STIM and PIXE Tomography of Cells

T. Andrea, M. Rothermel, T. Butz, T. Reinert

The technique of scanning transmission ion micro-tomography (STIM-T) has been suc-
cessfully employed in recent years at LIPSION and has proved to be a valuable method
for the three-dimensional visualization of the density distribution of micro-samples
with sub-micron resolution [1]. This technique requires that STIM projections covering
an angular range of 180◦ be taken which makes a free-standing sample necessary.

In order to overcome the difficulties posed by this requirement for the preparation
of single cells the most recent development at LIPSION has focused on limited-angle
tomography as an alternative. STIM tomography experiments using 1.9 MeV 4He+-ions
have been conducted of the unicellular organism thaumatomonas coloniensis [2] fixed
on a 0.9µm PE foil. With this setup only an angular range of about 120◦ could be covered.
The missing projections were supplemented by an iterative algorithm developed for
limited-angle tomography. The 3D reconstruction of the cell revealed a dense region
in the centre. At this stage, however, the resolution was still insufficient to image the
contours of organelles definitely (see Fig. 7.9a).

By the combination of STIM and PIXE (particle induced X-ray emission) tomo-
graphy elemental as well as density information can be obtained. A specimen of the
organism euglena gracilis fixed on a 4µm nylon foil was investigated using 1.8-MeV
hydrogen molecules for STIM and 2.25-MeV protons for PIXE tomography. Missing
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Figure 7.9: (a) Reconstruction of thaumatomonas coloniensis. Isosurfaces of ascending density
are represented by brightening shades of blue. A dense structure is visible in the centre. (b)
Reconstructed density (blue) and phosphorus (yellow) distribution of euglena gracilis. The arrow
points to the flagellum. Reconstruction artefacts persist at low densities. Scalebars: 5 µm.

projections were supplemented iteratively. After reconstruction the 3D density dis-
tribution was superimposed with the phosphorus distribution revealing intracellular
structures (see Fig. 7.9b).

The combination of limited-angle STIM and PIXE tomography is a very fruitful
one since STIM has a better resolution and PIXE is more sensitive to intracellular
structures [3].

[1] M. Schwertner et al.: Ultramicroscopy 106, 574 (2006)
[2] C. Wylezich et al.: J. Eukaryot. Microbiol. 54, 347 (2006)
[3] T. Andrea: Diplomarbeit, Universität Leipzig (2009)

7.12 Quantitative Element Microscopy

of Human Hippocampi of Opiate Abusers

M. Weber∗, S. Wernicke∗, A. Fiedler†, T. Reinert
∗Institut für Rechtsmedizin, Medizinische Fakultät
†Paul-Flechsig Institut für Hirnforschung, Medizinische Fakultät

Metal-binding metallothioneins (MT) with a strong neuroprotective effect in the mam-
malian brain were shown to be upregulated in the brains of morphine intoxicated
rats. Data from animal models of addiction hint at an e.g. impaired zinc homeosta-
sis. This might particularly affect the large neuroplastic potential of the hippocampus
and would reduce capabilities of cognition and memory. However, semi-quantitative
analysis of MT protein expression in human hippocampi by means of immunohisto-
chemistry revealed no significant difference of MT expression in drug addicts versus
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Figure 7.10: Left: Micrograph of the hippocampus with its regions (SG: stratum granulare, SM:
stratum moleculare, CA1, CA2, CA3, CA4, Alv: alveus). Right: Zn-content of the regions for opiate
abusers and the control group (error bars: standard error). Significantly lower concentrations are
flagged by an asterisk.

age and gender matched controls. Thus, we assumed that the amount of bound met-
als such as zinc could be affected, while the antibody-recognized protein expression
remains constant.

In order to quantitatively compare the concentrations of zinc and other relevant ele-
ments (P, S, Ca, Fe, Ni, Cu) we performed a µPIXE study of the hippocampal structures
of unstained DePeX embedded brain sections of five opiate abusers and five control
individuals. We analysed the hippocampal regions stratum granulare (SG), stratum
moleculare (SM), CA1, CA2, CA3, CA4, and alveus (Alv).

Zinc concentrations were found to be significantly decreased in the hippocampi of
the addicts in the stratum granulare (p = 0.028), the stratum moleculare (p = 0.047,
the CA1 (p = 0.093) and the CA4 (p = 0.050). Except for the alveus where the zinc
concentration was higher in the drug addicts all other regions showed a slight trend to
lower zinc concentrations in the drug addicts (Fig. 7.10). The amount of Fe was slightly
higher in the hippocampi of the addicts than in the controls in all regions except
stratum moleculare and CA4. However, statistical analysis for each region revealed no
significant differences.

7.13 Quantification and Localisation

of Trace Elements in Parkinsonian Brain:

A Proton-Beam Microscopy Study

N. Barapatre, M. Morawski∗, T. Arendt∗, T. Butz, T. Reinert
∗Paul-Flechsig Institut für Hirnforschung, Medizinische Fakultät

The Parkinson’s disease is characterised by the severe loss of dopaminergic neurones
in the substantia nigra (SN) of the brain. These neurones also possess a browny-black
pigment called neuromelanin (NM; Fig. 7.11a), which chelates and accumulates metal
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(a) (b)

Figure 7.11: (a) An optical picture of a neuron containing the browny-black pigment neurome-
lanin. (b) A three-element map of the same neurone showing phophorous, sulphur and iron
distribution. Turquoise colour is due to overlap of blue (Fe) and green (S).

ions. The role of neuromelanin in the regulation of trace metal ions has come under
scrutiny, since an overload of iron in the SN of Parkinsonian brain has been reported
in many studies [1]. In general, these studies do not provide information on the lo-
calisation of iron overload within the SN. With the help of proton beam microscopy
one can locate and quantify metal ions with trace element sensitivity [2]. The trace
element concentration in the SN of three Parkinsonian cases was compared with three
controls. Particularly, the trace metal content bound to NM and in the extra-cellular
region was analysed. Surprisingly, no significant difference was found in the Fe content
either bound to neuromelanin or in the extracellular region when the mean of three
Parkinsonian cases was compared against the mean of three controls. The Ca and K
content bound to neuromelanin as well as in the extra-cellular region was significantly
altered. Also, the Cu content in the extra-cellular region was significantly lower in the
Parkinsonian cases.

This work was supported by the Deutsche Forschungsgemeinschaft in the framework of
GRK InterNeuro.

[1] M. Götz, et al.: Ann. N.Y. Acad. Sci. 1012, 193 (2004)
[2] T. Reinert, et al.: Nucl. Instrum. Meth. B 249, 734 (2006)

7.14 High Throughput Targeted Cell Irradiation

with Single Ions for Low-Dose

Radiobiological Experiments

T. Koal, R. Werner, T. Butz, T. Reinert

For low-dose radiobiological effects (Bystander effect - deviation from the linear no
threshold dose response model) targeted single cell irradiation with counted sin-
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gle ions is required. For this purpose, a reliable recognition software of cell nu-
clei/compartments, based on dark-field microscopic images to avoid UV-light, and
a platform for high-precision ion irradiation of the detected targets were developed. It
delivers single ions in air with a lateral precision of 0.5µm. This allows precise irra-
diation of cell nuclei and other cell structures. A new in-house program Cellcognition
was developed using the Matlab platform. The software recognizes the cell nuclei posi-
tions in dark field microscope pictures (no staining and no UV-illumination is needed)
within a few seconds on a standard PC with a high correctness of > 96 %. The missing
4 % were caused by bi-nucleated cells, grains in the Mylar foil or blurred cells. These
false positive detections can be manually discarded during the workflow of Cellcogni-
tion. For transforming the cell coordinates into beam coordinates two microscopes are
necessary (offline at cell laboratory and online at the irradiation platform) as well as
fiducial markers on the irradiation Petri dishes (a commercial 35-mm Petri dish with
the bottom replaced by a 2.5-µm Mylar foil or a Si3N4 membrane window).

In the high current mode (∼ 1 nA), as an initial calibration, the program also recog-
nizes reference beam positions on a glass substrate positioned in the focus plane of the
cells for the determination of the beam spot positions. In the low-current mode (< 1 fA)
a STIM (Scannig Transmission Ion Microscopy) measurement of a reference structure
(a grid with a dimension of 2×2 mm2) will be performed with the maximum scan size
(2×2 mm2) using 4095×4095 pixels. The structure can be recognized in the STIM image
as well as in the online microscope image. This allows a projection of the cell coordinate
system onto the beam coordinate system.

For the hit verification crosses with the dimension of 3×3µm and a fluence of
10×108 protons/µm2 were written on an artificial test structure (10×10 circles with
3µm in diameter) in Mylar foil at predetermined coordinates. The crosses on the test
structure showed a hit accuracy of ± 1.5µm at the recognized coordinates.

Figure 7.12: Top: Fluorescent crosses (10µm× 10 µm) in Mylar at the located nuclei positions. Bot-
tom: DAPI stained nuclei show reduced fluorescence due to DNA destruction after irradiation.
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These tests were extended to irradiation experiments with living cells (EaHy, human
Fibroblasts). The hit accuracy tests with cells on Mylar foil were also carried out with
a high fluence instead of single ions. Fluorescent crosses were written at recognized
positions with the ion beam. Additionally, the (post irradiation) DAPI stained nuclei
showed a reduced fluorescence at the irradiated areas which confirms the accuracy. The
crosses for the nucleus hit verification are shown in Fig. 7.12. The target hit accuracy is
in total better than ± 2µm.

The Petri dishes have to be in a vertical position due to the horizontal beam at
LIPSION. Therefore, the online experimental procedure comprises medium removal
and medium refilling. The fast irradiation (∼ 5000 ions/s) allows the irradiation setup
to irradiate up to 1500 cells in less than 1.5 minutes including Petri dish handling time.

We gratefully acknowledge the financial support by the NOTE IP 036465 (FI6R), Euratom
specific programme for research and training on nuclear energy, 6th FP of the EC.

7.15 Spatially Confined Cell Growth

for Biological Experiments

R. Werner, T. Koal, T. Butz, T. Reinert

Cell–cell communication (Bystander effects) after low dose irradiations is mostly un-
known. There are two possibilities: direct cell–cell communication via gap junctions
and cell–cell communication via media. For the investigation of these effects the com-
partmentalization of Petri dishes is a good way to exclude the direct communication.
AGAR, a water-insoluble, cell-repellent polysaccharide was applied to the surface of
Petri dishes, silicon nitride (Si3N4) irradiation windows, and multi-electrode arrays.

Figure 7.13: Confined cell growth on a multi-electrode array in four areas, of which the two left
are connected (image size 1.8×1.8 mm2).
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The compartmentalization was achieved by proton beam writing. This irradiation de-
stroys the polysaccharide into water-soluble monosaccharides. Irradiated parts were
developed in PBS solution. Seeded cells could only adhere in the areas were the AGAR
was removed. The rest is removed via cleaning with PBS or medium. With a new exit
nozzle we can irradiate the Petri dishes in air. This allows us to increase the production
of structured Petri dishes per hour significantly. Now we are able to produce structured
Petri dishes with a maximum size of 2×2 mm2 with an accuracy of < 2µm. With pro-
ton beam writing we are able to create any possible 2D structure. For further biological
research, multi-electrode arrays were structured (see Fig. 7.13). This allows impedance
spectroscopy of the cells in the four areas after a selective targeted irradiation of cells
in just one area. We want to study whether the cellular response of unirradiated cells
depends on the signaling via direct cell–cell communication.

We gratefully acknowledge the financial support by the NOTE IP 036465 (FI6R), Euratom
specific programme for research and training on nuclear energy, 6th FP of the EC.

[1] S. Rohr et al.: Eur. J. Physiol. 446, 125 (2003)

7.16 Synthesis of TiO2 Nanowires

S. Ghoshal, L.S. Chang, T. Butz

TiO2 nanowires with diameters of 2−3 nm and length up to 100 nm were synthesized
via a hydrothermal route. They were characterized by X-Ray diffraction and high-
resolution transmission electron microscopy (HRTEM). They were found to grow in the
TiO2(B) modification with “b” being the long axis. Subsequently they were impregnated
with a 4 M HCl solution containing carrier-free 44Ti (t1/2 = 60 y). After drying the label
was diffused into the wires at 180 ◦C for two hours. This temperature is enough to
diffuse the label a few lattice spacings. We performed Time Differential Perturbed
Angular Correlation (TDPAC) measurements on the daughter 44Sc and obtained two
discrete signals for the nuclear quadrupole interaction. The prominent one resembles
the value obtained for bulk anatase where the minority fraction is ascribed to the probe
atoms close to the surface with an assumed OH-termination. Stable suspensions with
44Ti-labelled nanoparticles were produced. The measured re-orientation correlation
time via TDPAC agrees with the particle size as determined by HRTEM.

7.17 A Time Differential Perturbed Angular Correlation

Study of Ultrapure Hafnium Metal

S.K. Das, S.C. Bedi, T. Butz

Hf metal crystallizes in the hcp strucure. By thermal neutron activation, 181Hf (t1/2 =

42 d) is produced which is a suitable isotope for Time Differential Perturbed Angular
Correlation (TDPAC) of γ-rays. Contrary to expectations, one does not find 100 % of
all probe atoms in an axially symmetric electric field gradient. Three further signals
are observed with about 3−5 % of the total signal intensity and asymmetry parameters
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Figure 7.14: Cosine-transformed TDPAC spectrum of 181Hf(β−)181Ta in ultrapure Hf metal.

of 0, about 0.5, and about 0.9 (see Fig. 7.14). The samples contain only 110 ppm Zr,
much too low for being responsible for the extra signals. Moreover, Zr and Hf are
chemically very similar. Thus we have to look for another explanation. These extra
signals are tentatively assigned to one, two, and three atoms on interstitial positions.
One of the signals has axial symmetry and requires a first coordination shell with
three-fold rotation axis. Incidentally, this signal resembles the signal observed in ω-Zr
on B-sites with double occupancy. Heterophase fluctuations have been proposed long
time ago for the group-IVb metals based on Mößbauer and neutron diffraction data. We
believe that the recoil during prompt de-excitation of 181Hf in a highly excited state after
thermal neutron capture might lead to such metastable configurations because at about
100 ◦C these extra signals are essentially lost. Heating and quenching experiments are
under way to clarify the situation.
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8

Semiconductor Physics

8.1 Introduction

Based on our advances in ZnO materials technology, namely pulsed-laser deposition,
we have achieved exciting results in 2008. ZnO microwires were found to exhibit lasing
on whispering gallery modes. We have fabricated nanowires wrapped with quantum
wells and Bragg reflectors, and nanowire p–n-diodes. We show that our all-oxide mi-
crocavities remain in the strong coupling regime beyond 400 K. High transconductance
ZnO MESFETs have been fabricated with Schottky gates and as programmable FeFETs
with ferroelectric gates. You are invited to read up on these latest results and further
work, e.g. detailed analysis of the recombination in bulk Mg

x
Zn1−x

O and MgZnO/ZnO
quantum wells and defect analysis in ZnO.

We are very grateful to our funding agencies which are acknowledged individually
in the short notes. On January 1st 2008 the DFG Sonderforschungsbereich 762 “Func-
tionality of Oxide Interfaces” has started its work. Also the support by the State of
Saxony via Landesinnovations-Stipendien deserves a special mentioning. The work of
our students and researchers together with our academic and industrial partners near
and far was fruitful and enjoyable and thus it is with pleasure that the semiconductor
physics group presents their progress report.

Marius Grundmann

8.2 Whispering Gallery Mode Lasing in ZnO Microwires

C. Czekalla, C. Sturm, R. Schmidt-Grund, B.Q. Cao∗, M. Lorenz, M. Grundmann
∗present address: Department of Electrical and Electronic Systems Engineering,
Kyushu University, Fukuoka, Japan

Whispering gallery mode (WGM) lasing has been observed in single zinc oxide (ZnO)
microwires using spatially resolved photoluminescence spectroscopy (micro PL). In
a WGM resonator, the light wave circulates around the hexagonal cross section due to
total internal reflection at the resonator boundaries. For the visible spectral range, this
has already been demonstrated in ZnO wires [1].
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(a) (b)

Figure 8.1: (a) Emission spectra for different excitation intensities as indicated taken from
a single microwire at a temperature of 10 K in a semi-logarithmic plot. The inset shows the highly
superlinear dependence of the emitted intensity on the excitation intensity. (b) Comparison of a
typical lasing spectrum to the energy positions calculated from the WGM model with indicated
interference orders N in a semi-logarithmic plot.

The investigated microwires have diameters in the range between 1 µm and 20µm.
At a temperature of 10 K, sharp peaks arise from the PL spectra as the excitation inten-
sity is increased as shown in Fig. 8.1a. The number of observed peaks increases with
increasing excitation intensity and the peaks show a highly superlinear dependence of
the emitted intensity on the excitation intensity, a clear indication for lasing as shown
in the inset of Fig. 8.1a. From the FWHM of the peaks, quality factors around 5000 are
obtained. The energetic position of the lasing peaks suggests an electron hole plasma
(EHP) as gain mechanism.

The energetic peak positions can be calculated from a simple plane wave model [1, 2].
As shown in Fig. 8.1b, the calculated values fit the experimentally observed peak posi-
tions. From the temperature dependence of the lasing threshold intensity, the charac-
teristic temperature T0 of the microlasers was determined to be 30 K. This small value
is most likely caused by an inefficient radiative recombination at higher temperatures.

Further work will be directed towards coupling the WGMs to the emission of
a quantum well grown as a core shell structure around the microwires.

This work was supported by the DFG within FOR 522 and the EU within NANDOS and
SANDiE and by the Leipzig School of Nano-Science BuildMoNa.

[1] T. Nobis et al.: Phys. Rev. Lett. 93, 103 903 (2004), doi:10.1103/PhysRevLett.93.103903
[2] C. Czekalla et al.: Appl. Phys. Lett. 92, 241 102 (2008), doi:10.1063/1.2946660

8.3 Strong Light–Matter Coupling up to 410 K

C. Sturm, H. Hilmer, R. Schmidt-Grund, C. Czekalla, H. Hochmuth, M. Grundmann

The strong coupling between light and matter in microresonators forms new bosonic
quasi particles which are called exciton-polaritons. Due to their quantization in energy

http://dx.doi.org/10.1103/PhysRevLett.93.103903
http://dx.doi.org/10.1063/1.2946660
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and momentum and their tiny particle mass (about 9 orders of magnitude smaller than
those of atoms) they are promising candidates for the realization of Bose–Einstein-
Condensation above room temperature and the realization of new devices such as
ultra-low threshold lasers [1]. We investigated the exciton-polaritons in a ZnO based
resonator consisting of a half wavelength ZnO cavity embedded between two Bragg
reflectors made of 10.5 layers of YSZ (yttria stabilized zirconia) and Al2O3. For the
preparation of this resonator we refer to the contribution of H. Hilmer et al. (Sect. 8.4)
in this research report.

The exciton-polariton modes were observed by means of photoluminescence (PL)
and reflectivity (R) measurements at temperatures 10−410 K for emission angles or
rather angles of incidence in the range 0−76◦ (6−76◦ for R). The PL spectra for 10 K
and 410 K are shown in Fig. 8.2a,b. Instead of a pure exciton and cavity-photon mode
dispersion a lower polariton branch (LPB) is observable. Its dispersion changes from
a photonic one to an excitonic one with varying angle. The upper polariton branch is
not observable due to the strong absorption of ZnO in this spectral range [2].

For the determination of the exciton–photon coupling strength we analyzed the
dispersion of the LPB in its energy and broadening. Therefore we use for simplification
a 2× 2 coupling Hamiltonian, i.e. assuming the coupling of one photon mode with one
exciton mode (that with the lowest ground state energy). The energy of the LPB is than
given by

ELPB(ϕ) =
1
2

(
(
EX − EC

(
ϕ
))
−

√(
EX − EC

(
ϕ
))2
+ 4V2

)
, (8.1)

with the complex energy of the uncoupled exciton mode EX, the complex energy of the
uncoupled cavity-photon mode EC, the coupling strength V and the emission angle ϕ.
The angular dependence of the uncoupled cavity-photon mode was calculated by the
approach suggested by Panazarini et al. [3] taking into account the optical thickness
of all layers of the complete resonator structure. Besides the thickness of each layer
the according refractive index has to be known which was determined by spectro-
scopic ellipsometry from single layers with properties similar to the respective layers
within the whole resonator structure. In the case of the ZnO we removed all excitonic
contributions from the refractive index in order to exclude coupling effects.

Figure 8.2: (a,b) Photoluminescence spectra in a half-logarithmic false colour scale for 10 K (a)
and 410 K (b). The solid lines represent the calculated lower (LP) and upper polariton branch
(UP) whereas the dashed lines represent the uncoupled exciton mode (X) and the uncoupled
cavity-photon mode (Cav). (c) The experimentally observed (symbols) and calculated (solid
lines) energy of the lower polariton branch.
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By applying this model, the observed dispersion of the LPB, or rather its angular
dependence, can be described very well (Fig. 8.2c). We obtain a maximum coupling
strength of 51 meV in PL and 55 meV in R at 10 K, which is one of the largest for
inorganic semiconductors. The difference in the coupling strength for PL and R can be
attributed to different formation processes of the excitons in these experiments. This
leads to a different exciton density and therefore to a different occupation of the LPB.
With increasing temperature the coupling strength decreases. Responsible for this is
the decreasing exciton oscillator strength based on the reduction of the static dielectric
constant. For 410 K we obtain for the coupling strength 43 meV in PL and 35 meV in R.
This is the highest reported temperature for the formation of exciton-polaritons. Besides
the coupling strength, the exciton energy and the cavity-photon energy decreases with
increasing temperature. However, the redshift of the exciton energy is much stronger
affected than those of the cavity-photon and so the detuning of the resonator, i.e. the
difference between the cavity and the exciton energy at zero in-plane wavevector,
increases from −65 meV to 7 meV.

Above 410 K the dispersion of the LPB shows a small blue shift. However, the pres-
ence of a strong coupling regime cannot be confirmed since the LPB is only observable
at small angles and the uncertainty for these temperatures is very large. Furthermore,
using the determined temperature behaviour of the exciton-polaritons, the splitting
between these two branches is smaller than their broadening. Therefore we call this the
intermediate coupling regime. In order to reach the strong coupling regime up to the
predicted temperature of 560 K [4] the exciton-oscillator strength has to be increased
by improving the crystal quality of the ZnO cavity or by using quantum wells as active
medium.

This work was supported by the DFG in project Gr 1011/20-1.
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8.4 Ellipsometry on Microresonators

Grown by Pulsed-Laser Deposition

H. Hilmer, C. Sturm, R. Schmidt-Grund, J. Sellmann, J. Lenzner, H. Hochmuth,
M. Lorenz, B. Rheinländer, M. Grundmann

Much effort has been devoted to the investigation of exciton-polaritons in the past
decades. These bosonic particles can be formed in a microresonator, where light strongly
interacts with matter, which generates physical effects opening a wide field of new ap-
plications such as ultra-low threshold lasers and optical amplifiers. ZnO is a promising
material to realize this far above room temperature [1].

Our ZnO microresonator has been grown on c-plane sapphire substrate by means
of pulsed-laser deposition and consists of two Bragg reflectors (BR), each made of 10.5
pairs yttria stabilized zirconia (YSZ) and Al2O3, surrounding a half-wavelength ZnO

http://dx.doi.org/10.1103/PhysRevB.78.235323
http://dx.doi.org/10.1103/PhysRevB.59.5082
http://dx.doi.org/10.1103/PhysRevB.65.161205


SEMICONDUCTOR PHYSICS 153

cavity, which acts simultaneously as active medium. The substrate temperature during
growth was chosen to be about 650 ◦C and oxygen pressures in the range of 0.002 mbar to
0.02 mbar were applied. For thickness control ellipsometry measurements were essen-
tial as well as for the calculation of the reflectivity of the BR. It is Rmax = 99.2 % at 3.26 eV
for 10.5 layer pairs. Scanning transmission electron microscopy images (Fig. 8.3a) show
homogeneous layers without voids and with smooth and planar interfaces throughout
the layer stack. Also a passive microresonator, where the ZnO layer has been omitted to
form a YSZ-cavity, was fabricated in order to investigate the resonator system without
coupling effects.

Usually the formation of exciton-polaritons is observed by means of photolumines-
cence (PL) and reflection (R) experiments. In contrast to these techniques, spectroscopic
ellipsometry provides a very sensitive additional information: the phase. The ellipso-
metric parameters Ψ and ∆ are defined by:

ρ =
rp

rs
= tanΨei∆ . (8.2)

The ellipsometric parameter ∆ is the phase difference between the phases of light
polarised parallel (rp) and perpendicular (rs) to the plane of incidence. In idealised
simulations of Ψ and ∆ of a passive microresonator using the transfer matrix method,
a multitude of structures can be investigated. Especially, the symmetry of the line shapes
in ∆ (Fig. 8.3b) provides information on the ideality of the resonator structure, whenΨ
spectra are almost identical. Thereby, we are able to distinguish the tuning relation, i.e.
the spectral shift of the stopband, of the bottom and top BR with respect to each other
in ∆ (Fig. 8.3b). This immediately provides information which is also a valuable input
for the growth.

(a) (c)(b)

Figure 8.3: (a) Scanning transmission electron microscopy image of a ZnO resonator consisting
of a half-wavelength ZnO cavity embedded between two 10.5-pair YSZ/Al2O3 Bragg reflectors
on c-plane sapphire. The dark layers are ZnO and YSZ, the bright layers Al2O3. (b) ∆ spectra for
tuned (black) and detuned passive microresonators (blue: bottom BR shifted to higher and top BR
to lower energies, and red: vice versa) compared to experiment (green). The encircled regions reveal
the detuning situation. (c) Experimental data of the dispersion of the lower polariton branch
(LPB) in the ellipsometric parameters Ψ and the 1st derivative of ∆ of the ZnO microresonator.
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Investigating the ZnO resonator with ellipsometry, both Ψ and ∆ spectra in the
range of (18−78)◦ clearly show the dispersion of the lower polariton branch (Fig. 8.3c).
The evaluation of this dispersion and also temperature- and angle-dependent PL and
R spectra reveal the resonator to be in the strong coupling regime even above room
temperature (see also Sect. 8.3).

[1] M. Zamfirescu et al.: Phys. Rev. B 65, 161 205R (2002),
doi:10.1103/PhysRevB.65.161205

8.5 Core/Shell ZnO/ZnMgO Quantum Wells

on Free-Standing ZnO Nanowires

J. Zúñiga Pérez∗, B.Q. Cao†, C. Czekalla, H. Hilmer, J. Lenzner, M. Lorenz,
M. Grundmann

∗Centre de Recherche sur l’Hétéro-Epitaxie et ses Applications (CRHEA),
Centre National de la Recherche Scientifique (CNRS), Valbonne, France
†present address: Department of Electrical and Electronic Systems Engineering,
Kyushu University, Fukuoka, Japan

Low-area density ZnO nanowire arrays, growing perpendicularly to the substrate, are
synthesized with high-pressure pulsed-laser deposition. The introduction of a ZnO
buffer layer enables us to fabricate individual nanowires several micrometers apart
(area density < 0.1 nanowire/µm2), suppressing any shadowing effect by neighbouring
nanowires during subsequent growth. In order to reduce the nanowires area density,
a combination of low- and high-pressure PLD growth methods were employed for
growing a ZnO buffer layer and the ZnO core nanowires (Fig. 8.4a), respectively. These
low density ZnO nanowires, whose c-axis is perpendicular to the substrate surface,

Figure 8.4: SEM images (recorded at a 45◦ tilt angle) of exactly the same nanowire after the core
(a) and shell (b) growths.

http://dx.doi.org/10.1103/PhysRevB.65.161205
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(a) (b)

Figure 8.5: Schematic diagram of a single ZnO/ZnMgO QW wire as oriented in the CL cryostat
(a). CL spectra (T = 10 K, U = 15 kV, I = 150 pA) (b) measured at the locations indicated in (a).

are then used as templates to grow ZnO/ZnMgO core-shell nanowires heterostruc-
tures with conventional low-pressure pulsed-laser deposition (Fig. 8.4b and Fig. 8.5).
Cathodoluminescence measurements (Fig. 8.5) as well as transmission electron mi-
croscopy show that a sharp interface forms between the ZnO core and the ZnMgO
shell. Based on these findings, we have grown a series of radial ZnO/ZnMgO quan-
tum wells with different thicknesses that exhibit quantum confinement effects, with
thicker quantum wells emitting at lower energies. Spatially resolved cathodolumines-
cence confirms the homogeneity of the quantum well structure along the full nanowire
length of about 3µm.

This work was supported by the EU within NANDOS and by the Alexander von Humboldt
Foundation.

8.6 Strong Indications for p-Type Conductivity

of ZnO:P Nanowires

B.Q. Cao∗, M. Lorenz, G. Zimmermann, M. Grundmann
∗present address: Department of Electrical and Electronic Systems Engineering,
Kyushu University, Fukuoka, Japan

The reproducible growth of p-type conducting ZnO with high structural quality and
acceptable stability over time is still a challenge of the current ZnO research. There
are numerous reports on p-type conductivity of heteroepitaxial ZnO thin films doped
with potential acceptor elements as for example nitrogen, phosphorous, arsenic, or
antimony. In most publications, the reproducibility and stability of p-type conductivity
is not mentioned and it was often found that the p-type conductivity of these ZnO
thin films reversed to n-type after few days or weeks. Therefore, supported by the
recent advances of ZnO nanowire growth, p-type doping of ZnO nano- and microwires
became an interesting issue. Because of the 1D growth mode of nanowires perpendic-
ular to a substrate surface, strain effects are expected to be minimized for nanowires
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in comparison to hetero- or homoepitaxial thin films. We have found three indepen-
dent indications for reproducible and about one-year stable p-type conductivity of
phosphorous-doped ZnO (ZnO:P) wires: (1) Low-temperature cathodoluminescence
of single ZnO:P nanowires exhibits phosphorus-acceptor-related peaks: (A0,X), (e,A0),
and DAP [1], (2) bottom-gate field-effect transistors (FET) using undoped (n-type) ZnO
and ZnO:P wires showed opposite transfer characteristics [2], and (3) the rectifying I–V
characteristics of the ZnO:P-nanowire / ZnO:Ga-film junctions [3].

We use both high-pressure pulsed-laser deposition (PLD) and carbothermal evap-
oration to grow ZnO-based nano- and microwires, respectively. By simply adding
P2O5 into the source targets of both processes, phosphorous-doped ZnO nano- and
microwires could be grown successfully. In cathodoluminescence (CL) spectra of single
selected ZnO:P nano- and miocrowires, acceptor-related peaks (A0,X), (e,A0), and DAP
were found. This peak assignment was further confirmed by temperature-dependent
CL spectra and appropriate fits of the peak-energy shifts and by spatial CL maps indi-
vidually extracted for selected peaks [1, 2]. Furthermore, undoped (naturally n-type)
ZnO and ZnO:P microwires were used to built bottom-gate FETs and opposite transfer
characteristics were found for undoped and P-doped wires [2]. As a third indepen-
dent indication for a stable (within one year) p-type conductivity of the phosphorous-
doped ZnO wires, we presented all-ZnO p–n-junctions defined by ZnO:P nanowire
arrays grown on ZnO:Ga layers on sapphire substrates, as shown schematically in
Fig. 8.6. The p–n-junctions were grown by two-step pulsed-laser deposition on a-plane
sapphire substrates using a Ga-doped ZnO thin film as n-type conducting material.
On top of these n-type films, phosphorous-doped ZnO nanowires were prepared by
high-pressure PLD. Rectifying I–V curves with threshold voltage of about 3.2 V and
a forward/reverse current ratio of 100 at ±3.5 V were measured reproducibly on these
junctions, as shown in Fig. 8.7.

Because the time between the growth of the first p–n-junctions and the electrical
measurements is now about one year, we can state a corresponding time stability of
the ZnO junctions. In total about 20 junction samples were grown, from which about
10 showed the typical rectifying behaviour of Fig. 8.7. Finally, electroluminescence
spectra could be accumulated with pulsed current excitation on selected junctions
which showed a weak, diffuse blue-green emission.

Figure 8.6: (a) Scheme of the ZnO:P / ZnO:Ga p–n-junctions including one p- and one n-contact.
The SEM image (b) is a top view on the Ni–Au contact pads on top of the embedded ZnO:P
nanowire array. The connection to the top contact is made with silver glue.
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Figure 8.7: Rectifying I–V curves of two typical ZnO p–n-junctions on the same substrate,
denoted p1–n and p2–n, plotted in linear and logarithmic current scale. In addition, the I–V
characteristics of these two p-contacts is shown, which corresponds to the p1–n–p2 configuration
of two opposite p–n diodes. This curve is dominated by the leakage currents of the two diodes.

This work was supported by the EU within NANDOS and by the DFG within FOR 522.
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8.7 Photonic-Wire Resonators

with Concentric Bragg Reflectors

R. Schmidt-Grund, H. Hilmer, J. Zúñiga-Pérez∗, A. Hinkel, C. Sturm, C. Czekalla,
G. Zimmermann, B. Rheinländer, M. Grundmann

∗Centre de Recherche sur l’Hétéro-Epitaxie et ses Applications (CRHEA),
Centre National de la Recherche Scientifique (CNRS), Valbonne, France

We demonstrate the possibility of the growth of lateral concentric Bragg reflectors (BR)
on ZnO nano-pillars and show hints for such a resonator to be in the regime of strong
exciton-photon coupling. Compared to the planar case, the reduction of the cavity mode
volume in such pillar-resonators along with a simultaneously high quality factor of the
resonator opens the opportunity for (i) the enhancement of the lateral confinement in
classical pillar-resonators in order to increase the emission rates in the regime of weak
exciton–photon coupling (Purcell effect), (ii) to enhance the exciton–polariton coupling
strength in the strong-coupling regime, and (iii) to be used for 2D confinement in free-
standing photonic wire resonators. Compared to 1D confinement, additional cavity
modes occur due to the quantization of the cavity-photon k-vector in two dimen-
sions, leading to a complex system of exciton-polaritons with multiple branches, which

http://dx.doi.org/10.1088/0957-4484/18/45/455707
http://dx.doi.org/10.1002/pssr.200701268
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are considered to provide much more efficient channels for the scattering of exciton-
polaritons to their ground state in order to undergo Bose–Einstein condensation.

We use here free standing ZnO nano-pillars as cavity and active medium which are
low-densely arranged on the substrate. This dilute arrangement is very important for
the growth of the concentric BR as well as for the subsequent optical characterization.
As BR materials we use YSZ (Yttrium stabilized ZrO2) as high-index material and Al2O3
as low-index material. The nano-pillar resonators have been fabricated by pulsed-laser
deposition (PLD) in three steps. First, a ZnO nucleation layer with a thickness of
about 1µm has been deposited by low-pressure PLD (oxygen background pressure
p(O2) = 0.02 mbar) at temperatures of T = 650 ◦C. This rough nucleation layer assures
low density growth of nano-pillars in step two. In this second step, the ZnO nano-pillars
are grown by a high-pressure PLD process (p(O2) = 100 mbar, T = 750 ◦C, Fig. 8.8a).
Nano-pillars with 5−10µm in length and diameters of 50−800 nm have been obtained.
In step three, the nano-pillars were coated with the YSZ/Al2O3 shell Bragg reflectors
(8.5 pairs) by low pressure (p(O2) = 0.002 mbar), low-temperature (T = 150 ◦C) oblique-
incidence PLD (OIPLD). The use of such low temperatures is mandatory in order to
obtain amorphous Bragg reflector materials. In the OIPLD process, the direction of
the plasma flow is tilted by 30◦ with respect to the pillar axis and the sample rotates
with 1.5 rpm with the rotation axis parallel to the pillar axis (Fig. 8.8b). Thus, a very
homogeneous coating of the nano-pillars with concentric Bragg reflectors with well
defined layer thickness has been reached in the lateral, in the azimuthal, as well as in
the longitudinal direction (Fig. 8.9).

In order to investigate the structure of the lateral optical modes of the ZnO nano-
pillar resonators, we have cleaved the sample in such a manner, that some of the
pillars are located directly at the breakline. This enables us to focus a probe light
beam with a microscope setup on the lateral surface of the pillar resonators. As probe,

Figure 8.8: Fabrication principles of the ZnO nano-
pillar resonators. Steps two and three are shown in
the parts (a) and (b), respectively. In each part, the
arrows indicate the direction of the PLD plasma flow.

III

0.5 µm

0.5 µm

5 µm

Al O2 3 ZnO

YSZ

Figure 8.9: SEM images of coated ZnO
nano-pillars. Insets I and II present an en-
larged section of a longitudinal cut pillar
and a cross-section cut, respectively.
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Figure 8.10: Reflectivity of a lateral surface of
a ZnO nano-pillar resonator (d ∼ 250 nm) with
concentric Bragg reflectors. The dips at 375 nm
and 390 nm correspond to resonator modes.

Figure 8.11: Experimental PL spectra of a res-
onator (d ∼ 300 nm) as a function ∆d during
the lateral PL-scan. The most prominent res-
onator modes are indicated by arrows.

we use a laser beam with a spot diameter of 1µm for spatially resolved photolumi-
nescence (PL) investigations and a white-light beam with a spot diameter of 4 µm
for spatially resolved reflection measurements. In Fig. 8.10, spectra of the reflectiv-
ity taken from a lateral surface of a coated pillar are shown together with prelimi-
nary model calculations for the case of 1D confinement. The Bragg stop-band can be
recognized clearly along with several resonator modes. Please note, by using such
a 1D model we can reproduce the layer thicknesses of the BR very well but can-
not obtain quantitatively correct values the thickness of the cavity. Fig. 8.11 shows
spectra of the PL for different positions at the lateral surface of a pillar-resonator.
As the ZnO pillars changes their diameter d as a function of the longitudinal po-
sition (∆d/d ∼ 10 %), the energetic position of the cavity modes could be varied
in this manner and therewith the detuning between the cavity and exciton modes.
From the thickness dependence of the observed modes we have found strong hints
for the resonator to be in the strong-coupling regime, which is a subject for further
investigations.

This work was supported by the DFG within FOR 522.

8.8 ZnO-Based Metal–Semiconductor Field-Effect

Transistors with Ag-, Pt-, Pd-, and Au-Schottky Gates

H. Frenzel, A. Lajn, M. Brandt, H. von Wenckstern, G. Biehne, H. Hochmuth,
M. Grundmann

Metal-semiconductor field-effect transistors (MESFETs) were fabricated by reactive
dc sputtering of either Ag, Pt, Pd, and Au as Schottky gate contacts on ZnO thin
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Table 8.1: Overview of the measured sample properties at room temperature.

Sample d n µHall µch 1max on/off max. slope
MESFET [nm] [cm−3] [cm2/Vs] [cm2/Vs] [S/cm] ratio [mV/dec]

Ag 20 2.8×1018 9.3 6.3 37.5 1.2×108 81
Pt 26 2.4×1018 12.1 11.4 46.9 4.5×106 83
Pd 26 2.4×1018 12.1 12.8 52.7 2.6×105 156
Au 20 1.5×1018 43.9 23.9 61.3 1.6×103 282

films grown by pulsed-laser deposition on a-plane sapphire substrates. Three samples
with nominally equal channel thickness and doping concentration were prepared. Two
of them were used to process MESFETs with Ag- and Au-gates, respectively. On the
third layer, MESFETs wit Pt- and Pd-gates were fabricated. The oxygen partial pres-
sure was kept between 0.02 mbar and 0.04 mbar; the growth temperature was 620 ◦C.
The channel thickness as well as an overview of measured electrical parameters at
room temperature is given in Tab. 8.1. All four gate metals were deposited by reactive
dc-sputtering as described in [1]. Non-reactively dc-sputtered Au was used as ohmic
source/drain contacts and the capping layer on the gate.

I–V measurements were performed between 25 ◦C and 150 ◦C in order to test figures
of merit and reliability of the MESFETs. A comparison of room-temperature transfer
characteristics at source–drain voltage VSD = 2 V is shown in Fig. 8.12. All MESFETs
show a strong field effect. The Ag-MESFET has the highest on/off-ratio of 1.2×108 with
very low off-current in the sub-picoampere range applying an off-gate-voltage of only
VG = −1.4 V. The Pt-, Pd-, and Au-MESFETs exhibit larger leakage currents, which
increase the off current. Nevertheless, for Pt, the on/off-ratio is still 4.5×106, whereas
it is only 2.6×105 for Pd and 1.6×103 for Au. The off-gate-voltages of the devices with
Pt, Pd, and Au are smaller than for the Ag-sample reflecting the higher off-currents.
The differences in the characteristics can be explained by slightly different channel
thicknesses and the different Schottky contacts barrier heights and built-in potentials
resulting in a different depletion layer depth.

Figure 8.12: I–V transfer characteristics of MESFETs with Ag-, Pt-, Pd and Au-Schottky-gate
contacts at room temperature.
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(a) (b)

Figure 8.13: (a) Ideality factor (left) and Schottky barrier height (right), and (b) channel mobility
of Ag, Pt, Pd, and Au Schottky-gate MESFETs at elevated temperatures.

Figure 8.13a,b depicts Schottky barrier heights ΦB and ideality factors η of the
Schottky-gate contacts at elevated temperatures. Ag, Pt, and Au show similar behavior,
in contrast to Pd. For the Pd Schottky contact, η is increasing with increasing tempera-
ture whileΦB stays constant at values around 0.82 V. For the MESFETs with Ag, Pt, and
Au, an annealing effect was observed. Until 100 ◦C (for Au until 125 ◦C), η is decreasing,
whereasΦB is increasing up to maximum values of 1.14 for Ag, 1.07 for Pt, and 0.97 for
Au. A further increase in temperature leads to irreversible degradation of the Schottky
contacts and the ideality factors are increasing while the Schottky barrier heights are
decreasing again.

Figure 8.13c shows the temperature dependence of the Ag-, Pt-, Pd-, and Au-
MESFET’s channel mobilities µch. All samples show a monotonic decrease in µch with
increasing temperature due to increasing optical phonon scattering. However, a change
in slope is observed in the curves of Ag, Pt, and Pd at certain temperatures. For Pt-
and Pd-gated devices, the slope increases at 75 ◦C. It is steeper for the Pd-sample in-
dicating a faster degradation of the MESFET. For Ag, the slope increases not until
100 ◦C yielding into a similar slope as for the Pt sample. This indicates that the Pd-
and Pt-MESFETs are stable until 75 ◦C, whereas Ag-MESFETs are stable until 100 ◦C.
For Au, no particular slope change, but a smooth increase of the slope is observed.
The apparent channel mobility of Au degrades more drastically as compared to Ag, Pt,
and Pd.

Although, the Ag-MESFET has the smallest channel mobility in this study, the
electrical properties such as ideality factor, Schottky barrier height, on/off-ratio, and
off-current are the best. Despite the higher leakage current, Pt is similar to Ag. The
lower Schottky barrier and higher leakage currents disqualify Pd and Au for the use
in high-quality MESFETs. However, the reactively sputtered Au Schottky contacts on
ZnO are close to the best reported in literature [2].

[1] H. Frenzel et al.: Appl. Phys. Lett. 92, 192 108 (2008), doi:10.1063/1.2926684
[2] C.A. Mead et al.: Phys. Lett. 18, 218 (1965), doi:10.1016/0031-9163(65)90295-7
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8.9 Electrical Properties of Reactively Sputtered

Ag, Au, Pd, and Pt Schottky Contacts

on n-type ZnO Thin Films

A. Lajn, H. von Wenckstern, Z. Zhang, C. Czekalla, G. Biehne, J. Lenzner, H. Hochmuth,
M. Lorenz, M. Grundmann, S. Wickert∗ C. Vogt,∗ R. Denecke∗

∗Wilhelm-Ostwald-Institut für Physikalische und Theoretische Chemie, Universität Leipzig

We fabricated highly rectifying Ag, Au, Pd and Pt Schottky contacts (SC) on hetero-
epitaxial ZnO thin films by reactive sputtering in an argon/oxygen-atmosphere. This
method of contact fabrication had been introduced by Allen et al. [1] for high quality
AgO-SCs on ZnO single crystals. SCs permit the characterization of defects by space-
charge spectroscopy and the fabrication of devices, e.g. field-effect transistors [2].

The zinc oxide thin film was grown on a 2 inch diameter a-plane sapphire wafer
by pulsed-laser deposition (PLD) at 710 ◦C in an oxygen partial pressure of 0.02 mbar.
The first layer of the SCs was deposited by reactive sputtering of the respective metal
in an O2/Ar-atmosphere. Subsequently, a metallic capping layer was sputtered in pure
argon using the same metal.

X-ray photoelectron spectroscopy (XPS) was performed to determine the degree of
oxidation of the reactively sputtered contact materials. The spectra recorded for the
gold film reveal only electrons with binding energies attributed to elementary gold.
Oxygen-containing species were not detected. Consequently, the gold film is metallic
and not oxidized. For the Ag, Pd and Pt films emission of electrons from oxygen core
levels is detected. As zinc-related electrons were not measured, also O related electrons
from ZnO would be beyond the escape depth and thus, the oxygen stems from the
contact material.

Photocurrent measurements revealed the necessity to cover the oxidic contact ma-
terial with a conducting capping layer to form an equipotential surface. This can be
explained by the low conductivity of the oxidic contact material. Strong fluctuations
of the photocurrent signal among the contact area were not found, indicating the ho-
mogenous contact formation.

To characterize the electrical properties of the SCs current–voltage (I–V) and capa-
citance–voltage measurements (C–V) and temperature-dependent I–V measurements
(I–V–T) were carried out.

Highly rectifying SCs were fabricated with all four metals (see Fig. 8.14). The current
transport in these diodes can be well described by thermionic emission. This model
involves the series and parallel resistance of the diode, RS and RP, respectively, the effec-
tive barrier height Φeff and the voltage dependence of the barrier by the ideality factor
n. By fitting the forward IV characteristics the SC parameters were extracted at room
temperature (see Tab. 8.2). All SCs show ideality factors n < 1.6 and effective barriers
> 0.65 eV. The low measured effective barrier heights, compared to the Schottky–Mott
model, are attributed to lateral variations of the barrier height [3]. This was modeled
assuming a Gaussian distribution of the barrier heights with a voltage-dependent mean
barrier height ΦB,m(V) = ΦB,m(0 V) + ρ2V and a voltage-dependent standard deviation
σ2(V) = σ2(0 V) + ρ3V. Since current flows preferentially over the lower barrier paths,
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Figure 8.14: Current–voltage characteristics of the best SCs on ZnO.

Table 8.2: Parameters of the best Ag, Au, Pd and Pt contacts, determined by I–V, C–V and
I–V–T.

I–V C–V I–V–T
contact Φeff n Φm σ Φm σ ρ2 ρ3

material [eV] [eV] [eV] [eV] [eV] [eV]
Pt 0.84 1.59 1.34 0.16 1.27 0.14 −0.13 −0.021
Au 0.69 1.36 1.22 0.16 0.96 0.14 0.06 −0.014
Ag 0.66 1.57 1.35 0.19 1.04 0.14 −0.33 −0.029
Pd 0.73 1.25 1.20 0.15 1.23 0.15 −0.29 −0.027

the effective barrier height determined by I–V at finite temperature is smaller than the
mean barrier height.

The C–V mean barriers heights range for all metals between 1.2 and 1.35 eV (see
Tab. 8.2). Using the previously measured mean and effective barrier heights, the stan-
dard deviation was calculated (Tab. 8.2, column 4). In order to compare the standard
deviations and the mean barrier heights, temperature-dependent I–V measurements
were carried out.ΦB,m and σwere again calculated this time using the Gaussian barrier
model, employing the effective barrier heights extracted from the I–V characteristics for
each temperature. Additionally the voltage dependency of the distribution parameters
ΦB,m and σwas calculated. The model adequately describes the measured data between
320 and 200 K. For lower temperatures possibly a second, lower barrier, tunnelling or
trap-assisted tunnelling should be considered.

For Pt and Pd the mean barrier heights determined by C–V and I–V–T are approx-
imately equal. The C–V mean barrier height for Pd of 1.20 eV accords despite of the
metal oxidation well with resistively evaporated Pd-SCs being purely metallic [3]. The
mean barrier height for Pt is according to the Schottky–Mott model expected to have
the observed value. Please note, that the Schottky Mott model considers an ideal metal
in contact with a semiconductor.

In case of gold and silver the C–V mean barrier height is significantly higher, than
the I–V–T value. For gold SCs, smaller values of 0.6−0.7 eV, which are close to our
previously measured effective barrier, are commonly reported. Schottky–Mott theory
predicts significantly higher barrier heights, as our C–V and I–V–T also reveal. For silver
oxide SCs mean barrier heights of 1.2 eV in maximum are reported on high quality single
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crystals [1]. Thus, the C–V measurement might overestimate the barrier height due to
charging effects of the oxidic contact material, as the I–V–T value of 1.04 eV compared to
the C–V value ofΦB,m = 1.35 eV indicates. The voltage coefficients ρ2 of the mean barrier
height are negative except for gold, but vary significantly in magnitude. The values of ρ3

vary between −14 meV and −29 meV for all SCs, which is in accordance to the value re-
ported for metallic Pd SCs [3]. As ρ3 is negative, the Gaussian distribution narrows with
increasing bias, such that the barrier height distribution becomes more homogeneous.
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8.10 Interface Effects in ZnO Metal–Insulator–Semi-

conductor and Metal–Semiconductor Structures

H. Frenzel, H. von Wenckstern, A. Lajn, M. Brandt, G. Biehne, H. Hochmuth, M. Lorenz,
M. Grundmann

ZnO metal–insulator–semiconductor (MIS) and metal–semiconductor (MES) field-effect
transistors were fabricated by pulsed-laser deposition to study the influence of inter-
face scattering on the lateral electronic transport. Channel mobilities were increased by
successive elimination of electron-scattering mechanisms by means of different ZnO
transistor types: heteroepitaxial MISFET, MESFET and high-electron-mobility tran-
sistor (HEMT) on a-plane sapphire substrate as well as homoepitaxial MESFET on
ZnO substrate.

The three heteroepitaxial FETs were grown under an oxygen partial pressure of
0 002mbar and a growth temperature of 650 ◦C on a-plane sapphire substrate. For the
heteroepitaxial MISFET, the ZnO channel thickness was 500 nm. An Al2O3/HfO2/Al2O3
sandwich structure was used as insulating top-gate oxide to suppress gate leakage
current [1]. The thicknesses were 50 nm for Al2O3 and 40 nm for HfO2, respectively.
The source, drain and gate contacts were structured using photolithography, lift-off
processes and thermal evaporation of Ti/Au. The heteroepitaxial MESFET had a channel
thickness of 20 nm. The Schottky-gate contact was reactively DC-sputtered using Ag
as reported in [2] and covered by an Au capping layer which was also used for the
source and drain contacts. The channel of the heteroepitaxial HEMT consited of a
Zn0.9Mg0.1O/ZnO/Zn0.9Mg0.1O single quantum well (QW) heterostructure with a QW
thickness of 5 nm and a barrier thickness of 100 nm. The barrier was doped with 0.5 %
Ga to provide free charge carriers for the transport. As a fourth type of samples,
a homoepitaxial MESFET was grown on ZnO substrate, which was pre-treated as
described in [3]. The 65 nm thick ZnO-channel was doped with 0.01 % P and grown at
3×10−4 mbar and 730 ◦C. The contacts for the latter two FETs were fabricated as for the
heteroepiaxial MESFET.

Figure 8.15a shows the transfer characteristic and channel mobility of a normally-on
top-gate MISFET with an on-off-ratio of ∼ 105. The leakage current is below 10−10A due
to the high conduction band offset between ZnO and Al2O3 and the use of a sand-
wich structure which introduces additional interfaces to interrupt current paths within
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(a) (b)

Figure 8.15: Transfer characteristic and channel mobility of a heteroepitaxial MISFET (a) and
MESFET (b) [2].

the insulator. The maximum slope in the transfer characteristic is 300 mV/dec. How-
ever, the maximum channel mobility calculated as in [4] is only 1.9 cm2/Vs, which is
about a factor of 10 lower than the Hall mobility. This is due to electron scattering
at ZnO/Al2O3-interface states. The interface-trapped charge-density was measured by
admittance spectroscopy to be in the range of 1012 eV−1cm−2.

The scattering at surfaces is eliminated in the heteroepitaxial MESFET (Fig. 8.15b)
since the electrons are kept away from the surface by the depletion layer of the Ag-
Schottky contact [2, 5]. This leads to an average channel mobility of 11 cm2/Vs which
equals the Hall mobility. The maximum channel mobility is 23 cm2/Vs as depicted in
Fig. 8.15b. An on-off ratio of ∼ 108 with a very low leakage current < 10−12 A and
a maximum slope of only 100 mV/dec could be achieved.

A further increase of the mobility can be achieved using a 2D electron gas (2DEG)
in a ZnMgO/ZnO/ZnMgO-QW heterostructure. As can be seen in the inset of Fig. 8.16,
charging of the QW has been observed by current–voltage (I–V) measurements around

Figure 8.16: Forward transconductance of a heteroepitaxial HEMT. Inset: I–V measurement of
the gate Schottky contact.



166 INSTITUTE FOR EXPERIMENTAL PHYSICS II

0.5 V. At the same voltage, the forward transconductance of the HEMT reveals a sharp
increase which is directly proportional to the channel mobility. However, the source–
drain current is rather small due to low carrier injection through the ZnMgO:Ga barrier.

In order to reduce scattering at grain boundaries and interfaces of structural defects,
a homoepitaxial MESFET has been investigated. Atomic force microscopy showed a
2D growth of the channel layer with c/2-steps and less grain boundaries as compared
to heteroepitaxy. The dislocation density is given by the substrate and lies in the range
of 105 cm−2. From temperature-dependent Hall experiments the room-temperature mo-
bility is obtained as 150 cm2/Vs and can be fitted (not shown) without grain boundary
scattering. However, from I–V measurements on the MESFET, a channel mobility of
only 50 cm2/Vs could be determined. Possibly, a current through the substrate causes
the lower mobility and an overestimation of the net doping concentration.
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8.11 Defects in Zinc Implanted ZnO
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Undoped ZnO is n-type conducting due to low formation energies of donor-like de-
fects under either zinc- or oxygen-rich conditions [1]. In this study intrinsic defects
were created by the implantation of high energy (250 keV) zinc ions into a ZnO thin
film. The defect studies were carried out by the capacitance spectroscopic methods
thermal admittance spectroscopy (TAS) and deep level transient spectroscopy (DLTS).
A comparison between the defects found in an as-grown reference sample and those
in the Zn-implanted and thermally annealed one gives a hint to intrinsic defects, that
are stable or preferentially formed under zinc rich conditions.

On a 2-inch sapphire substrate the ZnO thin film was deposited by pulsed-laser
deposition (PLD). The sample was then divided into parts acting as implanted and
reference specimen. After the ion implantation, the sample was thermally annealed in
oxygen atmosphere at approx. 970 K for 45 min. The Schottky contacts, essential for
capacitance spectroscopy, were realised by resistively evaporated palladium.

By TAS and DLTS three traps have been observed (Tab. 8.3), a shallow donor T1, in
literature attributed to the interstitial zinc [2], the (in ZnO almost omnipresent) deep
level E3 [3], and the deep level T2 [4]. The concentrations of T1 and T2 were increased
in the zinc implanted and annealed sample. Since an increase of zinc interstitials by
the implantation of zinc ions into ZnO can be expected, the increase of T1 supports its
suggested attribution to the zinc interstitial. Using DLTS with different reverse voltages
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Table 8.3: Binding energie Ed and electron capture cross-section σth
n of the investigated traps

obtained from Arrhenius analysis.

sample Ed [meV] σth
n [10−16 cm2]

T1 30 ± 7 1500
T2 190 ± 15 1
E3 300 ± 10 2

Figure 8.17: DLTS spectra of the as-grown (bottom) and the zinc implanted and annealed sample
(top). Using different reverse voltages for the DLTS measurements, a spatial dependence of the
T2/E3 ratio, which roughly follows the calculated profile of the implanted zinc ions, was
measured.

and therefore different space charge region widths w, a spatially varying concentration
of T2 was recorded in the implanted and annealed sample (Fig. 8.17). It roughly follows
the calculated (SRIM) Zn ion distribution and is therefore a proof for the intrinsic nature
of T2. Within the error bars of the DLTS experiment, the E3 concentration remained
unchanged by the zinc implantation, which gives reason to assume E3 to be of extrinsic
origin. More detailed information on these studies can be found in [4].
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8.12 Defect Characterisation by Optical Deep Level

Transient Spectroscopy in ZnO

M. Ellguth, M. Schmidt, H. von Wenckstern, R. Pickenhain, M. Grundmann

We conducted optical deep level transient spectroscopy (ODLTS) experiments on ZnO
thin films with evaporated Pd Schottky contacts. These are designed to calculate photo
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Table 8.4: Signatures and references as well as thermal emission rates at TR = 300 K of deep
levels detected in the samples by DLTS.

deep Ec − Et σn,app eth
n (TR) ref.

level [meV] [cm2] [s−1]
X1 239 5.1×10−10 3.90×1012 –
X2 229 7.1×10−15 8.00×107 –
E3 293 4.0×10−16 3.78×105 [1]
E4 555 7.9×10−13 2.96×104 [1]
T3 626 9.6×10−15 2.31×101 [2]
T2 194 1.0×10−16 4.36×106 [3]

cross-section spectra of particular deep levels detected in thermal DLTS. The photo
cross-section σo

n,p is a measure of the probability of optically excited electron transitions
from the occupied deep level into the conduction band (σo

n) or from the valence band
onto the empty defect (σo

p). It depends on the optical transition matrix element between
the wave functions of the defect and the involved energy band, as well as on the
density of states of that energy band and electron-lattice coupling due to local modes
of the defect. Experimentally, they can be determined via the optical emission rate
eo

n,p(hν) = Φ(hν) σo
n,p(hν), where Φ is the photon flux. The eo

n was determined from
the DLTS signal recorded at a fixed temperature and simultaneous monochromatic
illumination of the sample through the semitransparent Schottky contact. The deep
levels found in two samples by thermal DLTS are listed in Tab. 8.4. Strong response
to the illumination was found for the defects X1, X2, E4 and T2. The E3 level was
not observed to emit electrons under optical excitation and has been estimated to have
a photo cross section at least 4 orders of magnitude smaller than E4. The X1 and X2 levels
were not suited for investigation by ODLTS due to the shallow energetic position or
an insufficient concentration. The T3 level exhibited a notably weaker optical response
than E4 but has to be investigated further. For the E4 and T2 level the photo cross-
sections are depicted in Fig. 8.18. Both photo cross-section spectra show an exponential
decay towards the low energy limit of the measurement. For a comparison of the optical
threshold energy with the energetical distance of the deep level to the conduction band

(a) (b)

Figure 8.18: (a) Photo cross-section of E4 in relative units determined from two experiments
using either a halogen or xenon lamp (dashed line: lamp spectrum). (b) Photo cross-section of T2.
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edge, the lower photon energies have to be investigated in more detail. Thereby, the
lattice distortion in the vicinity of the defect can be judged. In case of E4, the present
results already point to a weak lattice distortion.
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8.13 Ag-Related Defect State in ZnO Thin Films

H. von Wenckstern, A. Lajn, A. Laufer∗, B.K. Meyer∗, H. Hochmuth, M. Lorenz,
M. Grundmann
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Recently, the ǫ(0/ − 1) transition energy of AgZn was calculated using density func-
tional theory with local density approximation to be 0.4 eV above the valence band
maximum [1] contradicting older experimental results attributing a very deep level sit-
uated 0.23 eV below the conduction band minimum to AgZn [2] similar to the situation
for CuZn [3].

We investigated the properties of AgO
x
/ZnO Schottky diodes. The c-axis oriented

ZnO thin films were grown by pulsed-laser deposition on a-plane sapphire substrates.
The Schottky contacts were realized by reactive sputtering of Ag [4] onto the sam-
ple surface.

Thermal admittance spectroscopy (TAS) was carried out between 10 and 330 K
under zero bias applying frequencies between 1 kHz and 5 MHz. Figure 8.19a depicts
the capacitance C and the conductance normalized by the frequency G/ω for ω =
1.1×106 s−1. Four defect levels (E30, E65, E100, E300) with thermal activation energies
of 30, 65, 100 and 300 meV, respectively, are recognizable by the steps of C(T) or the

(a) (b)

Figure 8.19: (a) C(T) and G(T)/ω for ω = 1.1×106 s−1 of silver oxide diode on undoped ZnO.
(b) Depth profile of relative concentrations of Zn, O, ZnO and Ag determined by secondary ion
mass spectroscopy.
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Figure 8.20: C(T) with respect to its 130 K value for reverse bias ranging from 0 to −4 V in steps
of 0.25 V.

maxima of G(T)/ω already reported [5, 6]. Interestingly, C decreases for temperatures T
between 125 and 215 K. Such behavior has not been reported for ZnO; it is not observed
in other diode structures as Pd/ZnO or Pt/ZnO. Variations of the dc bias, applied to the
Schottky diode, alter its depletion width W and with that the probing volume. Higher
reverse bias increases W; the probing volume shifts towards the substrate. Figure 8.20
depicts C(T) for different reverse bias and ω = 1.1×106 s−1. For visibility C(T) is drawn
with respect to its value at 130 K. The decrease of C(T) reduces with increasing reverse
bias implying that it is connected to a defect with depth-dependent concentration.

Secondary ion mass spectroscopy depicted in Fig. 8.19b reveals that Ag diffuses from
the Schottky contact into the ZnO thin film. Even though the contacts were prepared
at room temperature and the diodes were not exposed to temperatures higher than
360 K, Ag is detected 400 nm below the surface. For Pd/ZnO Schottky contacts the
metal/semiconductor interface is sharp appositely to the fact that a decrease of C(T)
with increasing T was not observed for Pd/ZnO. The Ag depth profile correlates well
with the disappearance of the decrease of C(T) altogether suggesting that a defect
created by the diffusion of Ag causes the anomalous behavior of C(T).

The diffusion of Ag into heteroepitaxial ZnO thin films creates a defect level causing
a decrease of C(T) as T is increased from 120 K to 215 K (depicted in Fig. 8.20) not
observed for silver oxide diodes on high-quality bulk ZnO. From that, one can speculate
that the larger number of crystal defects (grain boundaries, dislocations) in the ZnO
thin film promotes a much faster diffusion of Ag compared to that in the ZnO bulk
crystal. Further, the decrease of C(T) suggests that the indiffusion of Ag creates a defect
complex rather than a simple point defect. A reconfiguration of the defect complex
for T > 120 K changes its electronic structure and charge state leading to a smaller
capacitance. Besides the decrease of the capacitance, we did not detect a donor-like
defect level possibly introduced by interstitial Ag. This is in agreement with calculations
showing that the formation energy of Ag on interstitial site is high [1].
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8.14 Electronic Coupling

in MgZnO/ZnO Double Quantum Wells

J. Zippel, M. Lange, J. Lenzner, G. Benndorf, M. Lorenz, H. Hochmuth, M. Grundmann

The electrical and optical properties of quantum well heterostructures have been in-
vestigated with considerable interest in the last years. Coupled double quantum well
structures, where the two wells are separated by a thin barrier involve both, fundamen-
tal physical properties and the importance for different optoelectronic devices such as
modulators, tunable light sources or quantum cascade lasers. Zinc oxide (ZnO) based
quantum wells have achieved great attention due to their potential applications in
optoelectronic devices operating in the blue–ultraviolet region of the spectrum. The
large exciton binding energy in ZnO of 60 meV [1] enables excitonic emission up to
room temperature and makes ZnO a promising candidate concerning the realization
of exciton-based lasing devices.

In order to get insight in the electronic coupling of Mg
x
Zn1−x

O/ZnO double quantum
wells (DQW), structures were prepared with pulsed-laser deposition either consisting
of two quantum wells with same well width LW separated by a thin Mg

x
Zn1−x

O barrier
layer, so-called symmetric DQWs or structures with two quantum wells of different LW,
so-called asymmetric DQWs. Figure 8.21a depicts the shift of the cathodoluminescence
peak in dependence of the thickness of the Mg

x
Zn1−x

O barrier layer at a temperature of
T = 10 K. Clearly a redshift of the maximum with decreasing thickness LW is observed.

(a) (b)

Figure 8.21: (a) Cathodoluminescence of different symmetric double quantum wells in depen-
dence of the thickness of the MgxZn1−xO barrier layer separating the two quantum wells.
The inset shows the comparison with an effective mass approximation based solution of
the Schrödinger equation. (b) Temperature-dependent cathodoluminescence of an asymmetric
DQW with LW(wide) = 4.6 nm, LW(narrow) = 1.9 nm and LB = 4 nm.
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The behaviour can be described using a simple effective mass approximation based
solution of the Schrödinger equation. In the inset of Fig. 8.21a a very good agreement
at room temperature is shown, whereas at 10 K a rigid deviation is obvious, which
may be due to the Stokes Shift, i.e. the difference between luminescence and absorption
measurement at low temperatures [2].

For the asymmetric DQWs we use temperature-dependent cathodoluminescence
to investigate the luminescence characteristic. In Fig. 8.21b the luminescence from
T = 300 K down to T = 10 K is shown. At about 200 K a third peak (peak A) between
the luminescence maximum of the wide QW [QWwide] and the narrow QW [QWnarrow]
appears and becomes more intense relative to the narrow QW at about 100 K. The
theoretical model to calculate the transition energies, suggests the assignment of the
new luminescence peak to a spatially indirect transition between the wide and the
narrow quantum well. This behaviour indicates the tunneling of either the electrons
and/or the holes in the system.

[1] B.K. Meyer et al.: Phys. Stat. Sol B 241, 231 (2004), doi:10.1002/pssb.200301962
[2] T. Makino et al.: J. Appl. Phys. 93, 5929 (2003), doi:10.1063/1.1563295

8.15 Recombination Dynamics of Excitons

in MgZnO/ZnO Quantum Wells

M. Stölzel, A. Müller, G. Benndorf, M. Grundmann

We investigated low temperature recombination dynamics of excitons in MgZnO/ZnO
Quantum Wells (QWs) using time-resolved photoluminescence spectroscopy. The sam-
ples were grown by pulsed-laser deposition on a-plane sapphire substrates with a ZnO
buffer layer. The QWs differ in width reaching from 1 to 6.5 nm.

The samples were excited by a frequency-doubled/-tripled femtosecond Ti:Sa laser
tuned to resonant and non-resonant excitation (see inset of Fig. 8.22a). The correspond-
ing transients detected on the QW maximum are shown in Fig. 8.22a. For resonant
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Figure 8.22: (a) Transients of the QW luminescence for resonant and non-resonant excitation
together with the respective fits. (b) Luminescence lifetime in dependence of the quantum
well width.
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excitation we observe a monoexponential decay. When the barrier is excited, the QW
decay is superposed by a second, non-exponential decay which matches the temporal
behavior of the barrier luminescence.

The transients measured on the high energy side of the QW show a fast process in
addition to the monoexponential decay, which is attributed to the relaxation of the hot
excitons due to the emission of acoustic phonons. This is confirmed by time delayed
spectra, which show a shift of the QW peak to lower energies with time.

The luminescence lifetime of the excitons in QWs with different well widths is shown
in Fig. 8.22b. The lifetime decreases down to 4.5 nm and increases for smaller QWs
similar to results obtained by Chia et al. [1]. They attribute the increase to localization
preventing the migration to non-radiative recombination centers. In contrast to [2], we
find no evidence for the quantum-confined Stark effect (QCSE) which would result in
a major increase of lifetime for the wider wells.

[1] C.H. Chia et al.: Phys. Stat. Sol. B 229, 863 (2002),
doi:10.1002/1521-3951(200201)229:2<863::AID-PSSB863>3.0.CO;2-3

[2] T. Guillet et al.: Superlatt. Microstruct. 41, 352 (2007), doi:10.1016/j.spmi.2007.03.030

8.16 2D Electron Gases in MgZnO/ZnO Heterostructures

H. von Wenckstern, J. Zippel, A. Lajn, M. Brandt, G. Biehne, H. Hochmuth, M. Lorenz,
M. Grundmann

The density of 2D electron gases (2DEG) formed at wurtzite semiconductor heterojunc-
tions exceeds that of zincblende semiconductor heterojunctions by far. The reason is
that semiconductors crystallizing in the non-centrosymmetric wurtzite crystal structure
are piezoelectric; charges induced by the change of polarization at a hetero-interface
contribute to the density of the 2DEG (n2D).

For ZnO thin films grown on sapphire substrates, however, a degenerate layer
forms at the ZnO/sapphire interface hampering an unambiguous determination of n2D

by Hall effect measurements even at low temperatures T [1] making a depth resolved
determination of the charge density necessary.We applied capacitance–voltage (C–V)
spectroscopy to Zn-face MgZnO/ZnO heterostructures (HS) to obtain depth profiles of
their apparent carrier concentration. This allows an unambiguous determination of n2D

usually obtained from Hall effect measurements.
The samples were grown by pulsed-laser deposition at T ∼ 650 ◦C and an oxy-

gen partial pressure of 0.016 mbar. The thickness of the ZnO and MgZnO layer is 100
and 300 nm, respectively. The MgZnO layers are either nominally undoped or contain
0.5 wt.% Ga to increase the donor concentration. Schottky contacts with areas A be-
tween 4×10−4 and 4.9×10−3 cm2 were realized by reactive dc-sputtering of Pd at room
temperature. The diode layout was adopted from [2] to ensure a low series resistance.
The current density ( jd) vs. voltage (U) characteristic of a Mg0.2Zn0.8O:Ga/ZnO HS is
shown in the inset of Fig. 8.23b. Regarding thermionic emission only, the ideality factor
and the barrier height are 1.3 and 0.85 eV, respectively. The Pd Schottky contacts are
highly rectifying; the current ratio I(+1 V)/I(−1 V) is 3×105.

Figure 8.23a depicts a room-temperature (RT) C–V measurement of a Mg0.2Zn0.8O:
Ga/ZnO HS obtained using a probing frequency of 100 kHz. The discharge of the 2DEG

http://dx.doi.org/10.1002/1521-3951(200201)229:2<863::AID-PSSB863>3.0.CO;2-3
http://dx.doi.org/10.1016/j.spmi.2007.03.030
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(a) (b)

Figure 8.23: (a) Capacitance versus voltage of a Pd Schottky diode containing a MgZnO:Ga/ZnO
HS using a probing frequency of 100 kHz. The grey markers enclose the voltage domain used for
the calculation of the apparent doping concentration shown in (b). The inset of (b) depicts the
diodes jd–U characteristic at room temperature.

is clearly observed between 0.4 V and 0.5 V. For voltages larger than 0.7 V the bands are
essentially flat; the capacitance of the space charge region breaks down. As the reverse
bias exceeds −0.4 V the space charge region extends into the degenerately conducting
layer close to the ZnO/sapphire interface and C depends only weakly on the applied
reverse bias. The apparent carrier distribution Nd −Na is calculated by:

(Nd −Na)(z) =
C3

eǫǫ0A2

dU

dC
with z =

ǫǫ0A

C
, (8.3)

e is the elementary charge, ǫ0 is the vacuum permittivity, ǫ = 8.27, and z is the de-
pletion layer width. The apparent carrier distribution in the vicinity of the HS is de-
picted in Fig. 8.23b. The sharp peak at z ∼ 33 nm is due to accumulated electrons
confined at RT within the triangular potential well formed at the MgZnO/ZnO inter-
face. Integrating the area below the accumulation peak yields the density of the 2DEG:
n2D = 4×1011 cm−2. This value is clearly lower than expected from the change of the
polarization [3] which cannot be explained by the compressive strain of the MgZnO
layer introducing a piezoelectric polarization oppositely directed to Psp. This is further
illustrated by the fact that n2D is only 2×1011 cm−2 for an undoped Mg0.2Zn0.8O/ZnO
HS having the same lattice mismatch as the Ga doped Mg0.2Zn0.8O:Ga/ZnO HS. The
charge density σ induced by the change of the polarization at the interface of the HS is
compensated by free electrons. Their concentration in Mg0.2Zn0.8O is not sufficient to
fully compensate σ. Ga-doping increases the free electron concentration (FEC) resulting
in a higher n2D as observed for the Mg0.2Zn0.8O:Ga/ZnO HS. However, the 2DEG den-
sity is far below expected values of some 1013 cm−2 since the FEC is still not sufficient
to compensate σ. Similar behavior was recently reported for MgZnO grown on a ZnO
substrate; n2D was with 1012 cm−2 clearly lower than predicted [4]. For HS grown on sap-
phire substrates n2D determined from Hall effect measurements is above 1013 cm−2 [5, 6]
and independent of the Mg-content [6]. This suggest strongly, that 2DEGs have formed
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at both the MgZnO/ZnO and the ZnO/sapphire interface which cannot be separated by
Hall effect measurements. Therefore, C–V spectroscopy is the tool of choice to resolve
2DEGs even at multiple MgZnO/ZnO HS individually.

[1] H. von Wenckstern et al.: Appl. Phys. A 88, 135 (2007), doi:10.1007/s00339-007-3966-0
[2] H. von Wenckstern et al.: Appl. Phys. Lett. 88, 092 102 (2006), doi:10.1063/1.2180445
[3] A. Tsukazaki et al.: Science 315, 1388 (2007), doi:10.1126/science.1137430
[4] A. Tsukazaki et al.: Appl. Phys. Express 1, 055 004 (2008), doi:10.1143/APEX.1.055004
[5] K. Koike et al.: Jap. J. Appl. Phys. 43, L1372 (2004), doi:10.1143/JJAP.43.L1372
[6] H. Tampo et al.: J. Cryst. Growth 301-302, 358 (2007),

doi:10.1016/j.jcrysgro.2006.11.169

8.17 Photoluminescence Properties of PLD Grown

ZnO/Zn1−xCdxO/ZnO Double Heterostructures

M. Lange, C. Dietrich, G. Benndorf, C. Czekalla, M. Lorenz, M. Grundmann

For optoelectronic devices based on ZnO-heterostructures bandgap engineering is nec-
essary. An increase of the bandgap is often realized with Mg

y
Zn1−y

O whereas an de-
crease is possible with Zn1−x

Cd
x
O. Efforts to obtain structures with an emission at lowest

possible energies with Zn1−x
Cd

x
O alloys by pulsed-laser deposition (PLD) and more

details to the growth conditions have already been reported [1]. Now we have stud-
ied the origin of the Zn1−x

Cd
x
O luminescence of this Cd double heterostructure with

temperature-dependent photoluminescence (PL) measurements for different samples
with slightly changed growth conditions.

In Fig. 8.24 the logarithm of the PL intensity I normalized on the maximum value
IMax is plotted as function of the spectral position and the temperature for one sample.
In another subfigure the logarithm of the integrated PL intensity IInt normalized on
the maximum value IInt,Max as function of the inverse thermal energy for the same
sample and a further one with comparable growth conditions but different behavior
are presented.

For the Zn1−x
Cd

x
O as well as for the ZnO luminescence with increasing temperature

the luminescence intensity decreases. Following the peak position of the free A-Exciton
in ZnO, a shift to lower energies for increasing temperature is observed due to the
decrease of the bandgap. For the peak of the Zn1−x

Cd
x
O luminescence the behavior is

different showing an so-called S-shape behavior. It is typical for temperature-dependent
studies of peak position for layers having potential fluctuations, e.g. alloys or quantum
wells [2]. By fitting a part of the S-shape the standard derivation of the potential
fluctuations can be estimated; values between 16 to 20 meV are observed with larger
values for the samples showing also larger FWHM for the Zn1−x

Cd
x
O peak.

The quenching of the Zn1−x
Cd

x
O luminescence with increasing temperature can be

fitted with an Arrhenius equation using as one parameter the thermal activation energy
of the process causing the loss of intensity. For all the studied samples except one the
determined thermal activation energy had values of 14 to 15 meV. Hence the authors
think that a level depopulation of the level of the donor Al on Zn site is the process

http://dx.doi.org/10.1007/s00339-007-3966-0
http://dx.doi.org/10.1063/1.2180445
http://dx.doi.org/10.1126/science.1137430
http://dx.doi.org/10.1143/APEX.1.055004
http://dx.doi.org/10.1143/JJAP.43.L1372
http://dx.doi.org/10.1016/j.jcrysgro.2006.11.169
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Figure 8.24: (a) Logarithm I(E,T) over IMax as function of the spectral position and the temper-
ature for a Cd-DHS deposited with 50 pulses CdO and a substrate temperature TS ∼ 600 ◦C and
an oxygen partial pressure p(O2) = 2×10−3 mbar. The solid lines indicate peak positions. The
patterned area shows areas with an intensity less than the minimal value of the scale. (b) Loga-
rithm of IInt(T) over IInt,Max as function of the inverse thermal energy for two samples showing
very different thermal activation energies although exhibiting related luminescence spectra.

causing this quenching and hence the origin of the luminescence at low temperatures
should be a donor bound exciton.

For one sample a value of 27 meV is observed that is much larger than the localization
energy of the typical observed donor bound excitons in ZnO. Hence a different process
is expected to be the reason for the quenching for that sample although comparable
growth conditions were used. Confinement effects might be a possible reason for this
enhancement, but in transmission electron microscopy (TEM) images no contrast due
to a Zn1−x

Cd
x
O-layer could be observed.

[1] M. Lange et al.: In The Physics Institutes of Universität Leipzig, Report 2007, ed. by
M. Grundmann (Universität Leipzig 2008) p 163

[2] J. Christen et al.: Phys. Rev. B 42, 7213 (1990), doi:10.1103/PhysRevB.42.7213

8.18 Excitonic Transitions

in MgxZn1−xO Thin Films (x ≤ 0.06)

C. Dietrich, M. Lange, G. Benndorf, J. Lenzner, M. Grundmann

Mg
x
Zn1−x

O thin films with x ≤ 0.06 grown by pulsed-laser deposition on a-plane
sapphire substrate material and an Mg0.4Zn0.6O buffer layer were investigated using
temperature-dependent photoluminescence spectroscopy (PL). In samples with x ≤
0.03 spectrally separated excitonic transitions could be observed for free and bound
excitonic recombinations (Fig. 8.25a) despite alloy broadening. One peak could be
observed for Mg-contents x > 0.03 (Fig. 8.25b).

The observed transitions I6a and XA are assigned to the Al-donor [1] bound excitons
and the free excitons according to their energetic separation and distance to the band

http://dx.doi.org/10.1103/PhysRevB.42.7213
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(a) (b)

Figure 8.25: (a) Temperature dependence of EPL for transitions I6a and XA in Mg0.03Zn0.97O.
The grey area marks the regime of thermalization in local potential fluctuations. This behavior
couldn’t be observed for transition XA due to alloy broadening. (b) Temperature dependence
of EPL for PL-maximum in Mg0.06Zn0.94O.

gap. At T = 5 K the donor bound excitons dominate the spectrum. At temperatures
above 100 K, even up to room temperature, the transition of the free excitons dominates
the spectra due to the thermalization of the bound excitons.

From the temperature dependence of the PL intensity, the characteristic thermal
activation energy ET of the Mg0.03Zn0.97O sample was determined to be 13.1 meV. The
corresponding value for the Mg0.06Zn0.94O sample was determined to be 13.4 meV. This
energy is most likely attributed to the required energy Eloc for the ionization of a donor
bound exciton into a neutral donor and a free exciton. Nevertheless, an increase of Eloc

means an increase of the donor binding energy.
Increasing the temperature affects the spectral position of these peaks. The

Mg
x
Zn1−x

O thin films with x = 0.03 showed a weak S-shape, the samples with x = 0.06
a strong S-shape behaviour. This S-shape is typically attributed to the formation of local
potential fluctuations within the incorporation of Mg atoms into the crystal [2].

In summary, the strong S-shape of EPL for samples with x > 0.03 can be explained
due to three appearing mechanisms: the crossover from transition I6a to XA, the increase
of the binding energy and alloy localization effects.

[1] B.K. Meyer et al.: Phys. Stat. Sol. B 241, 231 (2004), doi:10.1002/pssb.200301962
[2] A. Müller et al.: Solid State Commun. 148, 570 (2008), doi:10.1016/j.ssc.2008.09.045

8.19 Localized and Impurity Bound Exciton Transition

in MgxZn1−xO (x > 0.06)

A. Müller, M. Stölzel, G. Benndorf, M. Grundmann

The exciton dynamics in Mg
x
Zn1−x

O thin films have been investigated using time-
resolved photoluminescence spectroscopy (TRPL). For Mg contents above 6 %, free
and bound exciton transitions cannot be resolved using standard photoluminescence

http://dx.doi.org/10.1002/pssb.200301962
http://dx.doi.org/10.1016/j.ssc.2008.09.045
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(a) (b)

Figure 8.26: (a) Selected transients of the Mg0.08Zn0.92O sample at T = 2 K for three different
emission energies. The spectral positions are marked in the inset. (b) Delayed luminescence
spectra calculated from the transients.

due to the large alloy broadening. Therefore, the nature of the luminescence is not well
understood.

For low temperature TRPL measurements, we observed a blue shift of the lumines-
cence maximum for increasing time, which is shown in Fig. 8.26b. This indicates that
there are at least two processes visible. The measured transients (Fig. 8.26a) could be
fitted using the sum of a stretched exponential for the fast process and a power law
model for the slow decay.

Time integrated intensities for both processes are shown in Fig. 8.27a. The fast
process shows the intensity maximum at 3.517 eV, while the maximum of the power

(a) (b)

Figure 8.27: Spectral dependence of the (a) time-integrated PL intensities and (b) mean decay
times for both processes, calculated from the fits to the transients of the Mg0.08Zn0.92O sample
for T = 2 K. The solid line is a fit according to Gourdon et al. [1].
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law decay is shifted 15 meV to higher energies. Therefore, we attribute the low energy
process to an impurity bound exciton transition, which shows a spectrally constant
mean decay time of 250 ps. The slow tail is attributed to excitons localized within alloy
potential fluctuations.

In contrast to ZnO, these excitons are trapped within random potential minima and
cannot reach an impurity. Due to the fast exciton relaxation to lower potential minima,
the mean decay time decreases at high emission energies. This can be described by
a model from Gourdon et al. [1] for mixed crystals. For an exponentially distributed
density of states, they predict an exponential decrease of the observed decay time at
high energies. A fit according to this model is shown in Fig. 8.27b.

The emission shows a broad distribution of decay times, which is often observed for
random potential distributions in alloyed crystals, but also quantum dot ensembles. It
can be explained by taking into account the different localized states or built-in electric
fields which influence the expected decay time of a single exciton.

[1] C. Gourdon, P. Lavallard: Phys. Stat. Sol. B 153, 641 (1989),
doi:10.1002/pssb.2221530222

8.20 Ferroelectric Thin-Film Field-Effect Transistors

Based on Zno/BaTiO3 Heterostructures

M. Brandt, H. Frenzel, H. Hochmuth, M. Lorenz, M. Grundmann, J. Schubert∗

∗Institut für Bio- und Nanosysteme and Center of Nanoelectronic Systems for Information
Technology, Forschungszentrum Jülich, Germany

Ferroelectric materials are used in a wide range of electronic applications. Among
these one of the most interesting fields is the application in nonvolatile memory ele-
ments, which makes direct use of the ferroelectric polarization. Ferroelectric memory
devices are either capacitive or resistive memory elements, which differ in their read-
out mechanism. The readout of capacitive elements is destructive, resulting in the need
to re-write the data into the memory cell. On the contrary the readout of a resistive
memory element is non-destructive, resulting in a faster operation of the device. The
most prominent resistive non-volatile memory element based on ferroelectrics is the
ferroelectric field effect transistor (FeFET).

Based on the observations made in preliminary structures [1], we conclude that the
BaTiO3/ZnO system should be a candidate for the formation of FeFETs in all-oxide
heterostructure. Field-effect transistors have been successfully prepared employing
ZnO/Ba

x
Sr1−x

TiO3 (BST) heterostructures [2]. However, the used BST has been poly-
crystalline, and was not ferroelectric at room temperature due to its composition.

ZnO thin films of 30 nm thickness were grown by pulsed laser deposition (PLD) on
ex-situ prepared BTO templates. These templates have been likewise prepared by PLD
and consist of a BTO layer of a thickness of 800 nm, deposited on a lattice-matched Nb
doped SrTiO3 (100) (STO:Nb) substrate. However, for the hexagonal ZnO, a twelvefold
in-plane symmetry was found by XRD φ-scans indicating the presence of two 30◦

rotational domains.

http://dx.doi.org/10.1002/pssb.2221530222
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FeFET structures have been patterned by photolithography. The ZnO was etched
by phosphoric acid in order to form the ZnO channels. Ohmic source and drain con-
tacts have been deposited by DC-sputtering of Au onto the ZnO without overlap-
ping onto the underlying BTO layer. Current–voltage (I–V) as well as FET output and
transfer characteristics have been measured on the BTO-based heterostructures. Very
low leakage currents have been observed at 5 V gate voltage in a reference sample
( jl < 10×10−9 A/cm2). From the hysteresis in the (I–V) curve, the coercive field and
spontaneous ZnO polarization is estimated [3]. Including the thickness of the respec-
tive layers and the ZnO dielectric constant a coercive field of EC = (12.5±1) kV/cm was
obtained being in good agreement with literature values [4]. The ZnO polarization was
calculated to be PZnO = (0.2±0.05)µC/cm2. This value is about one order of magnitude
below literature values [5–8]. We assume that this is caused by the coexistence of two
different ZnO polarities, namely the O-face and the Zn-face polarity in the sample, re-
ducing the apparent ZnO polarization. This assertion is supported by the observation
of the 30◦ rotational domains [9].

Field-effect measurements on the samples show a saturation behavior of the source–
drain current upon an increase of the source–drain voltage in the output characteristic.
The saturation voltage follows the theoretically expected quadratic behavior. The Fe-
FETs are normally-on with a threshold voltage of VT = −2.4 V; the source–drain current
can be varied by at least 6 orders of magnitude within a change in VG of 7 V, reaching
values of up to 10 µA. The field-effect mobility was calculated and reached a maximum
of 0.27 cm2/Vs, which is significantly lower than the mobility in bulk ZnO at room
temperature. However, the value is close to that reported in literature for bottom gate
MISFETs [10]. The transistor structures have been poled by an increased gate voltages
(VG ≈ 20 V) and the transfer characteristic has been recorded between VG = 0 V and
VG = 5 V. After that, a sufficiently large negative “erase” voltage (e.g. VG = −7 V) was
applied and the transfer characteristic was recorded again. The process was repeated
multiple times in order to check for reproducibility. The results of these experiments
are given in Fig. 8.28a. The transistor can be switched into two polarization states and
the transfer characteristics in both states differ largely. The ratio of the currents in both
operation states reach values of up to 1000 (Fig. 8.28b), depending on the gate voltage.

(a) (b)

Figure 8.28: (a) Transfer characteristics of a ZnO/BTO MISFET after applying a forward and
backward pulse, respectively. (b) Ratio of the current in the permanent on and the permanent
off state.
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8.21 Structural and Optical Properties

of BaTiO3 Thin Films

S. Schöche, R. Schmidt-Grund, C. Sturm, H. Hochmuth, M. Lorenz, M. Grundmann

Ferroelectric oxides are of scientific and technological interest due to their potential
for applications in various electronic and optoelectronic devices. Because of its high
static dielectric constant, remanent polarization, and transparency in the visible spectral
range, especially tetragonal barium titanate (BTO) is a suitable material for thin film
capacitors, optical resonators, piezoelectric devices, or waveguide modulators. A cou-
pling of the ferroelectric polarization of BTO with the static polarization of wurtzite
ZnO gives rise to applications as non-volatile memories or transparent field effect tran-
sistors [1]. High-quality thin films and a detailed knowledge of the dielectric function
are required to create and investigate these devices.

The BTO layers have been grown by pulsed-laser deposition. It is known from
literature that tetragonal BTO single crystals show a birefringence (∆n = n⊥ − n‖)
of about 0.05 in the visible spectral range with optical axis parallel to the c-axis [2].
Therefore the BTO layers were deposited on cubic SrTiO3 substrates (STO) of (100),
(110), and (111) orientation to be able to proof an optical anisotropy. The chemically
and thermally treated (100)-oriented STO substrates provide straight steps of height
one unit cell. The surface is TiO2-terminated. A thermal treatment of the substrates of
(110) orientation leads to a smooth surface with steps of various heights.

The crystalline quality and surface morphology of the BTO-layers were investigated
using X-Ray diffraction (XRD) and atomic force microscopy (AFM). All thin films
on (100)-oriented STO are strained and only show (001) orientation. According to
literature [3], an decrease of the c-lattice constant for increasing film thickness was
observed. A relaxation of the layers is visible above a critical film thickness of about
50 nm connected with a growth mode change from layer-by-layer to island growth [4].
Below, all layers show a c-lattice constant of 0.424 nm which is much higher then the
c-lattice constant of the single crystal (c = 0.403 nm). The growth mode change can also
be seen in the surface morphology. Below the critical thickness steps of full and half
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(a) 0.0 nm

7.8 nm

500 nm (b)

Figure 8.29: (a) AFM image of an (001)-oriented BTO layer of 45 nm thickness on STO (100)
substrate. (b) XRD- 2θ-ω-Scan of (001)-oriented BTO thin films of different thickness.

unit-cell height are visible (Fig. 8.29a). For the (110)- and (111)-oriented thin film no
thickness dependence of the layer lattice constants is measurable. All of these samples
are strained and show a smooth surface with roughness lower than 1 nm.

Spectroscopic ellipsometry was used to determine the optical properties of the BTO
thin films in the spectral range (0.75−5) eV. Müller-matrix (MM) measurements were
applied to (110)-oriented BTO films for four different orientations of the optical axis with
respect to the plane of incidence. Non-vanishing off-diagonal elements indicate that
BTO thin films show an optical anisotropy as the single crystal does. The ellipsometry
data have been analyzed by using a layer-stack model including the STO substrate, the
BTO film, and a surface layer with model dielectric functions (MDF) for the BTO films
and the STO substrate. An uniaxial model containing 4 Gauß–Lorentz oscillators for
each direction (parallel and perpendicular to the optical axis which lies in the sample
plane) was used to describe the DF of BTO. The resulting index of refraction is shown
in Fig. 8.30a.

Because the birefringence of ∆n = 0.02 for the (110)-oriented layers is smaller than
that of the single crystal value and no dependence of the ellipsometric data on the in

(a) (b)

Figure 8.30: (a) Complex index of refraction for (110)-oriented BTO thin films (uniaxial model).
(b) Complex index of refraction for (001)-oriented BTO-films of different thicknesses and of
a bulk single crystal (isotropic model).
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plane sample orientation was found, an isotropic model is used to describe the DF of
the (001)-oriented BTO thin films. A change of complex refractive index with varying
film thickness is observed (Fig. 8.30b) which we relate to the strucural differences
(Fig. 8.29b). For the (111)-oriented thin films, a small anisotropy is expected as well, but
the measured off-diagonal MM elements are smaller than the measuring accuracy of the
ellipsometer. That means an isotropic model can be assumed even for the (111)-oriented
BTO thin films.

This work was supported by the DFG within SFB 762.
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8.22 Temperatur-Dependent Dielectric Function

of Non-Polar ZnO

P. Kühne, R. Schmidt-Grund, C. Sturm, M. Brandt, M. Grundmann

ZnO is a direct semiconductor which crystallizes in the wurtzite structure. Non-polar
surfaces like a- or m-plane are of special interest since they avoid electric fields at inter-
faces, which will influence the performance of optoelectronic devices. In this work we
study the temperature dependence of the dielectric functions (DF) of non-polar m-plane
bulk ZnO single crystals by means of spectroscopic ellipsometry in the spectral range
0.75−4.5 eV and for temperatures 10−460 K. Especially, we give emphasis to the sam-
ple preparation and the calibration of effects introduced by the cryostat system. The
used commercial ellipsometer was equipped with an UHV cryostat system because
ellipsometry is very sensitive to surface contamination. By using such an system, we
have minimized the condensation of ice or other residual gases on the sample at low
temperatures to an negligible amount (Fig. 8.31a).

The ellipsometry spectra are influenced by the cryostat windows, especially if
they are strained. Therefore the influence of lateral shifts of the light spot on the
windows and the tilt of the windows were investigated. Effects of angular rota-
tions and p- and s-amplitude changes imposed by the windows were modelled.
A very good agreement between meassurements with and without windows was
reached (Fig. 8.31b).

A further important effect is surface roughness of the sample because it also al-
ters the ellipsometric spectra. The degree of crystallinity of surface-near regions of-
ten is poor, which screens the bulk properties in surface sensitive experiments like
ellipsometry. As received from the manufacturer, the surface of the bulk crystals
was dominated by scratches and impurities, as found from atomic force (AFM) and
scanning electron microscopy (SEM) (Fig. 8.32a). To improve the quality, the sam-
ple was thermal annealed in oxygen at 900 ◦C. Scratches and impurities were re-
moved and atomic steps appeared. Such surface now exhibits a high degree of crys-
tallinity (Fig. 8.32b).

http://dx.doi.org/10.1063/1.1862778
http://dx.doi.org/10.1016/0022-3697(68)90164-9 
http://dx.doi.org/10.1063/1.2745277
http://dx.doi.org/10.1063/1.1880443
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(a) (b)

Figure 8.31: (a) Dynamic scan of the ellipsometric parameters Ψ (red line) and ∆ (black line)
taken from an ZnO bulk single crystal at 10 K. Over 12 hours the pressure within the cryostat
was 5×10−11 mbar (region A). During this time, no adsorption is recognizable. The horizontal
lines represent values of Ψ and ∆ for the hypothetical presence of thin adsorbate films. In
region B, the bleeder was opened and the pressure was set to 1×10−9 mbar, a growth of 0.6 nm
adsorbate takes place. In region C, the bleeder was closed again and the heater was switched on
in region D. Now, desorption of the adsorbate takes place. (b) Effects introduced by the cryostat
windows. Experimental (symbols) ellipsometric data without (left) and with (right) window
corrections taken from an Si/SiO2 sample within the cryostat. The solid lines represent the
model calculations.

Figure 8.32: Sample surfaces before (a) and after annealing (b). For each case AFM (left) and
SEM (right) images are shown.

For ZnO, the DF is a tensor with two independent components parallel (ǫ||) and
perpendicular (ǫ⊥) to the crystal axis. For m-plane (11̄00) orientated crystals, the optical
axis is located in the surface plane. Due to the absence of mode conversion, ǫ⊥ and
ǫ|| can be found by standard (isotropic) ellipsometry, if the optical axis is orientated
perpendicular (sc) or parallel (pc) to the plane of incidence. As we have applied standard
ellipsometry for these two orientations of our bulk crystal, which exhibits an almost
clean and atomic flat surface, the pseudo-DF is similar to the actual materials DF ǫ⊥
or ǫ||, but with residually contributions from the respective other tensor component.
In Fig. 8.33a, spectra of the imaginary part of the pseudo-dielectric function 〈ε2〉 are
shown as function of the temperature for the orientations pc and sc.

The data-analysis was performed in two steps. First, in order to determine the
thickness of the surface layer, in the transparent spectral region a layer stack model
was applied which consists of the half-infinite bulk ZnO, which dielectric function
was approximated by a cauchy function, and a Bruggemann effective medium surface
layer, accounting for the remaining roughness. Then the same model was used for the
whole spectrum, but the ZnO DF was replaced by a line shape model DF after [1]. The
obtained dielectric function of ZnO near the band gap is dominated by polarizabilities
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Figure 8.33: (a) 〈ǫ2〉 for the two measured orientations pc and sc for temperatures from 10 K to
460 K. (b) Temperature dependence of the line shape model parameters A- (blue), B- (red), and
C- (green) exciton-energy and exciton-broadening (black). The lines are guides to the eye.

of free discrete and unbound excitons, exciton–phonon complexes [2], and band-to-
band transitions. The temperature dependence of the line shape model parameters
exciton-energies and -broadening are shown in Fig. 8.33b.

[1] H. Yoshikawa, S. Adachi: Jpn. J. Appl. Phys. 36, 6237 (1997), doi:10.1143/JJAP.36.6237
[2] W.Y. Liang, A.D. Yoffe: Phys. Rev. Lett. 20, 59 (1968), doi:10.1103/PhysRevLett.20.59

8.23 Dopant Activation in MgZnO:P Thin Films

Grown on ZnO by Pulsed-Laser Deposition

M. Brandt, H. von Wenckstern, C. Meinecke, T. Butz, H. Hochmuth, M. Lorenz,
M. Grundmann

Growth of ZnO and its ternary compounds on ZnO substrates facilitates the deposition
of thin films with both high structural quality and low impurity concentration. ZnO
substrates show atomic steps of c/2 height and are perfectly suitable for epitaxial growth
after a thermal annealing step [1]. Undoped MgZnO samples grow in the step flow
mode and show very high structural and optical quality. High electron peak mobilities
of 800 cm2/Vs at 70 K and 170 cm2/Vs at room temperature have been observed in
homoepitaxial ZnO:P thin films [2]. However, the films remained n-type.

We have grown Mg
x
Zn1−x

O:P thin films (x < 0.05) on ZnO substrates with very
good structural properties and electron mobilities comparable to that of homoepitaxial
ZnO:P films. The phosphorous dopant was thermally activated and, in contrast to the
ZnO:P thin films, an increase in the resistivity has been observed depending on the
oxygen partial pressure applied during growth.

The composition of the films has been determined by proton induced X-ray emission
(PIXE), employing irradiation with 1.1 and 1.25 MeV protons at the LIPSION [3] ion
beamline. With increasing oxygen partial pressure, the concentration of both Mg and
P decreases equally. It is known that Mg replaces Zn. In concordance with a defect
model for Sb and As doped samples [4] it has been calculated, that phosphorous is
incorporated mainly on the Zn site as well [5]. This hypothesis is supported by the
present results.

http://dx.doi.org/10.1143/JJAP.36.6237
http://dx.doi.org/10.1103/PhysRevLett.20.59
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(a) (b)

Figure 8.34: HR-XRD reciprocal space maps of the symmetric (00.2) (a) and the asymmetric
skew (10.1) (b) reflex of a homoepitaxial MgZnO:P film grown at 2×10−3 mbar.

Reciprocal space maps of the symmetric (00.2) (Fig. 8.34a) and the asymmetric skew
(10.1) (Fig. 8.34b) reflex of the MgZnO:P sample with the highest Mg and P concen-
tration are shown exemplarily. As can be seen, the peak positions only differ in the
out-of-plane direction but have the same in-plane value. Therefore the growth is pseu-
domorpic for all samples grown at oxygen partial pressures below 0.1 mbar.

The temperature dependence of the Hall-mobility is depicted in Fig. 8.35a). High
electron mobilities have been observed in the MgZnO:P samples grown at oxygen par-
tial pressures below 0.1 mbar. The maximal values are comparable to that in the previ-
ously discussed homoepitaxial ZnO:P samples [2] underlining the very high structural
quality of the samples.

From the temperature dependence of the free carrier concentration the donor acti-
vation energy ED and concentration ND was determined using a single donor model. As
the donor concentration is in the 10×1017 cm−3 range, the activation energy is reduced
by the beginning overlap of the donor states. The donor activation energy follows

ED = ED0


1 −

(
ND

NC

)1/3

 , (8.4)

as given in [6]. Here NC denotes the critical donor concentration and ED0 is the donor
activation energy in the dilute limit. From a fit to the experimental data we derive
a critical concentration of NC = (8.3±1)×1018 cm−3 and a donor activation energy
of ED0 = (56±3) meV, which is close to the activation energy of the effective mass
donor (Fig. 8.35b).

In order to investigate thermal activation effects of the dopant, the MgZnO:P layers
have been annealed in a 700 mbar oxygen atmosphere at 850 ◦C for 5 min. The samples
grown at the highest oxygen partial pressures pO2 = 0.016 mbar and pO2 = 0.1 mbar
show the highest increase in resistivity by 6 and 4 orders of magnitude, respectively,
indicating an increase in the acceptor concentration.

This work has been supported by the DFG within SFB 762 and FOR 404.
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Figure 8.35: (a) Electron mobility versus temperature in MgZnO:P thin films, with a nominal
MgO content of 1 wt.% and 2 wt.%, respectively, as labeled. (b) Donor activation energy versus
donor concentration in ZnO:P (squares) and MgZnO:P (circles) thin films. The curve is a least
squares fit to (8.4).
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8.24 Strain Control

of Homoepitaxial MgZnO:P Thin Films

M. Lorenz, M. Brandt, G. Zimmermann, H. von Wenckstern, M. Grundmann

A major obstacle for electrically pumped light emitting ZnO devices is the difficulty
to reproducibly obtain p-type conducting ZnO with good time stability. Although
acceptor elements as for example nitrogen or phosphorus can be incorporated into
ZnO, the electrical activation of these acceptors is not well understood up to now. We
have demonstrated homoepitaxial growth of ZnO thin films doped with phosphorus
and/or alloyed with magnesium by pulsed-laser deposition on c-plane O-face ZnO sub-
strates [1, 2]. In-plane lattice matched, pseudomorphic growth could be confirmed for
MgO concentration up to 4 wt.% and/or up to 1 wt.% P2O5 in the PLD source target [2].
The resulting perpendicular strain of the films is a balance between Mg induced tensile
strain and P initiated compressive strain. In this way, a strain engineering of homoepi-
taxial ZnO thin films was performed for strain values from−0.18 % to+0.75 % [2]. As an
example, Fig. 8.36 shows HR-XRD reciprocal space maps (RSM) of two selected samples
with compressive (E1917) or tensile strain (E2000). The different strain development is
obvious by the different separation of the film peaks in relation to the substrate peaks.

http://dx.doi.org/10.1002/pssr.200701052
http://dx.doi.org/10.1063/1.2953066
http://dx.doi.org/10.1007/s006040070078
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Figure 8.36: HR-XRD reciprocal space maps (RSM) of the (002), (101) and (104) reciprocal lattice
points of two homoepitaxial samples: row (a) E2000 with tensile strain and row (b) E1917 with
compressive strain. In the center of the maps is the substrate peak with higher intensity, and
above (a) or below (b) is the weaker film peak. RSM (101) in row (b) is broadened due to twisted
crystalline domains of both film and substrate. The perfect vertical alignment of (104) film and
substrate peaks demonstrate the pseudomorphic in-plane lattice match [2].

Figure 8.37: AFM surface images of four selected homoepitaxial ZnO:Mg,P films. The scan size
is 2×2 µm2 for all images, the z-scales are 2.16 nm (E1766), 2.5 nm (E2000), 3.25 nm (E2063), and
5.5 nm (E2064). Large-area ZnO monolayer terraces with step height c or c/2 coresponding to 2D
growth are obtained for homoepitaxial MgZnO films, whereas MgZnO:P films show monolayer
terraces on a more granular structure [2].
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An increasing density of c-plane defects with increasing phosphorus dopant con-
centration, i.e. increasing strain, was found in TEM cross sections and SAD patterns [2].
The FWHM of ZnO(002) XRD rocking curves of homoepitaxial films taken from the
separated film peak was in the range 27 to 50 arcsec without much impact of dopant
concentration. More important for narrow film rocking curves is the structural substrate
quality, which was considerably improved by preselection of batches by the supplier.
As shown in the AFM images of Fig. 8.37, 2D layer by layer growth with monolayer
terraces was observed for MgZnO films on ZnO, whereas for doped MgZnO:P films
a combined 2D plus 3D Stransky–Krastanov growth mode was found.

The electrical properties of these films are discussed in Sect. 8.23.
This work is supported by the DFG within SFB 762 and by the Graduate School BuildMoNa.
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8.25 Mid-Infrared Spectroscopy

of Organic–Inorganic Interfaces

K. Goede, M. Grundmann

Peptide adhesion to semiconductors is widely seen as a valuable model system for
organic–inorganic matter interaction. However, the impact of the molecular conforma-
tion on the adhesion results and the kind of molecule–substrate binding have so far
not seen due research interest. This comes despite it is known [1, 2] that mutating or
randomising a peptide’s amino-acid content can result in a complete change in its ad-
hesion behaviour. Any biotechnological application of such hybrid systems demands
precise knowledge of the organic–inorganic interface [2, 3].

We have employed Fourier-Transform Infrared (FTIR) spectroscopy to detect thin
films of 12-mer peptides on semiconductor substrates in the mid-infrared (MIR) [4].The
characteristic spectral signature of the respective organics is clearly visible in such
curves, and extremely low amounts down to the pmol range have been detected even
at room temperature. As an example, Fig. 8.38 shows absorptance curves from 7 pmol
of a freshly prepared sample of the peptide AQNPSDNNTHTH on GaAs (100) and
of the same peptide after 9-month storage. In the latter case, obviously ∼ 80 % of all
molecules have been cracked into amino-acid pieces, which has been confirmed by
chromatography and mass spectrometry.

This access to key biochemical information such as age-induced degeneration or
point mutations with a fast and easy-to-use setup may prove to be relevant for biotech-
nological applications. Another central finding is the small water content of these
amino-acid and peptide films, although they have been prepared by using a watery so-
lution. While it is known that the investigated peptides are largely unfolded in watery
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Figure 8.38: MIR absorptance of the peptide AQNPSDNNTHTH on a freshly prepared sample
and after a storage time of 9 months. In the 200-meV region, the two distinct amide bands from
the backbone binding have nearly vanished on the aged sample.

solution, there are indications that the approach to an attractive substrate by a pep-
tide molecule might stabilise folded conformations. This will change the absorption
fingerprint of those molecules. By intentionally broadening the optical focus region,
the molecular monolayer directly at the hybrid interface to the substrate and thus
its conformation and binding situation should be spectroscopically accessible in the
near future.
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8.26 Alloy Droplet Formation and Separation During the

VLS Growth of GaAs Nanowires by MOVPE

J. Bauer∗, V. Gottschalch∗, A. Vogel∗, J. Lenzner
∗Semiconductor Chemistry Group, Faculty of Chemistry

The growth of GaAs nanowires (NW) on GaAs (1̄1̄1̄)As substrate via the “vapor–liquid–
solid” (VLS) mechanism was studied by metal-organic vapor phase epitaxy (MOVPE).
In particular the transient effects in the liquid Au–Ga(–As) alloy prior to and after the
GaAs growth step in the MOVPE process sequence were focussed.

http://dx.doi.org/10.1021/nl048829p
http://dx.doi.org/10.1021/la0605236
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Figure 8.39: Schematics of the initial Au–GaAs reaction. (a) T < 390 ◦C: formation of a solid
Au–Ga alloy at the Au/GaAs interface. (b) T = 390−420 ◦C: partial melting of the Au–Ga alloy
and phase separation as a result of the external arsenic supply. (c) final state: solid gold particle
(α-Au–Ga phase) with a characteristic socket (marked by arrows).

The MOVPE sequence was as follows: Starting point was a 6 nm gold film evap-
orated on GaAs (1̄1̄1̄)As substrate. The sample was heated to 400−530 ◦C in AsH3/H2
atmosphere. After a period of 2 min trimethylgallium (TMG) was turned on addi-
tionally for further 2 min (GaAs growth step). Finally the sample was cooled down
maintaining the arsine supply.

First, the initial Au–GaAs reaction prior to the GaAs growth step (Fig. 8.39) was in-
vestigated by scanning electron microscopy (SEM) andΩ/2Θ X-ray diffraction (XRD):
During heat-up to the GaAs-NW growth temperature gold plateaus arise from the con-
tinuous gold film. At the Au/GaAs interface a Au–Ga alloy layer is formed which melts
at 390−420 ◦C. As a result of the arsine supply the liquid alloy interlayer is macroscopi-
cally separated in α-Au–Ga phase and a characteristic GaAs socket below the plateaus.
The Au/GaAs interface consists of inclined {11̄1̄}Ga and the (1̄1̄1̄)As plane. Possibly, the
liquid alloy interlayer is not completely separated when the GaAs growth step starts.

After GaAs NW growth characteristic morphology regions were observed (Fig.
8.40c): 1) The NW foot region is formed during initial NW growth. In this period the
droplet composition and the Au/GaAs interface geometry changes. 2) Then the alloy
particle reaches a (kinetical stabilized) quasi-stationary equilibrium state resulting in

Figure 8.40: GaAs NW (2 min, 480 ◦C, V/III = 10, pTMG = 0.36 Pa) on GaAs (1̄1̄1̄)As substrate
grown from a 6 nm thick gold film. (a) After growth the sample was cooled down with further
arsine supply. (b) The sample from (a) was treated for 2 min at 480 ◦C in AsH3/H2 atmosphere.
The cooling down was performed without further arsine supply. (c) Habitus of the right GaAs
NW in (a) representing the majority of GaAs NW.
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Figure 8.41: GaAs NW with in-situ markers (see the arrows).

the column-like NW body region. 3) After switching off the TMG supply maintaining
the arsine flow the laterally extended NW neck region is formed. In this case the neces-
sary amount of gallium for GaAs deposition originates from the reservoir in the Au–Ga
droplet. When TMG and arsine are switched off simultaneously no neck region appears.

During slow cooling down with further arsine supply the Au–Ga alloy is completely
separated into α-Au–Ga phase and GaAs neck region and the resulting gold particle
shows well-defined facets (see left NW in Fig. 8.40a). In contrast, a fast cooling down
results in polycrystalline solidification of the liquid Au–Ga alloy in Au–Ga phases and
GaAs. The particle morphology is undefined in that case (see right NW in Fig. 8.40a).

In Fig. 8.40b the sample was heated up again with arsine supply and cooled down
without arsine. The neck region is almost completely solved by the alloy particle. From
the neck extention the alloy composition during GaAs NW growth was estimated to
Au0.74Ga0.26 (V/III = 10) which is in liquid state at growth temperature.

The usage of interrupts during GaAs NW growth allowed the in-situ creation of
markers. In Fig. 8.41 the TMG supply was interrupted three times for 5 min each.
During switching off the TMG flow the situation is similar to the formation of the neck
region accompanied by the increase of the NW diameter. When the TMG is switched
on again the quasi-stationary growth state is reached after a short transient growth. As
a result a local diameter increase (in-situ marker) is left by the TMG interruption. With
increasing interruption period from 5 s to 5 min the diameter increase extends.

The experiments further suggest a complete macroscopic separation of the alloy
droplet after 5−30 min TMG interruption. In contrast, related results show that the
initial GaAs NW growth, i.e. the alloy formation, is completed after about 50 s. With
increasing V/III ratio (arsine partial pressure) the separation period decreases and the
initial growth period increases.

This work was supported by the DFG within FOR 522.
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8.27 PECVD of Cylindrical SiOx/Si Bragg Reflectors

on GaAs Nanowires

V. Gottschalch∗, K. Mergenthaler∗, J. Bauer∗, H. Paetzelt∗, T. Gühne∗, H. Hilmer,
R. Schmidt-Grund

∗Semiconductor Chemistry Group, Faculty of Chemistry

In recent years, attention has been devoted to the plasma-enhanced chemical vapor
deposition (PECVD) of dielectric Bragg Reflectors (BRs) because of their potential
application in optoelectronic devices. Due to its high refractive index difference (nSi −
nSiOx ≈ 2) a high reflectivity can be reached with just a small number of layer pairs [1].
HCSEL (horizontal cavity surface-emitting laser) structure with a cleaved facet and
an ion beam etched out-coupler facet, coated with PECVD SiO

x
/Si Bragg mirror, was

successfully fabricated [2, 3]. Dielectric BR´s are promising for the tree dimensional
confinement of the light in micro-resonators and to enhance the external efficiency of
microcavity light emitters. We studied the deposition behaviour of BRs on planar GaAs
substrates and GaAs nanowire arrays.

Well-ordered GaAs nanowire arrays were grown by selective-area metal-organic
vapor-phase epitaxy (SA MOVPE) [4]. The growth conditions for SA MOVPE of GaAs
nanowires on (1̄11)As GaAs substrates were T = 800 ◦C, the V/III = 260 and pTMGa =

0.001 4 mbar. The nanowires have an average radius of 130 nm and a length of 1600 nm
at the growth time of 20 min. The nanowires have a hexagonal cross-section and a top
plane parallel to the substrate surface.

The SiO
x
/Si BR have been prepared by PECVD at 13.56 MHz in a Plasmalab 80 plus

reactor. All depositions have been carried out at 22 mW/cm2, 1 torr and at a temperature
of 300 ◦C. Gas mixtures of SiH4 (2 % in N2) and N2O have been used.

The optical properties were studied using spectroscopic ellipsometry (SE) on planar
samples. The morphology and layer thickness of as-deposited BR on nanowires were
analysed by means of scanning electron microscopy (SEM).

The calculated reflectivity spectrum at normal incidence of a SiO
x
/Si Bragg reflector

designed for GaAs is shown in Fig. 8.42.

Figure 8.42: Reflectivity of the SiOx/Si Bragg reflector on planar GaAs substrate; 5 layer pairs:
thickness of SiOx/Si ≈ 149 nm, thickness of Si ≈ 73 nm, the reflectivity spectrum was simulated
using the optical constants determined from single layer analysis.
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Figure 8.43: SEM images of a SiOx/Si Bragg reflector deposited on well-ordered GaAs nanowires
grown by SA MOVPE.

In Fig. 8.43, we display two sections of GaAs nanowires embedded in a cylindrical
SiO

x
/Si Bragg reflector. The deposition conditions are the same as of the planar sample

(Fig. 8.42).
The SEM images reveal very homogeneous layer thicknesses, smooth interfaces of

BR layers, and the conservation of the GaAs nanowires morphology. The formation of
the BR on the planar top-surface and the planar area of substrate is visible. The ratio
of the layer ticknesses of both areas is 0.88 and the BR of nanowire shifted to shorter
wavelength.

Such cylindrical BRs are attractive for nanowires with the (1̄11)As top facet and the
cavity is formed along the axis of the nanowire.

This work was supported by the DFG within FOR 522.
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8.28 Pulsed VLS Growth Mode

of GaAs Nanowires Using MOVPE

V. Gottschalch∗, G. Wagner∗, J. Bauer∗, H. Paetzelt∗, J. Lenzner
∗Semiconductor Chemistry Group, Faculty of Chemistry

Nanowires have remarkable properties and much potential for realizing new optoelec-
tronic devices. The preparation of freestanding GaAs wires with diameters ranging
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from few to hundreds nanometers is typically based on the vapor–liquid–solid (VLS)
growth mechanism and involves the use of initiators or catalysts such as Au or other
metals. However, the VLS growth process is complicated and the fundamental aspects
of the growth mechanism (droplet formation, reaction with the substrate and their
influence on the formation of wurtzite phase) are under inspection [1].

We investigated pulsed MOVPE growth and analysed the structure of GaAs nano-
wires. In particular, the segments of sphalerite and wurtzite type structure were deter-
mined with respect to important growth parameters.

The growth investigation based on conventional metal–organic vapor-phase epitaxy
(MOVPE) technique using trimethylgallium (TMG) and AsH3. Prior to growth, we
deposited thin gold films of 3, 6 and 20 nm thickness on (1̄11)As GaAs substrates. The
gold films and their interactions with the MOVPE precursor were characterized using
various X-ray diffraction techniques.

Fig. 8.44 shows XRD Θ/2Θ scans (ex-situ after cooling down) of the reaction of the
gold film (6 nm thickness) with TMG at 480 ◦C. Supplying 20 s of TMG the (111) gold
peak at 2Θ = 38.2◦ disappeared and polycrystalline Au–Ga alloys were generated.

The growth of GaAs nanowires has been performed by low-pressure MOVPE
(ptot = 50 mbar) in a commercial AIX 200 reactor using the pulsed growth mode (PGM).
During the PGM the TMG and AsH3 were introduced alternately into the reactor. Fig-
ure 8.45 shows the schematic diagram of wire growth. The pulse sequence of TMG

Figure 8.44: X-ray diffraction pattern (Θ/2Θ scans) obtained on 6 nm Au/(1̄11)GaAs specimens
at different TMG treatments.
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Figure 8.45: Schematic diagram of wire growth, one deposition cycle consisted of separate
pulses of TMG and AsH3; after the TMG pulse followed a 2-s H2 pulse, after the AsH3 pulse
followed a 5-s H2 pulse.

and AsH3 was 10 s. The partial pressure of TMG and AsH3 were 3.6×10−3 mbar and
7.1×10−2 mbar, respectively. The growth was started with a 20-s TMG pulse, this first
step is the formation of Au

m
Ga

n
droplets and can be formally described with the fol-

lowing reaction:

m Aus + n Ga(CH3)v
3 + 3n H −→ AumGal

n + 3n CH4
v . (8.5)

After finishing TMG supply, we started in the second step (AsH3 pulse) the decom-
position of AsH3 at the droplet, the As-(super)saturation of the Au–Ga-alloy and the
crystallization of GaAs. This process of the AsH3 reaction with the AuGa-alloy can be
formally described:

AumGal
n + n AsHv

3 −→ n GaAss +m Aus + 3n/2 H2 . (8.6)

After 12 such pulse sequences of TMG and AsH3, the samples were cooled in an AsH3
atmosphere. The growth temperature was 480 ◦C.

Fig. 8.46 shows a scanning electron micrograph of GaAs wires grown on (1̄11)As

GaAs substrate covered with a 3-nm gold film. The switching sequences are visible and
marked. The diameters of the wires were in the range of 80−100 nm. Vertical growth
rates of 1.6−2.0 nm/s were measured.

The GaAs wires are covered with Au droplets at the top. Diffraction patterns ob-
tained after nanowire growth at 480 ◦C showed strong 111 GaAs and 111 Au peaks
indicating that pure gold or gold with a small concentration of Ga (α-Au–Ga alloy)
crystallized on top of the wires. Additionally, the phi-scans of 331 GaAs and 311 Au
diffraction peaks indicate the following orientation relationships:

(1̄11)GaAs ‖ (111)Au ; 〈110〉GaAs ‖ 〈110〉Au . (8.7)

Wires grown on substrates with a thin gold film of 20 nm thickness showed decreased
diameters ranging from 20−80 nm, the growth rates were increased to 2.3−2.6 nm/s.

The structural properties of the nanowires were determined with high-resolution
transmission electron microscopy (HRTEM). Figure 8.47 shows the HRTEM image of
cross section of a GaAs wire. This image and selected area diffraction pattern revealed
the existence of sphalerite (sph) and wurtzite (w) type structure in the GaAs wires.



SEMICONDUCTOR PHYSICS 197

Figure 8.46: SEM image of GaAs wires grown on (1̄11)As GaAs. (110) cross-section.

Figure 8.47: HRTEM image of a GaAs wire consisting of regions with sphalerite-type (sph) and
wurtzite-type (w) structure. Twinning (T) exists within the sphalerite-type regions. A sphalerite–
wurtzite transition is shown in the enlarged detail.

The foot region is from pure sphalerite type. All segments of sphalerite type structure
contain stacking faults and twins. After the stabilization of the AuGa-droplet (10 s
TMG supply) and the following arsine supply the NW growth is abruptly switched to
wurtzite type. The occurrence of the wurtzite type structure is result of the nucleation
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process, the 2D nucleation occurs preferentially at the vapor–liquid–solid phase line
and high supersaturation in the droplet [2]. After the last switching sequence of TMG
the NW neck region is formed. The decreasing of NW diameter results from the partial
Ga consumption of the Au–Ga droplet.

To the best of our knowledge this is the first report on the formation of GaAs
nanowires with wurtzite type structure grown by MOVPE.

This work was supported by the DFG within FOR 522.
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8.29 MOVPE Growth of β-Ga2O3

V. Gottschalch∗, K. Mergenthaler∗, G. Wagner∗, J. Bauer∗, H. Paetzelt∗, C. Sturm,
U. Teschner

∗Semiconductor Chemistry Group, Faculty of Chemistry

Monoclinic β-Ga2O3 is a wide band gap material with a direct gap Eg ≈ 4.9 eV and high
transparency in the visible and UV region. Above 870 ◦C β-Ga2O3 is the most stable
modification. It is a promising base material for optical device applications within
the deep-ultraviolet (DUV) spectral region, high temperature gas sensors, transparent
conductors, photocatalysts, and it can be used for the passivation of GaAs surfaces.
Furthermore, single crystalline β-Ga2O3 substrates are applicable for the growth of
GaN-based epitaxial layers and LED devices.

The MOVPE (metal-organic vapor-phase epitaxy) growth was carried out in a non-
commercial horizontal cold-wall reactor at atmospheric pressure. Triethylgallium (TEG)
as gallium precursor, N2O as oxygen source were separately introduced into the growth
region. The flow rates of TEG and N2O were 5.2µmol/min and 22 mmol/min, respec-
tively. The growth rate was about 0.7µm/h.

The Ga2O3 films were analyzed by means of high-resolution X-ray diffraction
(HRXRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM) and optical transmission measurements (TM).

Epitaxial layers of monoclinic β-Ga2O3 were successfully grown at 800 ◦C on (0001)
sapphire and at 700 ◦C on (1̄11)As GaAs substrates [1]. Figure 8.48a shows a cross-
sectional HRTEM image of β-Ga2O3 grown at 800 ◦C on c-plane sapphire. The well-
aligned β-Ga2O3 lattice planes (parallel to interface) with a distance of 0.46 nm in
growth direction can be clearly seen. This distance corresponds to the (2̄01) d-spacing
of β-Ga2O3. The corresponding selected area diffraction (SAD) pattern (Fig. 8.48b) also
shows the crystalline nature of the layer and the in-plane arrangement of differently
oriented rotational domains.

Figure 8.49 shows the cross-sectional HRTEM image of a β-Ga2O3 layer grown
on (1̄11)As GaAs. An abrupt transition between GaAs and thin film is visible. The
HRTEM image shows well aligned β-Ga2O3 lattice planes with a distance of 0.46 nm
corresponding to the lattice spacing of the (2̄01) planes.

http://dx.doi.org/10.1103/PhysRevLett.99.146101
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Figure 8.48: Cross-sectional HRTEM image (a)
and SAD pattern (b) of β-Ga2O3 grown at 800 ◦C
on c-plane sapphire. Electron-beam incidence is
parallel to [21̄1̄0] sapphire. The SAD pattern stem
from substrate (marked by closed circles and in-
dices with brackets) and layer (marked by dotted
circles, indices without brackets).

Figure 8.49: HRTEM image of β-Ga2O3

grown on (1̄11)As GaAs. (11̄0) TEM cross-
section, electron beam direction is parallel
to [110] GaAs and [010] β-Ga2O3.

By means of XRD and TEM the orientation relationship between β-Ga2O3 domains,
sapphire and GaAs substrates were determined:

(2̄01) β-Ga2O3 ‖ (0001) Al2O3 , 〈010〉 β-Ga2O3 ‖ 〈101̄0〉Al2O3 , (8.8)

(2̄01) β-Ga2O3 ‖ (1̄11) GaAs , 〈010〉 β-Ga2O3 ‖ 〈110〉GaAs . (8.9)

The arrangement of monoclinic β-Ga2O3 domains on threefold symmetric substrates
leads to a sixfold in-plane symmetry. For deposition on (112̄0), (101̄0) and (011̄2) oriented
sapphire substrates the low-temperature modification β-Ga2O3 was observed.

Room-temperature optical transmission measurements revealed for β-Ga2O3 films
deposited on c- and a-plane sapphire a high optical transmittance of over 90 % and
a sharp cut-off at about 250 nm.

[1] V. Gottschalch et al.: Phys. Stat. Sol. A 206, 243 (2009), doi:10.1002/pssa.200824436

8.30 Combination of Selective-Area and Vapor-Liquid-

Solid Growth – GaAs Nanotree Structures

H. Paetzelt∗, V. Gottschalch†, J. Bauer†, J. Lenzner
∗Leibniz-Institut für Oberflächenmodifizierung, Leipzig
†Semiconductor Chemistry Group, Faculty of Chemistry

Complex nanostructures are becoming increasingly important for the development
of nanoscale devices and functional nanomaterials. The aim of our investigations is

http://dx.doi.org/10.1002/pssa.200824436
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the fabrication of three-dimensional structures with GaAs-nanowires as components.
We report on the combination of a catalyst-free growth of GaAs nanowires using the
selective-area metal-organic vapor-phase epitaxy (SA-MOVPE) and a catalyst-assisted
growth of GaAs nanowires using the vapor-liquid-solid (VLS) growth mechanism.

The SA nanowires were grown on (111)B oriented GaAs substrates partially cov-
ered with SiNx. We used plasma enhanced chemical vapor deposition (PECVD) for the
deposition of a thin SiN

x
layer (∼ 15 nm) on the substrate surface [1]. The SiNx was

partially removed by electron beam lithography (EBL) definition of well ordered cir-
cular openings in an electron sensitive resist and wet chemical etching using a diluted
ammonium fluoride etching mixture (AF 87,5-12,5 VLSI Selectipur Merck). The radius
of the openings was held constant to 250 nm and the triangular lattice with a pitch a of
the openings was varied from 600 to 3300 nm. The selective-area and the VLS growth
were carried out using low-pressure (ptot = 50 mbar) MOVPE in an AIXTRON AIX200
reactor with a total gas flow into the reactor of 7000 sccm in H2 atmosphere. Trimethyl-
gallium (TMGa) was used as group-III source and arsine (AsH3) was used as group-V
source material in both growth modes.

The optimal growth conditions for SA-MOVPE of GaAs nanowires on (111)B GaAs
substrate were found to be T = 800 ◦C and a V/III ratio of 260 with a partial pressure
of pTMGa = 0.001 4 mbar. Figure 8.50a shows a SEM image of a GaAs nanowires array
grown on (111)B oriented GaAs substrate. The growth time was 20 min and the array
pitch a between the circular openings in the 15 nm thick SiN

x
layer was 1000 nm. We

can see a uniform array of vertically aligned nanowires with a hexagonal cross section
formed by six {11̄0} side wall facets and a top plain parallel to the substrate surface. The
nanowires have an average radius of r = 130 nm and a height of h = 1600 nm. These
nanowire arrays form the basis for the second epitaxial VLS-grown nanowires. The
samples were evaporated with a thin Au layer under a pressure of p = 2×10−6 mbar
and a sample temperature of T = 100 ◦C. The gold evaporation starts with an included
angle of 45◦ between the nanowire axes and evaporation direction. Also the normal of
one {11̄0} sidewall facet and the evaporation direction are inplane. After the first Au
layer was deposited the sample was rotated 120◦ in nanowire axes. This was repeated
a third time so that all side-facet have nearly the same Au layer thickness of 1 nm
(measured during the evaporation using an oscillating crystal).

This system forms the starting point for the epitaxy of the VLS grown GaAs
nanowires. The growth temperature was T = 480 ◦C and the TMGa and AsH3 flow
was held constant to 10 ml/min. So the V/III ratio was 20 which is very low in contrast
to the V/III ratio during the SA-growth of 260.

During the heating the thin Au layer forms small Ga containing droplets on the {11̄0}
sidewalls and the (111)B top surface. The GaAs nanowire growth occurs when Ga and
As are supplied from the sources TMGa and AsH3 and supersaturation occurs in the
Au–Ga–As alloy particles [3]. The nanowires nucleate from the {11̄0} sidewalls while
their growth direction is the [1̄1̄1̄]B. The growth time was held to 2 min which forms
nanowire with diameters of 20 to 50 nm and a length up to 1 µm. The data fits well
with standard growth models (see [4]). Figure 8.50b–d show the final complex GaAs
nanotree structures. Each SA nanowire is surrounded by a number of VLS nanowires
(branches) which grow in the 〈111〉B directions. Viewed from above, the nanotrees
exhibit 6 branch directions, separated by 60◦ (Fig. 8.50d). In dependence of the array
pitch and the adjustment of the circular openings defined by EBL a docking of the
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Figure 8.50: SEM images of (a) SA-MOVPE grown GaAs nanowire array titled 45◦ to the
surface normal with an array pitch of 1 µm (Inset: top-view). (b) and (c) SA-MOVPE + VLS
grown nanotrees array with an array pitch of 2 µm, (d) top-view.

VLS nanowires the next neighbor is possible and allows the realization of complex
nano-networks.

This work was supported by the DFG within FOR 522.
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9

Solid State Optics and Acoustics

9.1 Introduction

The research is concentrating on the study of transport properties of elementary exci-
tations in condensed matter of the Bosonic type (Bosonic quasi particles). Concerning
the conventional description this relates mainly to acoustic and optic waves. Special
interest is currently given to the influence of anisotropy but also of inhomogeniety to
the dynamics of mechanical excitations. Furthermore novel schemes and first principle
modeling is developed for the study and in support of applications concerning non-
linear interaction of acoustic excitations. Applications concentrate on the enhancement
and application of high resolution monitoring in space and time. The respective tech-
nologies include scanning Bosonic confocal microscopy for which even a combined
instrument for optical and acoustical excitations has been developed. 3D microscopic
imaging is also pursued with support of novel technologies concerning microscopic
holographic imaging and microscopic line holography. With relation to temporal reso-
lution the developments pursued in cooperation with industry include refinements of
electronic schemes capable of pico-second resolution. Monitoring schemes based on the
scientific developments cover concerning bio-medical applications non-invasive high
resolution acoustic imaging of living mesenchymal stem cells for substantial fractions
of the life cycle, acoustic monitoring of cell constructs by optical and acoustic meth-
ods, monitoring of the muscle dynamics of exercising athletes. Concerning structural
health and dynamic load monitoring the developments of novel detection schemes
include high resolution load monitoring in flying aircrafts, monitoring of directional
solidification in the Materials Science Laboratory (MSL) of the International Space Sta-
tion (ISS) but also the study of transport properties of transverse acoustic waves in
fluids which determine the rheological properties. The development of monitoring
technologies is supported in international co-operations including combined develop-
ments with institutions in Bangladesh, India and the USA, in European projects of the
7th Framework and of the European Space Agency (ESA) and in national projects in
cooperation with industry and in projects of the Bundesministerium für Bildung und
Forschung (BMBF). Basic research is supported by the Deutsche Forschungsgemein-
schaft and concerning efforts related to education and didactics also by the Deutsche
Akademische Austauschdienst (DAAD).

Wolfgang Grill
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9.2 Non-Invasive High Resolution Acoustic Monitoring

of Mesenchymal Stem Cells

M. von Buttlar, W. Grill

The goal of the project is to observe adherent living stem cells non-invasively for several
days with a vector-contrast scanning acoustic microscope operating at a frequency of
1.2 GHz in reflection. Time-lapse movies of the cells are generated from recorded images
in magnitude and phase contrasts. Vector-contrast scanning acoustic microscopy has
the advantage of providing two contrasts in a single measurement [1]: the magnitude
of the ultrasound echo signal, which relates to the extinction of the ultrasonic wave,
and the phase, which relates to the time-of-flight (TOF) of the ultrasonic wave. In
comparison to optical fluorescence microscopy the method is based on the inherent
contrast of cells which is related to their mechanical properties. Therefore, no staining
of the cells is required. The mechanical setup of the ultrasound unit was re-designed
for improved vibration isolation. It is mounted on a commercially available confocal
laser scanning microscope (Zeiss LSM 510 laser scanning head with an Axiovert 200M
inverted microscope). The inverted optical microscope allows simultaneous optical
imaging of the cells from below and acoustical imaging with the ultrasound unit from
above [2]. The ovine mesenchymal stem cells used in the experiments are grown on thin
cover slips. A live support system for the cells was integrated into the newly constructed
observation chamber. The chamber is constantly supplied with pre-mixed gas and the
temperature is regulated to 37 ◦C. Newly developed hardware and software routines
reduce artifacts by detection of lens echo offset voltages [3] and automatically adjust the
focus position, which is a prerequisite for time-lapse imaging. To allow imaging under
sterile conditions, a 1µm PET thin film was introduced as an acoustic window between
the cells and the focusing transducer. Even at GHz frequencies imaging through the
foil with sub-cellular resolution is possible. The software chain for instrument control,
data acquisition and image processing was extended to allow batch-processing for
time-lapse images and the creation of pseudo-3D movies of cell locomotion and cell–
cell interaction. The magnitude data serves as the texture and the phase information is
used as the height map assuming constant sound velocity inside the cells. Figure 9.1 is
a single frame of a time-lapsed movie showing ovine mesenchymal stem cells. This view
shows an excerpt from the imaged area of 306×225µm2. The total observation time

Figure 9.1: Pseudo-3D view of ovine mesenchymal stem cells created from acoustic images in
magnitude and phase contrast.
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was 8 hours with a new image recorded every 40 seconds. A condensed cell is visible
on the left side whereas the cells on the right side are spread out on the substrate.

Support by the Federal Ministry of Education and Research (BMBF grant 0313836, MS
CartPro) is gratefully acknowledged.

[1] W. Grill et al.: Physica B 263, 553 (1999)
[2] A. Kamanyi et al.: Ultrasonics 44, e1295 (2006)
[3] M. von Buttlar et al.: Offset correction for scanning acoustic microscopy with phase

contrast, Proc. Int. Congress Ultrasonics, Austria, Vienna, April 2007

9.3 Modeling of Local Piezoelectric Coupling

and Acoustic Wave Propagation

in Piezoelectric Materials

M. Pluta∗, A. Habib, E. Twerdowski, M. von Buttlar, M. Schmachtl†, R. Wannemacher,
W. Grill

∗Institute of Physics, Wroclaw Univiversity of Technology, Poland
†EPCOS AG, Surface Acoustic Wave Components, Munich

Imaging of structures through anisotropic materials is of importance in technology and
quality control. Structures of electronic circuits, created on crystals are often covered
by protective layers. In such situations a non-destructive detection through the sub-
strate with a scanning ultrasonic microscope can be the solution. In case of anisotropic
material distortions of the wave front are related to the group velocity and depend on
the symmetry and mechanical properties of the crystal. The Phase-Sensitive Acoustic
Microscope (PSAM) technique [1], delivers amplitude and phase distribution of an
acoustic signal travelling through the sample. Reconstruction of the acoustic source is
performed with the application of numerical back propagation. Image obtained that
way is free of geometrical aberrations, but quality of the imaging is limited through
diffraction and depends on the crystal properties, way of coupling to the material and
on the reconstruction algorithm.

Image Quality Criteria Imaging process, treated as linear and stationary, may be
represented through the point spread function (PSF) h(x, y). The image is described
then as the convolution of the object (or source) t(x, y) with PSF

t′(x, y) = t(x, y) ⊗ h(x, y) . (9.1)

The Rayleigh’s two point resolution criteria tells, that two points are resolved when
the distance between their images is equal to the position of the first zero of the PSF.
In case of aberration free imaging PSF has the form of the Airy disc, and two mutually
incoherent points are resolved when the distance between them is [2]

ρR =
1.22λ

2 sin(σ)
, (9.2)
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where λ is the wavelength and σ is the half of the objective lens aperture angle. In
optics the value of ρR is modified through mutual coherence, aperture apodisation and
aberrations [3]. In acoustics we assume coherent sources. In that case the resolution
gets worse and the numerical factor in (9.2) becomes 1.64 instead of 1.22 [4].

The imaging quality may be estimated with the help of the spatial frequency am-
plitude transfer function (FTF), which is defined as the Fourier transform of PSF. The
modulus of that function, which is known as modulation transfer function (MTF).
Siemens star is a test pattern usually in the form of radial black and white sectors. The
pattern contains a wide range of spatial frequencies. Local contrast in the image of the
Siemens star image represents value of the MTF.

Spatial Frequency Transfer Limits in Microscopic Imaging Due to the Abbe’s theory,
periodic structures are observed in microscopic imaging, as long as the waves from the
1st and −1st order of diffraction may travel through the imaging system and interfere
at the output to create the image. For an acoustic source of frequency, observed with
the ultrasonic lens of half aperture σ, through coupling liquid, usually water of sound
velocity cW, the diffractive limit for observable spatial frequencies is

|ν| = f sin(σ)/cW . (9.3)

The limit scales up with the acoustic frequency. To compare results measured at different
frequencies the results are shown in ν/ f µs/mm scale. In experiments with acoustic
coupling, the lens half aperture was σ = 30◦, water was the coupling fluid and the
spatial frequencies limit was at 0.338µs/mm, that is treated as a reference value. At
f = 3 GHz , a structure of about 1000 lines per millimeter would be at the resolution
limit. That is close to the resolution of typical optical systems.

Modeling

Discussion of imaging quality in ultrasonic observations through anisotropic plates is
based on the model of acoustic wave propagation and the dynamic Green’s function
presented in earlier papers [5, 6]. The modelling and reconstruction algorithm applied
is the angular spectrum (AS) technique [7] in combination with the 2D FFT.

Acoustic Coupling In case of observation through a solid material of the sound
velocity cM, with acoustic lenses coupled acoustically through a liquid cW, only G(n)

33
component of the Green’s tensor counts. The observed resolution in that case is limited
by the aperture acceptance angle. That angle is limited effectively to the value of critical
angle at the solid–liquid border

sin(σC) =
cW

cM
=

sM

sW
, (9.4)

where sM and sW are the respective slownesses of acoustic waves.

Coulomb Coupling In the case of Coulomb coupling [7] the reflected charge tech-
nique is applied to obtain the effective source. The driving force is related to the local
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stress, and the coupling to acoustic wave occurs mainly in the vicinity of the free surface.
In that case all three modes of the acoustic wave are excited. As a result, for point-like
electrodes, the observed acoustic field is a superposition of convolutions of Green’s
tensor components with the electric field distribution, with the piezoelectric constants
playing role of the weighting factors. Similar way of coupling is assumed also on the
detection side and taken to the final convolution.

Measurements and Modeling Results

The model of angular spectrum propagation applied in our earlier research to several
types of crystals, delivered results that are in good agreement with the measurements.
In case of piezoelectric LiNbO3 measurements results are presented in Fig. 9.2 and of
numerical simulations in Fig. 9.3 for both acoustic and Coulomb coupling.

Figure 9.2: Amplitude of patterns obtained for z-cut, 5 mm thick plate of LiNbO3 at frequency
of 89.6 MHz. Measurements with PSAM technique for Coulomb (left) and acoustic coupling
(right). Image size is 15×15 mm2.

Figure 9.3: Numerical simulations of PSAM amplitude for parameters as in Fig. 9.2 – Coulomb
coupling (left), acoustic coupling (right).
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Figure 9.4: Measured (left) and simulated (right) ultrasonic wave phase distribution for LiNbO3

along z-axis. In calculations 0.4◦ tilt of the crystal axis was assumed. Similarity of asymmetry
in both pictures reveals similar tilt of the real crystal.

There are striking similarities between the measurements (Fig. 9.2) and the nu-
merical simulations (Fig. 9.3). Especially convincing is the accuracy of the numerical
model of the phase distribution in Fig. 9.4. We treat above results as the proof of the
calculations accuracy.

Numerical Inversion

Treating the 2D data collected by PSAM at the crystal surface, as complex holograms, we
invert the propagation to recover the distribution of sources. The inversion is performed
by a numerical AS back propagation technique, by putting −x3. The MTF of such
a combined imaging process (including wave propagation and calculated inversion)
has the form

MTF(s||) =
[
Λ33(s||)
V3(s||)

]2

, (9.5)

where Λ33 is the wave coupling factor, and V3 is the zth component of the group
velocity. The PSF, of the entire imaging process may be calculated as the inverse Fourier
transform of the MTF.

Images of the sinusoidal Siemens star, treated as the control object, are obtained
through its convolution with PSF of the whole imaging process. Longitudinal prop-
agation mode may be separated through time gating, and we consider independent
imaging with that mode.

In the case of imaging with longitudinal waves, low spatial frequencies are trans-
ferred quite well, while the contrast vanishes gradually at middle spatial frequencies.
With transversal waves resolved frequencies become a bit higher, while in addition the
contrast vanishes in low spatial frequencies range. In the case of Coulomb coupling
low frequencies are transferred quite well, while we observe number of artefacts in the
middle frequency range. The resolution and quality of imaging is in that case much
lower than in the case of acoustic coupling.
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Conclusions

Besides of the AS back-propagation, there are possible other types of inverting nu-
merical procedures. Some of them could lead to local improvements in the MTF and
resolution, but can not go beyond the cut-off spatial frequencies, determined through
the critical angle for each mode. The back-propagation inversion has the advantage
of ensuring that amplitudes of weak, noise-prone components are not amplified. In
numerical simulation the same algorithm is applied in inversion as in forward prop-
agation, with only a change in sign of the distance parameter. In MTF calculated for
longitudinal and slow transversal modes in Si (Fig. 9.5), it is visible that imaging with
ST wave brings higher resolution. But spatial frequencies transferred with ST mode are
limited also on the low frequency end. It occurs due to weak acoustic coupling to shear
waves propagating in directions close to the normal to the surface. In MTF calculated
for acoustic coupling to LiNbO3 (Fig. 9.6), both ST and FT modes are excited. They
travel with velocities of close values, and can not be separated. Interferences between
them harm the imaging of the the spatial frequencies related to the minima of that

Figure 9.5: Imaging through Si single crystal. MTF calculated with formula (9.5), presented in
s||-space for L mode (left) and ST mode (center). Siemens star image calculated for ST mode
(right). Side of the images is 1 µs/mm. The right image calculated for x3 = 5 mm, f = 100 MHz
and side of the Siemens star of 5.12 mm.

Figure 9.6: MTF calculated for imaging through z-cut LiNbO3. Acoustic coupling to: L mode
(left), to combination for ST and FT modes (center). Coulomb coupling (right) . Side of the images
1 µs/mm.
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Figure 9.7: Images of the Siemens star calculated as for imaging through 5 mm thick z-cut
LiNbO3 at 100 MHz. Acoustic coupling to L mode (left), and to combination for ST and FT
modes (center). Coulomb coupling (right). Side of each ot the images is 5.12 mm.

interference. Acoustic coupling is weak for low spatial frequencies, so the shear modes
represent kind of middle pass filter. In the case of Coulomb coupling to LiNbO3, the
angular distribution of excited waves is limited, due to the finite size of the effective
source (distribution of the electric field is wider than the size of the lens focus). In that
case the electric field couples to both transversal modes also at low spatial frequencies.
Interference of ST and FT modes is also visible. In case of Coulomb coupling (Fig. 9.7)
the reconstructed image is of evidently lower quality in comparison to acoustic cou-
pling. The resolution in each case scales with the applied ultrasonic frequency. The topic
of acoustical imaging through anisotropic media is of interest because in the range of
few GHz the ultrasonic resolution surpasses the one achievable in optical microscopy.

[1] W. Grill et al.: in Advances in Acoustic Microscopy, Vol. 2, ed. by A. Briggs,
W. Arnold (Plenum, New York 1996)

[2] M. Pluta: Mikroskopia Optyczna, PWN, Warszawa (1982)
[3] L. Magiera, M. Pluta: Opt. Appl. 11, 231 (1981)
[4] M. Born, E. Wolf: Principles of Optics (Pergamon Press, London 1980)
[5] M. Pluta et al.: Phys. Rev. B 67, 094 117 (2003)
[6] E. Twerdowski et al.: Proc. SPIE 6935, 693 51U (2008)
[7] J.W. Goodman: Introduction to Fourier Optics (McGraw-Hill, New York 1996)
[8] R.T. Smith, F.S. Welsh: Appl. Phys. 6, 2219 (1971)

9.4 Ultrasound Diagnostics of Directional Solidification

W. Grill, E. Twerdowski, M. von Buttlar, R. Wannemacher

An ultrasonic measuring device based on guided waves has been developed in order to
determine the growth rate of alloys, in particular of opaque metallic alloys. Experimen-
tal tests show that a high resolution is achievable in the determination of the position
of the solid-liquid interface, down to 0.01 mm. The ultrasonic technique is therefore an
appropriate tool for the measurement of the solidification velocity for stable as well
as unstable solidification processes. The aim consists in the investigation of the impact
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of process parameters on the resulting material properties. Controlled non-stationary
growth presently appears to become a main research object for the next future, in par-
ticular in the context of industrial applications. The measurement of the solidification
velocity by ultrasound is a diagnostic tool for directional solidification experiments.
It was developed in the framework of the Technological Research Programme of the
European Space Organization. An ultrasound pulse launched from the cold end of the
sample and being reflected from the phase boundary of solidification allows to deter-
mine the position of the solid-liquid interface. Given the speed of sound in the sample
the position of the phase boundary can be determined as a function of time and, hence,
the solidification velocity via precise measurement of the propagation time by means
of an auto-correlation technique.

In cooperation with Kayser-Threde GmbH, Munich, respective hard and software
has been developed for the Materials Science Laboratory (MSL) of the International
Space Station (ISS). The equipment has been provided to NASA to be transfered to
the ISS with one of the next shuttle flights. Till then the project is restricted to sup-
port of the users, refinements of the evaluation software and improvements of the
sample cartridges.

Funded by European Space Organization ESA/ESTEC.

9.5 Ultrasonic Monitoring of Athletes Muscle Dynamics

and Performance

M.Z. Hossain, W. Grill

To observe muscle performance of athletes with high resolution a novel ultrasonic detec-
tion scheme has been developed in cooperation with the Bangladesh Institute of Sports
(BKSP) and Analog Speed Instruments GmbH. Monitoring of the muscle dynamics is
based on ultrasonic bulk waves passing the monitored muscle in lateral direction [1].

The time-of-flight from which all other data is derived is observed with the aid of
a chirped excitation and digital signal compression, a scheme that has lately also been
introduced for structural health and load monitoring. Synchronous monitoring of the
force or pressure or the EMG-signals is provided. The achieved spatial and temporal
resolution reaches ±0.02 mm and 0.01 ms respectively. The lap-top sized PC-controlled
electronics is battery operated and suitable for in field monitoring. In Fig. 9.8 the
determination of the reaction time initiated via visual observation of an object thrown
at unpredictable time (zero in the graph) and ultrasonic monitoring of the observed
gastrocnemious muscle performance is demonstrated. Monitoring is performed by
customized LabVIEW software.

Details of the monitoring and of the following data analysis are demonstrated
in Fig. 9.9. For contraction three different stages: acceleration, constant speed and
deceleration. The relaxation phase exhibits only two different stages, acceleration and
deceleration. These phases are quantitatively analyzed by respective fitting procedures
used to parameterize the performance.

A so far not accessible wealth of quantitative information can be obtained by the
developed scheme that is still further developed concerning additional monitoring of
the variation of the ultrasonic velocity during activation, monitoring of a large number
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Figure 9.8: The image shows the throwing ball device for the visually triggered muscle activation
with the athlete positioned on a chair on a table. The monitoring demonstrated in the graph
with the lateral extension of the gastrocnemious muscle following triggering at time equal
zero allows a quantitative analysis of the muscle movement and based on that of the athletes
performance including training condition.

Figure 9.9: Detailed analysis as an example for the determination of so far not accessible
parameters relating to muscle dynamics. Displayed are the transients for muscle contraction
(left) and relaxation (right) and their second order derivatives. The interpretation of the different
phases observed for the gastrocnemious muscle and quantitative parameters determining the
observed performance are indicated by insets.

of athletes in field studies and synchronbous monitoring of load respectively force, and
other signals including electric potentials related to nerve activation.

The developed monitoring scheme has been applied for monitoring of the gas-
trocnemius muscle performance during isometric contraction. Currant developments
include efforts performed in cooperation with our partners to widen the field of tested
application and further refine the analysis. This include for example variations of the
nature of activity of the monitored muscle, other functional characteristics of skeletal
muscle action like, work-limit, capacity of individual muscles or at least of a group of
muscles. Continuing efforts are are also directed at the development of a radio link to
allow monitoring of performing athletes.

[1] M.Z. Hossain et al.: Proc. SPIE 6935, 693 576 (2008)
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9.6 Determination of the Mechanical Properties of Thin

Objects Deposited on Glass Slides by Gigahertz

Vector-Contrast Scanning Acoustic Microscopy

E.T. Ahmed Mohamed, A. Kamanyi, M. von Buttlar, R. Wannemacher, K. Hillmann,
W. Grill

Microscopic objects including living cells on planar substrates are investigated by scan-
ning acoustic microscopy with phase and magnitude contrasts [1, 2]. The determination
of sample properties related to mechanics such as density, sound velocity, and attenu-
ation is achieved by evaluation of the relation of phase and magnitude in dependence
of the variable height of the object, entering as a variable. In Fig. 9.10 the images of
a chitosan deposition are presented. From the information contained in this multi-
contrast image, the relation between phase and magnitude is extracted as displayed
in Fig. 9.11.

Data extracted from the images are fitted to obtain the mechanical properties. The
calculations are based on modeling the interferences caused by reflection from the top
of the object (which is immersed in water that serves as coupling fluid) and from the
interface of the object and the substrate. These properties are tested by ultrasound of
longitudinal polarization at a frequency of 1.2 GHz. For homogeneous and sufficiently
planar objects the contrast in magnitude and phase is a function of the properties of the
substrate and the coupling fluid, which both can easily be determined in independent
experiments, and of the mechanical properties of the sample under observation.

As visually experienced for oil films on water – in that case for electromagnetic
waves of similar wavelength – the signal observed in reflection depends only on the
height of the layer if the properties of the involved materials, in the case of fluids and
gases, are constant.

Figure 9.10: Images in magnitude contrast (left, black representing zero signal) and phase contrast
(right, full gray scale of the image representing 2π) of a wedge shaped chitosan layer (darker
area) on a glass substrate. Magnitude and phase data along the area above the horizontal line
are displayed in Fig. 9.11. The size of the images is 140×140 µm2.
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Figure 9.11: Polar diagram representing magnitude and phase of the observed signal with
experimental values (gray squares) and an optimized fit to the experimental data (black solid
line). On the right side, the fit is demonstrated for a velocity reduced by only 1 % with respect
to the optimum fit to demonstrate the achievable resolution.

The method is demonstrated for a chitosan film deposited on a glass substrate. The
scheme presented here is capable to reach a resolution of about and even below 1 % for
relevant quantities in applications involving imaging at 1.2 GHz in aqueous coupling
fluids.

The result of the modeling and fitting procedure depends on the relevant properties
of substrate and the coupling fluid. The measured speed of the longitudinal acoustic
waves in the microscope slides employed here is 5371 m/s, that of the transverse wave
is 3099 m/s. The density of the glass was determined to be 2.47 g/cm. The speed of
sound in water (coupling fluid) is 1489 m/s. At 1.195 GHz the attenuation coefficient
for acoustic waves in water at room temperature is 0.033µm−1.

The evaluation of the polar representation leads to a velocity of the longitudinal
acoustic waves in the sample of 1670 m/s, a density of 1.22 g/cm3, and an attenuation
coefficient of 0.164µm−1 for a region covering a sample height of up to 2.25µm. The
optimum half opening angle for the apodization was 40◦.

The demonstrated method leads to a surprising accuracy, not easily be surpassed
by conventional methods applied to large samples. The observed contrast on which the
evaluation is based results from water acting as coupling fluid that is replaced by the
object of variable height. Even though deviations from the optimum fit are obvious in
the second loop and near the third loop, a rather high resolution is obtained, since the
various shape factors depend each sensitively on the mechanical parameters and each
with different relative weight concerning the individual properties.

Furthermore, if sufficiently simple models are assumed for the object, the viscosity
of observed objects can be determined. Since the attenuation from thermal absorption
is negligible compared to that caused by viscosity, a simplified solution of the Navier–
Stokes equation can be used to express the attenuation coefficient

α =
2ω2η

3ρv3
, (9.6)

where ω is the angular frequency of the sound wave, η is the shear viscosity, ρ is the
density and v is the ultrasonic speed in the sample. For the soft sample under study
this leads to a projected (model dependent) shear viscosity of 0.245 Pa s.
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Currently, the modeling is further refined to achieve sub-Abbe resolution in topo-
graphical images of the deposits.

Two of the authors, A. Kamanyi and W. Grill, gratefully acknowledge support by the
Deutsche Forschungsgemeinschaft (DFG, grant GR566/11-2). M. von Buttlar gratefully acknowl-
edges support by the German Ministry of Education and Research (BMBF, grant 0313836). The
work has been performed in co-operation with W. Ngwa, Department of Physics, University of
Central Florida, Orlando, USA.
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[2] E.T. Ahmed Mohamed et al.: Proc. SPIE 6177, 617 716 (2006)

9.7 Soft Matter Acoustics: Non-Destructive Health

Monitoring of Polymer Blend Films

A. Kamanyi, W. Grill

Soft condensed matter (materials which are easily deformable by external stresses,
electric or magnetic fields, or even by thermal fluctuations) typically possess struc-
tures which are much larger than atomic or molecular scales. Such soft matter systems
include polymer coatings, which can often be highly heterogeneous. In recent years,
extensive research has been conducted to characterize the heterogeneity in coatings.
Polymer coatings can contain degradation susceptible regions, and corrosion of metal-
lic substrates has been found to occur directly underneath these regions. The sizes of
these regions are believed to range from nano- to micrometers. Many micro- and spec-
troscopic techniques have been used either in combination or independently to provide
information about the morphology and composition of multi-component polymer sys-
tems. However, these techniques lack the ability to simultaneously map morphology
and volume heterogeneity in polymer coatings. The phase sensitive acoustic micro-
scope (PSAM) provides direct spatial mapping of surface topography and volume
heterogeneity non-destructively [1]. Acoustical images contain information about the
elastic properties of the samples: density, stiffness respectively compressibility (elas-
tic moduli or tensors), and acoustic attenuation. With simultaneous amplitude and
phase imaging, PSAM virtually provides similar information like the topography and
phase images of tapping mode atomic force microscope (AFM) when focused at the
surface. Additionally, the ability of ultrasound to penetrate the surface gives it signifi-
cant additional advantage, allowing non-invasive qualitative and quantitative volume
investigations of materials.

Figure 9.12 shows un-annealed polymer blend films on glass and silicon substrate.
The films on glass were found to be vulnerable to the water used as coupling fluid.
The variations in the region marked by the arrows illustrate the susceptibility of the
PS/PMMA film on glass to water. Water at the interface is often a major cause of
corrosion, blistering, and disbonding of some organic coating/substrate systems. The
effects observed in the un-annealed films are most probably due to adsorption of water
by the film on glass. The bonds between an organic coating and a substrate of high
surface-free energy (> 100 mJ/m2) (like glass) are generally not thermodynamically
stable in the presence of water and aqueous solutions. Consequently, water molecules
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Figure 9.12: (a) 140×140 µm2 PSAM amplitude contrast image of a polystyrene-
polymethylmetacrylate polymer blend film on glass substrate, (b) the same area after 25 s,
(c) amplitude contrast image of similar blend film on silicon substrate remains stable.

Figure 9.13: 32×32 µm2 AFM images for PS/PMMA films from a toluene based solution. To-
pography image (left) and corresponding 3D reconstruction from the topography image (right).

are likely to break these bonds and layers of water molecules are adsorbed at the
coating/substrate interface. This is not observable in the AFM topography image of the
same film shown in Fig. 9.13.

While this is a problem on glass, this is not the case on the silicon substrate (as is ev-
ident in Fig. 9.12). The AFM images show no difference for both substrates. For blends
on glass, this vulnerability is overcome by annealing above the glass transition temper-
ature of the individual polymer constituents. A 3D PSAM image reconstructed from
the phase and amplitude contrast images is presented together with a 3D topography
AFM image of the same film in Fig. 9.14.

PSAM presents certain advantages over other state-of-the-art techniques in volume
monitoring of variations in morphology and elastic properties of soft matter systems as
demonstrated for polymer coatings. The instability of the film relative to the blend film
on glass before annealing illustrates the possibility of PSAM for monitoring coatings
that have depreciated or become vulnerable to water. It is also possible with the PSAM
to investigate the morphology beneath the surface. This potential can be exploited
in mapping heterogeneity in coatings, and also in the non-invasive monitoring of
their health.

A. Kamanyi and W. Grill gratefully acknowledge support by Deutsche Forschungsgemein-
schaft (DFG grant GR566/11-2).
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Figure 9.14: Comparison of topography imaging by non-invasive phase contrast acoustic imag-
ing. Topography from phase contrast and brightness from PSAM amplitude (left) and 3D re-
construction from AFM topography imaging (right). The image shows an annealed PS/PMMA
blend film on silicon substrate. Horizontal and vertitical dimensions of the images are shown
in the center.

[1] A. Kamanyi et al.: Proc. SPIE 6531, 653 106 (2007)
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10

Superconductivity and Magnetism

10.1 Introduction

At the Division of Superconductivity and Magnetism research is focused on the study
of magnetic ordering and superconductivity in a range of materials, especially carbon-
based systems and magnetic oxides. Highlight of the year 2008 was the start of two
projects within the Collaborative Research Center 762 “Functionality of Oxide Inter-
faces” devoted to defect-induced magnetism in nominally diamagnetic oxides as well
as the fabrication and study of multiferroic heterostructures.

Pablo Esquinazi

10.2 Transition from Ohmic to Ballistic Transport

in Oriented Graphite

P. Esquinazi, N. García∗, J. Barzola-Quiquia, J.C. González∗, M. Muñoz∗, P. Rödiger,
K. Schindler, J.-L. Yao, M. Ziese

∗CSIC Madrid, Spain

We have shown that the spreading Ohmic resistance of a quasi-2D system of size Ω,
thickness t, and with a constriction of size W connecting two half-parts of resistivity
ρ goes as (2ρ/πt) ln(Ω/W), diverging logarithmically with the size. Measurements in
highly oriented pyrolytic graphite (HOPG) as well as numerical simulations confirm
this relation. From this we have developed an experimental method that allows us
to obtain the carriers’ mean-free path l(T), the Fermi wavelength λ(T), and the mo-
bility µ(T) directly from experiments without adjustable parameters. Measuring the
electrical resistance through micro-fabricated constrictions in HOPG and observing the
transition from the ohmic to the ballistic regime, we obtain that 0.2µm ≤ l ≤ 10µm,
0.1µm ≤ λ ≤ 2µm, and a mobility 5×104 cm2/Vs ≤ µ ≤ 4×107 cm2/Vs, when the
temperature T decreases from 270 to 3 K, see Fig. 10.1. A comparison of these results
with those from literature indicates that conventional, multiband Boltzmann–Drude
approaches are inadequate for oriented graphite. The upper value obtained for the
mobility is much larger than that in graphene samples of micrometer size.
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(a) (b)

Figure 10.1: Upper panel: mean free path and Fermi wavelength, lower panel: carrier density
and mobility of HOPG. In the lower panel the solid stars are the carrier density and the open stars
are the mobility values obtained using multiband models and the Boltzmann-Drude approach.

10.3 Insulating Behavior of Magnetic Spots

in Proton-Bombarded Graphite

K. Schindler, N. García∗, P. Esquinazi, H. Ohldag†

∗CSIC Madrid, Spain
†Stanford University, Stanford Synchrotron Radiation Laboratory, USA

Kelvin probe force microscopy (KPFM) measurements on micrometer small magnetic
spots produced by proton bombardment on bulk graphite reveal a charge transfer from
the center of the spot to an external ring with potential variation of the order of 50 mV.
This is illustrated in Fig. 10.2. The total charge in the spot is neutral. The results can be
well understood in terms of practically unscreened potentials, an insulating property,
although the non-bombarded, surrounding graphite region exhibits good conductance.
Scanning transmission X-ray microscopy measurements on magnetic spots prepared
on graphitic films reveal a similar charge distribution. The insulating behavior is fun-
damental to understand the magnetism in graphite.

10.4 Epitaxial Thin Film ZnFe2O4:

A Transparent Ferrimagnet

Y.F. Chen, D. Spoddig, M. Ziese

Transparent ZnFe2O4 films were fabricated by pulsed-laser deposition on MgAl2O4
substrates. Structural investigations showed epitaxial growth and a zinc to iron ratio
close to 1 : 2. The films had a saturation magnetization between 0.2 T and 0.4 T at low
temperatures, a Curie temperature close to 600 K and were either in a ferrimagnetic
or a cluster-glass state. Figure 10.3 shows the magnetization of ZnFe2O4 films grown
at various oxygen partial pressures as a function of temperature and magnetic field,
respectively. Resistivity measurements showed clear semiconducting behavior with an
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Figure 10.2: (a) AFM image showing three spots produced at a temperature of 110 K with
a fluence of 0.124 nC/m2 and a proton current of 1 nA on HOPG. (b) KPFM image of the three
spots. (c) AFM line scans across a horizontal line through the spots. (d) Potential variations
obtained from the KPFM line scans for the three spots of (b). The color of the symbol corresponds
to the same color line of the corresponding spot in (b).

(a) (b)

Figure 10.3: ZnFe2O4 films: (a) Magnetization versus temperature measured in an applied field
of 0.3 T. The solid symbols indicate the saturation magnetization as determined from magnetiza-
tion hysteresis loops. (b) Isothermal magnetization hysteresis loops recorded at 10 K.
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activation energy depending on oxygen partial pressure. Ferrimagnetic, semiconduct-
ing and semi-transparent: this makes ZnFe2O4 films promising candidates for high
Curie-temperature magnetic semiconductors.

10.5 Interfacial Strain Effects in Epitaxial Multiferroic

Heterostructures of PbZrxTi1−xO3 / La0.7Sr0.3MnO3

M. Ziese, A. Setzer, P. Esquinazi, I. Vrejoiu∗, B.I. Birajdar∗, A. Lotnyk∗, M. Alexe∗,
D. Hesse∗

∗Max-Planck-Institut für Mikrostrukturphysik, Halle

Ferroelectric PbZr
x
Ti1−x

O3 and ferromagnetic La0.7Sr0.3MnO3 films were grown on
SrTiO3 (100) substrates in order to fabricate multiferroic epitaxial heterostructures.
Multilayers of PbZr0.2Ti0.8O3/La0.7Sr0.3MnO3 with 5 nm thin individual layers preserve
good magnetic properties and have a transition temperature of about 320 K. Graded het-
erostructures consisting of thin La0.7Sr0.3MnO3 films sandwiched between PbZr

x
Ti1−x

O3
films of increasing Zr content were prepared. The influence of the vertically varied in-
terfacial strain is demonstrated by the observation of different coercive fields of the
La0.7Sr0.3MnO3 films in the same heterostructure. Figure 10.4 shows magnetization
hysteresis loops and the temperature dependent magnetization of two selected het-
erostructures as well as the ferroelectric polarization and switching current of the top
PZT layer.

10.6 Coupled Magnetic and Structural Transitions

in La0.7Sr0.3MnO3 Films on SrTiO3

M. Ziese, A. Setzer, I. Vrejoiu∗, A. Lotnyk∗, D. Hesse∗

∗Max-Planck-Institut für Mikrostrukturphysik, Halle

The magnetic properties of epitaxial La0.7Sr0.3MnO3 films of thickness between 5 nm
and 40 nm grown on SrTiO3 (001) substrates were investigated. The films were very
smooth, see AFM image in Fig. 10.5, and magnetically soft. The structural transition of
the SrTiO3 substrate induces a magnetic transition in the manganite films due to mag-
netoelastic coupling. Below the temperature of the structural transition additional steps
in the magnetization reversal characteristics appear characterized by clearly defined
coercive fields. These additional coercive fields, see Fig. 10.5, depend on the cooling
history of the sample and are related to the formation of structural domains in the
La0.7Sr0.3MnO3 films induced by the substrate.
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Figure 10.4: La0.7Sr0.3MnO3/PbZrxTi1−xO3 superlattices: Magnetization hysteresis loops of su-
perlattices consisting each of three bilayer blocks with PZT composition (a) 30/70, 20/80 and
10/90 and (b) 52/48, 30/70 and 10/90. (c) shows the temperature-dependent magnetization and
(d) the switching current and electric polarization hysteresis loops of the superlattice in (b).

Figure 10.5: Left: AFM image of a 15 nm thick LSMO film showing a regular structure of unit cell
high terraces; the inset shows a magnification by a linear scale factor of two of a 1×1 µm2 large
area. Right: Coercive fields of the LSMO films of 40 nm, 15 nm and 5 nm thickness as a function
of temperature.
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ion and electron beam induced deposition
September 2008

• Francis Bern
Fabrication and Magnetoresistance Characterization of Cobalt Nanowires
October 2008
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Nanjing University, China
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• Dr. Carmen Muñoz
CSIC Madrid, Spain
13. – 17. October 2008

• Dr. Silvia Perez de Heluani
Universidad Nacional de Tucumán, Argentina
12. September – 11. December 2008

• Dr. Yoram Dagan
Tel Aviv University, Israel
21. – 28. September 2008

• Mamadu Bah
University of Sierra Leone, Freetown, Sierra Leone
15. August – 26. September 2008

• Salomon W. Pohl
Wilhelm-Ostwald-Gymnasium, Leipzig, Germany
October – December 2008
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11

Computational Quantum Field
Theory

11.1 Introduction

The Computational Physics Group performs basic research into classical and quantum
statistical physics with special emphasis on phase transitions and critical phenomena.
In the centre of interest are currently the physics of spin glasses, diluted magnets and
other materials with quenched, random disorder, soft condensed matter physics with
focus on fluctuating paths and interfaces, biologically motivated problems such as
protein folding, aggregation and adhesion as well as related properties of semiflexible
polymers, and the intriguing physics of low-dimensional quantum spin systems. In-
vestigations of a geometrical approach to the statistical physics of topological defects
with applications to superconductors and superfluids and research into fluctuating
geometries with applications to quantum gravity (e.g., dynamical triangulations) are
conducted within a European RTN Network collaboration of 13 teams, and the sta-
tistical mechanics of complex networks is studied in collaboration with our partner
university in Krakow, Poland.

The methodology is a combination of analytical and numerical techniques. The
numerical tools are currently mainly Monte Carlo computer simulations and high-
temperature series expansions. The computational approach to theoretical physics is
expected to gain more and more importance with the future advances of computer
technology, and is likely to become the third cornerstone of physics besides experiment
and analytical theory. Already now it can help to bridge the gap between experiments
and the often necessarily approximate calculations of analytical work. To achieve the
desired high efficiency of the numerical studies we develop new algorithms, and to
guarantee the flexibility required by basic research all computer codes are implemented
by ourselves. The technical tools are Fortran, C, and C++programs running under Unix
or Linux operating systems and computer algebra using Maple or Mathematica. The
software is developed and tested at the Institute on a cluster of PCs and workstations,
where also most of the numerical analyses are performed. Large-scale simulations re-
quiring vast amounts of computer time are carried out at the Institute on quite powerful
compute servers, at the parallel computers of the University computing center, and,
upon successful grant application at the national supercomputing centres in Jülich
and München on IBM and Hitachi parallel supercomputers. This hierarchy of various
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platforms gives good training opportunities for the students and offers promising job
perspectives in many different fields for their future career.

Within the University, our research activities are closely integrated into the Gradu-
ate School “BuildMoNa”: Leipzig School of Natural Sciences – Building with Molecules
and Nano-objects funded by the German Research Foundation (DFG) within the Ger-
man Excellence Initiative and the international DFH-UFA Graduate School “Statistical
Physics of Complex Systems” with the l’Université Henri Poincaré Nancy, France, sup-
ported by the Deutsch-Französische Hochschule. The two Graduate Schools are both
“Classes” of the Research Academy Leipzig (RAL), providing the organizational frame
for hosting visiting students, offering language courses and for many other practical
matters. At the post-graduate level our research projects are embedded into the “Säch-
sische DFG-Forschergruppe” FOR 877 From Local Constraints to Macroscopic Trans-
port and into two of the priority research areas (“Profilbildende Forschungsbereiche
(PbF)”) and the Centre for Theoretical Sciences (NTZ) of the University. In particu-
lar the latter structures are instrumental for our cooperations with research groups in
experimental physics and biochemistry.

On an international scale, our research projets are carried out in a wide net of collab-
orations funded by the German Academic Exchange Service (DAAD), the Alexander-
von-Humboldt Foundation though an Institute Partnership with the Jagellonian Uni-
versity in Krakow, Poland, as well as their Fellowship Programme, and the European
Commission through the RTN Network “ENRAGE”: Random Geometry and Random
Matrices: From Quantum Gravity to Econophysics and the Incoming Fellowship Pro-
gramme. In 2008 and a few years to come, our group is hosting Humboldt Research
Prize Winner Professor Bernd A. Berg from Florida State University, Tallahassee, USA.
Further close contacts and collaborations are also established with research groups
in Armenia, Austria, China, France, Great Britain, Israel, Italy, Japan, Poland, Rus-
sia, Spain, Sweden, Taiwan, Turkey, Ukraine, and the United States. These contacts
are refreshed and furthered through our international Workshop series CompPhys:
“New Developments in Computational Physics”, taking annually place at the end
of November.

Wolfhard Janke

11.2 Free-Energy Barriers of Spin Glasses

A. Nußbaumer, E. Bittner, M. Aust, F. Beyer, W. Janke

In statistical physics there is an on-going debate about the nature of the low-temperature
phase of finite-dimensional spin-glass systems. The most prominent theses in the field
are the replica symmetry-breaking theory and the phenomenological droplet picture
(for some reviews see [1–4]).

Like in the thermodynamic limit of the mean-field spin glass, the frozen phase
of a finite system shows an complicated corrugated structure. As a consequence of
the disorder and frustration characterising spin glasses in general, there is a rugged
free-energy landscape with probable regions and rare event-states. Consequently, con-
ventional Monte Carlo simulations tend to get stuck in local free energy valleys.
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Figure 11.1: Distribution functions P(q) of the Edwards-Anderson Ising model for four different
disorder realisations on a V = 103 lattice in the low-temperature phase. While three realisations
have a valley at q = 0, one realisation has its maximum at that point.

The project tries to solve this kind of problems using a novel, combined algo-
rithm making use of the parallel tempering method [5] and the multioverlap Monte
Carlo algorithm [6]. Large scale simulations on our local computer cluster as well as
on the “JUMP” super-computer in Jülich have been performed for the Sherrington–
Kirkpatrick mean-field model [7] and the Edwards-Anderson Ising model [8].

The typical outcome for different disorder realisations is shown in Fig. 11.1. To get
“physical” results, several thousand different realisations must be averaged, making
the vast amount of computer time needed understandable. Parts of our results can be
found in [9].

[1] A.P. Young (Ed.): Spin Glasses and Random Fields (World Scientific, Singapore
1997)

[2] K.H. Fischer, J.A. Hertz: Spin Glasses (Cambridge University Press, Cambridge
1991)

[3] M. Mezard et al.: Spin Glass Theory and Beyond (World Scientific, Singapore 1987)
[4] K. Binder, A.P. Young: Rev. Mod. Phys. 58, 801 (1986)
[5] K. Hukushima, K. Nemoto: J. Phys. Soc. Jpn. 65, 1604 (1996)
[6] B.A. Berg, W. Janke: Phys. Rev. Lett. 80, 4771 (1998)
[7] D. Sherrrington, S. Kirkpartick: Phys. Rev. Lett. 35, 1792 (1975)
[8] S.F. Edwards, P.W. Anderson: J. Phys. F 5, 965 (1975)
[9] E. Bittner et al.: in NIC Symposium 2008, ed. by G. Münster et al., NIC Series, Vol.

39 (John von Neumann Institute for Computing, Jülich 2008) p 229
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11.3 Fractals Meet Fractals: Multicritical Behavior

of Self-Avoiding Walks on Percolation Clusters

V. Blavatska, W. Janke

It is well established that the scaling properties of long flexible polymer chains are
perfectly described within the model of a self-avoiding walk (SAW) on a regular lat-
tice [1]. In particular, for the average squared end-to-end distance R2 and the number
of all possible trajectories ZN of a SAW with N steps on a regular lattice one finds in the
asymptotic limit N →∞:

〈R2〉 ∼ N2νSAW , ZN ∼ zNNγSAW−1 , (11.1)

where νSAW and γSAW are universal exponents that only depend on the space dimen-
sionality d. The properties of a SAW on a regular lattice have been studied in detail, and
the values of the universal exponents in (11.1) are known by now with high precision
from experiments, computer simulations and theory.

One question of great interest is the influence of structural disorder on the universal
properties of a SAW, namely: does the scaling (11.1) hold with modified exponents
ν

pc

SAW and γpc

SAW when a SAW resides on a structurally disordered (diluted) lattice? The
question of how do linear polymers behave in disordered media is not only of academic
interest, but is also relevant for understanding transport properties of polymer chains
in porous media, such as enhanced oil recovery, gel electrophoresis, gel permeation
chromatography, etc. In the present project, we were interested in the special case when
the disordered lattice is exactly at the percolation threshold pc. Here, the SAW is allowed
to have its steps only on the percolation clusters.

For simulating SAWs on percolative lattices, we used the pruned-enriched Rosen-
bluth method (PERM) [2]. Estimates for the critical exponents νpc

SAW were obtained by
linear least-square fitting. Since we can construct only lattices with a finite linear size
L, the scaling laws (11.1) only hold up to some “marginal” number of SAW steps
Nmarg ∼ L1/νpc

SAW . We take this into account when estimating the critical exponents by
the linear least-square fitting. The thus obtained values of νpc

SAW for d = 2, 3, 4 are larger
than the corresponding exponents on the pure lattice [3]; presence of disorder leads to
stretching of the trajectory of self-avoiding walks. In addition we have also obtained
numerical estimates for the exponents γpc

SAW [4, 5].
Both a SAW and a percolation cluster are among the most frequently encountered

examples of fractals in condensed matter physics. If two such fractals “meet”, multi-
fractal behavior may show up. Following early ideas [6], it was only recently proven
in field-theoretical studies [7] that the exponent νpc

SAW alone is indeed not sufficient to
completely describe the peculiarities of SAWs on percolation clusters. Instead, a whole
spectrum ν(q) of multifractal exponents emerges. Our numerical values for the expo-
nents ν(q) as a function of q appear to be in an astonishingly perfect agreement with
analytical estimates derived from ε = 6 − d expansions down to d = 2 dimensions [8].
The properties of the associated spectral function have been analyzed as well.

[1] P.-G. de Gennes: Scaling Concepts in Polymer Physics (Cornell University Press,
Ithaca 1979)

[2] P. Grassberger: Phys. Rev. E 56, 3682 (1997)



COMPUTATIONAL QUANTUM FIELD THEORY 253

[3] V. Blavatska, W. Janke: Europhys. Lett. 82, 66 006 (2008)
[4] V. Blavatska, W. Janke: J. Phys. A 42, 015 001 (2009)
[5] V. Blavatska, W. Janke: in Path Integrals – New Trends and Perspectives, ed. by

W. Janke, A. Pelster (World Scientific, Singapore 2008) p 585
[6] Y. Meir, A.B. Harris: Phys. Rev. Lett. 63, 2819 (1989)
[7] H.K. Janssen, O. Stenull: Phys. Rev. E 75, 020 801(R) (2007)
[8] V. Blavatska, W. Janke: Phys. Rev. Lett. 101, 125 701 (2008)

11.4 Critical Properties of High-Temperature XY Graphs

F. Winter∗, A.M.J. Schakel†, W. Janke
∗John von Neumann-Institut für Computing (NIC), Zweigstelle Deutsches Elektron
Synchrotron (DESY), Zeuthen, Germany
†Institut für Theoretische Physik, Freie Universität Berlin, Germany

Based on his space-time approach to quantum mechanics, Feynman [1] developed
a profound original picture of Bose–Einstein condensation. In this picture, all the parti-
cles in the system execute a random walk in space during the imaginary time interval
~β (~ is Planck’s constant and β denotes the inverse temperature). Starting and ending at
the same point in space, these particle trajectories form loops. At high temperatures, the
individual loops hardly overlap. However, upon lowering the temperature, individual
particle trajectories start to overlap and hook up to form longer loops. A particle in such
a composite loop moves in imaginary time along a trajectory that does not end at its
own starting position, but at that of another particle. Whence, although the initial and
final configurations are identical, the participating particles are cyclically permuted.
They thereby loose their identity and become indistinguishable. Loops involving, say,
w particles wrap the imaginary time axis exactly w times. Upon approaching the con-
densation temperature from above, loops with arbitrary large winding number appear
and signal the formation of a Bose–Einstein condensate.

Bose–Einstein condensation in a dilute uniform Bose gas belongs to the family of
critical phenomena described by the XY model which, for computational purposes,
can be conveniently formulated on the lattice. The model can then, for example, be
represented by graphs on the lattice. In this so-called high-temperature approach,
the partition function and correlation functions are calculated by counting graphs on
the lattice, with each graph representing a certain contribution. The high-temperature
graphs of the XY model physically represent the spatial projections of the particle
trajectories of the Bose gas.

By simulating the high-temperature graphs on a cubic lattice (see Fig. 11.2) and using
observables originally introduced in the context of percolation theory, we studied the
critical properties of the XY model in purely geometrical terms [2]. We determined the
fractal dimension of the graphs at the critical point to be D = 1.7626(66), and showed
that the diverging length scale characterizing the high-temperature graphs close to the
critical point coincides with the thermal correlation length. The value of the fractal
dimension of the XY high-temperature graphs is between that of a self-avoiding walk,
for which D = 1.7001(32), and that of a Brownian random walk, for which D = 2.



254 INSTITUTE FOR THEORETICAL PHYSICS

Figure 11.2: Typical high-temperature graphs on a cubic lattice at the temperature where, on
average, a single graph spans the lattice.

[1] R.P. Feynman: Phys. Rev. 91, 1291 (1953)
[2] F. Winter et al.: Phys. Rev. E 77, 061 108 (2008)

11.5 Complex Networks and Non-Equilibrium Systems

B. Wacław, L. Bogacz∗, H. Nagel, Z. Burda∗, H. Meyer-Ortmanns†, J. Sopik†, W. Janke
∗Institute of Physics, Jagellonian University, Krakow, Poland
†School of Engineering and Science, Jacobs University, Bremen, Germany

Complex networks [1] are a relatively new branch of physics. An enormous growth
of this discipline was triggered by observing in the 90s that many networks like the
Internet, the WWW, and social or biological networks display a complex structure
which places them between purely random graphs and regular grids. Many models
explaining their features have been proposed. However, most of them are solvable
only in thermodynamic limit. We study the convergence towards limiting properties
for different networks, both analytically and numerically.

We focus mainly on so-called equilibrated networks, that is graphs being maxi-
mally random under given constraints, e.g., fixed number of nodes and given degree
distribution. Because typical sizes of real-world networks range from N ∼ 102 (small
transportation networks) to N ∼ 109 (the WWW), finite-size effects are much stronger
than in “classical” systems composed of atoms and particles (N ∼ 1023). For example, in
scale-free networks where the degree distribution π(k) ∼ k−γ has a power-law behavior,
due to the finite size N, the distribution π(k) decreases rapidly above some kcutoff . The
cutoff kcutoff scales as some power α of N. This effect influences many processes like
percolation or disease spreading on networks. We discovered that the scaling predicted
for very large networks is approached very slowly (sometimes with a logarithmic cor-
rection) and is far from being true even for N = 109 [2]. In contrast, the scaling of the
maximal degree kmax ∼ Nα′ is reached much faster and, in general, α′ , α.
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Many network models cannot be solved analytically for finite N and one has to turn
to Monte Carlo (MC) simulations. We developed a program [3] which generates various
kinds of equilibrated networks by MC sampling. Written originally in C, the software
has been rewritten in C++ in an object-oriented way and evolved into a library that can
be linked to any other program [4].

Our second activity are driven diffusive systems. They are simple models of non-
equilibrium systems of particles hopping between sites of a lattice, or more generally,
of an arbitrary graph or network. Under certain conditions, such models exhibit con-
densation of particles – a single site takes an extensive number of particles. Motivated
by our previous experience with zero-range processes on networks [5, 6], we study
models which have pair-factorized steady states (PFSS). This means that the probabil-
ity of having a certain configuration of particles factorizes over the pairs of nodes [7].
This is equivalent to an equilibrium model called SOS model [8]. The PFSS allows one
to study how node–node interactions influence the condensation. We found that in one
dimension the condensate, if it exists, is usually spatially extended to W ∼ Nα sites,
with α depending on the functional form of the hopping rate. We also calculated the
envelope of the condensate [9]. We are currently studying the model in higher dimen-
sions, its generalization to random graphs and the factorization over more complicated
motifs (triangles, plaquettes, etc.).

This work is partially supported by an Institute Partnership grant “Krakow–Leipzig”
(http://www.physik.uni-leipzig.de/∼waclaw/AvH) of the Alexander-von-Humboldt Founda-
tion and the EU-Network “ENRAGE”.

[1] S. Boccaletti et al.: Phys. Rept. 424, 175 (2006)
[2] B. Waclaw et al.: Phys. Rev. E 78, 061 125 (2008)
[3] L. Bogacz et al.: Comput. Phys. Commun. 173, 162 (2005)
[4] H. Nagel: http://www.physik.uni-leipzig.de/∼nagel/graphgen
[5] B. Waclaw et al.: Phys. Rev. E 76, 046 114 (2007)
[6] B. Waclaw et al.: Eur. Phys. J. B 65, 565 (2008)
[7] M.R. Evans et al.: Phys. Rev. Lett. 97, 010 602 (2006)
[8] S.T. Chui, J.D. Weeks: Phys. Rev. B 23, 2438 (1981); T.W. Burkhardt, J. Phys. A 14,

L63 (1981)
[9] B. Waclaw et al.: arXiv:0901.3664

11.6 Thickness-Dependent Secondary-Structure

Formation of Tubelike Polymers

T. Vogel, T. Neuhaus∗, M. Bachmann, W. Janke

∗John von Neumann-Institut für Computing (NIC), Forschungszentrum Jülich, Germany

By means of computer simulations we studied the thermodynamical behaviour of tube
models for simple homopolymers as well as for exemplified hydrophobic-polar het-
eropolymers [1, 2]. The thickness of the tube in our simulations is controlled by a single
parameter, the global radius of curvature, which depends on three-body interactions [3].

http://www.physik.uni-leipzig.de/~waclaw/AvH
http://www.physik.uni-leipzig.de/~nagel/graphgen
http://www.arxiv.org/abs/0901.3664
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Figure 11.3: Pseudophase diagram and ground-state conformations of the N = 13 Fibonacci
AB heteropolymer. (a) The plot shows the top-view with marked peak positions of the specific
heat for various thickness parameters ρ, (b) the qualitative view of the specific-heat landscape.
The pictures in (c) illustrate selected ground-state conformations. Conformations are shown
from different viewpoints, “A” monomers are marked by red color (dark gray), “B” monomers
are white.

After focusing on ground states of homopolymers and their properties in a preced-
ing step [4], we identified dominant structural pseudophases at finite temperatures, i.e.,
specific-heat landscapes depending on the thickness parameter ρ and temperature T,
representing the conformational phase diagram. Independently of the polymer length,
we find four major structural phases. These include helices (α), sheetlike planar struc-
tures (β), bended rings (γ) and sprawled random coils (δ). These different secondary
structure phases can be assigned to different ranges of the tube thickness. The thickness
parameter is therefore suitable for a classification of the structural behaviour of classes
of polymers.

Particularly, we introduced the AB tube model for hydrophobic-polar heteropoly-
mers and obtained results for specific sequences of monomers (see Fig. 11.3), which
has extensively been studied before without thickness [5]. We showed that a specific
monomer sequence can stabilize the general secondary structures. We find, for exam-
ple, a very pronounced and stable region of β-sheet structures. We further showed that
the additional introduction of a bending stiffness plays a subordinate role. This obser-
vation is necessary to relate our general results to existing results of special systems.
We could in particular reproduce simulational results published within the past years
for polymer models without explicit thickness as limiting case of our our study [2].

[1] T. Vogel et al.: Europhys. Lett. 85, 10 003 (2009)
[2] T. Vogel et al.: Thermodynamics of Tubelike Flexible Polymers, submitted
[3] O. Gonzalez, J. Maddocks: Proc. Natl. Acad. Sci. USA 96, 4769 (1999)
[4] T. Vogel et al.: Ground-State Properties of Tubelike Flexible Polymers, submitted
[5] M. Bachmann et al.: Phys. Rev. E 71, 031 906 (2005), and references therein
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11.7 Low-Temperature Behaviour

of Elastic Lennard-Jones Polymers

S. Schnabel, M. Bachmann, W. Janke

We developed and applied sophisticated Monte Carlo computer simulation methods
to investigate the low-temperature behaviour of an off-lattice model for flexible elastic
homopolymers. In this model beads interact via truncated Lennard-Jones potentials and
adjacent beads are additionally bonded by a FENE bond potential [1]. Special interest
laid on so-called solid-solid transitions, which became accessible by the introduction
of a new order parameter that refers to Platonic, Archemedean, and Johnson solids.

Considering the ground-state structures of homopolymers of different sizes, it soon
turned out that the obtained structures show wide similarities to low-energy confor-
mations of atomic Lennard-Jones clusters. We mainly found icosahedral structures
(see Fig. 11.4) with Mackay or anti-Mackay overlayers [2] and were able to document
transitions between both types [3].

As it is well known from former research on Lennard-Jones clusters [4], non-
icosahedral structures might play an important role at low temperatures. However,
due to the complex shape of the state space it is difficult to identify such structures
with standard Monte Carlo methods. Therefore, we divided the conformational space
by classifying all structures with respect to the occurrence of icosahedral cells. We then
modified the scheme of multicanonical Monte Carlo sampling and applied different
weight functions for different classes of conformations. In consequence, we were able
to overcome the broken-ergodicity problem and to investigate the solid-solid tran-
sitions between structures of icosahedral and non-icosahedral type at extreme low
temperatures [5].

Figure 11.4: Ground-state conformations for homopolymers of “magic” sizes (N = 13, 55, 147,
309) that form complete icosahedra. Due to the high symmetry and the almost spherical shape,
these structures are of high stability and dominate the low-temperature behaviour of these
polymers.

[1] R.B. Bird et al.: Dynamics of Polymeric Liquids, 2. Ed. (Wiley, New York 1987)
[2] J.A. Northby: J. Chem. Phys. 87, 6166 (1987)
[3] S. Schnabel et al.: Surface Effects in the Crystallization Process of Elastic Flexible

Polymers, submitted
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[4] V.A. Sharapov et al.: Phys. Rev. Lett. 98, 105 701 (2007)
[5] S. Schnabel et al.: Elastic Lennard–Jones Polymers meet Clusters – Differences and

Similarities, submitted

11.8 Statistical Mechanics of Aggregation

and Crystallization for Semiflexible Polymers

C. Junghans∗, M. Bachmann, W. Janke
∗Max-Planck-Institut für Polymerforschung, Mainz, Germany

Cluster formation and crystallization of polymers are processes which are interesting
for technological applications, e.g., as new materials with certain mechanical properties
or nanoelectronic organic devices and polymeric solar cells. From a biophysical point
of view, the understanding of (de)fragmentation in semiflexible biopolymer systems
like actin networks and also peptide oligomerization is of substantial relevance. This
requires a systematic analysis of polymeric cluster formation processes, in particular,
for small polymer complexes on the nanoscale, where surface effects are competing
noticeably with structure-formation processes in the interior of the aggregate.

By means of multicanonical computer simulations, we have investigated thermody-
namic properties of the aggregation of interacting semiflexible polymers. We analyzed
a mesoscopic bead–stick model, where nonbonded monomers interact via van der
Waals forces. The aggregation of semiflexible polymers turns out to be a process, in
which the constituents experience strong structural fluctuations [1], similar to peptides
in coupled folding-binding cluster formation processes. In contrast to a recently stud-
ied related proteinlike hydrophobic-polar heteropolymer model [2, 3], aggregation and
crystallization are separate processes here. However, in analogy to the heteropolymer
study, we find that the first-order-like aggregation transition of the complexes is accom-
panied by strong system-size dependent hierarchical surface effects. These are called
backbending effects, because the caloric (or microcanonical) temperature decreases
with increasing energy. This is a direct consequence of the fact that the aggregation of
polymers is a phase-separation process with entropy reduction [4].

[1] C. Junghans et al.: Statistical Mechanics of Aggregation and Crystallization for
Semiflexible Polymers, submitted

[2] C. Junghans et al.: Phys. Rev. Lett. 97, 218 103 (2006)
[3] C. Junghans et al.: J. Chem. Phys. 128, 085 103 (2008)
[4] D.H.E. Gross: Microcanonical Thermodynamics (World Scientific, Singapore 2001)

11.9 Conformational Mechanics of Polymer Adsorption

Transitions at Attractive Substrates

M. Möddel, M. Bachmann, W. Janke

We used thermal fluctuations of energetic and structural quantities obtained by multi-
canonical computer simulations to identify a variety of pseudophases of a semiflexible
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off-lattice homopolymer near an attractive substrate. Introducing a solvent parameter
ǫs, that is related to the strength of the surface attraction, the solubility-temperature
phase diagram is constructed and discussed (Fig. 11.5) [1].

Although the computational expense for an accurate exploration of such a broad
parameter range restricted us to investigate rather short chains, we identified the fol-
lowing conformational pseudophases and pseudophase transitions:

• Crystalline structures in the regimes of compact phases: We identified maximally
compact desorbed conformations in bulk (DC) or adsorbed at the substrate (AC),
semi-spherical compact conformations (AC2a) that are distorted by the surface but
not layered, double-layer conformations (AC2b), and single-layer conformations
(AC1).

• Adsorbed conformations in the globular and expanded (random-coil) phases:
Here, three conformational pseudophases were distinguished: unstructured 3D
surface-attached globular conformations (AG), expanded dissolved but planar
adsorbed conformations (AE1), and 3D expanded random-coil-like adsorbed con-
formations (AE2).

• Desorbed conformations: Compact conformations (DC) are separated by the freez-
ing transition from globular conformations (DG). At even higher temperatures
above the well known θ-transition, random-coil conformations are found (DE).

These results are in nice quantitative coincidence with recent lattice results [2]
which demonstrates the ability of such coarse-grained models to capture the general
adsorption behavior of polymers near attractive surfaces.

With the density of states, estimated in the multicanonical recursion, we then per-
formed a microcanonical analyses that focused on the adsorption transition, where
a convex intruder of the microcanonical entropy can be observed for short chains.
A typical signal for a phase separation process. This, however, vanishes for increasing
chain lengths and decreasing surface attraction.

Figure 11.5: Phase diagram of the 20mer. The colored stripes separate the individual conforma-
tional phases described in the text.
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[1] M. Möddel et al.: J. Phys. Chem. B 113, 3314 (2009)
[2] M. Bachmann, W. Janke: Phys. Rev. Lett. 95, 058 102 (2005); Phys. Rev. E 73, 041 802
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11.10 Microscopic Mechanism of Specific Peptide

Adhesion to Semiconductor Substrates

M. Bachmann, K. Goede∗, A.G. Beck-Sickinger†, M. Grundmann∗, A. Irbäck‡, W. Janke
∗Institute for Experimental Physics II, Semiconductor Physics Workgroup
†Institut für Biochemie
‡Computational Biology & Biological Physics Division, Lunds Universitet, Lund, Sweden

In the past few years, the interest in hybrid interfaces formed by “soft” molecular
matter and “hard” solid substrates has rapidly grown as such systems promise to be
relatively easily accessible candidates for novel biosensors or electronic devices. The
enormous progress in high-resolution microscopy and in biochemical engineering of
macromolecules is the major prerequisite for studies of hybrid systems and potential
applications [1]. One particularly important problem is the self-assembly and adhesion
of polymers, proteins, or protein-like synthetic peptides to solid materials such as, e.g.,
metals [2] and semiconductors [3–5]. Peptide and substrate-specific binding affinity
is particularly relevant in pattern recognition processes [6]. Basic theoretical consider-
ations of simplified polymer–substrate and protein–substrate models have predicted
complex pseudophase diagrams [7, 8].

In bacteriophage display experiments, only a few peptides out of a library of 109

investigated sequences with 12 amino acid residues were found to possess a particularly
strong propensity to adhere to (100) gallium-arsenide (GaAs) surfaces [3]. The sequence-
specificity of adsorption strength is a remarkable property, but the question remains
how it is related to the individual molecular structure of the peptides. We expect
that relevant mutations of sites in the amino-acid sequence can cause a change of
the binding affinity. Indeed, one key aspect of our study is to provide evidence that
proline is a potential candidate for switching the adsorption propensities to cleaned
(100) silicon (Si) substrates.

In this project, we show by means of experimental and computational analyses
that the adsorption properties of mutated synthetic peptides at semiconductors ex-
hibit a clear sequence-dependent adhesion specificity. Our simulations of a novel hy-
brid peptide-substrate model reveal the correspondence between proline mutation and
binding affinity to a clean silicon substrate. After synthesizing the theoretically sug-
gested amino-acid sequences with different binding behaviour, we could confirm the
relevance of the selective mutations upon adhesion in our subsequent atomic force
microscopy experiments [9].

[1] M. Sarikaya et al.: Nature Mat. 2, 577 (2003)
[2] S. Brown: Nature Biotechnol. 15, 269 (1997)
[3] S.R. Whaley et al.: Nature 405, 665 (2000)
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[5] K. Goede et al.: Langmuir 22, 8104 (2006)
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11.11 Quantum Critical Phenomena

in Uniform and Mixed Heisenberg Spin Chains

R. Bischof, W. Janke

By means of quantum Monte Carlo (QMC) simulations (continuous imaginary time
loop algorithm) [1] and quantum reweighting methods [2] we investigate quantum
critical phenomena and low-temperature properties of various versions of the 1D
quantum Heisenberg model, which is one of the most fundamental models of quan-
tum magnetism and is related to high-temperature superconductors [3]. Furthermore
it exhibits various zero-temperature quantum critical phenomena, depending on the
specific choice of spins and different types of coupling mechanisms. Specifically, we
have investigated the uniform S = 1/2 Heisenberg spin chain with bond alternation
and alternating quantum chains of mixed spins, consisting of two different kinds of
spin, Sa and Sb, that appear alternatingly in pairs [4].

The low-temperature properties of quantum spin chains depend significantly on
the size of spins involved. Uniform chains of half-odd integer spins have no energy
gap between the ground state and first excited states (i.e., they are quantum critical),
whereas chains with integer spins do show an excitation gap [5]. Above that, spin
chains can be driven to and away from criticality by tuning appropriate parameters
(such as bond alternation, exchange anisotropy, next-nearest-neighbour interaction,
spin–phonon coupling, etc.). While there exists wide literature about quantum critical
phenomena in uniform chains, mixed spin chains have yet rarely been considered.

The twist order parameter, as introduced in [6], is well suited to signal quantum
phase transitions between different valence bond configurations in various 1D quantum
spin systems. At non-zero temperature we have found the formation of a plateau in the
twist order parameter around the (zero temperature) quantum critical point. We have
investigated the possibility that this plateau is related to the quantum critical region
that fans out from the quantum critical point. However, up to the present accuracy of
our simulations the data does not support this conjecture [7].

Supplemented by exact Lanczos diagonalisation and extrapolation algorithms we
could extract estimates of the critical exponents of the mixed spin models under in-
vestigation. We are currently examining the presence of multiplicative logarithmic
corrections in mixed spin chains. These corrections have been found in the uniform
S = 1/2 Heisenberg model [8].
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[2] M. Troyer et al.: Braz. J. Phys. 34, 377 (2004)
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11.12 Unconventional Quantum Criticality

in 2D Dimerized Heisenberg Models

S. Wenzel, W. Janke, S. Wessel∗

∗Institut für Theoretische Physik III, Universität Stuttgart, Germany

Low-dimensional quantum spin systems are a central research topic in condensed
matter physics as they effectively explain many of ordering phenomena in real life
materials (e.g. magnetism in the clean cuprates). In the particular the antiferromagnetic
Heisenberg model defined by the Hamiltonian

H =
∑

〈i, j〉

Ji jSiS j =
∑

〈i, j〉

Ji j

(
Sx

i Sx
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i
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j
+ Sz

i S
z
j

)
(11.2)

is at the forefront of such research. Repeated interest in this model stems from the
possibility to study the effect of competing interactions or quantum fluctuations on
the ground-state properties of an interacting many-body quantum system. Motivated
by the pressure induced disorder-order quantum phase transition in Mott insulators
like TlCuCl3 [1], we address in this project so-called dimerized Heisenberg models, in
which the lattice spins Si interact via two different non-equivalent couplings J and J′,

H = J
∑

〈i, j〉

SiS j + J′
∑

〈i, j〉′

SiS j , α = J′/J , (11.3)

in a regular manner as depicted in Fig 11.6. Access to quantum critical physics can
be gained by varying the parameter α = J′/J. In this project, we have carried out
extensive quantum Monte Carlo simulations based on the stochastic series expansion
(SSE) approach [2] of the quantum phase transition in dimerized Heisenberg models in
order to verify the applicability of the nonlinear sigma model (NLSM) to characterize
quantum critical phenomena. This theory predicts a standard 3D O(3) description for
Heisenberg models.

Our most surprising result is that of a novel universality class triggered by special
geometric arrangements of the strong couplings J′ in Fig. 11.6c. While we find total
agreement with O(3) criticality for the ladder and plaquette models of Fig. 11.6(a,b),
our Monte Carlo data for the staggered model indicates different critical exponents β/ν
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(a) (b) (c)

Figure 11.6: Examples of dimerized Heisenberg models on the square lattice in form of (a)
the ladder model, (b) the plaquette model, (c) the staggered model. Dashed bonds indicate
couplings J whereas thick bonds indicate J′ interactions.

Figure 11.7: Finite-size scaling analysis of the sublattice magnetization in different dimerized
Heisenberg models at the quantum critical point. The data for the staggered model indicates
a deviation from the anticipated value β/ν = 0.5188(3) [3].

characterizing the sublattice magnetization order parameter mz
s. This effect is illustrated

in Fig. 11.7, where a finite-size analysis of the magnetization at the quantum critical
point is performed [4, 5].

In case of the staggered model, further simulations show deviations from the stan-
dard theory in experimentally accessible quantities like the critical uniform magnetic
susceptibility at finite temperatures. Initial analytical derivations and simulations of
other dimerized Heisenberg models suggest that the novel unconventional behaviour
could be related to topological terms that appear in the effective action in certain cases.
In result, the Heisenberg model continues to be an even richer playground of quantum
phenomena than anticipated until today.

Work supported by the Studienstiftung des deutschen Volkes and BuildMoNa.
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11.13 Thermodynamics of Heisenberg Ferromagnets

in a Magnetic Field

I. Juhász Junger∗, D. Ihle∗, L. Bogacz†, W. Janke
∗Theory of Condensed Matter Workgroup
†Department of Information Technologies, Faculty of Physics, Astronomy
and Applied Computer Science, Jagellonian University, Krakow, Poland

The thermodynamic properties magnetization, magnetic susceptibility, transverse and
longitudinal correlation lengths, and specific heat of 1D ferromagnetic chains and of
2D ferromagnet layers with arbitrary spin S in a magnetic field are investigated by
a second-order Green-function theory. In addition, quantum Monte Carlo simulations
for S = 1/2 and S = 1 are performed by using the stochastic series expansion (SSE)
method [1]. Good agreement between the results of both approaches is found [2]. The
field dependence of the position of the maximum in the temperature dependence of the
susceptibility fits well to a power law at low fields and to a linear increase at high fields.
The maximum height decreases according to a power law in the whole field region.
The longitudinal correlation length may show an anomalous temperature dependence:
a minimum followed by a maximum with increasing temperature.

Considering the specific heat in one dimension and at low magnetic fields, two
maxima in its temperature dependence for both the S = 1/2 and S = 1 ferromagnets
are found. For S > 1, only one maximum occurs, as in the 2D ferromagnets. Relating
the theory to experiments on the S = 1/2 quasi-one-dimensional copper salt TMCuC
[(CH3)4NCuCl3], a fit to the magnetization as a function of the magnetic field yields the
value of the exchange energy, which is used to make predictions for the occurrence of
two maxima in the temperature dependence of the specific heat.

[1] A.W. Sandvik, J. Kurkijärvi: Phys. Rev. B 43, 5950 (1991); O.F. Syljuasen, A.W. Sand-
vik: Phys. Rev. E 66, 046 701 (2002)

[2] I. Juhász Junger et al.: Phys. Rev. B 77, 174 411 (2008)

11.14 Universal Aspects of the Evaporation/Condensation

of Ising Droplets

A. Nußbaumer, E. Bittner, W. Janke

In a seminal work [1] we showed in 2006 that the behaviour of droplets that live on
a 2D Ising lattice, with a Hamiltonian defined as

H = −J
∑

〈i j〉

σiσ j , σi = ±1 , (11.4)

is compatible with the prediction made by Biskup et al. [2, 3] already for relatively small
system sizes L. There, an analytical curve is derived that, adapted to the case of the Ising
model, yields the amount of magnetisation that is consumed in the largest droplet of the
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Figure 11.8: The fraction λ of the excess magnetisation that builds up the largest droplet in
dependence of the parameter ∆ that in turn is a function of the magnetisation and some
system specific constants, like the spontaneous magnetisation and others. Independent of the
three different lattice types (square lattice nearest-neighbour (n.n.): +, triangular: ×, and square
lattice next-nearest-neighbour (n.n.n.): ∗) the theoretical curve (solid line) is nicely approached.
The small differences to the theoretical prediction can be attributed to the finite size (L = 640)
of the simulated systems.

system. With the help of computer simulations, using the so-called “multicanonical”
algorithm [4], we were able to obtain precise results for systems up to size L = 640
– even in the two-phase region, where the metastable behaviour of a solid or liquid
and a gaseous phase with an greatly increased autocorrelation time makes the relative
errors larger. The details of our investigations can be found in [5].

By extending our work of 2006, we redid our simulation using different lattice
types. Using our numerical data we now have strong arguments that the rigorous
results of Biskup et al. for the 2D square lattice Ising model with nearest neighbour
(n.n.) interactions are indeed independent of the underlying geometry of the lattice and
the range of interactions (see Fig. 11.8), providing thus a universal description of the
evaporation/condensation process.

As a future prospect, we intend to look at the 3D case and possibly also add some
off-lattice simulations using a Lennard–Jones potential.
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11.15 Anisotropy of the Interface Tension

of the 3D Ising Model

E. Bittner, A. Nußbaumer, W. Janke

In many physical systems with discrete symmetry the anisotropy of the interface
tension can play an important role for various phenomena, including equilibrium
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Figure 11.9: Plot of a typical configuration with two 110 interfaces.

droplet shapes [1] and the interfacial roughening transition [2]. For sufficiently strong
anisotropy, facets, edges, or even corners can be identified in the equilibrium droplet
shape. Due to the anisotropy of the interface tension in the 3D Ising model, the shape
of the equilibrium droplet at some finite temperature is not spherical and has, in prin-
ciple, to be determined by the Wulff construction [3]. Since the 3D Ising model with
nearest-neighbour interaction is not exactly solvable, no analytical results are available
for the interfacial free energy and the Wulff construction can only be done using an
effective model of the angle-depending interface tension. Only for temperatures not
too far below the critical temperature one can use the spherical approximation and,
therefore, it is important to know how large the anisotropy is for a given temperature.

We determine the interface tension for the 100, 110 and 111 interface of the simple-
cubic Ising model with nearest-neighbour interaction (see Fig. 11.9) using novel simu-
lation methods [4]. To overcome the droplet/strip transition and the droplet nucleation
barrier we use a newly developed combination of the multimagnetic algorithm with
the parallel tempering method. We investigate a large range of inverse temperatures
to study the anisotropy of the interface tension in detail and show that at given T/Tc

the anisotropy of the interface in three dimensions is larger than in two dimensions.
However, down to 0.7 Tc it never exceeds 3 %, so that in most cases the isotropic
approximation for droplet condensation phenomena should be sufficiently accurate.

[1] J.E. Avron et al.: J. Phys. A 15, L81 (1982)
[2] M. Hasenbusch, K. Pinn: J. Phys. A 30, 63 (1997)
[3] G. Wulff, Z. Krist. Mineral. 34, 449 (1901)
[4] E. Bittner et al.: Anisotropy of the Interface Tension of the Three-Dimensional Ising

Model, Nucl. Phys. B, in print

11.16 Autocorrelation Times

and the Parallel Tempering Algorithm

E. Bittner, A. Nußbaumer, W. Janke

We introduce a new update scheme to systematically improve the efficiency of parallel
tempering Monte Carlo simulations (PT) [1] by taking into account the temperature
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Figure 11.10: Fraction of replica which wander from the smallest inverse temperature β to
the largest as a function of the replica index i for the 2D Ising model (with linear lattice size
L = 80). The simulations without optimization exhibit a sharp decline close to the critical
inverse temperature βc, as one can see in the inset. Taking the canonical correlation times τcan

into account (PTτ), the fraction decreases, for the same set of temperatures, almost linearly.

dependence of autocorrelation times. In contrast to previous attempts (FBO-PT) [2]
the temperatures are not dynamically adjusted but chosen in such a way that the
acceptance rate for proposed exchanges of all adjacent replica is about 50%. We show
that by adapting the number of sweeps between the parallel tempering moves to
the canonical autocorrelation time, the average round-trip time of a replica between
the lowest and the highest temperatures is significantly decreased and, therefore, the
efficiency of the parallel tempering algorithm is considerably improved, cf. Fig. 11.10.
We illustrate the new algorithm (PTτ) [3] with results for the 2D Ising model and the
3D Edwards–Anderson Ising spin glass.
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E.M. Keramidas (Interface Foundation, Fairfax Station 1991) p 156; K. Hukushima,
K. Nemoto: J. Phys. Soc. Jpn. 65, 1604 (1996)
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11.17 Football Fever

E. Bittner, A. Nußbaumer, M. Weigel∗, W. Janke
∗Institut für Physik, Johannes Gutenberg-Universität, Mainz, Germany

Analyzing football score data with statistical techniques, we investigate how the not
purely random, but highly co-operative nature of the game is reflected in averaged
properties such as the probability distributions of scored goals for the home and away
teams. As it turns out, especially the tails of the distributions are not well described
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by the Poissonian or binomial model resulting from the assumption of uncorrelated
random events. Instead, a good effective description of the data is provided by less
basic distributions such as the negative binomial one or the probability densities of
extreme-value statistics. To understand this behaviour from a microscopical point of
view, however, no waiting time problem or extremal process need be invoked. Instead,
modifying the Bernoulli random process underlying the Poissonian model to include
a simple component of self-affirmation seems to describe the data surprisingly well
and allows to understand the observed deviation from Gaussian statistics. The phe-
nomenological distributions used before can be understood as special cases within this
framework. We analyzed historical football score data from many leagues in Europe as
well as from international tournaments, including data from all past tournaments of
the “FIFA World Cup” series, and found the proposed models to be applicable rather
universally. In particular, we analysed the results of the German women’s premier
football league and considered the two separate German men’s premier leagues in
the East and West during the cold war times and the unified league after 1990 to see
how scoring in football and the component of self-affirmation depend on cultural and
political circumstances [1].

The main task of the “Wissenschaftssommer” exhibition within the frame of the
“Jahr der Mathematik” in July 2008 on the Augustusplatz in Leipzig was to motivate
visitors to participate and to deal with the mathematical topics of the individual booths.
To illustrate the meaning of statistical properties we chose the football score data
described above and to incorporate the visitors we rented two football tables, see
Fig. 11.11. With the help of over 2500 visitors we were able to collect more then 1000
table football results, which we analysed on-site and found a good agreement with our
model. A detailed report on the results can be found in [2].

Figure 11.11: Football fever infected visitors of the “Wissenschaftssommer”, from left to
right former Foreign Minister K. Kinkel, Vice-Rector Research of the University of Leipzig
Prof. Dr. M. Schlegel, Lord Mayor of Leipzig B. Jung, and Parliamentary State Secretary to the
Federal Minister of Education and Research T. Rachel.
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Anderson Spin-Glass Model
February 2008

• Monika Möddel
Thermodynamics of Molecular Adsorption Processes on Mesocopic Scales
May 2008

• Micha Wiedenmann
Monte Carlo Study of the Evaporation/Condensation Transition of 3D Ising Droplets
February 2008

11.23 Guests

• Prof. Dr. David P. Landau
Unversity of Georgia, Athens, USA
30. March – 02. April 2008

• Prof. Dr. Andrea Pelissetto
University of Rome, Italy
30. March – 02. April 2008
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• Prof. Dr. Bertrand Berche, Dr. Christophe Chatelain, Jean-Charles Walter
Université Henri Poincaré, Nancy, France
31. March – 04. April 2008

• Andrzej Görlich
Jagellonian University, Krakow, Poland
31. March – 04. April 2008

• Marcin Zagorski
Jagellonian University, Krakow, Poland
30. March – 05. April 2008

• Prof. Dr. Bernd A. Berg
Florida State University, Tallahassee, USA
01. May – 30. June 2008

• PD Dr. Stefan Wessel
Universität Stuttgart
07. – 08. May 2008

• Christoph Junghans
Max-Planck-Institut für Polymerforschung, Mainz
15. – 16. May 2008

• Dr. Shura Hayryan
Academia Sinica, Taipei, Taiwan
16. May 2008

• Prof. Dr. Sanjay Kumar
Banaras Hindu University, Varanasi, India
19. May 2008

• Prof. Dr. Anders Sandvik
Boston University, USA
17. June 2008

• Prof. Dr. Sanjay Kumar
Banaras Hindu University, Varanasi, India
03. July 2008

• Prof. Dr. Robert H. Swendsen
Carnegie Mellon University, Pittsburgh, USA
30./31. July 2008

• Jean-Charles Walter
Université Henri Poincaré, Nancy, France
07. – 29. November 2008

• Prof. Dr. Peter Young
University of California at Santa Cruz, USA
26. – 30. November 2008

• Xavier Durang
Université Henri Poincaré, Nancy, France
26. – 30. November 2008
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• Prof. Dr. Herbert Wagner
Ludwig-Maximilians-Universität München
04. – 05. December 2008
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12

Molecular Dynamics /
Computer Simulation

12.1 Introduction

Using methods of statistical physics and computer simulations we investigate classi-
cal many-particle systems interacting with interfaces. One aim of the research in our
group is to built up a bridge between theoretical and experimental physics. By means
of analytical theories of statistical physics and computer simulations (Molecular dy-
namics, Monte Carlo procedures, percolation theories) using modern workstations and
supercomputers we examine subjects for which high interest exists in basic research
and industry as well. The examinations involve transport properties (diffusion of guest
molecules) in zeolites and the structural and phase behaviour of complex fluids on bulk
conditions and in molecular confinements. Especially we are interested to understand
• the diffusion behaviour of guest molecules in zeolites in dependence on thermody-

namic parameters, steric conditions, intermolecular potentials and the concentration
of the guest molecules,

• structure and phase equilibria of complex (aqueous) fluids in interfacial systems
(e.g. pores, thin films, model membranes) in dependence on geometric and thermo-
dynamic conditions,

• and the migration of molecules in (random) porous media by the use of percolation
theories.

tayloring in microscopic detail and to compare the results with experimental data. The
use of a network of PC’s and workstations (Unix, Linux, Windows), the preparation and
application of programs (Fortran, C, C++), and the interesting objects (zeolites, mem-
branes) give excellent possibilities for future careers of undergraduates, graduate stu-
dents and postdocs. Our research is part of several national and international programs
(DFG-Schwerpunktprogramme SPP1155 und SPP1362, an International Research Grad-
uate Training program (IRTG 1056), a joint research project DFG/TRF-Thailand, a joint
research project DAAD/TRF-Thailand and joint research projects with UOIT Oshawa
and SHARCNET, Canada) and includes a close collaboration with the Institute of Ex-
perimental Physics I (Physics of Interfaces and Biomembranes) of Leipzig University
and many institutions in Germany and other countries. Details are given in the list of
external cooperations.

Horst-Ludger Vörtler and Siegfried Fritzsche



288 INSTITUTE FOR THEORETICAL PHYSICS

12.2 Phase Equilibria and Critical Behaviour

of Molecular Fluids in Bulk Systems

and in Micropores

H.L. Vörtler, I. Nezbeda∗, M. Kettler
∗Czech Academy of Sciences, Prague, Czech Republic

The research of this long-term project is based on a hierarchic modeling of the potential
energy of fluids with respect to the range of the intermolecular forces. Thereby the po-
tential of a real fluid is composed of a short ranged molecular modal that describes the
structure and thermodynamics basically correct and a long-ranged perturbation term.
Using virtual parameter variation techniques thermodynamic pressures and chemi-
cal potentials are simulated and from these data phase equilibria are estimated by
thermodynamic integration. Critical data are found by scaling laws. This approach is
applicable to both homogeneous and confined fluids. While we studied in the first parts
of the project mainly homogeneous bulk fluids (square-well fluids, primitive models of
water) we focus now on the influence of geometric restrictions to phase equilibria and
critical properties. Particularly, we deal with the shift of critical data under confinement.
We found a simple analytic relation that describes quantitatively all existing simula-
tion data [1, 2] for the decrease of the critical temperature with increasing geometrical
restrictions (i.e. decreasing pore size). To this subject a first paper [3] appeared in 2008.
The behaviour of the critical pressure and density under the confinement seems to be
much more complicated and is currently under study.

The long-term goals of this research are contributions to a statistical-mechanical
theory of phase equilibria of inhomogeneous fluids with applications to nanoporous
materials and biointerfaces.

[1] H.L. Vörtler, W.R. Smith: J. Chem. Phys. 112, 5168 (2000)
[2] J.K. Singh, S.K. Kwak: J. Chem. Phys. 26, 024 702 (2007)
[3] H.L. Vörtler: Collect. Czech Chem. Commun. 73, 518 (2008)

12.3 Simulation of Fluid Phase Equilibria in Very Narrow

Slit-Like Pores: Transition to Two Dimensions

and Finite Size Effects

H.L. Vörtler, W.R. Smith∗

∗University of Ontario, Institute of Technology, Oshawa, Canada

This project deals with the important and less studied problem of the estimation of
phase equilibria in fluid systems confined to very narrow slit-like pores, particularly in
the transition range to 2D fluid monolayers. We perform extensive canonical ensemble
simulations of confined square-well fluids in the subcritical vapour–liquid coexistence
range and apply virtual (Widom-like) particle insertion and virtual volume variation
steps to estimate isotherms of both the chemical potential and the thermodynamic
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Figure 12.1: Spreading (thermodynamic) pressure vs. slit width in very narrow slits (for hard
spheres).

(spreading) pressure. We focus on very narrow slits with width between one and two
particle diameters, where for geometric reasons we expect special features related to the
transition from 2D monolayers to 3D thin films. First results for the spreading pressure
versus density are shown in Fig. 12.1.

For very narrow slits we observe a significant increase of the spreading pressure
before for wider slits the expected decay of the pressure takes place. Of special interest
is the study of finite size effects for very narrow slits in the transition range to two
dimensions. Our recent detailed studies [1] of both three dimensional bulk fluids and
2D monolayers show significantly larger size effects in monolayers as in bulk fluids.
Actually we study the sample size effects in the 2D/3D transition region.

The results serve as reference data for a theoretical estimation of fluid phase equi-
librium data in thin films and monolayers.

The research was supported by research fund of University of Ontario Institute of Technol-
ogy (research stay of H.L. Vörtler in Oshawa) and by the facilities of SHARCNET computer
network (Ontario, Canada).

[1] H.L. Vörtler et al.: J. Phys. Chem. B 112, 4656 (2008)

12.4 Analytical Treatment and Computer Simulations of

the Influence of the Crystal Surface on the Exchange

of Guest Molecules Between Zeolite Nanocrystals

and the Surrounding Gas Phase

S. Fritzsche, T. Nanok, J. Gulín-González∗, S. Vasenkov†

∗University of Informatics Sciences, La Habana, Cuba
†University of Florida, Gainesville, USA

In the framework of the DFG priority program SPP 1155 we investigated the surface
effects influencing the dynamics of adsorption of guest molecules into porous crystals.
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A new analytical treatment of such processes has been developped [1, 3, 4]. Such effects
are of high relevance for industrial purposes because e.g. in catalysis, relatively small
crystals are used, to enhance efficiency and, furthermore, they also play an important
rule in currently developed hierarchically ordered porous materials [2]. The analytical
theory was tested by molecular dynamics simulations (MD) [1].

The method has now successfully been applied to new systems [5].

[1] A. Schüring: J. Phys. Chem. C 111, 11 285 (2007)
[2] Y. Tao, H. Kanoh: J. Am. Chem. Soc. 125, 6044 (2003), doi:10.1021/ja0299405
[3] A. Schüring: Diffus. Fund. 6, 32.1 (2007)
[4] A. Schüring et al.: Diff. Fund. 6, 33.1 (2007)
[5] A. Schüring et al.: Quantification of the Mass-Transfer Coefficient of the External

Surface of Zeolite Crystals by Molecular Dynamics Simulations and Analytical
Treatment, Micropor. Mesopor. Mater. (2009), in press

12.5 Diffusion of Water in the Zeolite Chabazite

S. Fritzsche, R. Channajaree, P.A. Bopp∗, J. Kärger†

∗University Bordeaux, France
†Institute for Experimental Physics I, Physics of Interfaces Workgroup

Earlier work about water in the zeolite chabazite [1, 2] has been revisited in a project
in the framework of the International Research Training Group (IRTG) “Diffusion in
Porous Materials”. The non-monotonic dependence of the self diffusion coefficient
upon the concentration of water molecules could be verified and examined in more
detail and explained in MD simulations. The calculations are extremely computer time
consuming and could therefore, only be done at high temperatures (600 K) in [1, 2].
High speed computing with modern supercomputers, the use of a less computer time
expensive potential model (SPC water) and, parallel computing with the simulation
software DL_POLY enabled now simulations even at room temperature. Moreover, the
accuracy could be enhanced considerably.

For anisotropic diffusion the components of the diffusion tensor have to be used
instead of a diffusion coefficient. The ratio of these components is a measure of the
anisotropy. The new results yield this ratio in much better agreement with the ex-
perimental values than in [1, 2]. Rotational diffusion was now also included into this
research.

Publication of the new results is in preparation. The simulations will be comple-
mented by analytical investigations using Transition State Theory.

[1] S. Jost: PhD thesis, University of Leipzig (2004)
[2] S. Jost et al.: J. Phys. Chem. C 111, 14 707 (2007)

http://dx.doi.org/10.1021/ja0299405
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12.6 How Do Guest Molecules Enter Zeolite Pores?

Quantum Chemical Calculations

and Classical MD Simulations

S. Fritzsche, S. Thompho, S. Hannongbua∗, T. Remsungnen†, P.A. Bopp‡,
O. Saengsawang

∗Chulalongkorn University, Bangkok, Thailand
†Khon Khaen University, Khon Khaen, Thailand
‡University Bordeaux, France

This is a common project of the German DFG and the NRCT (Thailand). Effects con-
nected with the silanol groups on the surface of zeolites with respect to diffusion have
been examined in quantum chemical calculations [1] and non-equilibrium studies by
Grand Canonical Molecular Dynamics [2] for the system methane silicalite–1. The ad-
sorption dynamics was found to be influenced by the presence of the silanol groups . In
the final equilibrium state the coverage of the surface by methane molecules depends
upon the presence of silanol groups while the amount of adsorbed methane is not much
influenced.

The surface permeability for the penetration of methane into silicalite–1 has been
examined and the underlaying concept of the surface permeability has critically been
discussed. The results are published in [3, 4].

[1] O. Saengsawang et al.: Stud. Surf. Sci. Catal. 158, 947 (2005)
[2] O. Saengsawang et al.: J. Phys. Chem B 109, 5684 (2005)
[3] S. Thompho et al.: Poster at the 20. Deutsche Zeolithtagung, Halle, 5. – 7. March

2008, Abstracts p. 93
[4] S. Thompho et al.: Phys. Chem A 113, 2004 (2009)

12.7 Investigation of the Rotation and Diffusion

of Pentane in the Zeolite ZK5

S. Fritzsche, O. Saengsawang, A. Schüring, P. Magusin∗, M.-O. Coppens†, A. Dammers†,
D. Newsome†

∗Eindhoven University, The Netherlands
†Delft University, The Netherlands

The rotation and diffusion of pentane in the zeolite ZK5 has been investigated. This was
subject of a project (project leader S. Fritzsche) in the International Research Training
Group (IRTG) “Diffusion in Porous Materials”.

The rotation of ZK5 (γ-cage) was examined experimentally in [1]. Now, MD sim-
ulation [2, 6] could find agreement and explain many features of this phenomenon.
But some results in [1] could not be confirmed by the simulation. In cooperation with
P. Magusin they could be reinterpreted by showing that quantities which have been
assumed to be temperature independant in [1] in reality depend upon the temperature.
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The diffusion of pentane in ZK5 has been investigated by new challenging methods
that are combinations of transition state theory (TST) and MD simulations. In cooper-
ation with the group of Prof. M.-O. Coppens (A. Dammers, D. Newsome, Delft Uni-
versity) the challenging new method of transition path sampling [3] was successfully
applied to calculate one of the jump rates involved in this process [2].

But this method is not only very difficult to apply but, it is also very computer time
demanding. Therefore, the newly developped method of HTCE [4] has also been used
and worked very efficiently [2]. A dynamical correction (Bennett–Chandler) was com-
puted additionally in order to take into account the recrossing events. The computed
self diffusion coefficient was found within the range that has been obtained from the
experiment [5]. The work resulted in a PhD thesis and the publication [6] about the
rotation. The publication about the diffusion is in progress.

[1] V.E. Zorine et al.: J. Phys. Chem. B 108, 5600 (2004)
[2] O. Saengsawang: Rotation and Diffusion of n-pentane in the Zeolite ZK5, PhD the-

sis, University of Leipzig (2008)
[3] C. Dellago et al.: Adv. Chem. Phys. 123, 1 (2002)
[4] A. Schüring et al.: Chem. Phys. Lett. 450, 164 (2007)
[5] P.C.M.M. Magusin et al.: Magn. Reson. Chem. 37, 108 (1999)
[6] O. Saengsawang et al.: J. Phys. Chem. C 112, 5922 (2008)

12.8 Diffusion of Guest Molecules

in Metal Organic Frameworks

S. Fritzsche, K. Seehamart, S. Hannongbua∗, T. Remsungnen†, J. Kärger‡, C. Chmelik‡

∗Chulalongkorn University, Bangkok, Thailand
†Khon Khaen University, Khon Khaen, Thailand
‡Institute for Experimental Physics I, Physics of Interfaces Workgroup

A new class of nanoporous materials that is promising for industrial applications mainly
because of the possibility of ‘tayloring’ and the huge surface/volume ratio is the class
of Metal Organic Frameworks (MOFs) [1]. Already now, after few years, the number
of different MOFs that have been synthesized is larger then the number of e.g. zeolite
types. Many phenomena connected with adsorption and diffusion in these materials are
not yet understood. A common DFG project with experimental groups (Prof. Kärger,
Leipzig, Prof. Caro, Hannover, Dr. Wiebcke, Hannover) and NRCT (Thailand, Prof.
Hannongbua and other groups) started 2008 in the framework of the SPP1362. First
results of quantum chemical calculations are published in [2].

In cooperation with Prof. Krishna (Amsterdam) MD simulations have been carried
out that could show a surprising influence of the lattice flexibility on the concentration
dependence of the self diffusion coefficient DS of ethane in the MOF Zn(tbip) [3].
Figure 12.2 shows the main result. While the simulations with rigid lattice yielded a
DS that monotonically decreased with increasing ethane concentration the simulations
with flexible lattice gave a DS that increased up to a maximum at a loading of about 8
ethane per unit cell. At this maximum the DS values are one order of magnitude larger
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Figure 12.2: The self diffusion coefficient of ethane in Zn(tbip) as a function of the loading.

than with rigid lattice. At very high loadings the mutual hindrance of the diffusing
ethane leads to decreasing DS as to be expected.

[1] B.F. Hoskins, R. Robson: J. Am. Chem. Soc. 112, 1546 (1990)
[2] A. Pianwanit et al.: Chem. Phys. 349, 77 (2008)
[3] K. Seehamart et al.: Micropor. Mesopor. Mater. (2009), in press,

doi:10.1016/j.micromeso.2009.01.020

12.9 Funding

Analytical Treatment and Computer Simulations of the influence of the crystal surface
on the exchange of guest molecules between zeolite nanocrystals and the surrounding
gas phase
S. Fritzsche, S. Vasenkov, T. Nanok
SPP1155, DFG Fr 1486/2-3

Diffusion of Water in the Zeolite Chabazite
S. Fritzsche, R. Channajaree
DFG IRTG 1056

Investigation of the rotation and diffusion of pentane in the zeolite ZK5
S. Fritzsche, O. Saengsawang
DFG IRTG 1056

How do guest molecules enter zeolite pores? Quantum Chemical calculations and
classical MD simulations
S. Fritzsche, S. Thompho
DFG Fr 1486/1-4

Diffusion of Guest Molecules in Metal Organic Frameworks
K. Seehamart

http://dx.doi.org/10.1016/j.micromeso.2009.01.020
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funded by a stipend of the University of Technology Isan (RMUTI), Kon Khaen, Thai-
land,
S. Fritzsche
SPP1362, DFG Fr 1486/5-1

Simulation of phase equilibria in two- and three-dimensional Fluids
W.R. Smith, H.L. Vörtler
Research fund of University of Ontario Institute of Technology (research stay of
H.L. Vörtler in Oshawa) and SHARCNET computer network (Ontario, Canada)

12.10 Organizational Duties

S. Fritzsche
• Project leader of one project in the International Research Training Group, IRTG 1056
• Project leader of one project in the SPP1155, DFG FR1486/2-2
• Project leader of one project in the SPP1362, DFG FR1486/5-1
• Project leader of a German/Thai research project, DFG FR1486/1-4
• Referee: Chem. Phys. Lett., Micropor. Mesopor. Mater., J. Molec. Graphics Model.

H.L. Vörtler
• Speaker of the MDC workgroup
• Reviewer: Czech Science Foundation
• Referee: J. Chem. Phys., Physica A, Chem. Phys. Lett., J. Molec. Liquids, Chem. Phys.

12.11 External Cooperations

Academic

• Chulalongkorn University, Bangkok, Thailand
Prof. Dr. S. Hannongbua

• Indian Institute of Science, Bangalore, India
Prof. Dr. S. Yashonath

• Khon Khaen University, Khon Khaen, Thailand
Dr. T. Remsungnen

• University Bordeaux, France
Prof. Dr. P.A. Bopp

• Eindhoven University, Eindhoven, The Netherlands
Prof. Dr. P. Magusin

• Technical University, Delft, The Netherlands
Prof. Dr. M.-O. Coppens, Dr. A. Dammers, Dr. D. Newsome

• Czech Academy of Sciences, Prague & University Usti nad Labem, Czech Republic
Prof. I. Nezbeda, Dr. M. Lisal

• University of Ontario, Institute of Technology, Oshawa, Canada
Prof. W.R. Smith
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12.12 Publications

Journals

A. Pianwanit, C. Kritayakornupong, A. Vongachariya, N. Selphusit, T. Ploymeerusmee,
T. Remsungnen, D. Nuntasri, S. Fritzsche, S. Hannongbua: The optimal binding sites of
CH4 and CO2 molecules on the metal-organic framework MOF-5: ONIOM calculations,
Chem. Phys. 349, 77 (2008)

O. Saengsawang, A. Schüring, T. Remsungnen, A. Loisruangsin, S. Hannongbua,
P.C.M.M. Magusin, S. Fritzsche: Rotational Motion of Pentane in the Flat Gamma Cages
of Zeolite KFI, J. Phys. Chem. C 112, 5922 (2008)

H.L. Vörtler: Simulation of fluid phase equilibria in square-well fluids: from three to
two dimensions, Collect. Czech. Chem. Commun. 73, 518 (2008)

H.L. Vörtler, K. Schäfer, W.R. Smith: Simulation of Chemical Potentials and Phase Equi-
libria in Two- and Three-Dimensional Square-Well Fluids: Finite Size Effects, J. Phys.
Chem. B 112, 4656 (2008)

Talks

S. Fritzsche: HTCE – A New Simulation Method in Transition State Theory for Trans-
port in Microporous Materials, 12. Ann. Symp. Comp. Sci. Eng. (ANSCSE 12), Ubon
Ratchathanee, Thailand, 27. – 29. March 2008

A. Schüring, J. Gulin-Gonzalez, S. Vasenkov, S. Fritzsche, J. Kärger: Simulation and
Analytical Treatment of the Mass- Transfer through Zeolite Surfaces for the Ad- and
Desorption of Molecules, Int. Workshop Molec. Model., Frankfurt am Main, Germany,
10. March 2008

H.L. Vörtler, W.R. Smith: MC Simulation of Fluid Phase Equilibria in Square-Well
Fluids: From Bulk to Two-Dimensional Layers, 9. Int. NTZ-Workshop Comp. Phys.
(CompPhys08), Leipzig, Germany, 27. – 29. November 2008

Posters

S. Thompho, O. Saengsawang, R. Channajaree, T. Remsungnen, S. Hannongbua,
A. Schüring, S. Fritzsche: Influence of the Silanol Groups on the External Surface of
Silicalite–1 on the Adsorption Dynamics of Methane, 20. Deutsche Zeolithtagung, Halle,
Germany, 05. – 07. March 2008

A. Vongachariya, A. Pianwanit, D. Nuntasri, S. Hannongbua, C. Kritayakornupong,
T. Remsungnen, O. Saengsawang, S. Fritzsche: Stability of organic frameworks and
their complexes with CO2 and CH4 investigated by quantum chemical calculations,
1. Int. Conf. Metal Organic Frameworks and Open Framework Compounds (MOF2008),
Augsburg, Germany, 08. – 10. October 2008
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12.13 Graduations

Doctorate

• Oraphan Saengsawang
Rotation and Diffusion of n-pentane in the Zeolite ZK5
July 2008

12.14 Guests

• Dr. T. Remsungnen
Khon Khaen University, Thailand
01. April – 28. June 2008
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13

Quantum Field Theory and Gravity

13.1 Geometry Dependence of the Casimir Force

M. Bordag

The vacuum of quantum fields shows a response to changes in external conditions with
measurable consequences. The most prominent manifestation is the Casimir effect. It
belongs to the few number of macroscopic quantum effects and it is of big impor-
tance in nanometer sizes systems. At present, the dependence of the Casimir forces
on geometry is in the focus of actual research using a new representation in terms of
a functional determinant. The previous results were extended to the case of a sphere in
front of a plane, see [1]. The vacuum energy was studied for a spherical plasma shell
providing a kind a regularization for a conducting sphere. At once this is a model for
the interaction of a C60-molecule with the vacuum of the electromagnetic field. It is
shown that the ultraviolet divergences of this system can be uniquely absorbed into
the classical parameters and that the vacuum energy changes sign in dependence on
the plasma frequency [2].

[1] M. Bordag, V. Nikolaev: J. Phys. A 41, 164 001 (2008)
[2] M. Bordag, N. Khusnutdinov: Phys. Rev. D 77, 085 026 (2008)

13.2 Higher Order Correlation Corrections to Color

Ferromagnetic Vacuum State at Finite Temperature

M. Bordag, V. Skalozub∗

∗Physics Faculty, Dnepropetrovsk National University, Ukraine

Topic of the investigation is the stability of the ground state of QCD with temperature
and color magnetic background field by means of the calculation of the polarization
tensor of the gluon field. Special attention was devoted to the investigation of the
polarization tensor for the color charged gluons at finite temperature. A new technique
for a parametric representation was found which allowed for an explicit separation of
the Debye and the magnetic masses and, for instance, for an easy calculation of the
Debye mass’s field and temperature dependence, see [1, 2].
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[1] M. Bordag, V. Skalozub: Phys. Rev. D 77, 105 013 (2008)
[2] N. Khandoga et al.: J. Phys. A 41, 164 045 (2008)

13.3 Casimir Effect and Real Media

M. Bordag, B. Geyer, G.L. Klimchitskaya∗, V.M. Mostepanenko†

∗Physics Department, North-West Polytechnical University, St. Petersburg, Russia
†Noncommercial Partnership “Scientific Instruments” of Ministry of Industry, Sciences
and Technologies, Moscow, Russia

The vacuum of quantum fields shows a response to changes in external conditions
with measurable consequences. The investigation of the electromagnetic vacuum in
the presence of real media is of actual interest in view of current experiments as well
as nanoscopic electro-mechanical devices. In recent experiments using atomic force
microscopy the Casimir effect had been measured with high accuracy. This required
a detailed investigation of the influence of real experimental structures on the corre-
sponding force.

Since the year 2000, the behavior of the thermal correction to the Casimir force
between real metals has been hotly debated. As was shown by several groups, the
Lifshitz theory, which provides the theoretical foundation for calculations of both the
van der Waals and Casimir forces, leads to different results depending on the model of
metal conductivity used. To resolve these controversies, the theoretical considerations
based on the principles of thermodynamics and new experimental tests were invoked.
Additional, the study has to be extended to the case of dielectrics and semiconductors.
In 2008 the following has been obtained:

• We have considered the thermal Casimir effect in rectangular boxes starting from
the general expression for the Casimir free energy in the framework of Matsubara
quantum field theory at nonzero temperature.

1. The thermal correction was renormalized by subtracting counter terms pro-
portional to the box volume, surface area, and to the sum of box sides. Using
the method of zeta function regularization, a finite expression for the Casimir
free energy associated with a closed volume V was obtained going to zero
when the characteristic dimensions of this volume go to infinity. This is
achieved by a subtraction of the free energy of the black body radiation and
two other geometrical contributions of quantum origin.

2. The obtained general expression was applied to the cases of the massless
scalar field with Dirichlet boundary conditions and the electromagnetic field
in rectangular boxes. It was shown that physical temperature-dependent
contribution to the Casimir force at zero temperature can be both positive
and negative (i.e., leads to repulsion or attraction) depending on the box
side lengths. This property is preserved for boxes with zero electromagnetic
Casimir force at zero temperature. Numerical computations of the scalar and
electromagnetic Casimir force as functions of side length and temperature
for cubes have been performed.
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3. The developed formalism was applied to a rectangular box divided into
two sections by a movable partition consisting of ideal metal (piston). The
attraction (or repulsion for a piston with Neumann boundary conditions) of
the piston to the nearest face of the box does not negate the electromagnetic
Casimir repulsion for boxes without a piston. However, the cases with an
empty space outside the box and with another section of a larger box outside
the piston are physically quite different. The proposed new approach is ad-
vantageous in comparison with the standard calculation because the former
leads to meaningful results for the thermal Casimir force both for an empty
box and for a box with a piston, whereas the latter is meaningful only in
application to the box with a piston.

The results are published in [2, 3].

• The application of the Lifshitz theory to real materials was formulated observing
properly the account of charge carriers. This formulation was applied to experi-
ments on measuring the Casimir and Casimir–Polder force.

Thereby we obtained three types of results:

1. We confirmed the violation of the Nernst heat theorem in the standard for-
mulation of the Lifshitz theory.

(a) In case of two metal plates we showed that, contrary to the argu-
ments by J.S. Høye et al. [4], the Lifshitz theory combined with the
Drude model is thermodynamically inconsistent [5]. For the configu-
ration metal-dielectric, the violation of the Nernst heat theorem in the
Lifshitz theory was confirmed when the dc conductivity of the dielectric
plate is included in the model of dielectric response [6].

(b) For the configuration of an atom interacting with a cavity wall we have
determined the Casimir–Polder entropy and investigated its dependence
on the conductivity properties of the wall material. It was shown that
for a metal wall and a dielectric wall with neglected dc conductivity
the Nernst heat theorem is satisfied. At the same time, for a dielectric
wall with included dc conductivity the Nernst theorem is found to be
violated [7, 8].

2. We formulated the Lifshitz theory for real materials and showed how to
consistently apply it.

(a) Specifically, it was justified that for all metallic-type materials (i.e., for
those whose conductivity does not go to zero when the temperature
vanishes) free charge carriers should be described by the plasma model
in order to be in agreement with thermodynamics and consistent with
all available experimental data.

(b) As for materials of dielectric-type whose conductivity vanishes with
vanishing temperature (these include insulators, doped semiconductors
with a dopant concentration below critical, solids with ionic conductiv-
ity etc.), the dc conductivity arising at nonzero temperature should be
neglected in the Lifshitz theory in order to avoid contradictions with
thermodynamics and experiment.
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(c) The physical grounds of these rules are connected with the condition
of thermal equilibrium which is the basic applicability condition of the
Lifshitz theory. Especially,the inclusion of the drift current into the model
of dielectric response of the plate material is not compatible with the
condition of thermal equilibrium and therefore leads to thermodynamic
and experimental inconsistencies [7, 9, 10].

3. We compared the suggested formulation of the Lifshitz theory with the
experimental data of new experiments.

(a) The most important experiment performed in 2007 [11] is the first obser-
vation of the thermal Casimir–Polder force through the shift of center-of-
mass oscillation frequency in a 87Rb Bose–Einstein condensate at a dis-
tance of a few micrometers from a fused-silica wall. We have recalculated
this frequency shift by neglecting the nonzero dc conductivity of fused
silica at experimental temperatures and found that the obtained results
are in excellent agreement with the experimental data, thereby, con-
firming our rule that in Lifshitz theory the dc conductivity of dielectric
materials should be disregarded [12].

(b) Furthermore, from the measurement of the Casimir force by means of
a micromachined oscillator we found new constraints on the parame-
ters of hypothetical Yukawa-type corrections to Newtonian gravitational
law; these constraints were collected and discussed in [13].

• The interaction of hydrogen atoms and molecules with carbon nanotubes was
considered with account of repulsive exchange forces which act at the shortest
separations. Using the method of phenomenological potentials, it was shown
that at separations below 1 nm the exchange repulsion gives rise to the lateral
force which moves hydrogen atom toward the cell center. In the position above
the call center, the repulsive force cannot balance the van der Waals attraction.
As a result, an atom penetrates inside the nanotube. This effect can be used for
the determination of an optimal configuration of carbon nanostructures for the
purposes of hydrogen storage [14].

• Finally, the book “Advances in the Casimir Effect” (730 pages) has been com-
pleted and submitted for publication to the Oxford University Press [1]. The first
part of the book, already written in 2007, includes the foundation and general
quantum field theoretic formulation of the thermal Casimir and Casimir–Polder
effect. The second part of the book, written in 2008, includes the presentation of
the Lifshitz theory of the van der Waals and Casimir interaction for the cases
of dielectric–dielectric, metal–metal and dielectric–metal walls at both zero and
nonzero temperature. In so doing, real properties of wall materials are taken into
account. The application of the Lifshitz theory to atom–wall interaction is consid-
ered in thermal equilibrium and out of thermal equilibrium. A special chapter is
devoted to the investigation of the Casimir force between rough and corrugated
surfaces. The third part of the book is devoted to the most striking developments
in the precise measurements of the Casimir force using modern laboratory tech-
niques. This includes detailed description of 24 experiments and their comparison
with theory. Special chapters are devoted to the experiments on Bose–Einstein
condensation and quantum reflection, applications of the Casimir force in nan-
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otechnology, and for obtaining constraints on extra-dimensional physics beyond
the Standard Model from the Casimir effect.

[1] M. Bordag et al.: Advances in the Casimir Effect (Oxford University Press), sub-
mitted

[2] B. Geyer et al.: Eur. Phys. J. C 57, 823 (2008)
[3] V.M. Mostepanenko: J. Phys. Conf. Ser. 161, 012 003 (2009)
[4] J.S. Høye et al.: Phys. Rev. E 75, 051 127 (2007)
[5] G.L. Klimchitskaya, V.M. Mostepanenko: Phys. Rev. E 77, 023 101 (2008)
[6] B. Geyer et al.: Ann. Phys. (N.Y.) 323, 291 (2008)
[7] G.L. Klimchitskaya et al.: J. Phys. A 41, 432 001(F) (2008)
[8] V.B. Bezerra et al.: Phys. Rev. A 78, 042 901, (2008)
[9] G.L. Klimchitskaya, B. Geyer: J. Phys. A 41, 164 032 (2008)

[10] V.M. Mostepanenko, B. Geyer: J. Phys. A 41, 164 014 (2008)
[11] J.M. Obrecht et al.: Phys. Rev. Lett. 98, 063 201 (2007)
[12] G.L. Klimchitskaya, V.M. Mostepanenko: J. Phys. A 41, 312 002(F) (2008)
[13] V.M. Mostepanenko et al.: J. Phys. A 41, 164 054 (2008)
[14] G.L. Klimchitskaya et al.: J. Phys. A 41, 164 012 (2008)

13.4 Quantum Field Theory

of Light-Cone Dominated Hadronic Processes

B. Geyer, J. Blümlein∗, D. Robaschik†, O. Witzel‡

∗Institut für Hochenergiephysik, Zeuthen
†Institute for Theoretical Physics, Brandenburg Technical University, Cottbus
‡Institute for Physics, Humboldt-Universität Berlin

Light-cone dominated, polarized hadronic processes at large momentum transfer fac-
torize into process-dependent hard scattering amplitudes and process-independent
non-perturbative generalized distribution amplitudes. Growing experimental accuracy
requires the entanglement of various twist as well as (target) mass contributions and ra-
diative corrections. Their quantum field theoretic prescription is based on the nonlocal
light-cone expansion [1] and the group theoretical procedure of decomposing nonlo-
cal, tensor-valued QCD operators into tensorial harmonic operators with well-defined
geometric twist (τ = dimension d − spin j) developed in our previous work [2, 3].

• First, extending former work about power resp. target mass corrections for virtual
Compton scattering at twist-2 [2, 4, 5], the complete target mass and finite (trans-
verse) momentum corrections to deeply inelastic diffractive scattering already
has been determined in the framework of quantum field theory [6].

Now, we discussed it in detail using an equivalent formulation with the aim
to derive a representation suitable for data analysis. We considered the off-cone
twist-2 ligth-cone operators to derive the target mass und finite t corrections of
diffractive deep-inelastic scattering and deep inelastic scattering. The corrections
turn out to be at most proportional to x/|t|, xM2/Q2, x = xBj or xP, which suggests
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an expansion in these parameters. Their contribution varies in size considering
diffrative scattering or meson-exchange processes. Relations between different
kinematic amplitudes which are determined by ond and the same diffractive
generalized parton distribution or its moments are derived. In the limit t,M2 → 0
one obtaines the results of [7].

• Second, the fundamental results [8] on the complete twist decomposition of
generic non-local tensor operators for hadronic processes recently have been
applied to B-meson physics [9, 10]. Thereby, two- and three-particle distribution
amplitudes of heavy pseudoscalar mesons of well-defined geometric twist were
introduced and their relations the conventional ones of dynamical twist have
been derived. Furthermore, under the constraints of HQET, taking into account
the equations of motion of the heavy meson distribution amplitudes of definite
geometric twist and using the knowledge of their off-cone structure, various re-
lations between the (sets of) independent two- and three-particle distribution
amplitudes of definite geometric twist have been derived and presented using
both the (double) Mellin moments and the re-summed non-local distribution am-
plitudes to lowest non-trivial order of light-cone distance x2. Now, these off-cone
results are under study to find corresponding relations to any order in x2.

[1] S.A. Anikin, O.I. Zavialov: Ann. Phys. (N.Y.) 116 135 (1978); D. Müller et al.:
Fortschr. Phys. 42, 101 (1994)

[2] B. Geyer et al.: Nucl. Phys. B 559, 339 (1999); 618, 99 (2001); B. Geyer, M. Lazar:
Nucl. Phys. B 581, 341 (2000), Phys. Rev. D 63, 094 003 (2001); J. Eilers, B. Geyer:
Phys. Lett. B 546, 78 (2002)

[3] J. Eilers et al.: Phys. Rev. D 69, 034 015 (2004)
[4] B. Geyer et al.: Nucl. Phys. B 704, 279 (2005)
[5] B. Geyer, D. Robaschik: Phys. Rev. D 71, 054 018 (2005)
[6] J. Blümlein et al.: Nucl. Phys. B 755, 112 (2006)
[7] J. Blümlein, D. Robaschik: Phys. Lett. B 517, 222 (2001); Phys. Rev. D 65, 096 002

(2002)
[8] J. Eilers: arXiv:hep-th/0608173
[9] B. Geyer, O. Witzel: Phys. Rev. D 72, 034 023 (2005)

[10] B. Geyer, O. Witzel: Phys. Rev. D 76, 074 022 (2007)

13.5 Structure of the Gauge Orbit Space

and Study of Gauge Theoretical Models

G. Rudolph, S. Charzynski, A. Hertsch, J. Huebschmann, P. Jarvis∗, J. Kijowski†,
M. Schmidt

∗School of Physics, University of Tasmania, Hobart, Australia
†Institute for Theoretical Physics, University of Warsaw, Poland

The investigation of gauge theories in the Hamiltonian approach on finite lattices with
emphasis on the role of nongeneric strata was continued. This includes, in particular,

http://www.arxiv.org/abs/hep-th/0608173
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stratified Kähler quantization for gauge groups SU(2) and SU(3) [1, 2] and the study
of the question how the stratification may be encoded on the level of the algebra of
observables [3]. A part of these problems was studied in collaboration with J. Hueb-
schmann.

Based on [4], the investigations of specific models of quantum lattice gauge the-
ory in terms of gauge invariant quantities concerning the structure of the algebra of
observables and its representations were continued.

A. Hertsch completed the classification of the orbit types of the action of the group
of local gauge transformations on the space of connections for arbitrary compact gauge
group [5].

[1] J. Huebschmann et al.: Commun. Math. Phys. 286, 459 (2009)
[2] J. Boehnke: The Costratified Structure of an SU(3)-Lattice Gauge Model, Diploma

thesis, University of Leipzig (2008)
[3] G. Rudolph, M. Schmidt: arXiv:0708.4646 [hep-th], to appear in J. Math. Phys.
[4] J. Kijowski et al.: Ann. H. Poincaré 4, 1137 (2003); J. Kijowski, G. Rudolph: J. Math.

Phys. 46, 032 303 (2005); Rep. Math. Phys. 55, 199 (2005); P. Jarvis et al.: J. Phys. A
38, 5359 (2005)

[5] A. Hertsch: On the Gauge Orbit Stratification for Theories with Gauge Group SU(n),
PhD thesis, University of Leipzig (2009)

13.6 Quantum Field Theory on Non-Commutative

Geometries, Quantum Energy Inequalities,

Generally Covariant Quantum Field Theory

R. Verch, P. Marecki, M. Borris, J. Schlemmer

One of the questions of recent interest is if there is a general framework for quantum field
theory on non-commutative spacetimes. This question is analysed in collaboration with
M. Paschke and M. Borris. On one hand, an approach to Lorentzian non-commutative
geometry in the spirit of spectral geometry is being established. On the other hand,
the quantization of such structures is shown to lead to simple examples of quantum
field theories on non-commutative spacetimes for concrete non-commutative spacetime
models. The research on these topics is in progress.

Another line of research is devoted to an extension of the framework of local general
covariant quantum field theories to the case of a relation between quantum field theories
on several, different dimensions. This connects to the question of how to distinguish
theories of Kaluza–Klein type at the quantized level. The research work on these matters
is carried out in collaboration with C.J. Fewster.

The definition and analysis of states which can be viewed as local thermal equi-
librium states in quantum field theory will be extended to quantum fields in curved
spacetime, with a view on application in cosmological situations. Current research
work with J. Schlemmer points at a close connection between local thermal equilibrium
states and quantum energy inequalities which is being further analyzed. Moreover, the
validity of quantum energy inequlities in interacting quantum field models is being
investigated in collaboration with C. Kopper.

http://www.arxiv.org/abs/0708.4646
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A standing problem is the concept of quantum field theories on non-globally hy-
perbolic spacetimes. A special class of such spacetimes are certain types of rotating
spacetimes. Several issues in setting up quantum field theories on such spacetimes are
being studied by P. Marecki.

13.7 Funding

Structure of the gluon polarization tensor in a color magnetic field background at finite
temperature
PD Dr. M. Bordag
DFG Bo 1112/16-1

Spectral Zeta Functions and Heat Kernel Technique in Quantum Field Theory with
Nonstandard Boundary Condition
PD Dr. M. Bordag, Dr. D. Vassilevich
Heisenberg-Landau programme

Parallel nano assembling directed by short-range field forces
PD Dr. M. Bordag
PARNASS: Specific targeted research project within the 6th Framework Programme of
EU, NMP4-CT-2005-017071

New Trends and Applications of the Casimir Effect (CASIMIR)
Research Networking Program der ESF (European Research Foundation)
PD Dr. M. Bordag – Member of the Steering Committee

Improved study of the Casimir force between real metals and its application to con-
straints for testing extra-dimensional physics
B. Geyer
DFG 436 RUS 113/789/0-4

Quantum Theory of Lattice Gauge models
A. Hertsch
IMPRS fellowship at MPI MIS

Local thermodynamic equilibrium in cosmological spacetimes
J. Schlemmer
IMPRS fellowship at MPI MIS

13.8 Organizational Duties

M. Bordag
• Referee: J. Phys. A, Phys. Rev. D, J. Math. Phys.
• Member of the Steering Committee of the ESF Research Networking Program New

Trends and Applications of the Casimir Effect (CASIMIR)

B. Geyer
• Vertrauensdozent der Gesellschaft Dt. Naturforscher und Ärzte (GDNÄ)



QUANTUM FIELD THEORY AND GRAVITY 305

• Reviewer: Deutsche Forschunggemeinschaft (DFG), Deutscher Akademischer Aus-
tausch Dienst (DAAD), Humboldt Foundation

G. Rudolph
• Referee: Class. Quant. Grav., J. Math. Phys., J. Geom. Phys., J. Phys. A, Rep. Math.

Phys.
• Director of the Institute for Theoretical Physics (until September 2008)

M. Schmidt
• Referee: J. Phys. A, Int. J. Mod. Phys. A, Class. Quant. Grav., J. Gen. Relativ. Grav.

A. Uhlmann
• Board member: Rep. Math. Phys., Open Syst. Informat. Dyn.

R. Verch
• Associate Editor: J. Gen. Relat. Grav.
• Chairman of the board for the Theoretical and Mathematical Physics Section, Deutsche

Physikalische Gesellschaft (DPG)
• Reviewer: Alexander von Humboldt Foundation, Mathematical Reviews
• Referee: Commun. Math. Phys., J. Math. Phys., Rev. Math. Phys., Class. Quantum

Grav., Eur. Phys. J. C, Springer Lecture Notes Physics, Cent. Eur. J. Phys.

13.9 External Cooperations

Academic

• Institut für Physik / Computational Physics, Humboldt Universität zu Berlin,
Germany
Dipl.-Phys. Oliver Witzel

• DESY-Institute of High Energy Physics, Zeuthen, Germany
Dr. Johannes Blümlein

• Institute of Theoretical Physics, Brandenburg Technical University, Cottbus,
Germany
Prof. Dr. Dieter Robaschik

• Mathematics Department, Universität Hamburg, Germany
Dr. C. Fleischhack

• Institute for Mathematical Physics, Technical University Braunschweig, Germany
Prof. Dr. R.F. Werner

• Department of Mathematics, University of Münster, Germany
Dr. M. Paschke

• Polish Academy of Sciences, Center for Theoretical Physics, Warsaw, Poland
Prof. Dr. J. Kijowski, Dr. S. Charzynski

• Polish Academy of Sciences, Mathematics Institute and University of Warsaw, Poland
Prof. Dr. P. Hajac



306 INSTITUTE FOR THEORETICAL PHYSICS

• St. Petersburg University, Russia
Prof. Yu.V. Novozhilov

• Department of Physics, North-West Polytechnical University St. Petersburg, Russia
Prof. Dr. Galina L. Klimchitskaya

• Noncommercial Partnership “Scientific Instruments” of Ministry of Industry, Sci-
ences and Technologies, Moscow, Russia
Prof. Dr. Vladimir M. Mostepanenko

• National University, Dnepropetrovsk, Ukraine
Prof. V. Skalozub

• Joint Institute for Nuclear Research, Dubna, Russia
Dr. V. Nesterenko, Dr. I. Pirozhenko

• Centre de Physique Théorique, Ecole Polytechnique, Palaiseau, France
Prof. C. Kopper

• Université des Sciences et Technologies de Lille, France
Prof. Dr. J. Huebschmann

• Dipartimento di Matematica, Universita di Trento, Italy
Prof. Dr. V. Moretti

• Department of Mathematics, University of York, UK
Dr. C.J. Fewster

• Department of Mathematics, Connecticut State University, New Britain, USA
Prof. Dr. T. Roman

• Department of Physics, University of South Carolina, Columbia, USA
Prof. Dr. P. Mazur

• Lawrence Livermore National Laboratory, Livermore, USA
Dr. G.F. Chapline

• University of Tasmania, Hobart, Australia
Prof. Dr. P. Jarvis

• University of Newcastle, Australia
Prof. Dr. W. Szymanski

13.10 Publications

Journals

M. Bordag, N. Khusnutdinov: On the vacuum energy of a spherical plasma shell, Phys.
Rev. D 77, 085 026 (2008)

M. Bordag, V. Nikolaev: Casimir force for a sphere in front of a plane beyond proximity
force approximation, J. Phys. A 41, 164 001 (2008)

M. Bordag, V. Skalozub: Polarization tensor of charged gluons in color magnetic back-
ground field at finite temperature, Phys. Rev. D 77, 105 013 (2008)



QUANTUM FIELD THEORY AND GRAVITY 307
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14

Statistical Physics

14.1 Introduction

The STP group works on the connections of statistical mechanics to quantum field the-
ory, on the mathematical and physical aspects of renormalization group (RG) theory
and on its applications to high-energy and condensed matter physics, and on quan-
tum kinetic theory. Our methods range from mathematical proofs to computational
techniques.

The RG method applied here is an exact functional transformation of the action of
the system, which leads to an infinite hierarchy of equations for the Green functions.
Truncations of this hierarchy are used in applications. In a number of nontrivial cases,
this truncation can be justified rigorously, so that the method lends itself to mathemat-
ical studies. These mathematical aspects are also under investigation.

Another topic we study is the long-time dynamics of large quantum systems, with
a view of understanding how dissipative dynamics on the macroscopic scale arises
from the microscopically reversible dynamics in interesting scaling limits.

We have ongoing collaborations with the Max–Planck Institute for Solid State Re-
search in Stuttgart, the University of British Columbia, Vancouver, the University of
Munich, the University of Würzburg, the University of Mainz, and Harvard University.

The collaboration within Germany is funded via the DFG research groups FOR723,
“Functional Renormalization Group for Correlated Fermion Systems”. The group, es-
tablished in spring, 2007, is coordinated here in Leipzig. Its members are at the univeri-
ties of Aachen, Göttingen, Heidelberg, Leipzig, and Würzburg, and at the Max-Planck-
Institut für Festkörperforschung, Stuttgart.

As of September 1st, 2008, the STP group has moved to the Institute for Theoretical
Physics at University of Heidelberg. Activities of the group up to that date will be
reported here briefly.

I would like to take this opportunity to thank the members of the Theoretical Physics
Institute and of the Physics Department for the good relations we have experienced
during the seven years at this institute. My very special thanks go to Klaus Sibold for
his friendship and support, and to the secretarial staff of the institute, Susan Hussack,
Gabriele Menge, Gloria Salzer, and Lea Voigt.

Manfred Salmhofer
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15

Theory of Condensed Matter

15.1 Introduction

Major research topics in our group include nonequilibrium phenomena and pattern
formation in systems of various nature, e.g. in soft condensed matter and in biological
systems. Modern analytic methods of statistical physics and computer simulations com-
plement and stimulate each other. Cooperations with mathematicians, theoretical and
experimental physicists, biologists and medical researchers in Germany, Europe and
around the world are well established. Specifically we are interested in the following
problems.

Noise induced phenomena (Behn). Noise induced non-equilibrium phase transi-
tions are studied in coupled arrays of stochastically driven nonlinear systems. Further-
more, stability and statistical characteristics of stochastic nonlinear systems with time
delay are investigated. In cooperation with the Käs-Lab (PWM) we characterize the
stochastic dynamics of Lamellipodia.

Mathematical modeling of the immune system (Behn). Using methods of nonlinear
dynamics and statistical physics, we study the architecture and the random evolution
of the idiotypic network of the B-cell subsystem and describe the regulation of balance
of the Th1/Th2-cell subsystem including regulatory T-cells, its relation to allergy and
the hyposensitization therapy (cooperation with G. Metzner, Clinical Immunology).

Non-equilibrium dynamics in soft-condensed-matter systems (Kroy). The systems
under investigation range from desert dunes spontaneously developing as a generic
consequence of aeolian sand transport, through non-equilibrium gels of adhesive
colloids and proteins, the viscoelastic mechanics of the cytoskeleton, to the non-
equilibrium dynamics of single DNA molecules under strong external fields. (Related
experimental work is currently in progress at EXP1: PWM, PAF.) A common feature
is the presence of strong fluctuations and stochastic dynamics on the micro-scale. The
emergence of macroscopic structure and (non-linear) deterministic macroscopic dy-
namics is to be understood. The applied methods range from analytical studies of
stochastic integro-differential equations through liquid-state theories, mode-coupling
theory, effective hydrodynamic equations, phenomenological modeling, to numerical
simulations.

Ulrich Behn, Klaus Kroy
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15.2 Stochastic Phenomena in Systems

with Many Degrees of Freedom

U. Behn, S. Gütter, M. Knorr, M. Krieger-Hauwede, L. Wetzel

Arrays of spatially coupled nonlinear dynamical systems driven by multiplicative
Gaussian white noise show close analogies to phase transitions in equilibrium [1]. Con-
cepts developed to describe equilibrium phase transitions such as ergodicity breaking,
order parameter, critical behaviour, critical exponents etc. have been successfully trans-
fered to noise induced nonequilibrium phase transitions, see for example [2].

For multiplicative noise, essential characteristics of phase transitions can be found
alraedy in finite arrays. In the limit of strong coupling there is a clear separation of time
scales which allows to eliminate the fast degrees of freedom. The slow center of mass
coordinate exhibits a critical behaviour, cf. Fig. 15.1. Analytical results for probability
distribution and expectation value are confirmed by numerical simulations [3].

For infinite arrays driven by independent additive and multiplicative noise we
considered several limit cases which allow analytical results for the critical values of
the control parameter, the critical exponents of order parameter and susceptibility, and
the ratio of susceptibility amplitudes. For example, we found a shift of the bifurcation
point due to additive noise [4].

Stability and statistical properties (like the return time distribution) of stochastic sys-
tems with delayed time argument are further investigated. We study systems driven by
additive or multiplicative Gaussian white noise and by dichotomous Markov processes
analytically and by numerical simulations. Several stability criteria are compared. The
limits of small and large delay are treated analytically [5].
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Figure 15.1: Crossover in the scaling behaviour of the center of mass coordinate 〈R〉 as a function
of the control parameter a − ac(N) for different system sizes N = 1 (dash-dotted line), 2 (dashed
line), and 100 (solid line); the lines are analytic results in the strong coupling limit. Near the
critical value of a we have a linear scaling as for N = 1 wheras in larger distance a square
root behaviour as for N → ∞ is found. The dotted straight lines have slope 1 (left) and slope 1/2
(right). The symbols show results from simulations for N = 2 (circles) and 100 (squares); noise
and coupling strength are σ2 = 1 and D = 100, respectively. The arrows indicate the crossover
points.
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In a joint project with the Soft Matter Physics group (J. Käs) we developed a minimal
model to characterize the stochastic dynamics of Lamellipodia. The model includes
underlying processes like aktin polymerization and retrograde flow and describes
consistently the experimental data for various cell types [6].

[1] F. Sagués et al.: Rev. Mod. Phys. 79, 829 (2007)
[2] T. Birner et al.: Phys. Rev. E 65, 046 110 (2002)
[3] F. Senf et al.: arXiv:0903.2185v1 (2009)
[4] S. Gütter: Diplomarbeit, Universität Leipzig (2008)
[5] L. Wetzel: Diplomarbeit, Universität Leipzig (2008)
[6] M. Knorr: Diplomarbeit, Universität Leipzig (2008)

15.3 Mathematical Modeling of the Immune System

U. Behn, F. Groß, H. Schmidtchen, M. Thüne, F. Werner

The paradigm of idiotypic networks developed about 3 decades ago by Jerne [1] finds
a renewed interest mainly from the side of system biology and from clinical research;
for a recent review which also includes modeling see [2].

B-lymphocytes express on their membrane receptors (antibodies) of a given idio-
type. Crosslinking these receptors by complementary structures (antigen or antibodies)
stimulates the lymphocyte to proliferate. Thus a macroscopically large, though finite,
functional network of lymphocytes, the idiotypic network, emerges. The dynamics is
driven by the influx of new idiotypes randomly produced in the bone marrow and by
the population dynamics of the lymphocytes themself. In our minimalistic model [3] id-
iotypes are represented by bitstrings. The model evolves to a highly organized dynam-
ical architecture where groups of nodes with clearly distinct statistical characteristics
can be identified. We can analytically compute size and connectivity of these groups.
In a modular mean field theory mean occupation of these groups and mean life time of
occupied nodes are calculated in good agreement with simulations [4]. We developed
a tool which allows to detect the modules of the architecture by online monitoring the
simulation, transitions between different modules can be directly observed [5]. A new
representation of the link matrix between the groups is found helpful to investigate the
scaling properties toward networks of realistic size. First ideas for the design of more
sophisticated models (Thüne) and for the reconstruction of the networks architecture
from sampling data have been developed (Schmidtchen).

T-helper lymphocytes have subtypes which differ in their spectrum of secreted cy-
tokines. These cytokines have autocrine effects on the own subtype and cross-suppres-
sive effects on the other subtype and regulate the type of immunoglobulines secreted by
B-lymphocytes. The balance of Th1- and Th2-cells is perturbed in allergy: the response
to allergen is Th2-dominated. Recently, a new type of T-lymphocytes has been identi-
fied, the regulatory T-cells (Treg) which suppress other cells. Clinical studies show that
during specific immunotherapy the concentration of Tregs is increasing [8, 9]. In collab-
oration with G. Metzner (Institute of Clinical Immunology) we therefore extended our
previous model describing the Th1/Th2 balance [6, 7] by including regulatory T-cells.
For a given period of the therapeutic injections of allergen, the 3D state space is sep-
arated by the stable manifold of the unstable fixed points of a stroboscopic map into

http://www.arxiv.org/abs/0903.2185v1
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Figure 15.2: The figure displays the set of fixed points in the state space spanned by Th1, Th2,
and Treg for varying period of allergen injections τ which is made up of 1D curves. As an
example, for τ = 4 the stable (•) and instable (◦) fixed points are shown along with the stable
manifolds of the instable fixed points.

basins of attraction of stable fixed points, cf. Fig. 15.2. A successful therapy drives the
system towards a stable fixed point where a high population of Tregs dominates both
Th2- and Th1-cells, qualitatively similar to experimental findings [10].

[1] N.K. Jerne: Ann. Inst. Pasteur Immunol. 125C, 373 (1974)
[2] U. Behn: Immunol. Rev. 216, 142 (2007)
[3] M. Brede, U. Behn: Phys. Rev. E 67, 031 920 (2003)
[4] H. Schmidtchen, U. Behn: in Mathematical Modeling of Biological Systems, Vol-

ume II, ed. by A. Deutsch et al. (Birkhäuser, Boston 2008) p 157; H. Schmidtchen
et al., in preparation

[5] M. Thüne: Diplomarbeit, Universität Leipzig (2008)
[6] J. Richter et al.: J. Theor. Med. 4, 119 (2002)
[7] R. Vogel, U. Behn: in Mathematical Modeling of Biological Systems, Volume II, ed.

by A. Deutsch et al. (Birkhäuser, Boston 2008) p 145
[8] M. Larché et al.: Nature Rev. Immunol. 6, 761 (2006)
[9] E. Mamessier et al.: Clin. Exp. Allergy 36, 704 (2006)

[10] F. Groß: Diplomarbeit, Universität Leipzig (2008)

15.4 Glassy Dynamics of Polymer Networks

J. Glaser, L. Wolff, C. Hubert, S. Sturm, K. Kroy

Multifunctional scaffolds are the essential building blocks of living cells as well as of
a broad class of modern synthetic materials. Examples range from the soft cytoskeleton
of the animal cell to stiff carbon nanotube networks. These materials share universal
properties and a physical description of their mechanical behavior is indispensable to
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Figure 15.3: Left: Mean square displacement (MSD) of semiflexible pectin gels and comparison
to the MSD of a glassy wormlike chain (GWLC) (red curves). Right: Stress–strain master relation
for actin solutions sheared at constant shear rate [3], compared to the GWLC (red solid line).

understand, for example, the effect of stretch on airway cells, which is a major factor
in asthma. A successful strategy towards understanding the universal properties of
the cytoskeleton as a fibrous, polymeric scaffold has proven to be the ‘bottom-up’
approach [1], where the complex problem of cell mechanics is investigated in terms of
the less complex mechanics of the sub-systems (e.g., in-vitro F-actin networks).

In this spirit, we are working on an extension of the well established wormlike chain
model for single polymers. This extended model, the glassy wormlike chain [2–4],
accounts for the properties of networks of stiff polymers by taking into account the
stickiness and steric interactions of the polymers. From this theory, we were already
able to derive quantitative results, cf. Fig. 15.3, which were applied in cooperation with
experimental biophysics groups [3, 5]. The achieved results constitute a significant step
towards a quantitative understanding of cell mechanics.

[1] A.R. Bausch, K. Kroy: Nature Phys. 2, 231 (2006)
[2] K. Kroy, J. Glaser: New J. Phys. 9, 416 (2007)
[3] C. Semmrich et al.: Proc. Natl. Acad. Sci. USA 104, 20 199 (2007)
[4] K. Kroy: Soft Matter 4, 2323 (2008)
[5] J. Glaser et al.: Eur. Phys. J. E 26, 123 (2008)

15.5 Stiff Polymers in Random Media

M. Hennes, P. Benetatos, K. Kroy

The inside of a eukaryotic cell is a “crowded world” into which are packaged a myr-
iad of organelles and macromolecules and it has been shown that this crowding can
severely affect biochemical reactions [1]. A typical filament-like protein under such
conditions appears to be subjected to highly complex and heterogeneous forces and
sterical constraints. The formidable task of describing the behaviour of a polymer in
such a complicated energy landscape might be tackled by assuming the chain to evolve
in a random medium. The behaviour of flexible and directed polymers in random me-
dia has been extensively studied during the last decades and has found applications
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in many different fields of physics [2]. Unfortunately these results cannot be applied to
stiff polymers and only little work has been done so far on the influence of stochastic
forces and potentials on the conformations of these objects, that play an important role
in many biophysical processes. One famous example is the cytoskeleton, which confers
the eukaryotic cell its mechanical stability. In this scaffold structure, the stiff filamen-
tous protein F-actin plays a crucial role. Its persistence length can exceed the filament
length and can therefore be used as a model system of a weakly bending rod [3]. The
study of semidilute actin solutions via confocal video fluorescence microscopy shows
a drastic reduction of the persistence length and stronger bending of the filaments as
would be expected in the free case [4]. This exemplifies in vitro one possible influence
of sterical hindrance: the “wiggling” of the filaments can be dramatically altered by
the presence of disorder. Our theoretical investigations aim to explain qualitatively
and quantitatively the new disorder induced behaviour of stiff polymers in a random
environment. Recent work mainly consisted in exploring the analytical tractability of
the problem inspired by methods developed in the field of flexible polymers in random
disorder. Future results will be assisted by numerical simulations and hopefully lead
towards a more exhaustive understanding of the meshwork cytoskeleton.

[1] R.J. Ellis: Trends Biochem. Sci. 26, 597 (2001)
[2] T. Halpin-Healy, Y-C. Zhang: Phys. Rep. 254, 215 (1995)
[3] J. Käs et al.: Biophys. J. 70, 609 (1996)
[4] M. Romanowska, R. Merkel: unpublished

15.6 Tension Propagation

in Semiflexible Polymer Networks

S. Sturm, B. Obermayer∗, K. Kroy
∗Arnold Sommerfeld Center for Theoretical Physics, Ludwig-Maximilians-Universität
München

Governed by the tug of war between backbone tension and Brownian forces, the
nonequilibrium stretching response of stiff and semiflexible biopolymers exhibits a ple-
thora of nonlinear intermediate scaling regimes that have only recently been analyzed
in a systematic fashion [1–4]. Similar mechanisms may underlie the transduction of
mechanical signals through the cytoskeleton. In a crowded environment such as the
cell, however, energetic and steric constraints imposed by the surrounding polymer
network are bound to have a significant influence on single polymer dynamics. We
try to capture the essential effects by incorporating the “Glassy Wormlike Chain”
model [5] into the aforementioned theory of tension propagation. Asymptotic scal-
ing laws for “longitudinal pulling” and “release” scenarios are discussed, cf. Fig. 15.4.
We qualitatively discuss the behavior of a Glassy Wormlike Chain under transverse
pulling forces.

[1] O. Hallatschek et al.: Phys. Rev. E 75, 031905 (2007)
[2] O. Hallatschek et al.: Phys. Rev. E 75, 031906 (2007)
[3] B. Obermayer, O. Hallatschek: Phys. Rev. Lett. 99, 098302 (2007)
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Figure 15.4: Longitudinal stretching response ∆R‖ and tension propagation length ℓ‖ for the
WLC (bottom), GWLC (top).

[4] B. Obermayer et al.: Eur. Phys. J. E 23, 375 (2007)
[5] K. Kroy, J. Glaser: New J. Phys. 9, 416 (2007)

15.7 Hot Brownian Motion

R. Radünz∗, D. Rings, K. Kroy, F. Cichos∗

∗Workgroup Molekulare Nanophotonik, Institut for Experimental Physics I

Brownian motion is abundant throughout the microscopic and mesoscopic world. Since
Einstein’s seminal work, there is a good understanding of this process under conditions
of thermal equilibrium. Brownian motion of particles in media with inhomogeneous
temperature distributions poses several new questions. A new technique called Pho-
tothermal Correlation Spectroscopy (PhCS) for the measurement of particle dynamics,
which is sensitive to single metal nanoparticles down to a radius of 2.5 nm has been de-
veloped by Romy Radünz and Frank Cichos. The method is based on a fluctuation anal-
ysis of a heterodyne photothermal scattering signal created by heating the nanoparticle
with an intensity modulated laser beam. In close cooperation we formulated a simple
theoretical model for a suspension of heated Brownian particles. We determine the
Stokes’ flow around a spherical particle for radially varying viscosity and thus obtain
a renormalized temperature-dependent effective viscosity η̃. Further, we deduce an
effective temperature T̃ by which this non-equilibrium system of inhomogeneous tem-
perature can be mapped onto a quasi-equilibrium situation. This allows us to formulate
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Figure 15.5: Left: PhoCS detection scheme with overlapping foci of the heating (green) and
the detection (red) laser. Right: Experimentally determined diffusion time τD = Afocus/(4D̃)
of R = 20 nm particles in water at different incident heating powers. The insets show the
diffusion times over the nanoparticle surface temperature. The solid lines represent the theoretical
predictions.

a generalized Stokes–Einstein relation D̃ = kBT̃/(6πη̃R) for the effective quantities [1],
cf. Fig. 15.5. Due to the photostability of gold nanoparticles, the method promises broad
applications especially in the field of high throughput biological screening.

[1] R. Radünz et al.: J. Phys. Chem. A 113, 1674 (2009), doi:10.1021/jp810466y

15.8 Time-Symmetric Quantum Mechanics

A. Kramer, K. Kroy

In ordinary quantum mechanics, the state of a system depends only on the conditions
given in the past. Because of phenomena like nonlocality or the collapse of the wave
function, it seems to be a very puzzling theory. But according to Price [1], there seems to
be no reason to treat past and future differently in microphysics. Moreover, permitting
backward causation avoids the mentioned problems of interpretation. This motivates

Figure 15.6: Determination of an event by initial and final conditions.

http://dx.doi.org/10.1021/jp810466y
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the search for a time-symmetric formulation of quantum mechanics that considers past
as well as future conditions. In addition to a wave function Ψ+, which contains the
initial condition, we introduced a wave function Ψ− containing the final condition, cf.
Fig. 15.6, according to Wharton [2]. From both, we constructed a new wave function
for a time-symmetric description of quantum mechanics. Furthermore, we calculated
conditional probabilities as a function of time-symmetric boundary conditions and
developed a path integral formulation depending on past and future conditions.

[1] H. Price: Time’s Arrow and Archimedes’ Point. New Directions for the Physics of
Time (Oxford University Press, New York 1996)

[2] K.B. Wharton: Found. Phys. 37, 159 (2007), doi:10.1007/s10701-006-9089-1

15.9 Jahrmarkt der Wissenschaften 2008

K. Kroy, J. Glaser, D. Rings, L. Wolff, S. Schöbl, S. Sturm, C. Hubert, S. Grosser,
M. Hennes, A. Kramer

Packing Problems is the keyword to a hands-on exhibition presented at “Jahrmarkt
der Wissenschaften” within the context of 2008 being the “Year of Mathematics”.
From June 28 to July 04 a large number of visitors was attracted to the exhibition

Figure 15.7: Simple but appealing experiments demonstrate the effect of different packing
configurations on e.g. density, viscosity, yield stress – attracting the interest of all ages.

http://dx.doi.org/10.1007/s10701-006-9089-1
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tents on Augustusplatz. Among the questions addressed were “Which arrangement
of spheres fills space most efficiently”, “What is the densest packing of ellipsoidal
objects?”, “Which different phases do hard sphere systems show?”, “How does DNA
pack itself into a tiny cell’s nucleus?”. Answers to these questions, illustrating the de-
velopment from Kepler’s conjecture on sphere packing to Hales’ proof of the problem
in 2003, and implications for modern statistical physics, were presented on a set of
posters and made experienceable in a variety of pedagogical experiments, cf. Fig. 15.7.
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16

Theory of Elementary Particles

16.1 Introduction

The Particle Physics Group performs basic research in the quantum field theoretic de-
scription of elementary particles and in phenomenology. Topics of current interest are
conformal symmetry and its breaking in the context of supersymmetric theories, the
formulation of models which realize noncommutative geometry, renormalization prob-
lems, electroweak matter at finite temperature, the lattice formulation of gauge theories,
the derivation of Regge behaviour of scattering amplitudes from Quantum Chromody-
namics and the related study of integrable models with and without supersymmetry.
Perturbative and non-perturbative methods are applied to answer the respective ques-
tions. In perturbation theory the work is essentially analytic using computers only as
a helpful tool. Lattice Monte Carlo calculations as one important non-perturbative ap-
proach however are based on computers as an indispensable instrument. Correspond-
ingly the respective working groups are organized: in analytical work usually very few
people collaborate, in the lattice community rather big collaborations are the rule. Our
group is involved in many cooperations on the national and international level (DESY,
Munich; France, Russia, Armenia, USA, Japan). Since elementary particles are very
tiny (of the order of 10−15 m) and for the study of their interactions large accelerators
producing enormously high energy are needed, it is clear that results in this direction
of research do not have applications in daily life immediately. To clarify the structure of
matter is first of all an aim in its own and is not pursued for other reasons. But particle
theory has nevertheless a very noticeable impact on many other branches of physics by
its power of providing new methodological insight. Similarly for the student specializ-
ing in this field the main benefit is her/his training in analysing complex situations and
in applying tools which are appropriate for the respective problem. As a rule there will
be no standard procedures which have to be learned and then followed, but the student
has to develop her/his own skill according to the need that arises. This may be a math-
ematical topic or a tool in computer application. Jobs which plainly continue these
studies are to be found at universities and research institutes only. But the basic knowl-
edge which one acquires in pursuing such a subject opens the way to many fields where
analytical thinking is to be combined with application of advanced mathematics. Nowa-
days this seems to be the case in banks, insurance companies and consulting business.

Klaus Sibold
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16.2 Conjugate Variables in Quantum Field Theory

and Natural Symplectic Structures

K. Sibold

Within standard quantum field theory we establish relations which operators conju-
gate to the energy-momentum operator of the theory would have. They thus can be
understood as representing the effect of coordinate operators. The non-trivial commu-
tation relations we derive constitute natural symplectic structures in the theory. The
example which is based on the energy-momentum tensor of the theory is constructed
to all orders of perturbation theory. The reference theory is massless φ4. The extension
to other theories is indicated [1].

[1] K. Sibold: Nucl. Phys. B 811, 363 (2009)

16.3 Perturbative Determination of cSW

for Different Lattice Gauge Actions

and Stout Link Clover Fermions

R. Horsley∗, H. Perlt, P.E.L. Rakow†, G. Schierholz‡, A. Schiller
∗School of Physics and Astronomy, University of Edinburgh, UK
†Theoretical Physics Division, Department of Mathematical Sciences,
University of Liverpool, UK
‡Deutsches Elektronen-Synchrotron DESY, Germany

Lattice simulations of Wilson-type fermions at realistic quark masses for Quantum
Chromodynamics require an improved action with good chiral properties and scaling
behavior. A systematic improvement scheme that removes discretization errors order
by order in the lattice spacing a has been proposed by Symanzik [1] and developed for
on-shell quantities in [2, 3]. O(a) improvement of the Wilson fermion action is achieved
by complementing it with the so-called clover term [3], provided the associated clover
coefficient is tuned properly. Clover fermions have the lattice action for each quark
flavor [3]

SF = a4
∑

x

{
−

1
2a

[
ψ̄(x)Ũµ(x) (1 − γµ)ψ(x + aµ̂) + ψ̄(x)Ũ†µ(x − aµ̂) (1 + γµ)ψ(x − aµ̂)

]

+
1
a

(4 + a m0 + a m) ψ̄(x)ψ(x) − cSW 1
a

4
ψ̄(x) σµνFµν(x)ψ(x)

}
, (16.1)

where

am0 =
1

2κc
− 4 , (16.2)

κc being the critical hopping parameter, is the additive mass renormalization term, and
Fµν(x) is the lattice field strength tensor in clover form with σµν = (i/2) (γµγν−γνγµ). We



THEORY OF ELEMENTARY PARTICLES 333

consider a version of clover fermions in which we do not smear links in the clover term,
but the link variables Uµ in the next neighbor terms have been replaced by (uniterated)
stout links [4]

Ũµ(x) = ei Qµ(x) Uµ(x) (16.3)

with

Qµ(x) =
ω

2 i

[
Vµ(x)U†µ(x) −Uµ(x)V†µ(x) −

1
3

Tr
(
Vµ(x)U†µ(x) −Uµ(x)V†µ(x)

)]
. (16.4)

Vµ(x) denotes the sum over all staples associated with the link andω is a tunable weight
factor.

Here we present a perturbative tuning of the clover coefficient using perturbation
theory of lattice QCD. In perturbation theory

cSW = 1 + 12 c(1)
SW
+ O

(
14

)
. (16.5)

The one-loop coefficient c(1)
SW

has been computed for the plaquette action using twisted
antiperiodic boundary conditions [5] and Schrödinger functional methods [6]. More-
over, using conventional perturbation theory, Aoki and Kuramashi [7] have computed
c(1)

SW
for certain improved gauge actions. All calculations were performed for non-

smeared links and limited to on-shell quantities.
We extend previous calculations of c(1)

SW
to include stout links. This is done by com-

puting the one-loop correction to the off-shell quark-quark-gluon three-point function.
The improvement of the action is not sufficient to remove discretization errors from
Green functions. To achieve this, one must also improve the quark fields

ψ⋆(x) =
(
1 + a cD

→

/D +a i 1 cNGI /A(x)
)
ψ(x) , (16.6)

where the improvement factor cNGI has been introduced by [8] and has the perturbative
expansion

cNGI = 1
2 c(1)

NGI
+ O

(
14

)
. (16.7)

For the plaquette and Symanzik gauge actions we obtain the one-loop contributions of
the clover improvement coefficient (CF = (N2

c − 1)/(2Nc), Nc = 3 for SU(3))

c
(1),Plaq
SW

= CF

(
0.167635 + 1.079148ω − 3.697285ω2

)

+Nc

(
0.015025 + 0.009617ω− 0.284786ω2

)
, (16.8)

c
(1),Sym
SW

= CF

(
0.116185 + 0.828129ω − 2.455080ω2

)

+Nc

(
0.013777 + 0.015905ω− 0.321899ω2

)
, (16.9)

and the off-shell quark field improvement coefficient

c
(1),Plaq
NGI

= Nc (0.001426 − 0.011664ω) , (16.10)

c
(1),Sym
NGI

= Nc (0.002395 − 0.010841ω) . (16.11)

A detailed discussion can be found in [9].
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16.4 Integrable Quantum Systems

and Gauge Field Theories

S.E. Derkachov∗, D. Karakhanyan†, R. Kirschner, P. Valinevich‡

∗Steklov-Institute of Mathematics, St. Petersburg, Russia
†Yerevan Physics Institute, Armenia
‡St. Petersburg State University, Russia

Integrable quantum systems are applied successfully to the study of the high-energy
asymptotics and of the renormalization of composite operators in gauge theories [1, 4].
These application stimulated the development of the methods of quantum systems.

The Lax matrices as particular solutions of the Yang-Baxter relation are shown
to provide the appropriate formulation for the Biedenharn iterative construction of
representations of the sl(n) symmetry algebra from representation of the lower rank
algebra. On this basis our factorisation method of constructing general Yang-Baxter
solutions can be applied.
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