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A BOUT THE HEXAGON ON THE TITLE PAGE
One-dimensional supramolecular PVBA nanograting by hydrogen bond mediated selfassembly on the Ag (111) surface at 300 K, PVBA: 4-[trans-2-(pyrid-4-yl-vinyl)] benzoic
acid. The modulation visible in between the molecular twin chains is due to standing
electron waves.

In this report we intend to give an impression of the manifold scientific activities at the
Max-Planck-Institut für Festkörperforschung during the year 2000. In the first part, we
present a selection of some of the most relevant results from our Departments and Service
Groups. In the second part, we give a complete list of publications as well as other useful
information on our Institute. Details can be found on our new web page http://www.mpistuttgart.mpg.de.
During the last few years the Institute has seen a substantial restructuring. Three
departments were closed (Cardona, Queisser, von Schnering) and three new departments
founded focusing on new research fields (Jansen, Keimer, Kern). In 2000 the department of Bernhard Keimer began to be fully operational. In June the laboratory of Klaus
Kern was moved from Lausanne to Stuttgart; meanwhile the experiments are operational
again and the setup of several new experiments makes good progress. The vacancy of the
‘Theory II’ department has not yet been filled but we hope that very soon a new director
will be appointed.
We thank all the members of the Institute for their hard work and dedication. It is thanks to
their efforts and performance that the Institute has been able to maintain its high standard
of research.

Stuttgart – Grenoble
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Theory
The A NDERSEN department
attempts to improve the
understanding of the properties of condensed matter by
means of electronic structure
calculations. This involves
performing parameter-free
density-functional (DF) calculations for specific systems of current interest, extending DF
theory and going beyond, deriving electronically correlated model Hamiltonians, solving
these Hamiltonians, and developing numerical tools for doing so. For most applications,
it is crucial to use an intelligible, general,
and numerically efficient single-electron representation, and this causes recurrent developments of the LMTO method. The newest
version has enabled us to identify the essential material-dependent one-electron parameter
for the hole-doped high-temperature superconducting cuprates. This parameter turns out to

The main activity of
PARRINELLO ’s department
is the simulation of the properties of matter from first
principles. To this end the
department develops algorithms and computer codes
that allow these goals to be achieved with
the maximum possible efficiency and accuracy. The computer codes developed are used
to simulate static and dynamical properties of
large molecules, solids, liquids, disordered systems, chemical and biochemical processes and
are widely used throughout the world in both
academia and industry. The group develops and
maintains two simulation codes, one of which
is a plane wave pseudopotential code (CPMD)
for ab-initio molecular dynamics which is very
mature and fully developed. The other is the
QUICKSTEP code that is based on Gaussian
basis functions and is less developed. From the
methodological point of view we have added
new computational tools to the CPMD code,

correlate with the observed Tc max . Also the
band structures of striped phases in underdoped cuprates and of Chevrel phases have
been obtained. Phonon spectra of high-pressure
phases of Cs were computed with Savrasov’s
linear-response density-functional method. Finally, the electronic and transport properties
of alkali-doped fullerenes and other strongly
correlated systems were studied by means of
Quantum Monte Carlo calculations. In particular, the saturation of the electrical resistivity at
large T was studied and Wannier functions for
correlated systems were developed. [25]
Wannier-like orbital for the conduction band of the
high temperature superconductor HgBa2 CuO4 , plotted in
the CuO2 -plane. This orbital has Cu dx2 y2 symmetry and
extends over several neighboring oxygen (*) and copper
(+) sites. It was computed with the third-generation linear
muffin-tin orbital (LMTO) method, using the local density
approximation (LDA).

such as the ability to compute Raman scattering
and NMR chemical shifts. These developments
are of particular relevance to the interpretation
of dynamical and chemical properties of disordered and liquid anharmonic systems. The
QUICKSTEP code has been further improved
to the point that it is now competitive with the
CPMD code for special applications. We have
also extended its capabilities to perform allelectron calculations. We have for the first
time applied this code to a practical problem
by studying a polymerization reaction. Also the
mixed ab-initio and classical molecular dynamics code has found application in various enzymatic reaction problems. The study of water
and hydrogen-bonded systems has been continued, as has the study of systems under pressure.
Of relevance is a study of the complex chemical
process by which water and sodium react in the
controlled environment of a molecular cluster
beam. [50]
Visualization of an ab-initio molecular dynamics simulation of water.

1

General information on Abteilungen and Scientific Service Groups

The T HEORY II department,
previously headed by F ULDE
and H EDIN, is mainly concerned with the electronic
correlation problem in solids
such as high-Tc oxides,
manganites and vanadates.
We consider charge transfer, Kondo-lattice,
Holstein, Hubbard, t-J, and coupled spin-orbital
models. The employed methods include exact
diagonalizations both at zero and finite temperatures, 1/N and 1/d expansions (N and d denote
the number of spin-components and spatial dimensions, respectively), and the use of local
correlation operators. Substantial amount of
research has been carried out on high-Tc superconductors, manganites and vanadates. We
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obtained results for the competition of superconductivity, with other structural phases due
to stripes, spin- and charge-, and bond-order
waves. A new theoretical model for the magnetic resonance peak in cuprates has been formulated. Another central point of investigations
dealt with the physics of the manganites. The
spin- and orbital-dynamics, the appearance of
long-range orbital order, the properties of orbital liquids, and the Jahn Teller effect have
been studied. The optical conductivity in these
systems and in the vanadates has been obtained.
Finally, the Local Ansatz has been used to explain the recently measured phase diagram of
bcc Li under pressure. [64]
Orbital order of eg electrons in undoped LaMnO3 .
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Physics
K EIMER’s department studies the structure and dynamics of highly correlated electronic materials by spectroscopic and scattering techniques. Topics of particular
current interest include the
interplay between charge, orbital and spin degrees of freedom in transition metal oxides and
the mechanism of high-temperature superconductivity. Experimental techniques being used
include elastic and inelastic neutron scattering,
normal and anomalous X-ray scattering, Raman
scattering off and in resonance as well as in high
magnetic fields, spectral ellipsometry (including synchrotron radiation as a source), and optical and X-ray measurements under high pressure and high magnetic fields. Experiments at
external neutron sources (ILL, Saclay, Risø and
NIST) are carried out on a regular basis, and a
spectrometer at the new research reactor FRMII in Munich is under construction. The latter instrument will use a novel combination of
triple axis and neutron spin echo techniques to
optimize the energy resolution and allow the determination of lifetimes of magnetic and lattice

Research efforts in the
K ERN’s department are
centered on nanometer-scale
science and technology, primarily focusing on solid
state phenomena that are determined by small dimensions and interfaces. Materials with controlled
size, shape and dimension ranging from clusters
of a few atoms to nanostructures with several
hundred or thousand atoms, to ultra-thin films
with nanometer thickness are studied. A central scientific goal is the detailed understanding of interactions and processes on the atomic
and molecular scale. Novel methods for the
characterization and control of processes on
the atomic scale as well as tools to manipu-

vibrational excitations throughout the Brillouin
zone. The group is a member of the CMCCAT consortium operating an insertion-device
synchrotron beamline at the Advanced Photon
Source at Argonne National Lab (USA), and
maintains close contact with research groups at
the NSLS at Brookhaven National Lab (USA).
At the NSLS, the group also operates a Fourier
ellipsometer for the far infrared spectral range
and a high-field magnet for X-ray diffraction.
The group pursues several activities in semiconductors, in particular inelastic X-ray scattering
(at ESRF, France), and Raman and other optical studies of isotope effects. Close collaborations also exist with the crystal growth service
group at the MPI where large, high-quality single crystals of oxide compounds are prepared
with state-of-the-art optical furnaces, as well as
with the high pressure and technology service
groups. [11, 19]
Central part of the novel triple axis spectrometer being built by Keimer’s group at the research reactor FRM-II
in Munich. Two pairs of resonant spin echo coils designed
to achieve extremely high energy resolution are shown in
both incident and scattered beams.

late and assemble nanoobjects are developed.
Of particular interest are: fundamentals of epitaxial growth and self-organization phenomena, atomic scale fabrication and characterization of metal, semiconductor and molecular
nanostructures, quantum electronic transport
in nanostructures, atomic scale electron spectroscopy and optics on the nanometer-scale. As
surface phenomena play a key role in the understanding of nanosystems the structure, dynamics and reactivity of surfaces in contact with
gaseous or liquid phases are also in the focus of
interest. [38, 71]
The scanning tunneling microscope image in the logo
of the Abteilung Kern shows a silver dendrite grown at
130 K on a platinum (111) surface.
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Electronic properties of
heterostructures,
quantum
wells, superlattices and molecular systems, in particular the influence of quantum
phenomena on the transport
and optical response are the
main topics in the VON K LITZING’s department. Optical and transport measurements in
magnetic fields up to 20 Tesla and temperatures
down to 20 mK are used to characterize the systems.
The quantum Hall effect is studied by analyzing electrical breakdown, time-resolved
transport, edge channels and the behavior of
composite fermions. Electron-phonon interactions in low-dimensional systems and the
phonon transmission through interfaces are investigated with ballistic phonon techniques.
Time-resolved photoconductivity, luminescence, and Raman measurements in magnetic

The Grenoble HML-Außenstelle of the Institute headed
by W YDER operates jointly
with the French Centre
National de la Recherche
Scientifique (C.N.R.S.) the
Grenoble High Magnetic
Field Laboratory. During the first couple of
years, there were two separate laboratories, the
French and the German part, respectively; these
have then been put together into one single laboratory on the basis of a contract for collaboration; Frenchmen and Germans working together, with one director and one single technical and scientific policy. This contract of collaboration between the C.N.R.S. and the MPG will
end in 2004. The aim of the laboratory is to provide high magnetic fields with a wide range of
scientific instrumentation (temperatures 30 mK
to 1000 K, pressures up to 24 GPa, voltages nV
to 50 kV, currents pA to several kA, etc.) allowing many interesting investigations. In the
years 1990/1991, most of the technical installations were renewed and the dc-power supply
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fields are methods of characterizing the lowdimensional electronic systems. A strong current interest is the preparation of nanostructures
either by self-organized growth or by lithographic and synthetic routes (nanotubes and
other synthetic nanoparticles) and the investigation of coupled two- and zero-dimensional
electronic systems (electron drag, Kondo resonances, single electron transistor). The experiments are supported within the group by
theoretical investigations of the transport and
dynamic response of these low-dimensional
electronic systems. [31, 35, 43, 67]
Demanding technologies are needed for the preparation of devices used in quantum transport experiments.
The figure shows a typical example where the combination of interrupted epitaxial growth, special etching processes, focused ion beam writing, contact diffusion, and
gate evaporation leads to a device which allows electrical
measurements on two electrically separated layers with a
separation of only 10 nm.

was extended from 10 MW to 25 MW. We now
have one of the world’s most modern power and
cooling installation for the generation of high
magnetic fields in operation with a 20 MW resistive magnet producing a world record field
in the 30 Tesla range in a bore of 5 cm. In addition, the MPG and the C.N.R.S. decided to
finance a new hybrid system for fields in the
40 Tesla range which will be working at the end
of the year 2001. All these magnets guarantee
the leading role of the Grenoble HML also in
the years to come. In accordance with its mission, the in-house research at the HML shows
a considerable diversification into several fields
in condensed matter physics, where the use of
high magnetic fields is interesting or necessary,
such as the study of metals, semiconductors, 2D
electronic systems, magneto-optics, high-field
NMR and ESR, polymers and all sorts of soft
matter and even some biological systems. [29]
SCOTS (Stress and Cooling Optimized Tubular
Solenoids) and Bitter Coil. High-power magnets to produce stationary magnetic fields of more than 30 T with
20 MW.
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Chemistry
JANSEN’s department puts
its main emphasis on basic
research in the field of
preparative solid state chemistry with the goal of developing modern materials.
Classes of materials currently under investigation include oxides and
nitrides of non-metals as well as fullerenes,
e.g., new binary and ternary oxides synthesized under high oxygen pressure, superconducting oxides, ionic conductors, structural
oxide-ceramics and pigments, amorphous inorganic nitridic covalent networks, or endohedral
fullerenes and fullerides. Besides employing
traditional solid state synthesis methods, a large
number of alternative techniques is used, e.g.,
the sol-gel-process, synthesis under high pressure, via an rf-furnace, at low temperatures in
liquid ammonia, or by electrochemical methods. Optimizing the syntheses of these materials is only a first, though crucial step, however. In addition, their chemical and physical
properties, in particular optical, electrical and
magnetic behavior, are analyzed both at high
and low temperatures, with particular emphasis

M AIER’s department is concerned with physical chemistry of the solid state, more
specifically with chemical
thermodynamics and transport properties. Of particular
interest are ion conductors
(such as proton, metal ion and oxygen ion conductors) and mixed conductors (especially perovskites). A major theme is the understanding
of mass and charge transport, chemical reactivities and catalytic activities in relation to defect
chemistry. Besides the clarification of local
properties in terms of elementary mechanism,
also their superposition to the overall system
property is investigated (inhomogeneous systems, especially multiphase systems and func-

on X-ray diffraction and spectroscopic methods. This provides the basis for placing the
results in the proper context regarding structureproperty-relationships and modern concepts of
bond-theory. A long-term goal of the department is to increase the predictability of solid
state chemistry, i.e., to predict the existence of
not-yet-synthesized compounds, calculate their
properties, and finally provide prescriptions for
their synthesis. This work involves both theoretical and synthetic aspects; on the theoretical
side, structure candidates are determined using global optimization techniques, while on
the preparative side kinetically controlled types
of reactions that allow low-temperature synthesis of (possibly metastable) compounds, e.g.,
electrochemical reactions or the use of molecular precursors, are being developed. [55, 58]
When simultaneously evaporating graphite and a
metal in a RF furnace, endohedral fullerenes can be synthesized in relatively high yields. Individual representatives like Ba C74 are isolated by HPLC and subsequently
characterized spectroscopically. The structures and the
dynamic behavior of these fullerenes are investigated by
using the Car-Parrinello molecular dynamics method.

@

tional ceramics). In this context interfaces and
nanosystems are in the focus of interest. The research ranges from atomistic considerations and
phenomenological modeling to electrochemical and thermochemical experiments. Since
electrochemical investigation immediately affects the coupling of chemical and electrical
phenomena, the research is directed towards
both basic solid state problems as well as energy and information technology (fuel cells,
chemical sensors). [45, 47, 49]
Ionic and electronic charge carriers (point defects) are
the relevant particles as far as chemical kinetics and mass
transport is concerned. They are establishing the interaction with the neighboring phases and act on electrical
and chemical driving forces.
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S IMON’s department emphasizes the investigation of
metal-rich compounds (main
group metals, d and f metals). The purpose of the work
is on the one side the development of concepts of structure and bonding (e. g., systematization of condensed cluster concept) and on the other side the
search for new materials (e.g., metal-rich compounds, transition metal clusters, reduced rare
earth halides, hydride, carbide, boride, boride
carbide, aluminide and silicide, halides of the
rare earth metals, alkali metal suboxides and
alkaline earth subnitrides), phase relationships
and relations between structure, chemical bond-
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ing and properties. Electron crystallography
develops into a powerful tool in characterizing microcrystalline phases up to full structure refinement. Superconductivity is of special interest following a chemical view of the
phenomenon in terms of a tendency towards
pairwise localization of conduction electrons.
Other fields of interest are structures of molecular crystals (in situ grown crystals of gases and
liquids). Experimental techniques like diffractometry with X-rays and neutrons, XPS, UPS,
HRTEM and measurements of magnetic susceptibility as well as electrical transport properties are used. [23, 53]
Ba14 CaN6 Na14 – Nanodispersed salt in a metal.
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Scientific Service Groups
The C HEMICAL S ERVICE
G ROUP (Kremer) develops
techniques and provides experimental facilities to support all experimental groups
of the Institute with the characterization of the transport
and magnetic properties of new compounds and
samples. This objective requires a high versatility of all experimental methods including the
development and cultivation of experimental
setups to perform measurements on very small
samples by contactless methods under inert gas

conditions. Available are commercial SQUID
magnetometers, ac-susceptometers which allow measurements down to 0.3 K and magnetic fields up to 12 T, a contactless microwave
transport method, ac- and dc-electrical transport
measurements in magnetic fields up to 12 T and
temperatures down to 0.3 K. Materials currently under investigations are novel superconductors, unusual magnetoresistive materials, lowdimensional and frustrated magnetic systems
and intermetallic rare earth compounds. [61]

The C OMPUTER S ERVICE
G ROUP (Burkhardt) supports  200 workstations
in the various Departments
and Service Groups of the
Institute. The services include hardware bringup and
maintenance, installation and administration of
various UNIX-based operating systems (AIX,
Tru64 Unix, HP-UX, Linux, Solaris and IRIX)
and a common application software server for
these systems. Furthermore the group administers 2 parallel computers (one 72-processor
IBM RS/6000 SP/2 and one 20-processor
CRAY T3E) for the Andersen and Parrinello
theory groups. A PC hard- and software standard has been defined and is being continuously
adapted to the rapidly changing market. This
standard is now accepted throughout the In-

stitute, allowing the group to offer centralized
PC application services coupled with partial
outsourcing of the initial PC software installation. This way more than 100 newly installed
PCs were delivered in 2000 (44% Linux, 41%
WinNT, 15% Win9x). The ADSM based central backup and archive service is open to all
supported systems. At the end of the year approximately 170 computers use the automated
nightly backup resulting in a total storage volume of 3.3 Terabyte. The migration to the
new fiber-optic network has been completed
in collaboration with Winker’s network support
group.

The C RYSTAL G ROWTH
S ERVICE G ROUP (Lin) applies, modifies and develops
techniques, such as traveling
solvent floating zone (TSFZ
with infrared image furnace),
Bridgman, top seeded solution growth (TSSG) and Czochralski (CZ)
methods to grow single crystals from the melt

Y2 C2 X2 – A halide superconductor.

View inside the Tape Library of the DV-FKF. Every
night the data of 170 computers of the Institute is backed
up. At the moment, the total ADSM backup and archive
volume amounts to 3.3 Terabyte.

or solution. A wide variety of crystals has
been supplied to the physics and chemistry
departments at the MPI-FKF and to outside
collaborators. These range from isotopically
pure semiconductors to fullerenes and transition
metal oxides. Two new floating zone furnaces
have been installed in 1999 and 2000 and are
now fully operational. They are used predominantly to grow large single crystals of transition

7

General information on Abteilungen and Scientific Service Groups

metal oxides for neutron and optical spectroscopy as well as for growth of manganese oxides. Typical examples are superconducting oxides REBa2 Cu3 O7 Æ , Bi2 Sr2 Can 1 Cun O2+4n+Æ
(n = 1, 2), RE2 x Mx CuO4 and colossal magnetoresistance (CMR) oxides RE1 x Mx MnO3
(RE = rare earth and M = Sr, Ce, Pb and Nd).
Gas phase methods are modified to grow crystals of II-VI and III-V compounds with defined isotopic components from low amounts
of source materials. The growth of the new

Research within the H IGH
P RESSURE S ERVICE G ROUP
(Syassen) is concerned with
the effects of hydrostatic
pressure on structural, lattice dynamical and electronic properties of crystalline solids and their high-pressure phases.
The primary experimental methods are synchrotron X-ray diffraction and low-temperature

The L OW T EMPERATURE
S ERVICE G ROUP (Gmelin)
comprises the research laboratory (TTL) and a technical service group (TTS), the
latter belonging to the MaxPlanck-Institut für Metallforschung. The research activities in TTL focus
on the investigation of thermal properties of
solids. Specific heat, thermal conductivity and
thermal expansion are measured between 0.3 K
and 320 K and partially within applied magnetic
fields up to 16 Tesla; specific heats can be investigated up to 1700 K. Small samples (mg-range)
are measured with a high-precision adiabaticdifferential-scanning calorimeter. In the year
2000, with preference, magnetic and electronic
phase transitions have been studied by specific
heat experiments. Isotopically pure silicon was
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compound RuSr2 GdCu2 O8 is in progress. Accurate characterization is done with the aim
of improving and obtaining high quality single
crystals, e.g., superconductivity, crystal composition including oxygen content, structure and
phase determined using SQUID, X-ray diffraction (XRD) method, differential thermal and
thermal gravimetry analysis (DTA/TGA). [14]
A view of the inside chamber of the four ellipsoidal
infrared image (TSFZ) furnace.

optical spectroscopies. Materials currently under investigation are semiconductors and their
heterostructures, transition metal oxides and
low-dimensional solids. Pressure experiments
in other research groups are supported through
design of equipment and in scientific collaborations. [76]
Schematic view of a diamond window high pressure
cell.

investigated by heat conductivity experiments.
Members of the TTL were specifically engaged
in working out international standards for calibration of thermal analysis equipment in the
cooling and heating modes. In TTS the service is currently offered for technical gases,
vacuum pumps, liquid nitrogen and liquid helium supply, and for any type of cryogenic construction and design, e.g., ultra-high-vacuum
cooling systems, nanometer and nanosecond
resolving thermal systems (thermometers) and
liquid helium cooled atomic-force-microscopy,
documentation and consulting. About 200,000
liters of liquid helium were liquefied and distributed in 2000. [41]
Liquid helium continuous flow cryostat for establishing variable temperatures between 5 K and 350 K for the
measurement of heat capacities.

General information on Abteilungen and Scientific Service Groups

Main subject in the MBE
S ERVICE G ROUP (Eberl) is
the preparation and characterization of III/V and group
IV semiconductor heterostructures. We apply molecular beam epitaxy (MBE) for
the material systems AlGaAs/GaAs, InGaAs
and AlInGaP on GaAs substrate, and SiGe/Si
on Si substrate. Our main interest is the preparation of low-dimensional structures. Lateral
confinement is achieved by MBE-growth on
patterned substrates, and by island formation in
epitaxial growth of strained heterostructures.
We are also investigating an atomically de-

The O PTICS AND S PEC TROSCOPY S ERVICE G ROUP
(Kuhl) comprises the spectroscopy service lab and the
ultrafast optics lab.
The
spectroscopy service lab provides experimental facilities
for studying the optical properties of condensed
matter by standard spectroscopic techniques.
The laboratory is equipped with commercial
grating and Fourier-spectrometers which allow absorption and reflection measurements
over the total range from the Ultraviolet to the
Far Infrared. Data can be routinely taken at
temperatures between 4 and 300 K. With the
beginning of the year 2000, the sample characterization techniques have been extended by
standard Raman spectroscopy. The primary
research subject of the ultrafast optics lab are
time-resolved studies of ultrafast optical and
electrical phenomena in solids. Several picoand femtosecond laser systems including devices for the generation of sub-10 fs pulses as
well as for the amplification of 150 fs pulses

fined in situ etching technique based on AsBr3
within the MBE system. The group IV element MBE activities are concentrated on the
self-assembly of Ge/Si nanostructures and on
Si/SiGe Esaki-diodes for new Si based devices.
Recently, a new subject is the formation of freestanding semiconductor nanotubes. The preparation is controlled by selective under-etching
of strained epitaxial semiconductor bilayers.
[68]
Si/SiGe interband tunneling diode. A room temperature peak to valley current ratio of 6 is achieved on Si due
to extremely sharp doping profiles and atomically defined
heterostructures prepared by MBE.

to 5 J at 200 kHz are available. Broad tunability of the photon energy is attainable by
optical parametric amplifiers. Time-resolved
photoluminescence, pump-probe experiments,
degenerate four-wave-mixing and coherent
Raman techniques are employed to investigate the coherent and incoherent relaxation dynamics of excitons, free carriers (electrons and
holes) and phonons as well as carrier transport
phenomena. Materials preferentially under investigation are III-V and II-VI semiconductors,
in particular low-dimensional systems (quantum wells, quantum wires, and quantum dots).
The variation of the relaxation processes and
times as a function of the dimensionality of the
carrier system are a central topic of the research.
Important current research projects are dealing
with coherent light/matter coupling, generation
and dynamics of coherent phonons, generation
and characterization of ultrashort optical pulses,
pico- and subpicosecond electronics. [74]
Optical parametric amplifier generating tunable femtosecond pulses for coherent semiconductor spectroscopy.
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The T ECHNOLOGY S ER VICE G ROUP (Habermeier)
offers service work in the
fields of thin film deposition
technologies, microlithography and fabrication of contacts to semiconductors and
ceramic materials. The experimental facilities
for the thin film work include the conventional
high vacuum evaporation and sputtering (dc, rf
and reactive) techniques. Additionally, pulsed
laser deposition facilities are installed to prepare thin films with complex chemical composition such as high temperature superconductors, perovskites with colossal magnetoresistance and ferroelectric materials. In the
area of microlithography simple masks with design rules down to 5 m can be realized in one
photoreduction step. Recently, a Laser Mask
Macro Projector has been installed which offers the possibility for direct, chemistry-free
thin film patterning. The etching techniques
available include wet chemical etching, ion
milling and plasma etching as well. The research activities of the group are closely related
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to the service tasks. Thin film deposition of
doped Mott insulators such as high temperature superconductors and doped rare earth manganites exhibiting colossal magnetoresistance
play a central role. Pulsed laser deposition and
rf sputtering are the techniques applied. The
main focus of interest is currently the systematic study of epitaxial strain and thus a tailored
modification of the arrangement of bonding angles and bonding distances in the CMR and
HTS thin films. Recently, the preparation and
characterization of film systems exhibiting simultaneous occurrence of ferromagnetism and
superconductivity emerged to be a second research focus. Single phase, textured Ru1212
films have been grown successfully showing a
delicate balance of ferromagnetism, superconductivity and structural features. Superlattices
consisting of ferromagnetic LaCaMnO and superconducting YBaCuO have been fabricated
to model the properties of Ru1212. [17]
Pulsed laser deposition (PLD) has become a
widespread technique for the fabrication of epitaxial thin
films of multi-component materials like doped lanthanum
manganites and superconducting materials.

Superconductivity
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In the last years it became clear that high-Tc superconductivity is not an isolated
phenomenon but intimately connected to other structural phases in high-Tc superconductors.
A new kind of weak, but long-ranged, antiferromagnetism has been detected in superconducting YBa2 Cu3 O6:5 . Single crystals of RuSr2 GdCu2 O8 Æ were grown, in which superconductivity, anti- and ferromagnetism compete with each other. The interplay of superconductivity and ferromagnetism was studied in cuprate/manganite superlattices. The ellipsometric
investigation of collective modes in YBa2 Cu3 O6:5 revealed strong electronic renormalizations of phonons and the presence of charge density wave fluctuations. Finally the influence
of stripes and orbitals far away from the Fermi edge on the superconducting transition temperature Tc has been studied.

Antiferromagnetic ordering in superconducting YBa2Cu3 O6:5
C. Ulrich, C. Bernhard, and B. Keimer; Y. Sidis and P. Bourges (CEA-Saclay, France);
L.P. Regnault (CEA Grenoble, France); C. Niedermayer (Universität Konstanz);
N.H. Andersen (Risø National Laboratory, Denmark)
The coexistence of superconductivity with an
antiferromagnetic (AF) state has recently been
reported in certain Ce based heavy fermion
systems under pressure, inspiring theories of
spin fluctuation mediated pairing of electrons
in these systems. In contrast, the antiferromagnetic and superconducting phases of the
copper oxide high-Tc superconductors are generally considered to be well separated. Since
the early days of high temperature superconductivity, however, there have been persistent reports of local magnetic moments in the
metallic and superconducting regimes of the
phase diagram. Specifically, zero-field muon
spin resonance (ZF-SR) measurements in both
La2 x Srx CuO4 and Y1 x Cax Ba2 Cu3 O6 compounds provide indications of a microscopic coexistence of superconductivity (Tc  50 K) and
frozen magnetic moments at low temperature
(T  10 K), and Mössbauer spectroscopy shows
low temperature spin freezing up to x  0.66.
Both SR and Mössbauer spectroscopies are local probes that provide no information about
the spatial correlations of the magnetic mo-

ments. More recently, an incommensurate magnetic ordering below a critical temperature Tm
has been observed by elastic neutron scattering
in La2 CuO4 -family superconductors. Interestingly, this magnetic phase coexists with superconductivity in a certain doping range. In superoxygenated LaCuO4+Æ , Tm and Tc are actually
identical (Tc = 42 K), whereas Tm remains larger
than Tc in La1:6 x Nd0:4 Srx CuO4+Æ compounds
for x  0.2 . The origin of the incommensurate
magnetic state remains a matter of discussion.
It has been interpreted as evidence of a spatial separation of spin and charge (usually referred to as ‘stripe ordering’) or as a spin density wave (SDW) instability on nested portions
of the Fermi surface.
Here we report neutron scattering and zerofield muon spin resonance experiments that
reveal an unusual antiferromagnetic state coexisting microscopically with superconductivity in underdoped YBa2 Cu3 O6:5 (Tc = 55 K).
Doping in YBa2 Cu3 O6+x proceeds by progressive incorporation of oxygen. Starting
from undoped YBa2 Cu3 O6:0 , the additional
11
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oxygen atoms first randomly occupy empty lattice sites, but upon further doping they arrange themselves such that they form chains
of alternating copper and oxygen atoms. In
YBa2 Cu3 O6:5 these chains form a superstructure (the so-called orthorhombic-II structure)
that doubles the lattice periodicity of undoped
YBa2 Cu3 O6:0 . Upon further doping, a mixture of other, more unstable superstructures is
created, until for fully doped YBa2 Cu3 O7 all
the oxygen sites are fully occupied. Disorder,
an almost inescapable by-product of the doping
process in the cuprates, is therefore minimized
for the special doping levels x = 0.5 and x = 1 in
YBa2 Cu3 O6+x .
The antiferromagnetically ordered state was
discovered in the course of a neutron diffraction study of a large crystal of YBa2 Cu3 O6:5
whose magnetic excitation spectrum, investigated earlier by inelastic neutron scattering,
features a prominent ‘resonant’ spin excitation
at an energy of 25 meV. The presence of
lattice Bragg reflections characteristic of the
orthorhombic-II superstructure was experimentally confirmed by neutron diffraction. In
addition, however, weak magnetic Bragg reflections were observed around the wave vectors Q = (0.5, 0.5, L) for L 6= 0 integer. (We
quote the scattering wave vector Q = (H, K, L)
in units of the tetragonal reciprocal lattice vectors a = 2=a = 2=b = 1.63 Å 1 and
c = 2=c = 0.53 Å 1 . In this notation, an inplane Q = (0.5, 0.5) corresponds to the (; )point in the Brillouin zone.) The structure factor of this diffraction pattern is identical to that
of the undoped antiferromagnetic parent compound YBa2 Cu3 O6 . From the widths of the
magnetic Bragg reflections, a magnetic correlation length of about 100 Å was deduced, corresponding to about 25 in-plane lattice constants.
Figure 1 shows the temperature dependence of
the intensity measured at two of these wave vectors: L = 1, 2. The intensity exhibits a sharp
onset at a ‘Néel’ temperature of TN = 310 K.
From TN down to Tc = 55 K, the magnetic intensity continuously increases, following the
power law (1– T =TN )2 with = 0.25 (line in
12
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Fig. 1). Surprisingly, another marked upturn
of the intensity is observed at the superconducting transition temperature Tc . After calibration against nuclear Bragg reflections, the
staggered moment at T = 60 K is found to be
m0  0.5 B (assuming a homogeneous distribution of the magnetic moments at all copper
sites in the plane), that is, more than an order
of magnitude smaller than in the insulating parent compound YBa2 Cu3 O6:0. The small moment (which translates into an elastic magnetic
cross-section more than two orders of magnitude smaller than that of YBa2 Cu3 O6:0) explains why the signal could not be measured
in previous neutron measurements on smaller
samples.

Figure 1: Temperature dependence of the magnetic intensity measured at the antiferromagnetic
Bragg reflection Q = (0.5, 0.5, 2) (with an unpolarized beam) and (0.5, 0.5, 1) (with a polarized beam)
scaled to each other. From T N = 310 K down to
Tc = 55 K, the magnetic intensity increases as a
power law (line). Below T c , the intensity deviates
from the power lay and exhibits an additional upturn.

In detailed experiments with a polarized neutron beam, the magnetic origin of the elastic signal was confirmed, and the direction of the corresponding magnetic moment was determined
to be within the copper oxide planes. Both the
moment direction and the structure factor of
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the magnetic order observed in YBa2 Cu3 O6:5
are thus identical to those of the undoped parent compound. One possible interpretation of
this observation, namely macroscopic or mesoscopic concentration gradients of oxygen leading to an inhomogeneous charge distribution,
can be ruled out. First, the shapes of the rocking
curves around the magnetic and nuclear Bragg
reflections, indicating two distinct crystalline
grains, are identical. The volume ratio of these
grains is found the same for structural and magnetic scattering. This rules out the possibility
of a macroscopic phase segregation where the
magnetic order originates from a small part of
the sample. Second, we observe a sharp transition with TN = 310 K whereas in the case of
an inhomogeneous sample one would expect
a broad distribution of transition temperatures
starting from TN = 410 K, the Néel temperature
of the undoped compound. Conversely, the
superconducting transition of our sample measured by a bulk-sensitive technique is also very
sharp. Third, we observe a marked increase of
the magnetic intensity at Tc . A minority phase
of the undoped compound would not be affected
by superconductivity. Finally, while the Néel
state in the undoped insulator is associated with
a static staggered magnetization, the SR measurements described below show that such a
static moment is absent in YBa2 Cu3 O6:5 . These
observations imply the absence of large-scale
inhomogeneities in our sample.
The magnetic signal remains resolution limited
in energy when the energy resolution of the
neutron spectrometer is increased to  50 eV.
Thus, the observed AF order appears static on a
time scale shorter than 10 10 s. In order to obtain sensitivity to spin fluctuations on a larger
time scale, ZF-SR measurements have been
performed on a piece which was cut from the
same sample. For T > 60 K only a very slow
depolarization of the muon spin polarization
P(t) is observed which is due to the nuclear
Cu moments and is well described by a standard Kubo-Gauss function (Fig. 2). Static AF
ordered moments of size 0.05 B (as indicated
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by the neutron data) should give rise to an oscillating signal with a precession frequency of
about 1/10 the value that is typically observed
in YBa2 Cu3 O6 . Such a precession is clearly
not observed in YBa2 Cu3 O6:5 . As is shown in
the inset of Fig. 2, the depolarization becomes
somewhat faster and the shape of P(t) gradually changes from Gaussian to exponential. The
inset of Fig. 2 shows the result of a fit using
the function, P(t) = P(0)  KG  exp( 1 t).
The KG-function describes the contribution
of the nuclear Cu-moments which should be
T-independent. The exponential function describes the depolarization due to the rapidly
fluctuating electronic moments.

Figure 2: Temperature dependence of the ZF-SR
relaxation rate 1 (left scale) and relaxation rate of
the electronic magnetic moments  c (right scale).
Inset: time dependent muon spin polarization at
T = 20 K and 80 K.



Figure 2 shows the T-dependence of 1 as given
by the scale on the left hand side. For the limit
of rapidly fluctuating moments (  B  c )
and under the assumption that the field B at
the muon site is about 1/10 the size of the
one in YBa2 Cu3 O6 as determined by the neutron scattering measurements above, we obtain
c = 1 =(  B )2 = 1 =6:3 [s] as shown by the
scale on the right hand side of Fig. 2. The ZFSR measurements therefore show that the AF
staggered magnetization is not truly static but
fluctuates on a nanosecond time scale.
13
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In summary, we observe in YBa2 Cu3 O6:5 a
commensurate AF ordered phase coexisting
with superconductivity, which may be described as a (commensurate) spin density wave.
Indeed, as in itinerant magnetic systems, we
observe a small value of the ordered moment ( 0.05 B at T = 60 K) together with a
large TN = 310 K. As in La2 CuO4 -based superconductors, our measurements support the
idea that a commensurate or incommensurate
SDW can develop in the underdoped regime
of high-Tc superconductors. However, the observed commensurate structure is not compatible with stripe ordering whose structure in momentum space is necessarily incommensurate.
The possible coexistence of an AF SDW state
and d-wave superconductivity has been considered theoretically, for instance in the framework
of the t-t’-J model. It has been shown that when
both states coexist there are unusual coherence

effects and a  -triplet superconducting order
parameter appears at Tc (when Tc  TN ). Electrons in the superconducting condensate may
thus contribute the unusual neutron scattering
response we observe below Tc .
Finally, our observation of AF order with a
sharp onset at a high temperature may support
theoretical predictions of a phase transition associated with the still mysterious ‘pseudogap’
state. However, the models reported thus far are
based on orbital ferro- or antiferromagnetism,
whereas our observation of an in-plane magnetic moment with a form factor close to the
Cu moment of the AF insulator indicates antiferromagnetism of spins. Detailed microscopic
models are required to obtain a quantitative description of the newly discovered AF order parameter and its dynamics, as well as its implications for the anomalous normal state properties
of the underdoped copper oxides.

Single crystals of RuSr2 GdCu2 O8 Æ
C.T. Lin, B. Liang, C. Ulrich, E. Abel, and C. Bernhard
The interplay of magnetism and superconductivity has attracted a great deal of interest recently, especially in connection with
the high-Tc cuprate superconductors and the
ruthenates. The hybrid ruthenocuprate compound RuSr2 GdCu2 O8 Æ (Ru-1212) is a particularly interesting system for which long-range
magnetic ordering (with a ferromagnetic component) and superconductivity have been reported to coexist. However, nearly all studies
so far have been limited to sintered specimens
of these highly anisotropic materials. The availability of single crystalline specimens of sufficient size and good quality is a prerequisite
for reliable measurements which allow one to
further explore the complex and puzzling electronic and magnetic properties of these fascinating materials.
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The reasons why single crystals of this compound have not been available up until now are
that the Ru-1212 melts incongruently and that
the crystals form at relatively high temperature
(>1100Æ C) where it is difficult to achieve a significant degree of solubility of Ru atoms in the
crystal because the vapor pressure and thus the
escape rate of Ru is very high during the growth
process. We investigated the crystal growth in
the system Ru-Sr-Gd-Cu-O using a variety of
self-solvent compositions in a flowing oxygen
atmosphere.
Self-flux method is investigated and found to
be useful in this work. Experimental conditions are summarized in Tab. I. Usually 5–8 g of
the mixtures of RuO2 , SrCO3 , Gd2 O3 and CuO
were ground in a ball mill for over 4 hours.

Superconductivity
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Figure 3: left: As-grown single crystals of RuSr 2 GdCu2 O8 Æ obtained by self-flux method. right: A typical
single crystal of RuSr 2 GdCu2 O8 Æ .

The ground mixtures were then transferred
into an alumina crucible and heated in air
to 880Æ C in a chamber furnace for two
days. The incompletely calcined mixtures
were reground as fine powders and pressed
as pellets, which were calcined at 920Æ C in
flowing oxygen for two days, followed by
cooling to room temperature. Among the
self-flux compositions the best results were
obtained from batch No. D. An excess solvent composition, 0.8 Ru : 0.4 Gd : 1.7 CuO was
found adequate for obtaining single crystals of
RuSr2 GdCu2 O8 Æ using Pt crucible. In general, crystals were obtained with slow cooling
rate. A slow cooling rate, however, leads to a
long growth period and thus Ru was found to
volatilize and hardly incorporate into the crystal, as resulted in the Ru-poor compound. The
optimum growth condition is found to (1) heat
the mixtures to 1300Æ C for 2 hours, (2) cool
down to 935Æ C at a rate of 1.5Æ C/h and finally
(3) to room temperature at a rate of 200Æ C/h.
The whole growth was carried out in flowing
oxygen. Crystals formed with tetragonal morphology and sized up to 200  200  50 m3
were obtained and found crowded gather on the
bottom of the Pt crucible. The c-axis is normal to the platelets and the aspect ratio is  4.
Typical crystals are shown in Fig. 3 (left) and
a crystal separated from the flux is shown in
Fig. 3 (right). A variety of factors were explored

to optimize the crystal growth. In addition
to self-melt composition, several non-cuprate
solvents were used including PbO, PbF2 and
SrCl2 . As a result, no Ru-1212 was formed but
secondary phases composed of Ru-Sr-Gd-Pb-O
or Ru-Sr-Cu-O.
In the case of Ru-Sr-Gd-Cu-O mixtures and
growth of the Ru-1212 single crystals examined
in the work, complete melting does not occur.
Thus this is not a true flux growth. Rather, partial melting occurs and crystal growth is probably a complicated process which depends not
only on melt composition and cooling rate, but
also on factors such as the loss of Ru caused by
heating. The Ru-1212 phase may partly decompose at high sintering temperatures (1300Æ C)
yielding material which acts as flux to promote
grains or secondary phases growth. The growth
of a further improving of the crystal size and
quality is in progress.
Table I also lists the chemical composition of
the small crystallites determined by means of
Induction-Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES) and Energy Dispersive X-ray analysis. The small crystallites were
carefully separated and ground as powders for
the X-ray diffraction (XRD) studies. It is shown
that the compound has tetragonal symmetry for
as-grown crystals. The lattice parameters were
refined by a least-square fitting program.
15
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Table I. Conditions for the growth of RuSr 2 GdCu2 O8 Æ single crystals and their crystallographic data.
Sample
No.

Melt composition

Comments

A
B
C
D
E
F
G
H

Ru1:0 Sr2 Gd1:1 Cu5:4 Ox
Ru1:2 Sr2 Gd1:1 Cu7:1 Ox
Ru1:5 Sr2 Gd1:4 Cu3:7 Ox
Ru1:8 Sr2 Gd1:4 Cu3:7 Ox
Ru2:0 Sr2 Gd1:2 Cu3:7 Ox
Ru2:5 Sr2 Gd1:2 Cu3:7 Ox
Ru1:5 Sr2 Gd1:0 Cu5:4 Ox
Ru1:5 Sr2 Gd1:2 Cu7:1 Ox

Ru-missing
Ru-poor, Cu-rich
Sr-rich, Cu-poor
Best crystals
Good crystals
Few crystals
Gd-missing
Good morphology

Crystal formula

Lattice parameters
a/b(Å)
c(Å)

Ru1:0 Sr2:0 Gd1:0 Cu2:0 Ox
Ru1:0 Sr2:1 Gd0:8 Cu1:8 Ox
Ru1:1 Sr2:1 Gd0:9 Cu1:9 Ox

3.921(9)
3.918(2)
3.915(6)

11.70(1)
11.68(6)
11.61(4)

Ru 0:9 Sr2:1 Gd0:8 Cu2:1 Ox

3.844(7)

11.59(5)

values, d = 2.774, d = 1.962 and d = 1.605 Å,
respectively. This is probably attributed to
a slightly distorted orthorhombic perovskite
SrRuO3 with a pseudocubic lattice parameter
ap = 3.925 Å. The d-values of three peaks are
2.775, 1.963 and 1.600 Å, respectively. Several
other impurity peaks are also determined to be
CuO and GdO1:5 which are mixed into the crystallites when separated.

Figure 4: (a): X-ray diffraction (XRD) (Cu K ,
 = 1.5406 Å) pattern of RuSr 2 GdCu2 O8 Æ , indexed
in space group P4/mmm using lattice parameters
a = 3.918(2) Å and c = 11.68(6) Å. (b): XRD (Cu
K ,  = 1.5406 Å) pattern of RuSr 2 GdCu2 O8 Æ , indexed in space group P4/mmm using lattice parameters a = 3.844(7) Å and c = 11.59(5) Å. Impurities are
marked with *: CuO and : GdO 1:5 , respectively.

In Fig. 4(a) the powder XRD (corresponding to
No. D) pattern of RuSr2 GdCu2 O8 Æ is shown:
nearly all peaks can be indexed to the tetragonal
structure with lattice parameters a = 3.918(2) Å
and c = 11.68(6) Å. In Fig. 4(b) (corresponding to No. H) three major impurity peaks are
marked by , and , corresponding to the d16

Figure 5: Temperature dependence of zero field
cooled (ZFC) and field cooled (FC) magnetic susceptibility of a lump of RuSr 2 GdCu2 O8 Æ single
crystals measured at 4.5 Oe.

As shown in Fig. 5, susceptibility measurements on a lump of several Ru-1212 single crystals reveal a superconducting transition temperature of Tc  60 K (with a significant Meissnereffect at a low magnetic field of 4.5 Oe) and
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a magnetic transition temperature of around
135 K. The obtained spectra agree very well
with those of the best polycrystalline samples,
i.e., the occurrence of a spontaneous magnetization below 135 K implies that the magnetic
order involves a ferromagnetic component.
For a number of selected crystals we have performed preliminary Raman scattering measurements using a micro-Raman setup attached to a
Dilor-spectrometer. Figure 6 displays a representative Raman spectrum measured on a single crystal at 300 K (red line) together with the
spectrum measured on a polycrystalline sample
(blue line). It can be seen that the position of
the phonon modes of the single crystal agrees
very well with those of the polycrystalline sample thus confirming that the single crystal has
the Ru-1212 structure. Further Raman studies
on the single crystals are in progress.

Figure 6: Raman spectra of RuSr 2 GdCu2 O8 Æ
samples measured for parallel incident and scattering polarizations VV.

The availability of single crystals is critical to
many fundamental studies and understanding
the nature of this fascinating class of materials which has co-existence of ferromagnetic and
superconducting properties.

Cuprate / manganite superlattices a model system for a bulk
ferromagnetic superconductor
H.-U. Habermeier, G. Cristiani, C. Bernhard, T. Holden, R.K. Kremer, and E. Brücher
For a long time magnetic order and superconductivity (SC) have been regarded as antagonistic by nature. In conventional s-wave superconductors local magnetic moments break the spin
singlet Cooper pairs and thus strongly suppress
superconductivity. Therefore, uniform ferromagnetism (FM) and SC can not coexist. In a
limited class of intermetallic compounds, such
as ErRh4 B4 , however, SC occurs in the presence
of magnetic ions occupying all of one specific
crystallographic site.
Recently, there was growing interest in exploring the physics of the (ferro)magnetic superconductor RuSr2 GdCu2 O8 with a charge reservoir
block containing magnetically ordered Ru5+
spins intercalated by the CuO2 –Gd–CuO2 layers which are believed to cause SC. They undergo a magnetic transition at c = 130–140 K

followed by a superconducting transition at
Tc = 20–50 K. Low temperature magnetization
studies show a significant ferromagnetic component whereas in a recent neutron diffraction
experiment an antiferromagnetic structure associated with the Ru sublattice has been observed.
The interplay of magnetic and superconducting
properties of theses compounds is a topic of current concern.
Due to the layered nature of the RuSr2 GdCu2 O8
compound the properties of this material can
be mimicked by superlattices (SL) consisting
of individual superconducting and ferromagnetic layers. Modifications of the modulation length of the SC and FM layers, respectively, are an experimental tool to tailor the
17
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coupling between the ferromagnetic and superconducting layers in a stack. Superlattices
consisting of La2=3 Ca1=3 MnO3 (LCMO) and
YBa2 Cu3 O7 x (YBCO) of different modulation
lengths have been deposited at 760Æ C by pulsed
laser deposition techniques onto SrTiO3 single crystal substrates. The composition of the
superlattices is characterized by the individual
layer thickness t YBCO and t LCMO for the YBCO
and LCMO layers, respectively. X-ray diffraction analysis confirmed the phase purity of
the c-axis oriented films including the appearance of SL diffraction peaks. Cross-sectional
TEM revealed the SL formation and remarkably sharp interfaces at the LCMO/YBCO/STO
phase boundaries (see Fig. 7).

Figure 7: High resolution cross-sectional TEM of a
YBCO/LCMO [8 nm/4 nm] 20 superlattice.

In Fig. 8 the R(T ) and M (T ) curves of a 50 nm
YBCO / 50 nm LCMO heterostructure is represented, indicating clearly the ferromagnetic
Curie temperature of the LCMO of 250 K and
the superconducting transition at 70 K. Whereas
c is slightly reduced as compared to the bulk
value of 275 K and corresponds well to that
of strain lean films of comparable thickness,
Tc is reduced by approximately 20 K and thus
much smaller than isolated YBCO films of
comparable thickness with Tc = 89–90 K. This
18

Superconductivity

heterostructure demonstrates that the individual properties – FM and SC – of the constituents have been preserved, some mutual influence of SC and FM, however, seems to be
present. In order to systematically change this
interaction we prepared SLs of different compositions of the [t YBCO / t LCMO ] n-type, keeping
either t YBCO constant and change t LCMO and
vice versa. In Fig. 9 the R(T ) and M (T ) curves
for a [40 nm YBCO / /20 nm LMCO]5 SL are
given, showing values for c and Tc of 150 K
and 70 K, respectively.

Figure 8: Resistance (upper panel) and magnetic
moment – field cooled and zero field cooled – (lower
panel) of a [50 nm YBCO / 50 nm LCMO] heterostructure as a function of temperature. The curve for
the zero field cooled measurement shows the diamagnetic signal.

The reduction of c in the SLs from the bulk
value of  275 K can be attributed to either epitaxial strain or to the reduced magnetic coupling
via the YBCO in the normal state. Strain effects can not completely be ruled out since the
cubic lattice parameter of the La2=3 Ca1=3 MnO3
is 0.386 nm, i.e., in close vicinity to the average lattice parameter of the CuO2 planes of the
twinned YBCO films (<a,b> = 0.38548 nm).
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c

smaller than 10 K. Tentatively, we propose
that a temperature dependent weakening of the
ferromagnetic coupling via YBCO is present,
probably arising from the opening of a pseudogap in the YBCO layers in the normal state.

Figure 9: Resistance (upper panel) and magnetic
moment (lower panel) of a [40 nm YBCO / 20 nm
LCMO 5 superlattice as a function of temperature.
The curve for the zero field cooled measurement
shows a diamagnetic signal.

]

This small epitaxial tensile strain ( 0.13%),
however, can cause an estimated reduction of

Attempts to attribute the change of Tc to a
decoupling of the superconductor by a normal metal or an insulator in analogy to
isostructural superconductor/insulator SLs such
as YBCO / PrBCO fail for the YBCO / LMCO
SLs, since a substantial reduction of Tc below 80 K is only expected for t YBCO < 4 nm.
Epitaxial strain in the YBCO layers is small
( 0.13%) and not expected to be the reason for
the Tc -reduction. We attribute the Tc -reduction
to the role of the ferromagnetic exchange field
in reducing the pair formation probability of
the charge carriers in the YBCO layer. Finally,
the existence of a reentrant normal state in SLs
with rather thin individual YBCO and LCMO is
qualitatively compatible with this picture. The
normal state appears when the magnetization
of the ferromagnetic layer is saturated, i.e., the
exchange field is fully established and strong
enough to completely prevent Cooper pair formation in the SL layer.

In-plane polarized collective modes in detwinned YBa2 Cu3 O6:95
observed by spectral ellipsometry
C. Bernhard, T. Holden, B. Keimer, and M. Cardona; J. Humlíček and D. Munzar (University,
Kotlářská, Brno, Czech Republic); A. Golnik (Warsaw University, Poland);
M. Kläser and Th. Wolf (Forschungszentrum Karlsruhe);
L. Carr and C. Homes (NSLS, Brookhaven National Laboratory, USA)
The accuracy of conventional reflectance measurements is limited by the reference problem
for obtaining the absolute value of the reflectivity R, and by the need of a Kramers-Kronig
(KK) dispersion analysis which requires extrapolation towards zero and infinite frequency.
These problems become particularly important
if R is close to unity such as in case of the far infrared (FIR) in-plane response of high-Tc super-

conductors (HTSC). The technique of ellipsometry provides significant advantages here since
it is self-normalizing and allows one to measure
the complex dielectric function "e = "1 + i  "2 directly. Ellipsometric measurements have been
performed at the U4IR and U10A beamlines of
the National Synchrotron Light Source (NSLS)
in Brookhaven, USA. We used a home-built
setup attached to a FIR Fourier-spectrometer
19
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Figure 10: a-axis component of the real part of (i) the conductivity  1a  , and (ii) the dielectric function
"1a  of YBa2 Cu3 O6:95 (Tc = 91.5 K) at 100 K (thin solid line) and 10 K (thick solid line). The insets show
the low-energy data on an enlarged scale. The arrows mark the collective modes.

()

which covers a spectral range of 30–4000 cm 1
at 3 K < T < 300 K [A. Golnik et al.: phys. stat.
sol. (b) 215, 553 (1999)]. Since the HTSC have
an anisotropic dielectric response we performed
measurements with either of the principal axes
(a, b, of us and c) lying in the plane of incidence as defined by the incident and the reflected light. The tensor components  have
subsequently been obtained by numerical procedures. We have previously shown by measurements on gold films that a meaningful ellipsometric determination of "e for millimeter
size metallic samples requires that diffraction
effects be taken into account [A. Golnik et al.:
phys. stat. sol. (b) 215, 553(1999)]. We have calculated the diffraction effect for a sample with
infinite conductivity and has developed an inversion procedure to correct for the diffraction
effect provided the conductivity of the sample
is fairly high.
A Y-123 single crystal of size 2.840.6 mm3
(abc) was flux-grown in a Y-stabilized
ZrO crucible.
It was annealed for one
week in flowing oxygen at 420Æ C resulting in
Tc = 91.5( 0.8) K as determined by dc-SQUID
magnetometry. One ab- and one ac-face were
polished to optical grade. The crystal was then
mechanically detwinned as confirmed by inspection under a polarizing optical microscope.
20

Figures 10(i) and 10(ii) display the a-axis
spectra for the real part of the conductivity,
1a ( ), and of the dielectric function, 1a ( ),
at 100 K in the normal state (NS) (thin solid
line) and at 10 K in the superconducting (SC)
state (thick solid line). The broad electronic features are similar as those obtained from reflectivity measurements [J. Schützmann et al.: Phys.
Rev. B 46, 512 (1992); D.N. Basov et al., Phys.
Rev. Lett. 74, 598 (1995); C.C. Homes et al.,
Phys. Rev. Lett. 84, 5391 (2000)]. The NS

conductivity consists of a Drude-like peak at
low energy that merges with a broad MIR-band
which extends well beyond the displayed spectral range of  < 2000 cm 1 . In the SC state at
10 K a pronounced dip appears in 1a ( ) with
an onset around 950 cm 1 and a sharp minimum around 320 cm 1 . Notably, a sizeable
Drude-like peak persists even in the SC state
at 10 K  Tc . This indicates that a significant
fraction of low-energy quasiparticles (QP) does
not participate in the macroscopically coherent
and thus loss-free response of the SC condensate.
Besides these broad electronic features, a number of narrow modes are resolved in our ellipsometric spectra. The modes at 280, 360, and
600 cm 1 have been recently identified in the
reflectivity data of J. Schützmann et al. [Phys.
Rev. B 46, 512 (1992)] and C.C. Homes et al.
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[Phys. Rev. Lett. 84, 5391 (2000)]. They have

been assigned to in-plane polarized phonon
modes [C.C. Homes et al.: Phys. Rev. Lett. 84,
5391 (2000)] which have a very similar spectral
weight (SW) as the ones in the insulating parent
compound YBa2 Cu3 O6 [M. Bauer et al.: Solid
State Comm. 72, 551 (1989); L. Genzel et al., Phys.
Rev. B 40, 2170 (1989)]. In addition to these in-

plane polarized phonon modes we observe two
more modes around 230 and 190 cm 1 which
exhibit a very remarkable behavior. The SW
of these modes becomes extraordinarily large
in the SC state; at 10 K it exceeds the one of
the pure phonon modes by more than an order
of magnitude.
The SW of P
a collectivePmode is defined as
S = (4=Vc )[ k ek k ]2 =[ k mk  k2  v2o ], with
Vc the unit cell volume, ek and mk the dynamic
charge and the mass of particle k and k its relative direct displacement. The large ionic masses
thus depress the SW of a pure phonon mode.
The huge SW of the present modes suggests
that they involve dynamic charges ek far in excess of the ones of the bare ions. Unless one
assumes that the material is close to a ferroelectric instability, one is left with the conclusion
that these modes involve collective excitations
of the charge carriers. The drastic SW increase
below Tc furthermore suggests that they correspond to oscillations of the SC condensate. The
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low-energy modes are hardly detectable in the
NS at 100 K where they may well correspond to
pure phonon modes. The eigenvectors of the IR
phonon modes have been previously obtained
from lattice dynamical calculations [L. Genzel et
al.: Phys. Rev. B 40, 2170 (1989)]. A mode near
200 cm 1 involves the in-plane motion of O(2)
and O(3) against Cu(2) and thus give rise to a
large electric dipolar moment within the CuO2
planes which can couple to charge density oscillations within the CuO2 planes given that they
occur on a comparable time scale. The other
relevant mode near 170 cm 1 involves predominantly the CuO chains, i.e., the motion of O(1)
against Cu(1). This finding suggests that the
charge density oscillations occur not only in the
CuO2 planes but also in the CuO chains.
Our ellipsometric data provide sound evidence
for the existence of the low-energy modes.
The spectra represent the true dielectric function, "aa , i.e. they are corrected for the effect
of anisotropy. The diffraction corrections are
smooth functions of d= where d is the sample dimension in the plane of incidence and  is
the wavelength [A. Golnik et al.: phys. stat. sol.
(b) 215, 553(1999)]. Therefore they cannot lead
to sharp features like the ones of related to these
modes. We also note that ellipsometry measures

Figure 11: Normal incidence reflectivity (i) along the a-axis, R a , and (ii) along the b-axis, R b , such as
calculated from the ellipsometric data. The arrows mark the collective modes.
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the real- and the imaginary parts of "e independently. This allows us to check the KKconsistency of the spectral features related to
the modes and thus to distinguish them from
features related to noise or to imperfections of
the setup. It also makes it very unlikely that the
features are caused by a damaged surface layer.
Irrespective of their large SW, the signature of
the modes is very weak in the reflectivity for
normal incidence R.
Figure 11(i) displays R, such as calculated from
the ellipsometric data at 10 K and 100 K. R is
close to unity in the FIR range and the lowenergy modes only give rise to weak feature
of  0.5% in R. Their signature, nevertheless,
seems to appear in some of the published data
[J. Schützmann et al.: Phys. Rev. B 46, 512 (1992);
D.N. Basov et al., Phys. Rev. Lett. 74, 598 (1995)].

Also, the low-energy modes have been identified in an early study based on absorptivity measurements [T. Pham et al.: Phys. Rev. B 44, 5377
(1991)]. In this study measurements were performed only at T = 4.2 K and the dramatic Tdependence of these modes consequently was
not detected.
Figures 12(i) and 12(ii) display the spectra of 1b (! ) and "1b (! ) at 100 K (thin
solid line) and at 10 K (thick solid line).
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The broad electronic response agrees also
fairly well with the previously reported one
[J. Schützmann et al.: Phys. Rev. B 46, 512
(1992); D.N. Basov et al., Phys. Rev. Lett. 74,
598 (1995)]. In particular, a sizeable anisotropy

is evident between the a- and the b-axis response with 1b ( )=1a ( )  2 in the NS,
and nbs =nas = (a =b )2  (1700 Å/1200Å)2  2
in the SC state, where the SC magnetic penetration depth, p
a;b , is derived according

4  2   2  (1 "1a;b( ))
to a;b1 = lim !0
(spectra are not shown) [D.N. Basov et al.: Phys.
Rev. Lett. 74, 598 (1995); C.C. Homes et al., Phys.
Rev. Lett. 84, 5391 (2000)].

Our b-axis spectra contain a surprisingly large
number of collective modes. At least nine
modes are resolved in the 10 K spectrum
at 140, 190, 230, 260, 295, 340, 360, 480, and
560 cm 1 . Furthermore, the modes at 230, 290,
and 480 cm 1 seem to consist of doublets.
The SW of the modes at 140, 190, 230, 260,
295, 340, and 480 cm 1 again is much larger
than expected for phonon modes. Once more
this suggests that these modes have a dominant
electronic character. Interestingly, the b-axis
modes preserve a sizeable SW even in the NS,
unlike the a-axis ones which basically disappear
above Tc .

()

Figure 12: b-axis component of the real part of (i) the far-infrared conductivity  1b  , and (ii) the dielectric
function "1b  of YBa2 Cu3 O6:95 (Tc = 91.5 K) at 100 K (thin solid line) and 10 K (thick solid line). The
insets show the low-energy range on an enlarged scale. The arrows mark the collective modes. Thick arrows
mark doublet modes.

()
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For orthorhombic Y-123 group theory predicts
seven infrared-active phonon modes for both aand b-polarization [L. Genzel et al.: Phys. Rev.
B 40, 2170 (1989)]. The larger number of observed b-axis modes thus indicates that the unit
cell is enlarged or the crystal symmetry is reduced along the b-direction. It is well known
that 1d-metals are susceptible to structural and
electronic instabilities, such as a transition to a
dimerized state or a charge density wave state
(CDW).
Recent nuclear quadrupole resonance (NQR)
measurements have indeed indicated that the
CuO chains of Y-123 are in a CDW state
[B. Grevin et al.: Phys. Rev. Lett. 85, 1310
(2000)]. They have been interpreted in terms

of a transition from a long-range ordered CDW
state below Tc to a short-range ordered one in
the NS. The NQR measurements furthermore
suggest that the CuO chains interact with the
CuO2 planes and enhance (or possibly even induce) a charge density modulation therein in
the SC state [B. Grevin et al.: Phys. Rev. Lett.
85, 1310 (2000)]. Such a scenario seems consistent with our observation of a-axis electronic
modes which develop in the SC state and a

large number of b-axis polarized ones which occur already in the NS. The scenario of a CDW
state within the CuO chains, however, contradicts the explanation of the in-plane anisotropy
of the electronic conductivity in terms of metallic CuO chains. A CDW is easily pinned by
impurities, the CuO chains consequently should
be only poorly conductive. This contradiction
can be resolved if one associates the ab-plane
anisotropy of the free carrier response with the
CuO2 planes themselves. Given that charge
density fluctuations are intrinsic to the CuO2
planes, the interaction with the CDW state in
the 1d CuO chains may well lead to a suppression of these fluctuations along the b-direction
and thus to a better NS conductivity and an enhanced SC condensate density. The different
time scales of the techniques, i.e., micro- to
nanoseconds for NQR and pico- to femtoseconds for the collective modes and the free carrier response, may well explain the circumstance that the anisotropy persists up to room
temperature in the optical data, while the charge
modulated state is resolved only at low T in the
NQR data.

Dynamic stripe induced superconductivity
A. Bussmann-Holder
The existence of nanoscale spin-charge phase
separation (including ‘stripes’ ) in cuprates was
demonstrated by the observation of the striped
phase. While the striped phase was confirmed
directly only in a non-superconducting phase,
similar nanoscale phase separation is strongly
supported even in the superconducting phase
of the cuprates by inelastic neutron scattering
and EXAFS measurements. The role of this
phase separation for superconductivity is open,
and various approaches exist which either question any importance of it to superconductivity
or consider it as supporting pair formation.
The properties of the antiferromagnetic par-

ent compounds of high-Tc superconductors
(HTSC) can be understood within the framework of the t-J model due to the large Coulomb
repulsion at the copper site. Upon doping this
large Hubbard U term forces the holes to mainly
occupy the oxygen p-orbitals thereby forming
a spin singlet state with respect to its nearest
neighbor copper ion. In addition hole doping
enhances the electron-phonon coupling, particularly around the ( ,0)-point of the in-plane
high-energy LO phonon and leads to an exponential reduction of the singlet hopping matrix
element. Correspondingly the singlet state is a
stable low energy state, but mobility is achieved
23
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only via second order processes. Since the
doping induces a charge mismatch within the
planes, a partial compensation of this destabilization can be achieved through plane buckling/tilting. This buckling/tilting has the important consequence that hopping processes between in-plane and out-of-plane orbitals are activated, i.e., a coupling between planes and caxis structural elements is provided. In addition anharmonic phonon-phonon interactions
between in-plane and c-axis phonons can take
place, which otherwise would be symmetry forbidden.
In order to describe this coupling it is assumed, for simplicity, that the in-plane and outof-plane states can each be described by single strongly p-d hybridized bands, where both
bands interact with each other through the new
buckling / tilting induced hopping processes and
their coupling to the lattice. The effective
Hamiltonian for this system then reads:

H=

+
+
+

X

i;

Exy;i c+
xy;i; cxy;i; +

X

i;j;;0

X

i;j

 +

Txy;z cxy;i; cz;j;

X

j;
0

Ez;j c+
z;j; cz;j;

+ h:c:

(1)

Texy nxy;i" nxy;j #

X

i;j;;0

C ni; nj;0 +

Ve

X

i;j;;0

Vpd ni; nj;

0

Here c+ c = n is the plane (xy), c-axis (z) electron density at site i,j with energy E and spin
index  . Txy;z is the hopping integral between
plane and c-axis orbitals, and Texy is the inplane spin singlet hopping integral from which
a d-wave symmetry of a superconducting order parameter would result. VC as well as Vpd
are density-density interaction terms referring
to plane / c-axis and in-plane elements. The
phonon contributions have already been incorporated in Eq.(1), where all energies given are
renormalized quantities. Especially the single
particle energies are renormalized by the coupling to the lattice, which induces a spin density wave instability in the planes and a charge
density wave instability along the c-direction.
The corresponding transition temperatures are
24

identified as the higher one T? , being related
to a charge instability with the onset of stripe
(i.e., charge/lattice inhomogeneity) formation
and the lower one T spin being related to a spin
gap opening.

Figure 13: T ? plotted as a function of the phonon
induced gap proportional to ? .



In Fig. 13 T ? is shown as function of the
phonon induced electronic gap proportional to
? = g  Qm where g is the electron-phonon coupling and Qm is the averaged site-m dependent displacement. Including anharmonic interactions explicitly modifies ? and spin [Phil.
Mag. 80, 1955 (2000)].
In order to investigate the consequences of the
striped phase for the superconducting state, an
effective two-band type BCS Hamiltonian is
used:

Heff =
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+
+
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The effects of the Coulomb interactions are included in the effective interaction constants V.
The site energies are renormalized through the
spin/charge related gaps spin , ? .
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non-superconducting. When including the effect of the T ? related gap ? on the single
particle energies, superconductivity appears already at small values of ? , but the corresponding Tc remains rather small. Keeping V(xy) ,
V (z) (Vkk = V ) unchanged, but increasing
the interband interaction V(xy;z) (see Fig. 14)
and incorporating the effect of ? yields a very
rapid increase of Tc . It is important to note here
that, in a general case, a mixed symmetry superconducting order parameter will result.
0

Figure 14: The superconducting transition temperature Tc as a function of ? for different values of
intercomponent couplings V (xy;z) .



Equation (2) can be solved to yield the
gap equations as well as the corresponding
superconducting transition temperature Tc (for
simplicity the s-wave symmetry is considered
here, only). Starting point is the assumption that
the two components when uncoupled are not
superconducting. With relatively small interband coupling, V (xy;z) = 0.1, the system remains

In summary it is found that the doping of the
antiferromagnetic parent compounds of HTSC
activates hopping processes between in-plane
and out-of-plane orbitals and induces buckling / tilting of the CuO2 planes. The coupling
of the in-plane and out-of-plane electronic
states to the lattice leads to the formation of
the pseudogap state which may induce a strong
enhancement of the superconducting transition temperature [A. Bussmann-Holder et al.:
J. Phys. Cond. Mat. 13, L168 (2001) and Condmat/0012448].

Band structure trend in cuprates and correlation with Tc max
E. Pavarini, I. Dasgupta, T. Saha-Dasgupta, O. Jepsen, and O.K. Andersen
The mechanism of high-temperature superconductivity in the cuprates remains a puzzle.
Many cuprates with CuO2 -layers have been
synthesized and all exhibit a phase diagram
with Tc going through a maximum as a function of the doping. For the materials dependence of Tc at optimal doping, Tc max , the only
known, but not understood, systematics is that
for classes of materials with multiple CuO2 layers, such as HgBa2 Can 1 Cun O2n+2 , Tc max
increases with the number n of layers until
n  3. There is no clue as to why for n fixed,
Tc max depends strongly on the class of material,
e.g., why for n = 1, Tc max is 40 K for La2 CuO4
(1l-La) and 90 K for HgBa2 CuO4 (1l-Hg). A

wealth of structural data has been obtained, and
correlations between structure and Tc have often been looked for as functions of doping, pressure, uniaxial strain, and material class. But the
large number of structural and compositional
parameters makes it difficult to find what besides doping controls the superconductivity.
Most theories are based on a Hubbard model
with one Cu dx2 y2 -like orbital per CuO2 unit.
With t; t0 ; t00 ;::: denoting the hopping integrals
on the square lattice (Fig. 15), the one-electron
part of the Hamiltonian is:

" (k) =

2t (cos kx +cos ky )+4t0 cos kx cos ky
2t00 (cos2kx +cos2ky )+ :::;

(3)
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in the k-representation, and setting the lattice
constant a = 1. Usually, only t and t0 are taken
as non-zero. Guided by Fermi surface (FS)
shapes calculated in the local density approximation (LDA), it is customary to use
t0 =t  0.1 for doped La2 CuO4 and t0 =t  0.3
for YBa2 Cu3 O7 and Bi2 Sr2 CaCu2 O8 , whereby
the constant-energy contours become rounded
squares, oriented in respectively the [11]- and
[10]-directions. These FS-types are also consistent with angle-resolved photoemission spectroscopy (ARPES) in the normal states of (overdoped, stripe-free) La2 CuO4 , YBa2 Cu3 O7 , and
Bi2 Sr2 CaCu2 O8 .

Figure 15: Relation between the one-orbital model
t; t0 ; t00 ;::: and the nearest-neighbor four-orbital
model ("d "p , tpd , "s "p , and tsp . Note that
2nd-neighbor t pp is not included, but like any t (p>0)
proceeds via the axial orbital s .

(

)

)

()

We have calculated the hopping integrals for
15 different high-temperature superconductors
(HTSCs), using the experimental structural
data, the LDA, and a new procedure for obtaining few-orbital, low-energy, one-electron
Hamiltonians. We find that the essential materials dependence is contained in the single parameter r, which expresses the range of the intralayer hopping, e.g. t0 =t = r + o (r), and is controlled by the energy "s (Fig. 15) of the axial
orbital, a hybrid between Cu 4s, Cu 3d3z2 1 ,
apical-oxygen (Oc ) 2pz , and farther orbitals
such as La or Hg. We find that the materials with the larger r tend to be those with the
higher observed values of Tc max . For the materials with the highest Tc max, the axial orbital is
almost pure Cu 4s.
26

We find that the correlation between r and
Tc max holds also for multi-layer materials with
n<
 3 and better so for the bonding subband than
for the average of the subband r-values. This indicates that the quasiparticles are coherent over
the multi-layer and that the reason why for an
increasing number of layers Tc max eventually
drops, is due to loss of coherence.
In order to understand what happens when the
material changes, it is useful to express the
conduction band orbital in terms of four orbitals: Cu 3dx2 y2 , Oa 2px ; Ob 2py , and the axial orbital. The parameters of the corresponding nearest-neighbor four-orbital model are defined in Fig. 15. The hopping between the axial
orbital and Oa 2px proceeds almost exclusively
via Cu 4s, and this is the reason for denoting the
corresponding hopping integral tsp .
In 1l-Tl and all really-high-Tc max materials, the
Cu 4s-character is appreciable, the Oc -character
small, the La or insulating-layer character
smaller, and the Cu 3d3z 2 1 -character negligible. For YBa2 Cu3 O7 we have previously found
that, after having disposed of the chain bands,
the dominant axial character is Cu 4s.
By integrating out the high-energy degrees of
freedom we find that the dispersion of the
tetragonal as well as the bct conduction band
can be written in the form:


" (k) = p

(1 p) u 1+vs



2

u

=d;_

u = 1 (cos kx +cos ky ) andv = 1 (cos kx

2

2

(4)

cos ky ) :

The band width parameter is 1=ḋ  1=ḋ (" ) and
the shape parameters are p and s  s (" ), where
" is an energy in the range of the validity of
Eq.(4). The p-terms, which describe the admixture of Oa and Ob 2pz orbitals for dimpled
layers (p = 0 for flat layers and p = s2 = (1 + s)2
for extended saddle points), have been
 added.
2 and
The functions d (")  (" "d ) " "p =4tpd
 2
s (")  ("s ") " "p =4tsp describe the coupling of Oa px =Ob py to respectively Cu dx2 y2
and the axial orbital.
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Expansion of

1
1+ s

u

= 1 2r2ru ;

where

r  1=2 ;
1+ s

(5)

in powers of 2ru finally yields the Fourier
series Eq.(3) with explicit expressions for
t; t0 ; t00 ;::: in terms of " and the parameters of the four-orbital model (Fig. 15),
e.g., t = [1 p + o (r)] =4ḋ, t0 = [r + o (r)] =4ḋ,
t00 = 12 t0 + o (r). Although one may think of r
as being t0 =t, we emphasize that this holds only
for flat layers and r <
 0.2 . When r > 0.2, the
Fourier series Eq.(3) must be carried beyond t00 .
Hence, r is a measure of the long-ranged intralayer hopping, which proceeds via the axial orbital in the four-orbital model. Dimpling does
not increase the range, but reduces the bandwidth through reduction of tpd and, in addition,
reduces t through admixture of Oa=b 2pz .

Figure 16: Calculated range parameter for 1l
La2 CuO4 (LTO), Bi2 Sr2 CuO6 (LTO), Tl2 Ba2 CuO6
(bct) and HgBa 2CuO4 (t) vs. the distance (in Å) between Cu and Oc . The lines result from rigid displacements of Oc .

We find r by fitting a constant-energy contour
of the single-LMTO first-order band structure to
the form Eq.(4). In Fig. 16 we plot the r-values
calculated for 1l-La, 1l-Bi, 1l-Tl, and 1l-Hg,
plotted against the distance dCu Oc between Cu
and apical oxygen. r increases with dCu Oc
because "s is lowered towards "F when the
coupling between Oc 2pz and Cu 3d3z2 1 =4s is
weakened.

Since tcz2 / dCu4 Oc and tsc / dCu2 Oc , increasing the distance suppresses the Cu 3d3z2 1 content, which then is important in 1l-La and negligible in 1l-Tl and Hg. This is also reflected in
the slopes of the lines in Fig.16 which give r vs.
dCu Oc for each material. That the Bi-point in
Fig.16 does not fall on the La-line is an effect
of Bi being different from La: Bi 6pz couples
stronger to Oc 2pz than does La 5d3z2 1 . The
figure shows that upon reaching 1l-Hg, r is saturated, the axial orbital is almost purely Cu 4s.
Figure 16 hints that r might correlate with the
observed Tc max for single-layer materials. But
the experimental uncertainties of Tc max and the
corresponding structural parameters are such
that we need better statistics. Therefore, we
plot the observed Tc max against the calculated
r-values for 15 different materials in Fig. 17.

Figure 17: Correlation between calculated range
parameter and observed T c max . Filled squares: Single-layer materials and most bonding subband for
multilayers. Empty squares: Most antibonding subband. Half-filled squares: Non-bonding subband.
Dotted lines connect subband-values. Full lines:
kz -dispersion for primitive tetragonal materials.

The kz -dispersion decreases with increasing r
because the axial orbital becomes less extended
in the z-direction as it becomes more Cu 4s-like.
We observe a strong correlation between Tc max
and r for the single-layer materials, which is
continued in the bonding subband of the multilayer materials. This indicates that the electrons are delocalized onto the multi-layer, and
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that Tc max increases with the number of layers for the same reason that it increases among
single-layer materials; the multi-layer is simply a means of lowering "s through the formation of Cu 4s – Cu 4s bonding states. That for
an increasing number of layers, Tc max eventually drops again, is presumably due to loss
of coherence. Note that the bonding subband
in YBa2 Cu3 O7 is not the one whose FS is at
the saddle point, but the one which is about
half-filled and supports spin fluctuations with
q  (; ) .
From the observed correlation with r, we would
expect Tc max to be increased with increasing
interlayer coupling, i.e., with squeezing of the
layers. The celebrated pressure-induced enhancement of Tc in 3l-Hg is consistent herewith.
Consistent is also the uniaxial strain dependence of the observed Tc , and of the calculated
internal parameters, in YBa2 Cu3 O7 : Squeezing
the bilayer and moving apical oxygen away, is
what makes Tc increase. One might attempt to
increase Tc max , say for YBa2 Cu3 O7 , by substituting Y with a smaller cation. That has
not been done to our knowledge, but insertion of the larger cation, La, made Tc max drop
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from 92 K to 50 K. Using the observed structure of LaBa2 Cu3 O7 , we have calculated the
two r-values and included them in Fig. 17; the
bonding subband is seen to follow the trend.
Our identification of an electronic parameter
which correlates with the observed Tc max for
essentially all known types of HTSC materials
should be a useful guide for materials synthesis
and a key to understanding the mechanism of
HTSC. With current k-space renormalizationgroup methods one could investigate the effect
of the band shape on the leading correlationdriven instabilities. Moreover, the possibility
that r controls also the electron-electron part
of the Hamiltonian through screening should
be studied. Finally, we list speculations as to
why an increasing Cu 4s-content of the conduction band orbital, or the concomitant increase
of the hopping range r, causes Tc max to increase: (a) Cu 4s-character strengthens phase
coherence, perhaps by reducing the coupling to
apical oxygen. (b) The FS has a more optimal
shape for pairing interactions. (c) Static stripe
order is suppressed. (d) U is screened better,
maybe locally overscreened.

Two-dimensional systems
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Two-dimensional systems
Dimensional reduction of the motion of the electrons can be realized in many ways. It
can lead to new effects due to the strong Coulomb interaction between electrons, to applied magnetic fields, or to superimposed potentials. Below it is shown that the quantum
cyclotron resonance of electrons on the surface of liquid 4 He depends sensitively on the
Coulomb interaction. Another contribution uses Shubnikov-de Haas oscillations to study
electronic minibands caused by periodic potentials superimposed on two-dimensional electron systems. Using a scanning force microscope the spatial arrangement of compressible
and incompressible strips near the edge of two-dimensional electron systems in the quantum
Hall regime has been studied. Finally, the indirect interaction between Cu atoms on Cu surfaces and Co atoms on Ag surfaces and its dependence on the distance has been determined.

Coulomb effects in the quantum magnetotransport
of a non-degenerate 2D electron liquid
E. Teske, Yu.P. Monarkha, and P. Wyder
Surface electrons (SE) above the free surface of
liquid 4 He form a remarkable realization of a
2D electron system, free from effects due to the
interaction with a surrounding atom lattice. The
Fermi energy is much less than the thermal energy kB T, and the system is non-degenerate. At
the same time, the electrons are strongly correlated by a practically unscreened Coulomb
interaction. In contrast with electrons of usual
metals, here the ratio of the mean Coulomb
energy to thermal energy has a typical value between ten to hundred, and the electron system
has a liquidlike structure.
In a perpendicular magnetic field B, the motion
of the electrons becomes completely quantized.
For a non-degenerate system the quantum limit,
where mainly the lowest Landau level is occupied, corresponds to the energy difference between Landau levels h!c being larger than the
thermal energy kB T, and is reached at rather
low B. At the same time, the Landau level
width is usually very small,  kB T. Under these conditions, the strong Coulomb interaction causes pronounced effects on the transport behavior of SE.

The origin of Coulomb effects is that thermal
fluctuations disturb the short-range order introduced by Coulomb forces, which results in internal electric fields Ef at the electron positions. In a strong magnetic field, the field Ef
that acts on a particular electron can be regarded
as quasi-uniform, giving rise to a sideways Hall
drift motion of the electron cyclotron orbit center with the velocity uf = Ef =B.
We experimentally investigated Coulomb
effects on the quantum cyclotron resonance
(CR) of SE at high frequency 40–60 GHz and at
temperatures T > 1 K, where the electrons scatter predominantly at 4 He vapor atoms (Fig. 18).
The strength of the field Ef was changed by
varying the electron density n. Starting from
low n (weak Ef ), we observe first a pronounced
narrowing of the CR linewidth, with the CR
lineshape changing from an approximately
Gaussian to an almost pure Lorenzian. At high
electron density the narrowing eventually reverses into a strong broadening.
29
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Figure 18: left: Cyclotron resonance absorption of surface electrons for two different electron densities,
showing the evolution of the lineshape due to Coulomb effects [E. Teske et al., Phys. Rev. Lett. 82,
2772 (1999)]. The drawn lines show the theoretical lineshape according to the memory function theory
[Yu.P. Monarkha et al., Phys. Rev. B 62, 2593 (2000)].
right: CR linewidth versus electron density n for two values of the resonant magnetic field. The data have
been obtained by fitting the CR absorption to a Gaussian (circles) and to a Lorenzian (triangles), adapted
to the lineshape change with increasing n. The drawn lines show the theoretical linewidth according to the
memory function theory.

To explain these results, we describe the dynamic behavior of each particular electron in
a local reference frame that moves along with
the cyclotron orbit center with the drift velocity uf . This eliminates the field Ef due to the
usual transformation of fields, and restores the
unperturbed Landau spectrum. However, in this
frame the system of 4 He vapor atoms drifts as
a whole with uf , which affects the energy exchange at scattering between the electron and a
vapor atom in the form of a Doppler shift correction h q  uf (here h q is the momentum exchange).
For a quantitative calculation of the CR behavior under the influence of Coulomb effects, we
employ the approach of the memory function
theory. Here, the response of the electron system to an applied ac electric field of frequency !
is described in form of a global electron current
which relaxes due to momentum loss in scattering of electrons at vapor atoms. The scattering
rate is in turn determined by the dynamic structure factor (DSF) of the electron system.
30

Without Coulomb effects, the DSF of SE is
characterized by the presence of a series of
maxima where h! is an integer multiple of h!c .
The main change due to Coulomb effects is that
the frequency argument of the contribution to
the DSF of a particular electron becomes shifted
by the Doppler correction q  uf , and thus the positions of the maxima in the frequency dependence mentioned above are no longer the same
for all electrons. This changes the DSF and the
momentum loss due to scattering.
Two distinct effects occur with an increase of
n. If the typical energy exchange hfq  uf becomes larger than the Landau level width ,
electrons start to differ in their scattering conditions, which broadens the DSF as a function
of ! and reduces the momentum relaxation rate.
This leads to the change of the CR lineshape
and the narrowing of the CR linewidth observed
experimentally. If hq  uf becomes of the order of the Landau level separation h!c , it induces scattering between Landau levels. This
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increases the momentum loss again and results
in the CR linewidth broadening. For our experimental parameters, the condition  h!c
holds, and these two effects are well separated
on the n-axis.

Figure 19: Coulomb effects on the dc magnetoconductivity of surface electrons. The classical Drude
theory is shown by the dotted line. The dashed lines
show the results of the extended SCBA theory for
the two measured electron densities. The drawn line
shows the result of the new theory for Coulomb effects in dc magnetoconductivity for the higher density [Yu.P. Monarkha et al., Phys. Rev. B 59, 14884
(1999)].

We also developed a new theoretical description
of Coulomb effects in dc magnetoconductivity
with a significantly extended range of validity as compared to existing theories (Fig. 19),
which bases on the same principles as the
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memory function approach to CR. The elimination of Ef by a treatment in local reference frames and a modified dynamic structure
factor allow Coulomb effects to be incorporated into the extended self-consistent Born approximation (SCBA), which is the most established magnetoconductivity theory disregarding
Coulomb effects.
For low electron density n, the experimental
data can be well described by the extended
SCBA. At an increase of n, deviations of the experimental behavior from the extended SCBA
occur in the lower range of B, where Coulomb
effects are strong. In contrast, the new theory
perfectly follows the data down to very low
B. Remarkably, the Drude-like behavior of the
high-density data below 1 T is a result of the
electrons being scattered between Landau levels due to the high value of hq  uf , and occurs
without smearing of Landau levels.
In conclusion, we have performed the first systematic study of Coulomb effects on the CR
and dc magnetoconductivity of SE in the vapor
atom scattering regime. Internal electric fields
of fluctuational origin are shown to produce a
strong broadening of the electron DSF causing
the successive narrowing and broadening of the
CR linewidth with an increase of electron density and affecting strongly the dc magnetoconductivity.

Fermiology of two-dimensional lateral superlattices
C. Albrecht, J.H. Smet, and K. v. Klitzing;
D. Weiss and U. Rössler (Universität Regensburg);
V. Umansky (Weizmann Institute of Science, Rehovot, Israel); H. Schweizer (Univ. Stuttgart)
Tailoring the bandgap along one spatial dimension by stacking a skillfully chosen sequence of
semiconductors with different bandgaps to produce new materials and devices with modified
electronic and optical properties has reached a
high degree of sophistication. Vertical super-

lattices are a well established example for altering the electronic properties and bandstructure. The dispersion in the vertical direction
is determined by the artificial periodicity and
the coupling between successive quantum wells
rather than by the properties of the individ31
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ual semiconductor layers. Here, we have extended such investigations to a two-dimensional
electron system (2DES), with only two spatial
degrees of freedom for the electrons, on which
a periodic square lattice potential is superimposed. These systems lend themselves to the
study of commensurabilty phenomena between
the unit cell of the lattice and the area taken up
by one flux quantum (another research topic addressed by us, but not covered here). Moreover,
they are one possible route to fabricate an artificial crystal with a tunable bandstructure in all
spatial degrees of freedom as the ultimate goal
as envisaged in the seventies. The period of the
lattice and the amplitude of the periodic modulation are adjustable parameters to engineer the
width of the minibands and the minigaps.
Early attempts to realize and detect the electronic miniband structure on 2DESs, where
the periodic potential was introduced by gridshaped top gates, displayed a modified conductance due to the superlattice, but it turned
out to be difficult to nail down clear miniband
effects. In order to resolve the miniband structure it is necessary (i) to reduce the periods of
the superlattice to length scales comparable to
the Fermi wavelength of the electrons ( 50 nm
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in GaAs heterojunctions), (ii) to have a 2DES
close enough to the surface in order to impose a sufficiently strong potential modulation
and induce large enough energy gaps, and (iii)
to employ homogeneous, high mobility 2DESs
such that broadening due to impurities and inhomogeneities does not obscure the miniband
structure. Here, we succeeded in satisfying all
these stringent prerequisites and found clear evidence for an artificial bandstructure induced by
a 2D lateral superlattice in the form of novel
magneto-quantum oscillations in transport experiments [C. Albrecht et al.: Phys. Rev. Lett. 83,
2234 (1999)].
The lateral modulation potential is implemented
using a metallic top gate covering a grid-shaped
electron-beam resist layer, that contains holes
with a diameter of approximately 50% of the
lattice period a (Fig. 20). A strong intrinsic
modulation of the electron density in the 2DES
is present due to, e.g., mechanical stress originating from the different thermal expansion coefficients of the patterned gate and the semiconductor underneath. A bias voltage on the top
gate can be applied to tune the average areal
electron density.

Figure 20: (a) Sketch of the 2D-lateral superlattice on top of the shallow GaAs/AlGaAs heterojunction.
(b) SEM picture of the 100 nm lattice written with electron-beam lithography. (c) Miniband structure of the
weakly modulated 2DES with modulation amplitude V 0 = 2 meV and period a = 100 nm. The dashed line
marks the energy position of the Fermi section in Fig. 21. E 1 and E2 are the main gaps at the Fermi
energy due to the modulation potential.
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Electrons suffer Bragg reflections at the boundaries of the new Brillouin zone defined by
the periodic potential. The free electron energy dispersion is perturbed and displays energy gaps at these boundaries. Under the influence of the magnetic field, perpendicular to
the 2DES, electrons move on constant energy
contours in k-space. In real space the corresponding path has the same shape, yet is rotated by =2 and scaled by h=eB. As a consequence of the Bragg reflections, the motion
of electrons at the Fermi energy is modified and
two classes of orbits coexist: closed orbits and
undulating open runaway trajectories. In a magnetic field, the Bohr-Sommerfeld quantization
rule allows only closed orbits that encircle a
quantized amount of magnetic flux. This restriction leads to B1 -periodic oscillatory behavior of quantities dependent on the density of
states at the Fermi energy, such as for example the Shubnikov-de Haas (SdH) oscillations
in the longitudinal resistivity of an unmodulated
2DES. Their period ( B1 ) is inversely proportional to the area AF in k-space enclosed by the
Fermi contour and gives immediate information
on the shape of closed Fermi surfaces.
Figure 20(c) shows a realistic example of the
miniband structure calculated for a lattice with
a = 100 nm and a corresponding modulation of
the form V (x; y) = V0 [cos( x=a)cos( y=a)]2 .
Two important energy gaps open up at the
Brillouin zone boundaries: E1 and E2 . The
constant energy contours at the Fermi energy
are depicted in Fig. 21 using the repeated zone
scheme. Due to the appearance of energy gap
E1 along the boundary of the first and energy gap E2 at the boundary of the second
Brillouin zone, the Fermi surface is broken up
into three important sets of disconnected contours: closed orbits (red-colored) and two sets
of undulating open contours that run along either the M–A (blue) or –M (green) and their
equivalent directions. In the limit of very weak
magnetic fields, the motion of electrons at the
Fermi energy proceeds exclusively along these
continuous constant energy contours.
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Figure 21: Fermi section at E F = 9 meV in the repeated zone scheme. The small red area and the
large yellow shaded area determine the periodicity
of the novel, large period oscillations and the SdH
oscillations respectively. The dark and light shaded
boxes in the lower left corner mark the first and second Brillouin zone.

With increasing field, this condition is relaxed
and the finite probability for tunneling across
the energy gaps allows transitions between the
different contours, a process referred to as magnetic breakdown. It modifies significantly the
topology of the electron trajectories. Electrons
can first overcome the smaller energy gap E2 ,
that originally prevented transitions between the
red and green contours. Thereby a closed path
is formed that circumscribes the red shaded area
in Fig. 21. The larger yellow shaded area indicates the size of the cyclotron orbit in the unmodulated system. An orbit resembling this one
is also possible in the modulated system, however, it is composed of segments of all three sets
of contours. Therefore, its execution would require, besides tunneling across E2 , transitions
between the red and blue contours separated by
the larger energy gap E1 . Thus, there is a
range of magnetic fields where the trajectories
encircling the smaller red area (Asmall ) govern
the transport properties. Beyond a certain critical magnetic field the larger cyclotron orbits are
restored. We therefore anticipate a switch over
33
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Figure 22: Magnetoresistance as a function of the inverse magnetic field. The oscillations in region 1 are
the regular Shubnikov-de Haas oscillations as in the unmodulated system. In region 3 oscillations with a
new, larger fundamental B1 -period show up. They originate from the quantization of smaller closed orbits
made possible by tunneling with the help of magnetic breakdown across the energy gaps of the altered
bandstructure.

of the B1 -periodic oscillations from a larger period at first to the regular SdH oscillations at
larger fields in the longitudinal resistivity. For a
120 nm lattice Fig. 22 depicts a typical measurement of the longitudinal resistance Rxx at zero
gate bias. To identify B1 -periodic oscillations
the data is plotted as a function of the inverse
magnetic field. Indeed, at the higher fields, in
region 1, the influence of the modulation potential is strongly suppressed, all gaps can be
overcome by tunneling and SdH oscillations as
in the unmodulated system are observed. In region 3 on the other hand oscillations show up
with a distinctly larger B1 periodicity, a clear
signature for the modified bandstructure.
To further support our interpretation the periodicity was investigated as a function of carrier
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density ns by either applying a bias voltage
on the top gate or successive illumination of the
sample with an infrared light-emitting diode.
The results for three different lattice periods a
are depicted in Fig. 23. Our calculations show
that the precise amplitude of the modulation
potential does not alter significantly the predicted value of ( B1 )Novel as well as its dependence on the carrier density, since the effect
merely lives from the existence of energy gaps.
The modulation amplitude only sets the size
of the energy gaps and thereby the magnetic
field range where the oscillations occur. We can
therefore estimate the area Asmall in the limit
of vanishing modulation amplitude. This approximation yields excellent agreement with
the experiment.

Two-dimensional systems
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The red and yellow shaded orbits are the
most obvious closed trajectories, however more
complicated closed paths, that require a more
complex sequence of transitions across both energy gaps, are possible as well. Indeed, Fourier
transforms of the resistivity data reveal additional frequencies associated with other closed
orbits.

Figure 23: B1 -periodicity of the novel oscillations as
a function of the Fermi energy for three different lattice periods. Experimental data is compared with
the corresponding values from the calculated areas
enclosed by the smaller, red shaded orbit in k-space.

In summary we have studied the fermiology
of 2D superlattices and found unequivocal
evidence for modifications to the contours of
constant energy. Hitherto unobserved magnetoquantum oscillations mediated by magnetic
breakdown ensue. Our experiment opens the
way to study the quantum transport in bands defined by externally tunable parameters like the
geometry and modulation amplitude of the lateral superlattice.

Hall potential distribution of a two-dimensional electron system in the
quantum Hall regime probed by a scanning force microscope
J. Weis, E. Ahlswede, P. Weitz, K. v. Klitzing, and K. Eberl
Since the discovery of the quantum Hall effect
on a two-dimensional electron system (2DES)
in high magnetic field in 1980 [K. v. Klitzing
et al.: Phys. Rev. Lett. 45, 494 (1980), a variety of theoretical models have been developed describing different paths for the externally biased current through the 2DES [see for
review: T. Chakraborty et al.: ’The Quantum Hall
Effects‘, Springer]. The so-called edge chan-

nel model – the most popular for textbooks
[e.g., J.H. Davis: ’The Physics of Low-Dimensional
Semiconductors’, Cambridge] – relates the quan-

tization of the Hall resistance to the presence
of ideal one-dimensional channels which are
formed by skipping cyclotron orbits running
along the edges of the 2DES. Within another
model it is argued that disorder in the samples cause static potential fluctuations leading

to localization of the electronic states except
for states in the middle of each Landau band:
Under quantum Hall condition the current is
flowing along a percolation path formed by
these extended states through the bulk of the
2DES.
More recent works have predicted for thermodynamic equilibrium the presence of a striplike structure within the depletion region of
typically 1 m along the edges of the 2DES in
high magnetic field [D.B. Chklovskii et al.: Phys.
Rev. B 46, 4026 (1992); K. Lier et al.: Phys. Rev.
B 50, 7757 (1994)]: As shown in Fig. 24(a) with

increasing the electron concentration from the
edge towards the bulk, regions of varying and
constant electron concentration with metal-like
and insulator-like behavior, the so-called compressible and incompressible strips, are formed.
35
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Figure 24: (a) Compressible and incompressible strips are formed in the depletion region of a
two-dimensional electron system at high magnetic field. (b) Sketch of the experimental setup: A scanning force microscope is used to probe the Hall potential profile of the 2DES buried in a GaAs-AlGaAs
heterostructure. (c) Hall potential profiles measured around filling factor  = 2. The inset shows the Hall resistance Rxy around this filling factor (Sheet electron concentration of the 2DES n s = 4.3  1015 m 2 , electron
mobility 50 m 2 /Vs. The smallest width of the mesa is w = 10 m on a length of 30 m (see sketch in (b)).
(d) Hall potential profiles in color-scale (’red’ high potential, ’blue‘ low potential) taken on a wider sample:
The evolution from type III to I is repeated at each even integer filling factor. (e) Zoom in of (d) at left edge:
Comparison of the Hall voltage with expected position of the incompressible strips (drawn as black lines).
(f) Position and magnetic field dependence of the Hall potential profile close to filling factor  = 2.

Widths and positions of these strips depend
on the quantization energy, i.e., the magnetic
field. As shown in Fig. 24(a), with increasing
magnetic field the incompressible strips from
both edges shift into the bulk of the 2DES resulting in an incompressible bulk for magnetic
field values corresponding to an integer value
36

of the Landau level filling factor  = h ns =e B
(ns denotes the electron concentration of the
2DES). We have recently imaged these strips
close to the edge region of a 2DES by using a
single-electron transistor as a local electrometer [J. Weis et al.: Physica B 256-258, 1 (1998); and
references in there].

Two-dimensional systems

To investigate 2DES under quantum Hall conditions, groups at Berkeley, MIT, and Bell Labs
have built low-temperature scanning probe microscopes. To address the unresolved issue of
the current distribution within the 2DES under quantum Hall conditions, we have developed a low-temperature scanning force microscope for investigating 2DES samples at temperatures down to 1.4 Kelvin and magnetic
fields up to 13 Tesla (Fig. 24(b)). Unfortunately the spatial variations of the electrostatical potential in the 2DES cannot be measured
directly since the 2DES is usually buried several tens of nanometers below the surface of
a GaAs Al0:33 Ga0:77 As heterostructure: Surface charges and the distribution of the charged
donors between surface and 2DES cause spatially varying static potential fluctuations acting on the tip of the scanning force microscope.
Therefore a low-frequency modulation and calibration technique has been developed [P. Weitz
et al.: Appl. Surf. Science 157, 349 (2000)], allowing us to probe the local electrostatic potential
changes within the 2DES caused by the externally biased current. The normalized Hall potential distribution is obtained by applying this
method.
Such normalized Hall potential profiles are
shown in Fig. 24(c) for different magnetic field
values around Landau level filling factor  = 2.
The data are taken as y-scans at x0 in the middle
of the mesa as sketched in Fig. 24(b). In addition, in the inset of Fig. 24(c), the quantum Hall
curve around  = 2 is plotted as the reference.
Basically three different types of Hall potential
profiles can be identified: Coming from high
magnetic field values towards the quantum Hall
plateau of  = 2, i.e., approaching  = 2 from
lower Landau level filling factor values, the Hall
potential drops linearly across the whole sample (type III). At about  = 1.96, the profile flattens at the edges and drops rather arbitrarily in
the inner region (type II). This is observed until
 = 2.09 is reached. At  = 2.14, which is still in
the quantum Hall plateau regime, the Hall potential drop occurs at pronounced positions at
the edge of the Hall bar and the profile is now
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flat in the inner region of the sample (type I). At
filling factor  = 2.50 the Hall potential starts to
drop considerably linearly over the inner region
although still a significant drop occurs at the
edges. Before entering the Hall plateau regime
of  = 3, the pronounced potential drops at the
edges have disappeared and the drop is linear
over the whole sample width (type III).
In Fig. 24(d) the normalized Hall potential profiles are given in color-scale over a larger magnetic field range for another sample. The characteristic evolution of the Hall potential profile
is clearly repeated at each even integer filling
factor  > 2, but is only observable in outlines
around filling factor  = 3. This behavior can
nicely be related to the existence of compressible and incompressible strips at the edges of
the 2DES and its evolution with magnetic field.
To demonstrate this, in Fig. 24(e) the measured
potential profiles at one edge of the mesa are
presented on larger scale for bulk filling factors
 > 3. In the same figure the expected equilibrium center positions y = d0 =(1 (int( )= )2 )
of the incompressible strips, i.e., the positions
of local filling factor l = int( ) for bulk filling
factor  , are plotted. (The parameter d0 is not a
fitting parameter, but is determined by the electron concentration of the 2DES, the dielectric
constant of GaAs and the band gap of GaAs due
to Fermi level pinning by surface charges on the
side walls of the etched mesa.)
Obviously slightly above integer values of the
bulk Landau level filling factor  , the Hall voltage drops at the positions of the innermost incompressible strips at both edges (type I). By
the gradient of the Hall potential @y VHall in
y-direction, the local current density jx is enhanced in x-direction: jx = l  e2 =h  @y VHall ,
i.e., a dissipationless current is flowing in the innermost incompressible strips along both edges
carrying the externally biased current within
this cross-section through the 2DES sample.
Slightly above integer Landau filling factors,
the innermost incompressible strips at the edges
are rather broad being able to maintain the
electrochemical potential difference between
37
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the compressible edge regions and the compressible bulk. The drops diminish with decreasing strip widths, i.e., with decreasing magnetic field. Just below the next integer value of
the bulk filling factor  the incompressible strip
is too small to electrically isolate, and a linear
Hall potential profile is obtained (type III), indicating current flow also in the compressible
bulk which occurs with dissipation.
As visible in Fig. 24(c), the Hall potential drop
at integer filling factor is non-linear within the
bulk region (type II). Already little changes of
the scan position in x-direction or magnetic
field can strongly modify the Hall potential profiles, as demonstrated in Fig. 24(f). The Hall potential profile can even be non-monotonic. We
relate this behavior to the presence of inhomogeneities within our sample resulting in a network of compressible electron droplets within
the mainly incompressible bulk.
In conclusion, by measuring the electrostatical
potential changes induced by an externally biased current, we conclude for the current flow
through the 2DES in high magnetic field for our
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sample: (1) Slightly above integer bulk filling
factor with a mainly compressible bulk, a dissipationless current flows in the innermost incompressible strips at both edges driven by the Hall
voltage drop over these strips. Dissipation is
caused by scattering into the compressible bulk.
With decreasing incompressible strip width (by
reducing the magnetic field) scattering becomes
more probable – the Hall potential drop over
the incompressible strips is reduced, the current
is spread over the whole sample width to minimize the overall resistance. (2) In the quantum
Hall regime with a mainly incompressible bulk,
the compressible edge regions carry the electrochemical potential difference of the source and
drain contacts into the sample. Electrons redistribute within the network of compressible
droplets in the bulk. As the result a dissipativefree current is driven within the incompressible
regions where a drop in the electrochemical potential between compressible droplets occurs.
This work has been supported by the BMBF
(01 BM 624/7) and the DFG (WE 1902/1-1).

Long-range adsorbate interactions mediated by a two-dimensional
electron gas
N. Knorr, M.A. Schneider, and K. Kern; H. Brune and M. Epple (ETH Lausanne)
Lateral interactions between adsorbed species
have a determining influence on heterogeneous
catalysis, molecular self-assembly and thin
film epitaxy. The usually considered interactions range only a few atomic distances and
have amply been studied in the past. However, since more than 20 years stands the
theoretical prediction that there should exist adsorbate interactions of extremely long-range,
mediated by screening in a two-dimensional
electron gas [K.H. Lau et al.: Surface Science
75, 69 (1978)].
We have investigated two
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adatom systems namely Cu on Cu(111) and
Co on Ag(111) using low-temperature scanning
tunneling microscopy (STM). Both metal substrates support a partially filled surface state
band at the Fermi energy. The electrons in these
surface states form a two-dimensional electron
gas and are responsible for the interaction as
predicted by theory. The interaction energy
manifests itself up to 60 Å, it decays as r12 and
oscillates with a period reflecting the surface
state band structure.
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A foreign atom dissolved in a solid, or adsorbed on a surface, imposes its potential onto
the host electrons which they screen by oscillations in their local density of states (LDOS)
at the Fermi level (EF ). Scanning tunneling
microscopy images taken at low bias directly reflect the oscillating quantity, namely the LDOS
at EF , enabling beautifully the observation of
these so-called Friedel-oscillations. An example of LDOS oscillations around Cu atoms on
a Cu(111) substrate is given in Fig. 25. One realizes that adsorbates can interact through the
fact that the adsorption energy of one adsorbate depends on the electron density, which
oscillates around the other. Due to the long
Fermi wavelength (e.g., 30 Å for the surface
state of Cu(111)) the influence can be extremely
long-ranged: Lau and Kohn predicted such
oscillatory interactions to depend on distance
r, as cos(2 kF r)=r2 in the given experimental
situation.
To map out the long-range interaction of the
adsorbates one has to carefully choose a temperature at which diffusion is sufficiently activated so that the adatoms probe the potential
in their surroundings but at which they are not
too fast that they are trapped by defects or the
steps on the surface. If these conditions are
met then each recorded frame will represent
an independent snapshot of the position of the
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adatoms. We studied the diffusion behavior
of adatoms of the two mentioned systems. At
low temperature standard STM imaging (i.e.,
with frame rates of 1/100 Hz) can be used to
follow the diffusion of, e.g., Cu atoms on the
potential landscape of the Cu(111) substrate.
A complete time sequence of such a diffusion study can be watched at http://www.mpistuttgart.mpg.de/KERN/Res act/supmat 1.html.

Figure 25: A (35 nm) 2 STM image of single Cu
atoms (bright spots) on a Cu(111) terrace. The interference pattern in the image are the oscillations of
the local density of states due to the localized scatterers (Cu atoms, other defects).

Figure 26: Nearest-neighbor distance histograms and the resulting interaction energy as a function of distance for (a) Cu on Cu(111) and (b) Co on Ag(111).
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The evaluation of which results in a plot of
the adatom diffusion attempt frequency against
temperature determining the diffusion barrier
Em = 39 meV and the prefactor 0 = 1012 Hz. In
regions where there is a low potential, adatoms
will be found more often than in regions with
high potential. Since the potential variations
come from other adatoms we produced nearestneighbor distance histograms (Fig. 26) which
show directly the oscillatory behavior of the
adsorbate-adsorbate interaction, there are preferred distances between adatoms and less preferred ones. These histograms can be evaluated to directly give the interaction energy E(r)
as shown in Fig. 26. We find that E(r) oscillates with a spatial dependence governed by
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the surface state electrons and that its magnitude is in the meV-range. The envelope of E(r)
agrees well with the r12 decay predicted by Lau
and Kohn. The electronic origin of the longrange interaction is unequivocally proven by the
demonstration of the scaling of the oscillation
period with F . The Fermi wavelength F of
the Ag(111) surface state is twice that of the
Cu(111) state, resulting in the observed shift in
the potential minima in Fig. 26. These inherent
adsorbate interactions can be used to create selforganized artificial atomic superlattices of various species on metal substrates. These superlattices have a smaller lattice constant than any
that could be prepared by other techniques and
yet the atoms are far enough apart as to not interact (i.e., bind) directly.
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One of the main research activities at the Institute deals with dynamical phenomena in
condensed matter. Efforts have been made in understanding the fundamental processes of
electronic and ionic conductivity as well as those of heat and mass transport.
A substantial enhancement of the thermal conductivity of isotopically enriched silicon at
room temperature can be used for applications in microelectronics. Heat-pulse experiments
are performed on crystals of high purity and also on twist-bonded ones. An important aspect is the investigation of the ionic conductivity in artificial nanosized ion conductors as a
basis for technological development. Kinetics of stoichiometric changes are important for
solid state reactions and also for the functioning of electroceramic devices. The investigation
and also the preparation of MBE-grown heterolayers of fluoride conductors are investigated
and novel mesoscopic conductivity properties are found. Finally a method for generating
dynamical trajectories connecting two stable states is presented.

Isotope effect in the thermal conductivity of silicon
T. Ruf, R.W. Henn, M. Asen-Palmer, E. Gmelin, and M. Cardona;
H.-J. Pohl (VITCON Projectconsult GmbH, Jena)
We found a substantial enhancement of the
thermal conductivity in a bulk silicon crystal
made from only one isotope (28 Si). At room
temperature, single-isotope silicon (SISSI) is a
60% better heat conductor than natural silicon,
which consists of three stable isotopes (92.2%
28 Si, 4.7% 29 Si, 3.1% 30 Si). At 77 K, the temperature of liquid nitrogen, the enhancement
amounts to a factor of 2.4, while at 20 K where
the thermal conductivity  has its maximum, it
is close to a factor of six. The maximum thermal conductivity of SISSI, max = 30000 mWK exceeds that of the best natural heat conductor,
namely diamond, by a factor of 2.5.
The thermal conductivity enhancement in SISSI
is based on the effect that phonons are scattered by fluctuations of the atomic masses, as
present in most conventional crystals, which
contain a mixture of different stable isotopes.
Among the various scattering mechanisms,
i.e., defect-, impurity-, boundary-scattering,
Normal-phonon and Umklapp-process, isotopescattering (in fact, point defect scattering) is the

most important mechanism that determines the
maximum thermal conductivity of high-quality,
i.e., chemically pure and dislocation-free, semiconductor crystals. The thermal conductivity
maximum max occurs at a temperature Tmax
separating the regime where (T) is limited by
boundary scattering (  T3 , T  Tmax ) and the
Umklapp region where anharmonic scattering
process dominate (  T1 , T  Tmax ). For a long
time studies of isotope effects on the thermal
conductivity have been scarce due to the lack
of suitable crystals. However, isotopically welldefined material have become available only recently, and isotopic effects were systematically
studied in diamond and germanium. Such studies, on isotopically modified substances, originally performed predominantly for basic research, are now entering applications.
The silicon sample measured was cut from
a highly-pure, dislocation-free and isotopically enriched (99.8588%) large single crystal ( 10 g) prepared by a combination of
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Czochralski and float-zone techniques. Transport measurements, resistivity and Hall-effect,
yield a carrier concentration of  5  1014 cm 3
2
and a mobility of  8000 cm
V s . Thermal conductivity experiments were performed on a rodshaped sample (2.37 mm diameter and 30 mm
length), oriented in [111]–direction, using the
classical steady-state heat-flow technique. An
Au/Fe(0.07%)-chromel pair of thermocouple
determined the temperature gradient on an
active measuring length on the sample of
14.3 mm. The absolute temperature of the
heat sink was measured using commercially
calibrated platinum (100 at 0Æ C, T > 40 K)
and Cernox (for T < 40 K) resistance sensors.
The extremely high -values, near the maximum at low temperatures, required unusual
high thermal stability of the experimental setup
and very careful check of the reproducibility,
in order to ensure the reliability of the data.
The thermal conductivity was repeatedly measured with various heater power settings at the
same temperature, to reveal and avoid systematic errors. The measured temperature differences were less than 20 mK for T < 80 K and
0.5  T[%] for T > 80 K, therefore demanding
temperature resolution of several K and longtime stability of < 100 K. The inaccuracy is
estimated not to exceed 10%.
In Fig. 27, the thermal conductivity (T ) for
the isotopically enriched sample is shown and
compared to natural silicon, for which our data
agree with results from the literature. The suppression of the isotope scattering enhances (T )
in the entire temperature range studied depending on the absolute temperature due to the presence of other phonon scattering mechanisms,
such as boundary scattering (at low temperatures) and ‘Umklapp’-scattering (at high temperatures). For example, the removal of about
8% ‘isotopic impurities’, present in natural silicon, in the nominally isotopically pure SISSI
crystal (enriched to 99.8588% 28 Si) is sufficient
to increase the thermal conductivity by almost
one order of magnitude.
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Figure 27: Thermal conductivity of single-isotope
silicon, (SISSI, 99.8588% 28 Si) (filled symbols) and
natural Si reference measurements (open and ‘plus’
symbols). The red lines are theoretical results for
28 Si (dashed line) and nat Si (solid line). The black
line has been calculated with the same theory, but
using the actual mass variance g = 2.33  10 6 .

The present data give a thermal conductivity (28 Si) = 237(8) mWK for SISSI at 300 K, to
be compared with (nat Si) = 150 mWK for natural silicon. This represents an increase of
almost 60%. At 77 K, the respective values
are (28 Si) = 3300 mWK and (nat Si) = 1400 mWK ,
yielding an enhancement factor of 2.4 near
20 K, and max reaches (28 Si) = 30000 mWK :
this is six times larger than (nat Si) = 5140 mWK .
The red lines in Fig. 27 are theoretical results
for isotopically pure and natural Si, respectively.
For the calculation, the theoretical model, earlier developed by us to describe the results
of isotopically mixed Ge samples (one set of
parameters obtained from a fit to eight samples with varying isotopic disorder), was transferred to Si by only scaling the Debye temperature and adjusting the effective phonon
mean free path Le to fit the low temperature data to the T 3 -regime (Le = 5.0 mm for
nat Si and L = 14.0 mm for 28 Si, to be come
pared with the geometrical length of 6 mm and
30 mm, respectively). Mass variance parameP
ters (g = i xi (Mi =M)2 , where i sums over
the three stable isotopes of Si, and M is the
average mass) were used: g(28 Si) = 2.33  10 6 ,

Transport

Selected research reports

g(nat Si) = 201  10 6 and g(0) = 10 7 to represent ideally pure Si (red dashed line in Fig 27).
For both studied samples, a small overshoot
of the experimental data compared to the theory occurs around 50 K to 80 K. This effect
is attributed to the anomalously flat transverse
acoustic phonon dispersion of silicon.
The most interesting feature of the study of the
thermal conductivity of isotopically enriched
silicon, however, is the enhancement at room
temperature. It has a direct impact on semiconducting industry. Already at present, but even
more so in near-future, microelectronics applications with still larger integration densities and
switching speeds, in particular with increasing
chip performance, are severely limited by thermal problems. Appropriate measures are thus
necessary to prevent destruction. Due to their
enhanced thermal conductivity, thin epitaxial
SISSI layers on natural silicon substrate or bulk

SISSI wafers should very effectively remove
heat from critical regions, the so-called ‘hot
spots’ areas of a electronic devices. SISSI provides an elegant way to address thermal problems since its benefits can be obtained without
changing existing technology. Other applications can be envisioned in the area of X-ray optics, since conventional Bragg reflecting mirrors
will not withstand the enormous heat load of
highly brilliant next-generation synchrotrons.
In this area and for special applications in microelectronics, it might even be worthwhile to
exploit the still larger thermal conductivity enhancement of SISSI at lower temperatures. Of
particular interest is the fact that the maximum
effect occurs at a temperature at which the thermal expansion of silicon nearly vanishes. Consequently, SISSI is mechanically very stable
with respect to deformations induced by variations in temperature.

Images of the phonon propagation across twist-bonded crystals
W. Dietsche; M. Msall (Bowdoin College, Brunswick, Maine);
K.-J. Friedland (Paul-Drude-Institut, Berlin);
Q.-Y. Tong (Research Triangle Institute, North Carolina)
Phonons can show wave- or particle-like
behavior just like photons. Acoustical phonons
propagate at low temperatures like a burst of
bullets; the spatial energy fluxes and the behavior at interfaces of this burst is, however, determined by the wave properties. This phonon
property becomes particularly visible in heatpulse experiments where a crystal (e.g., Si or
GaAs) of high purity is cooled down to temperatures of a few Kelvin. One surface is heated to
few K either by passing a current pulses through
a metal film or by a laser pulse launching
phonons pulses into the crystal. The phonons
arrive about 1 sec later on the opposite surface where they are detected by a bolometer, a
superconducting film kept at its transition temperature. Typical phonon frequencies in such

an experiment range from 50 GHz to 1 THz
(0.25 meV to 4 meV) depending on the temperature of the heated area.
The propagation of phonon pulses is not
isotropic. This is a consequence of the elastic
anisotropy of the crystal causing constructive
interference of different modes into certain directions. Therefore the group velocities of the
phonons, i.e., the direction into which the energy is propagating is in general not parallel to
the direction of the phonon wavevector. The
phonon flux may become extremely large in
certain crystal directions (also called ‘caustics’)
a phenomenon called phonon focusing. This is
a misleading term because phonon trajectories
are bunched and not redirected as in optics.
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Figure 28: (a) Schematic of a phonon imaging experiment. (b) Phonon image as measured in (100)-oriented
Si. The length of the image sides correspond to 2 mm. The thickness of the crystal was 3 mm.

Phonon focusing is experimentally observed by
the phonon-imaging technique as sketched in
Fig. 28(a). A pulsed laser is scanned across
the left surface creating phonon pulses which
propagate ballistically without scattering across
the crystal. The detected phonon signal is
recorded as function of the position of the laser
and displayed on a computer screen. The resulting image of the phonon flux distribution
(phonon image) measured in Si (100) is shown
as Fig. 28(b). Phonon images can easily be
simulated theoretically by using a random sample of phonon wave vectors as emitted by the
heater and calculating the group velocity for
each mode. The group velocity directions correspond to the spatial distribution of the phonon
flux. The calculations are based on solutions
of the wave equation in acoustically anisotropic
solids. In general, the experimentally observed
phonon images are reproduced nearly perfectly.
It was recently discovered at our Institute that
phonon imaging experiments are not only possible with homogeneous crystals but also with
two crystals stuck together using the technique
of wafer-bonding. This technique allows to
bond two different crystals nearly perfectly;
even with a transmission electron microscope
one can find only very few impurities at the interface. We investigated the phonon properties
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of these bonds and found that the phonons cross
the interfaces with negligible scattering. This
is an amazing fact, if one considers that most
natural surfaces show nearly complete diffusive
phonon scattering.
Together with colleagues from the Bowdoin
College, from the Paul-Drude-Institut and from
North Carolina two bonded crystals were studied which were of the same material but had
their crystal orientations misaligned with respect to each other. Phonons crossing the interface in such a situation have to conserve both
the wavevector component within the interface
plane and their frequency. This condition forms
the famous Snell’s law. In the new situation,
the anisotropies of the two crystals are twisted
with respect to each other. This means that the
phonons must significantly change their directions and change their type of modes, e.g., from
longitudinal to transverse modes and vice versa
in order to fulfill Snell’s law. This forces conversion at the interfaces which will strongly affect the phonon images.
The question is what kind of focusing patterns
will be found if there are any patterns at all.
Experiments were performed both with twistbonded GaAs and Si. The experimental image
of 40Æ twist-bonded Si is shown as Fig. 29.
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Figure 29: (a) Experimental phonon image measured with twist-bonded Si. Twist angle was 40 Æ . Each of
the two bonded crystals was 3 mm thick, the length of the image sides corresponded to 2 mm. (b) Theoretical
simulation of the situation for the same experimental conditions.

Sharp phonon focusing features are indeed visible forming an intricate flux pattern coinciding
nearly perfectly with our theoretical prediction
(Fig. 29(b)). Obviously, there is no resemblance
between the focusing patterns observed in homogeneous (100) Si and in twist-bonded (100)
Si crystals. The structures do not even line up
directly with the crystal orientations which are
marked by the arrows. The complex pattern of
the central star-shape is due to slow transversely
polarized phonons (ST) that are transmitted into
new ST phonon modes at the interface. Sharp
focusing patterns were also observed with the
other crystal combinations. In most cases the
patterns corresponded to the respective theoret-

ical simulation. The only exception was GaAs
45Æ where edge dislocations seem to scatter certain phonon modes selectively.
In conclusion, the phonon imaging experiments
in twist-bonded crystals verified the appropriateness of the acoustic mismatch model in describing real interfaces in this case. Unlike
the homogeneous case, where the term ‘phonon
focusing’ does not imply geometrical bending
of particle paths, our observations show a significant change of direction of phonon paths at
an interface as is well-known from light optics.
Therefore phonon optics becomes now a real
possibility.

Optically tuning the surface permeability for oxygen incorporation
into oxides
R. Merkle, R.A. De Souza, and J. Maier
Stoichiometry changes are highly important
solid state processes. The relevant stoichiometry of an ionic material determines whether that
material is ionically or electronically conducting, whether it is n- or p-type electronically con-

ducting, and – given the right base structure –
may even determine whether or not it is superconducting. The kinetics of in- and excorporation reactions are not only of central importance to the field of solid state reactions, but
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are also directly involved in the functioning
of electroceramic devices, such as permeation
membranes, electrodes in fuel cells, and chemical sensors. The stoichiometry change process
consists of surface reaction steps in series with a
bulk diffusion step, of which the former become
increasingly important at lower temperatures.
We have found that it is possible to use UV
light, i.e., light with a photon energy exceeding
the band gap, to tune the rate of oxygen incorporation into a model oxide, SrTiO3 . In addition to possible applications, investigating the
effect of UV irradiation on the surface reaction
provides valuable mechanistic information.
The stoichiometry relaxation experiments were
performed on iron-doped strontium titanate single crystals by stepwise variation of the oxygen
partial pressure, PO2 . In SrTiO3 , Fe substitutes
onto the Ti site and is present as both Fe3+ and
Fe4+ ; the ratio of the valence states depends on
temperature and PO2 . Fe3+ ions on Ti4+ sites
are negatively charged defects and are mainly
compensated by oxygen vacancies, whose concentration is large compared with the concentration of electron holes, the majority electronic
carrier.
Oxygen incorporation occurs by the annihilation of oxygen vacancies with the concomitant
production of electron holes. Under local electronic equilibrium the increased concentration
of electron holes gives rise to an increase in the
concentration of Fe4+ relative to Fe3+ . Oxygen in- or excorporation due to changes in PO2
can consequently be followed in situ by spectroscopically monitoring the visible absorption
band of Fe4+ . Within the range of experimental conditions of this study, the oxygen transport was essentially controlled by the surface
kinetics. For small deviations from equilibrium
(and for some mechanisms also for large deviations), the kinetics can be described by an exponential law containing an effective rate constant
k̄Æ , which is derived from a chemical kinetics
formalism [J. Maier 1998].
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Effective rate constants from stoichiometry relaxation experiments without irradiation are
plotted versus the final PO2 in Fig. 30(a). The
dependence of k̄Æ on PO2 follows a power law
with an exponent of  0.33 at all the temperatures examined. The fact that the exponent
is the same for all (fairly high) temperatures
examined is evidence that the fraction of surface sites occupied by adsorbed species is very
small.

Figure 30: Effective rate constants k̄Æ as a function
of final oxygen partial pressure: (a) k̄Æ up, for oxygen incorporation, and k̄Æ down, for oxygen excorporation; (b) k̄Æ and k̄ÆUV .

Irradiation of an equilibrated sample (no PO2
jump) with UV light caused only a slight increase of the absorbance, which was small compared to the absorbance changes due to the PO2
jumps. Likewise, UV irradiation had no significant effect for jumps from higher to lower
PO2 ’s. On the other hand, UV irradiation substantially increased the effective surface rate
constant for jumps to higher PO2 ’s without altering the PO2 dependence (Fig. 30(b)). The increase is the more pronounced the lower the
temperature (Fig. 31), which leads to a strongly
decreased effective activation energy.
Assuming reasonable values for the lifetime of
photogenerated electron-hole pairs in SrTiO3 ,
we estimate that applied UV light enhances the
electron concentration significantly in the irradiated surface layer, while the hole concentra-
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tion remains essentially unchanged. Since Fedoped SrTiO3 is an electron-poor material, the
redox steps involving electron uptake are expected to be particularly sluggish and, hence,
prone to be enhanced by UV irradiation.

Figure 31: Arrhenius plot of the effective rate constants for oxygen in- and excorporation without and
with UV irradiation.

The experimental data allow to draw some conclusions on the detailed mechanistic reaction
scheme for oxygen incorporation. Since UV
irradiation increases, relatively speaking, the
electron concentration but not the hole concen-

tration at the surface, the observed acceleration of the oxygen incorporation suggests that
conduction band electrons participate in one or
more of the elementary reaction steps up to and
including the rate determining step. A quantitative analysis of the approximately linear relationship between k̄ÆUV and the UV intensity may
be expected to provide further mechanistic information in this regard. Since oxygen excorporation is not affected by UV irradiation, this
suggests that if any electronic species are involved in surface reaction steps succeeding the
rate determining step, they must be holes.
To summarize, we have found a new means of
tuning the rate of gas incorporation for wide
bandgap ionic crystals, in addition to changing
the temperature or the dopant concentration, or
adding catalytic coatings. The advantage of UV
irradiation, in contrast to the other possibilities,
is that it enables us under isothermal conditions
to turn on and off the surface reaction in situ.
We will be exploring this effect in the near future with regard to locally structuring electroceramic oxides and novel opto-electrochemical
devices, such as a chemical valve.

Artificial ion conductors I:
Mesoscopic ion transport in nanosized ionic heterolayers
N. Sata, K. Eberl, and J. Maier
In recent years our group has been studying
ionic charge carrier effects at solid-solid interfaces in a quantitative way. As for the electrons
in semiconductors, accumulation layers, depletion layers and inversion layers of ionic carriers
govern the interfacial behavior. The effects are
expected to be particularly pronounced if the
interfacial spacing becomes comparable to or
smaller than the width of the space charge zone.
This nanosize effect predicted by us has never
been clearly verified. Here we report on the

preparation and investigation of MBE-grown
heterolayers of the fluoride conductors CaF2
and BaF2 exhibiting interfacial spacings ranging from a few nanometer to the micrometer
range. They do not only allow us to study reliably the ion redistribution (F ) at the contact of
two different ion conductors but indeed clearly
reveal a nanosize anomaly. TEM (see Fig. 32),
X-ray pole figure measurements and SIMS confirm the heterolayered structure growth epitaxially in (111)-direction.
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Figure 32: TEM graph of CaF 2 =BaF2 =CaF2 /...
heterolayers, taken by N.Y. Jin-Phillipp, MPI-MF.

Figure 34(a) demonstrates that already a single interface can be detected. If – leaving the
rest unchanged – only the interfacial density is
increased, the conductivity rises progressively
(see Fig. 34). The agreement with the space
charge calculations (based on Fig. 33 upper left)
is excellent for spacings larger than 100–50 nm.
On further reduction (50 nm–5 nm) the conductivity anomalously increases to much higher
values. This qualitative feature, as well as the
quantitative behavior (absolute value, thickness
dependence), reveals a pronounced nanosize
anomaly. If the spacing is further decreased to
extremely small values, the conductivity drops
(Fig. 34). Even though expected from theoretical considerations, this is probably due to a loss
of coherency of the layers.
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Figure 33 gives the probable mechanism whose
quantification yields excellent agreement with
the measurements: Fluoride ions redistribute at
the CaF2 =BaF2 contacts as shown, giving rise
to an excess charge and excess carriers in both
boundary regions (vacancies in BaF2 , interstitials in CaF2 ). While for the moderately thin
films (spacing > 50 nm) there is still bulk in between, at smaller spacings the single layers lose
their individuality and a mesoscopic ensemble
with novel mesoscopic conductivity properties
is generated.

Figure 33: Defect inducing mechanism (bottom)
and the transition from semi-infinite to finite conditions (top).

Figure 34: Conductivity of the heterolayers as a function of the density of interfaces. The conductivity
increases for a given overall thickness (L) proportionally with the number of interfaces (N) as long as the
interfacial spacing is large compared to the Debye-length. If this is no longer the case, the conductivity
increases anomalously to a maximum value below which the layers are no longer coherent.
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Artificial ion conductors II:
Inorganic liquid-solid composites – solid electrolytes with
conductivity of liquids
A. Chandra, A. Spangenberg, and J. Maier
Composites such as the one described in the
previous contribution hold the possibility of
generating novel properties. The sheer combination of two usually antagonistic properties
can be highly relevant as well. While liquid
electrolytes show the mechanical disadvantages
of fluids, solid electrolytes – apart from very
rare exceptions – have significantly lower ionic
conductivities. Here we report on the preparation of a composite combining both advantages. We start out from AgCl/KCl solid-solid
two phase mixtures.

At the eutectic compositions both phases form
coherent interpenetrating but percolating networks. The potassium chloride can be quantitatively leached out by water treatment. The
resulting solid is mechanically stable but highly
porous (see Fig. 35, top).

Figure 36: Exposition of the porous network to
ammonia leads to a clear reversible conductance
change.

Figure 35: Scanning electron micrographs. Top:
AgCl : KCl eutectic composite. Bottom: Porous
structure after having removed KCl by water treatment.

Figure 37: If the porous AgCl network is filled with
aqueous AgNO3 solution, very high ion conductivities are obtained in the ‘solid’ in particular if the
leaching procedure was assisted by ultrasonic treatment.
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Already this porosity is very interesting in that
the structure can be used (as has been shown) as
a chemical filter or chemical sensor. Figure 36
shows the change of the interfacial ion conductivity induced by the contact with an NH3 atmosphere. By treatment with aqueous AgNO3 solution – most efficient is ultrasonic treatment –

the pores can be refilled by this liquid electrolyte (see Fig. 35, bottom). The overall conductivity is nearly as high as for the aqueous
electrolyte (see Fig. 37). The impedance spectrum reveals almost complete percolation. Yet
owing to the interfacial tension, the liquid does
not leave the system at normal temperatures.

Action-derived method for finding dynamical trajectories
in the study of rare events
D. Passerone, M. Parrinello, and D. Aktah
Rare events represent a class of phenomena of
great interest in physics, biology and chemistry:
diffusion processes, molecular conformational
changes and chemical reactions are often characterized by the existence of large energetic
barriers between two stable states. Since the
transition rate depends exponentially on the barrier height, the time scale for processes where
the barriers are much larger than kB T can
exceed present-day computational capabilities,
leaving two problems open: the derivation of
a trajectory connecting two stable states, and
the statistical sampling of the rare event under
study. The transition path ensemble of Chandler
has proved to be an efficient method for solving the latter problem, but it needs as a starting
point a dynamical trajectory connecting the two
stable states.
We have developed a method for generating
dynamical trajectories connecting two stable
states without any a priori knowledge about the
potential energy surface (PES) of the system.
The method relies on Hamilton’s principle of
extremum action in classical mechanics. This
old principle, already enunciated in a different
form by Maupertuis, states that the dynamical
trajectories connecting two fixed points in the
configuration space are those for which

ÆS = Æ
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where L is the Lagrangean L = T – V and T and
V are the kinetic and potential energy respectively. It is well known that Newton’s equations
of motion follow from Eq.(6).
A first step towards the use of Eq. (6) as a computational tool is the discretization of the trajectory into P equispaced intervals, and the subsequent approximation of the action integral into
a sum of P-terms:
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where q0 = qA , qP = qB ,  = =P is the time
interval in which we discretize  and we are
considering unitary masses. For the sake of
simplicity, we have approximated here the integral with a rectangular sum and the velocities
with the simplest finite difference.
Looking for extremes of Eq.(7) leads to a system of P–1 independent linear equations, which
is exactly the well known Verlet algorithm, as
already noted a few years ago by Gillilan and
Wilson, who tried to treat this system as a double boundary value problem.
The main difficulty is that the solutions of
Eq.(6), or of any of the possible discrete approximations of it, may correspond to minima, maxima, or saddle points. To overcome this problem, several methods have been developed in
chemistry and physics.
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One class of methods (Elber and Karplus,
H. Jonnson) is based on the inversion of the sign
of the potential energy V in the Lagrangean,
thus damping the instabilities of the trajectory:
it has been shown by Gillilan and Wilson that
in several cases, the resulting trajectories pass
through the transition state. On the other hand,
these trajectories do not correspond to a real
dynamics of the system.
Another class of methods (Elber and Olender,
Cho and Doll) is based on the minimization
of the sum of the errors in the Verlet equations on the whole trajectory. These methods
have the drawback of a high computational cost
(second order derivatives of the potential are
needed), which can become prohibitive in electronic structure calculations. Moreover, energy
conservation problems can arise for trajectories
describing rare events.
Our method is based on the fact that physical trajectories conserve the energy; the conservation is perfect in the limit of  ! 0,
whereas in any discretized trajectory fluctuations of E = T + V can take place. We therefore
supplement the action with a penalty function
which favors the energy conserving trajectories:
P
X

(qj ; E) = S +  (Ej
j=0

E

)2 :

(8)

Here  is a positive constant determining the
strength with which we enforce energy conservation, Ej = (qj – qj+1 )2 =(22 ) + V (qj ) is the instantaneous energy and E its target value.
We have shown through simple examples that
there exists a critical value  = ? , below which
the Hessian at the stationary point of  is not
positive (or negative) defined. The saddle point
character of the action S can be intrinsic to the
trajectory or a consequence of its discretization:
in simple cases (such as the simplest 1D harmonic oscillator or a particle subject to a double
well potential), we have shown that even with 
much smaller than the oscillation period, there
exist negative eigenvalues in the Hessian of S,
and only sufficiently large values of  stabilize
the modified action .
We use a conjugate gradient algorithm to minimize , but we find it more convenient, following Cho and Doll, to describe our trajectories through a set of Fourier coefficients instead
of the Cartesian coordinates fqg; the two sets
of variables are related through the following
equation:
qj = qA
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Figure 38: Migration of the central atom of a two-dimensional Lennard-Jones cluster to the surface. The
two extremes are the fixed initial and final states. The third frame is the main transition state crossed by the
system; second and fourth frame are two secondary minima.
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Figure 39: Initial and final state for the reaction of ethylene with cyclopentadiene, giving bicyclo[2.2.1]hept-2-ene (work in progress). We use energy and force calculations from the CPMD code to optimize
the path, with a time step of about 10 fs.



The advantage of using the an rather than the
qj is that the an have a global character. In
practice, we first optimize  with respect to a
relatively small number of an , thus capturing the
global feature of the trajectory, and then we add
the higher frequencies.
A first application of the method was a cluster
of 7 Lennard-Jones atoms in 2 dimensions, the
process under study being the migration of the
central atom to the surface. This system was
investigated by Chandler through his path sampling method.
We found those paths indicated by Chandler to
be the preferred ones; the system has to pass
three transition states, but our method was able
to find energy conserving trajectories correctly
describing the process (see Fig. 38). Presently,
we are applying our method to systems which
can correctly be described by ab-initio calculations. The theoretical framework of classical mechanics described above can be successfully applied to Car-Parrinello molecular dynamics (CPMD). CPMD is a method which correctly describes the quantum character of elec-
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trons, relying on density functional theory; on
the other hand, the equations of motion are derived from a classical Lagrangean. As a consequence, there is a conserved Hamiltonian along
the trajectory.
We are investigating the mechanism of reaction
of simple molecules, as in the example shown
in Fig. 39, the Diels-Alder reaction of ethylene
with cyclopentadiene. Though the barrier is
high, the event itself is very fast (less than 1 ps),
allowing a discretization of the trajectory with a
small . In such a calculation, two main advantages of our method are apparent: the favorable scaling with the number of degrees of
freedom, since only the forces need to be calculated; and the straightforward parallelization,
since the calculation of energy and forces at every node of the path is almost independent.
The first results concerning this simple chemical reaction are encouraging, allowing us to
foresee a broad application of our method in
several fields of chemistry, physics and molecular biology.

Structures and morphologies
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Structures and morphologies
In this chapter examples for unusual structures and morphologies of solids and their physical
properties are presented. Two of them exhibit interesting deviations from a simple threedimensional periodicity of the structure which could be determined by advanced methods.
In the case of rare earth metal boride carbides the disordered real structure is visualized
directly by high resolution electron microscopy. In a second example different NMR techniques are introduced as powerful tools to examine the structure of amorphous compounds
with random inorganic networks.
Unusual arrangements of atoms also lead to interesting morphologies, for instance in the case
of carbon nanotubes and Ta4 Te4 Si. The latter is presented in the framework of a magnetoresistance study. Another report deals with the theoretical understanding of the pressure
induced phases in bcc Li, recently discovered in the Institute.

Real structure of tetragonal rare earth boride carbides
O. Oeckler, Hj. Mattausch, and A. Simon; J. Bauer (CNRS, Rennes)
During the past few years boride carbide phases
of rare earth (Ln) metals have received increasing attention because of their various physical
and structural properties [J. Bauer et al.: Coord.
Chem. Rev. 178-180, 723 (1998)]. Numerous
phases with one-dimensional, two-dimensional
or quasi-molecular Bx Cy anions have been described and theoretically analyzed.

However, not much was known about the real
structure of these compounds. One of the most
striking features is the extremely large range of
homogeneity of some phases. Lattice parameters of tetragonal phases with approximate compositions between Ln5 B2 C5 and Ln5 B2 C7 , for
example, exhibit more than 10% variation depending on nominal composition and thermal
treatment.

Figure 40: Types of voids and possible interstitial species in Ln 5 B2 Cx (x = 5–7) phases.
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Figure 41: Projections of the structures of “Ln 5 B2 C5 ” and “Ln15 B4 C16 ” along [100]; the latter compound is
derived from the Ln 3 C4 type by replacing C 3 groups by CBC groups and exhibits additional (arrows) Ln-C
sheets in the ‘gaps’ of the “Ln 5 B2 C5 ” structure.

The crystal structure of these phases can be
viewed as a stacking sequence of planar square
nets of Ln atoms. These nets are rotated and
displaced against each other. Apart from small
tetrahedral interstices, this stacking leads to
two kinds of larger voids which can be completely or partly filled with different interstitial Bx Cy species (Fig. 40). Octahedra can be
almost empty or filled with C atoms and/or
C2 dumbbells. The larger voids (distorted bicapped tetragonal antiprisms) contain almost
linear CBC groups or zigzag CBCC entities.
On the basis of X-ray structure determinations
on about 40 crystals it could be shown that a
large variety of combinations of different interstitials is possible. Whereas a continuous
variation of the chemical composition is observed for La–Nd, the heavier Ln metals tend
to form two types of compounds with CBC
groups: “Ln5 B2 C5 ” with C atoms in the octahedra and “Ln5 B2 C6 ” with C2 units. However,
these compounds exhibit a certain range of homogeneity, too. Crystals of these compounds
typically occur as growth twins due to coherent
intergrowth of the domains via common planar
square nets. The atomic structure of the twin interface could be determined by high-resolution
electron microscopy.
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In addition to these local disorder phenomena, the situation is further complicated by
intergrowth with domains of other closely related structure types on different scales. Compounds derived from the Sc3 C4 structure type
[R. Pöttgen et al.: Inorg. Chem. 30, 427 (1991)] by
replacing (part of) its C3 groups by CBC groups
contain all structure elements of the Ln5 B2 C5
type plus additional Ln-C sheets (Fig. 41).

Figure 42: Coherent intergrowth of “Ho 5 B2 C5 ” and
“Ho15 B4 C16 ”: high-resolution image (zone axis
[100] with image simulations for the two structure types (based on the results of X-ray structure determinations, multislice method, t = 3.2 nm,
f = -35 / -40 nm), the positions of the additional
Ln-C layers in ‘Ho 15 B4 C16 ’ are marked with arrows.
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Figure 43: High-resolution image of Ho 25 B8 C26 : In contrast to Ho 15 B4 C16 additional Ln-C layers (arrows)
are present only in one of two gaps of the Ln 5 B2 C5 type (details cf. Fig. 42).

Crystals of both structure types can grow together coherently (Fig. 42) by sharing one of
the sandwich-like slabs which are present in
both of them. In the same way slabs of one
structure type with only a few unit cells thickness can be present in a matrix of the other
compound. If both compounds intergrow with
each other in such a way that different slabs
of certain thickness occur in an ordered sequence, new ordered intergrowth phases are obtained. Figure 43 shows the least complicated
example with the idealized formula Ho25 B8 C26
from a series comprising polymorphs and other
compounds. Idealized formulae of intergrowth

compounds can easily be derived from highresolution images by comparing them with images of the two structure types and structure
projections.
In conclusion, we may say that the enormous
chemical variations in certain rare earth boride
carbides are due to a number of disorder phenomena on different scales: different types of
local disorder concerning the interstitials and
the intergrowth of additional structure elements
leading to extended defects, new intergrowth
phases or the stacking of larger domains of different coherently intergrown phases.

Structural characterization of random inorganic networks
T. Jäschke, L. van Wüllen, and M. Jansen; U. Müller (Universität Bonn)
Multinary nitridic ceramics that are processed
by polycondensation of molecular precursors
comprise a rather new type of material exhibiting an intriguing high temperature performance (cf Jahresbericht 1999). Our approach to
multinary ceramics involves the use of a single
source precursor molecule which already contains a M-N-M’ bridge (M, M’ = B, Si). This
heteronuclear linkage mimics the desired ho-

mogeneous elemental distribution already in the
precursor molecule, thus leading the way to a
homogeneous material as opposed to a composite of different binary nitrides.
A comparison of the property profiles of all
the synthesized single source precursor ceramics reveals a close relation between the carbon
content in these ceramics and the respective
high temperature performance. Carbon, enter55
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ing the ceramic via the single source precursor
(Cl3 Si-CH(CH3 )-BCl2 , TSDE) or during ammonolysis with CH3 NH2 apparently stabilizes
the network structure. The ceramic SiBN3 C,
processed via polycondensation and subsequent pyrolysis of the single source precursor
TADB (trichlorosilyl-amino-dichloroborane)
remains amorphous to temperatures exceeding
1900Æ C, an increase of  200Æ C as compared
to the related ternary ceramic Si3 B3 N7 . Even
though the production of the quaternary ceramic SiBN3 C has already been successfully
tailored to a large scale production, these findings provide a motivation to further investigate
strategies to incorporate carbon into quaternary
ceramics and the structural changes associated
with the carbon incorporation. From the different possible ways of introducing carbon into
the reaction pathway the route utilizing single
source precursors containing carbon was investigated more closely. New precursor molecules,
trimethylsilylaminoborane (TSAB), methyldichlorosilylaminodichloroborane
(MADB)
and dimethylchlorosilylaminodichloroborane
(DADB) were designed and synthesized.
The location of carbon within the precursor
molecules should facilitate carbon participation
in the network, adopting an anionic function,
thus replacing part of the nitrogen. However,
such a network, characterized by SiNx C4 y and
BNy C3 y structural units, is only realized in
one of the ceramics, SiB1:3N2:1 C, processed by
aminolysis of DADB, as has been shown by
29 Si MAS NMR (see Fig. 44).
The remaining precursor molecules eventually
lead to ceramic materials, characterized by
tetrahedral SiN4 and trigonally planar BN3 units
on a short length scale, as can be inferred from
11 B and 29 Si MAS NMR (Fig. 44). Interestingly, the ceramic SiB1:3N2:1 C exhibits the best
high temperature performance among the ceramics processed from single source precursors. Decomposition does not start prior to temperatures exceeding 2000Æ C and the resistance
against oxidation has been confirmed for temperatures up to 1400Æ C.
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Figure 44: Top: Representative 11 B MAS spectra for the quaternary ceramics SiBN 3 C. Bottom:
Corresponding spectra for the ceramic SiB 1:3 N2:1 C.
Note the difference in the 29 Si MAS spectra.

An understanding of the structure of these
amorphous networks is a prerequisite for an understanding of the chemical and physical properties of these materials and the fine-tuning
thereof. Little is known about the structural details on an intermediate length scale of 2–6 Å.
With the exception of SiB1:3N2:1 C, the inorganic random networks in the studied quaternary ceramics are purely nitridic in their nature.
This allows the study of the intermediate-range
order in these ceramics using the ternary model
ceramics Si3 B3 N7 .
Advanced double resonance NMR techniques
were employed to explore the second coordination sphere of silicon and boron, respectively,
thus elucidating the interconnection of the network forming polyhedra SiN4 and BN3 (see
Fig. 45). Analysis of the data reveals an average
number of 1.4 silicon atoms in the second coordination sphere around a central boron atom
and an average number of 1.8 boron atoms in
the second coordination sphere of a central silicon atom. The results can be discussed in terms
of a random network, which is characterized by
the presence of Si–N rich islands and B–N rich
domains, respectively.

Structures and morphologies
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Figure 45: Top: 11 B-f29 Sig REDOR and 29 Si-f11 Bg REAPDOR data for Si3 B3 N7 . Filled circles: Experimental data; solid lines: Simulations assuming one (blue lines) and two (green lines) B and Si neighbors,
respectively. Solid black lines correspond to simulations assuming 1.4 B and 1.8 Si neighbors, respectively.
Middle: Structural fragments as inferred from the double resonance data. Bottom: Schematic model for the
local network.

The fate of carbon in the quaternary ceramics
is still an open question. There is experimental evidence for carbon participating in the network construction as well as for the clustering
to graphite like regions, thus producing a composite with the ternary phase Si3 B3 N7 . While

the exclusive presence of BN3 and SiN4 polyhedra in the ceramics prohibits a significant part
of the carbon entering the anionic positions of
the network, i.e., replacing nitrogen within the
network, it may well be incorporated within the
cationic positions, replacing silicon and boron.
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Figure 46: Top: 13 C MAS spectrum of SiBN 3 C,
(15% isotopically 13 C enriched) together with the
deconvolution into two individual resonances. Bottom: 13 C-f11 Bg REAPDOR on SiBN3 C. Filled circles: Experimental data; solid lines: Theoretical
REAPDOR curves corresponding to the C-B distances indicated.

Two signals can be identified in the 13 C MAS
spectrum of SiBN3 C, 15% isotopically enriched
in 13 C (Fig. 46): a rather broad component cen-
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tered around 130 ppm and a narrow line with
an isotropic chemical shift of 109 ppm. While
the isotropic chemical shift values assign both
signals to sp2 hybridized carbon, no information about the position within the ceramic is obtained. With the help of a 13 C-f11 Bg REAPDOR experiment, the carbon atoms giving rise
to the broad signal at 130 ppm could be identified as being involved in C–N–B linkages,
thus being incorporated in the amorphous network at cationic positions. Additional support
for these findings can be obtained by analyzing the 29 Si-f11 Bg REAPDOR data for the ceramic SiBN3 C, leading to an averaged number
of 1.4 boron atoms in the second coordination
sphere of boron. Assuming the general network
structure to be comparable to the corresponding
ternary network, the missing boron atoms may
have been replaced by carbon atoms.
The present results, in particular the unexpected
formation of B- and Si-rich regions in the network, point towards possibly general consequences for the modeling of amorphous materials. It is becoming clear that the genesis of
the amorphous network needs to be incorporated in the theoretical models, especially for
those compounds, which cannot synthesized by
the classical route of cooling from the melt.

High-temperature syntheses of unusual carbon morphologies
C. Möschel, A. Reich, I. Loa, M. Becker, H. Bender, L. Kienle, and M. Jansen;
W. Assenmacher (Universität Bonn)
One of the chemically most fascinating atoms
found in the periodic table is carbon. It transcends the different fields of chemistry, both
by being at the heart of organic chemistry
while at the same time exhibiting a neverending plethora of inorganic compounds, and
by bridging the gap between molecular and
solid state chemistry with fascinating compounds like fullerenes or nanotubes. Although
the local bonding environment appears to be
quite restricted, i.e., predominantly sp3 - and
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sp2 -hybrid bonds, a multitude of different compounds with highly varied morphologies result.
An efficient way to produce fullerenes and
fullerene compounds is the use of a rf-furnace
(cf Jahresbericht MPI-FKF 1998). Alongside
the soot containing various fullerenes, we commonly find pure carbon compounds that exhibit
very unusual morphologies. Typically, the synthesis proceeds as follows: after evacuation of
the reaction assembly to 10 4 Pa, the hollow

Structures and morphologies
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Figure 47: (a) Roundish objects on the cylinder surface. (b) and (c): Cross-sections orthogonal and parallel
to the axis of a bat-like object, respectively. Pictures taken with SEM.

graphite cylinder that serves as the carbon
source is heated to  2500Æ C in helium flow
(3  104 Pa, 230 l/h), where substantial carbon
evaporation begins. Curiously enough, part of
the evaporated carbon condenses on the hottest
regions on the cylinder surface, resulting in the
growth of a large variety of roundish objects
with onion-like morphologies (cf Fig. 47(a)).
Their existence and specific macroscopic shape
are independent of whatever other atoms were
co-evaporated during the synthesis. The physical and chemical properties of these objects
have been examined using SEM, HRTEM,
EDX, EELS, powder X-ray analysis, Raman
spectroscopy, IR-spectroscopy, squid magnetometry, and combustion TGA.
The main shapes of the particles appear to be
nearly perfect spheres and bats, besides rootlike and tangly objects. The biggest ones have
diameters of about 1 mm and maximum lengths
of about 3 mm. Images of cross-sections of

these objects perpendicular and parallel to the
longitudinal axis taken with SEM show concentric shells around the central axis (cf Fig. 47(b))
and 47(c). The origin of each shell is connected
to the wispy base of each object. HRTEM measurements indicate that the radial structure of
the shells consists of turbostratically ordered
graphene sheets which form layers up to 20 nm
in thickness with an intersheet spacing of about
3.4 Å (cf Fig. 49). The center of these bat-like
objects usually consist of a central filament with
a diameter of several tens nm, e.g., the object in
Fig. 48 has a diameter of about 60 nm. EDX and
EELS show only carbon signals, besides traces
of oxygen from the surface covering. The hydrogen content, if any, is very low as indicated
by the absence of C-H-stretching or bonding vibration bands in the IR-absorption spectra. The
X-ray diffractograms clearly support the presence of turbostratically arranged bent graphene
sheets, with the interlayer distance being close
to that observed for pyrolytic graphite.

Figure 48: SEM picture of filament in the center of bat-like object. Magnification increases from (a) to (d).
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Figure 49: HRTEM picture of a ground carbon
object.

The Raman spectrum exhibits a mode that is
silent in planar graphite, supporting the X-ray
observations. While many of these observation
resemble those of pyrolytic graphite, the average magnetic susceptibility is markedly different, exhibiting a significantly enhanced diamagnetism with a substantially higher temperature
and field dependence, quite similar to the observations for carbon nanotubes. This similarity to nanotubes is also found in the combustion
TGA: compared to graphite, a much higher stability when exposed to oxygen at elevated temperatures is observed.

Figure 50: TEM picture of carbon fibres containing 4% nitrogen. Inset: SEM-picture of the
fiber-network.
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Regarding the synthesis of these new morphologies within the great family of graphitic carbon,
two points should be stressed: the synthesis occurs via the gas phase, and no external catalyst
needs to be introduced in order to achieve the
results. The same aspects are characteristic for
another interesting synthesis of unusual carbon
compounds. In this case, the carbon modifications containing small amounts of nitrogen are
synthesized by pyrolyzing zinc cyanamide enclosed in a quartz tube at 1120Æ C in flowing
argon. A fast reaction occurs, leading to the
formation of a tangle of carbon filaments (cf
Fig. 50), and the deposition of metallic zinc at
the top of the tube. These samples have been
analyzed using SEM, TEM, HRTEM, EDX and
Raman spectroscopy. SEM and TEM images
show hollow, highly tangled fibers with varying
diameters ( 10–200 nm), the whole tangle resembling some kind of ‘bamboo-spaghetti’ (cf
Fig. 50). One should note that this morphology
is different from the one observed when reacting carbon with nitrogen containing educts in
the presence of various catalysts: this leads to
deposition and growth of a forest of stand-alone
fibers on some support [see e.g., Terrones et al.:
Adv. Mater. 11, 655 (1999)].

Figure 51: HRTEM picture of a cross-section of the
wall of a carbon fiber.
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The walls of the bamboo-like fibers consist of
several strongly disordered graphene layers (cf
Fig. 51), approximately aligned along the fiber
axis, a result supported by the Raman spectra.
This contrasts with the much more ‘crystalline’
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local structure observed in the compounds mentioned above (cf Fig. 49). EELS indicates the
presence of about 4% nitrogen in the carbon filaments, while the EDX-measurements show no
traces of zinc within the fibers.

Quantum interference of electrons in fibrous Ta4Te4Si
K. Ahn and R.K. Kremer; A. Stolovits and A. Sherman (Tartu, Estonia)
Quasi one-dimensional compounds attract considerable attention due to various electronic instabilities such as charge and spin density waves
and unusual ‘normal’ phase features. For example, two charge density waves with incommensurate lattice distortions along the chain
direction have been observed in the inorganic
compound NbSe3 . In the organic conductors (TMTSF)2 X, known as Bechgaard salts,
states with spin density wave, metallic conductivity and superconductivity were found at

different pressure and magnetic field. However, some quasi one-dimensional compounds
remain stable against such symmetry-breaking
instabilities. For example, the compounds
Hg3 Æ AsF6 , TaSe3 , Tl2 Mo6 Se6 remain metallic down to 4 K and even exhibit superconductivity at lower temperatures. A search for other
one-dimensional systems which are resistant to
electronic and structural instabilities therefore
is of particular interest.

Figure 52: Left: Projection of the crystal structure of Ta 4 Te4 Si along [001]. Right top: Part of an infinite
Ta-Si strand extending along [001]. Right bottom: Electron microscope graph of Ta 4 Te4 Si fibers.
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In this context we focused our attention on
the quasi one-dimensional compound Ta4 Te4 Si.
The crystal structure of Ta4 Te4 Si contains Si
centered square antiprismatic Ta4 Te4 infinite
chains which are weakly coupled to neighboring chains via Te-Te van der Waals interaction
(Fig. 52). According to band structure calculations the structure should be stable and metallic with two half-filled and a twofold degenerate nearly filled conduction band. However,
early resistivity measurements showed resistivity characteristics similar to those in NbSe3 and
pointed to an electronic and structural instability in Ta4 Te4 Si as well.
Here we present a magnetoresistance study of
crystalline Ta4 Te4 Si fibers (typical thickness
< 5 m). Both, the temperature dependence
of the resistivity and the magnetoresistance
prove metallic behavior down to 1.7 K. The
low-field magnetoresistance is interpreted in
terms of three-dimensional anisotropic weaklocalization theory. Carrier phase scattering
lengths extracted from the magnetoresistance
data are in good agreement with theoretical
predictions for electron-electron interactions in
disordered metals.
Figure 53 shows a typical temperature dependence of the resistance in the range 1.7–300 K.
Starting from room temperature the resistance
gradually decreases with T and saturates below 10 K typical for metallic behavior (Fig. 53,
curve (1)). The low-temperature resistivity
value 0.92  10 4 cm is characteristic for semimetals.
Close inspection of the low-temperature region
reveals a weak temperature dependence of resistivity which is essentially sample dependent.
For samples A and B resistivity increases and
decreases, respectively, by 0.5% and 0.02%
in the range 1.7–4 K as shown in the inset of
Fig. 53. The magnitude of this effect and its
low temperature character allow us to connect
it with the quantum interference corrections to
the resistivity. These effects are very sensitive
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to lattice defects which can lead to qualitatively
different behavior of different fibers from the
same batch. Resistivity anomalies at  200 K
are only observed after the fibers have been exposed to a current pulse of > 105 A/cm2 . For
the following magnetoresistance investigation,
we have selected such fibers with a clear metallic temperature characteristic.

Figure 53: T-dependence of the magnetoresistance
before (1) and after (2) application of a current pulse
of  105 A/cm2 . Low temperature resistances of two
different samples are shown in the inset.

Figure 54(a) shows the resistance as a function
of the magnetic field H. The overall magnetoresistance (R(Hi ) R(0))=R(0) is positive with
the classical mechanism dominating above 5 T.
The sharp dip in fields H < 1 T is a fingerprint
of the suppression of weak localization by magnetic field. Given that the large-scale electron
coherence length L' is usually 10–1000 nm,
magnetic fields of the order of h=4eL2' are necessary for a suppression. The broadening of the
magnetoresistance dip with increasing temperature reflects the decrease of L' due to both
electron-electron and electron-phonon scattering. The magnetoresistance is anisotropic due
to the chain structure of the compound: In fields
parallel to the chains the dip is always broader
(i.e., L' is shorter) than in the perpendicular
field orientation. The anisotropy in the plane
perpendicular to the chain is 10% or less.

Structures and morphologies

Selected research reports

( ) ( )=
()

R Hi
R 0
R 0



Figure 54: The normalized magnetoresistance
R=R = R H
R =R of sample A, aligned
along 2 and perpendicular Æ to the crystallographic c-axis. (a) Magnetoresistance in the range
of fields up to 11 T. (b) Magnetoresistance in the
range of fields up to 1 T for various temperatures.
The symbols present experimental data and the
solid lines are fits to Eq. (10) for three-dimensional
weak localization corrections (Curves and symbols
are shifted vertically for better visibility). The
dashed line is the best fit of the 1.8 K data to
one-dimensional weak localization corrections. Inset: Magnetoresistance in the range of fields up to
0.1 T with one-dimensional and three-dimensional
weak localization corrections for comparison.
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To model the magnetoresistance data we used
anisotropic three-dimensional theory of quantum interference corrections to resistivity. It includes weak localization and electron-electron
interaction effects. In the limit of low fields and
strong spin-orbit scattering the relative change
of the resistance for the current along the chain
axis is expressed by

e2 3=4 1 f
i 0 4 2 h
L' ? 3

s

4eL2' i Hi
h

4eL2' i Hi
+ BHi2;
h

!

(10)

where the index i = ? or k in Hi , i and L' i indicates the direction of the magnetic field with
respect to the chain axis, L' i are connected
with the phase-braking time ' via the relations
p
p
L' k = Dt ' and L' ? = (Dt Dl )1=4 ' with
the diffusion constants Dt and Dl perpendicular and parallel
axis, = Dl =Dt , and
p to the chain
p
x] [(0:5 + x) 1=2 +
f3 (1=x) = 2[ 2 + x
1
=
2
(1:5 + x) ] + (2:03 + x) 3=2 =48. The first
term in Eq. (10) describes the weak antilocalization correction in the singlet channel of electron
diffusion. This term with = 0.5 is dominant
for heavy element compounds where spin-orbit
scattering time so is much shorter than ' . The
second, quadratic term contains contributions
from the classical magnetoresistance mechanism, weak localization in the triplet channel, spin splitting and electron-electron scattering in the limit of low fields, H  h=4eDso ,
H  kB T =gB and H   kB T =2eD where kB
is the Boltzmann constant, B is the Bohr magneton, and g is the gyromagnetic ratio.
We fit the magnetoresistance data to Eq. (10) using i , L' i , and B as fitting parameters. These
fits (see Fig. 54(b)) are in very good agreement
with the experimental data for all temperatures
and for both orientations of the magnetic fields.
The standard deviation value of 6  10 6 is comparable with the measurement accuracy. Other
models of the magnetoresistance describe experimental dependencies much worse. For example, the one-dimensional weak localization
correction with the quadratic classical magnetoresistance term
[R(H ) R(0)]
R(0)

= a1 (1 + ( aH2 )2 ) 1=2 – a1 + a3 H 2

(a1 =-7.0310 4 , a2 =85.4 mT, a3 =3.2110 4 T12 )
gives 3.4 times larger standard deviation and
does not fit the experimental behavior both
in low and high field regions (see the dashed
curves in Fig. 54(b) and in its inset).
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The anisotropy of magnetoresistance was measured only at the lowest temperature T = 1.8 K
to diminish the overlap of the quantum mechanical and classical magnetoresistance components in the case of the parallel field orientation. In sample A we receive L' k = 137 nm,
L' ? = 246 nm, and = 10. The anisotropy of
samples B and C is larger; = 17 and 29, respectively. In the subsequent analysis these values will be used for temperatures up to 15 K. In
this range the resistivity saturates which points
to the constant value of the diffusion constant.
i depends on the direction of magnetic field
and the ratio k = ? is 1.8, 2.2 and 1.9 in samples A, B and C, respectively. Possibly, this
anisotropy indicates the non-universal behavior
of the three-dimensional weak-localization.
Above 10 K the coefficient ? in Eq. (10)
reaches values 0.24–0.44, close to the theoretical value ? = 0.5, if we take into account the
uncertainty of 0 . With decreasing temperature, ? increases for all samples. This effect is particularly noticeable for sample B for
which ? growth steeply below 2.5 K. This

strong temperature dependence which correlates with the temperature dependence of the resistance (see inset of Fig. 53) suggests that this
behavior is connected with scattering on virtual Cooper pairs at T > Tc (Maki-ThompsonLarkin effect). Strong superconducting fluctuations allow us to expect the superconducting
transition in this compound at sub-Kelvin temperatures. Further experiments are devised to
verify this presumption.
In summary, we investigated the electrical
properties of Ta4 Te4 Si fibers and found that
Ta4 Te4 Si is intrinsically metallic down to 1.7 K.
From a detailed analysis of the magnetoresistance we conclude that in the temperature
range 3–15 K electron decoherence is best described by the theory of electron-electron scattering. The quantum interference contribution
to the magnetoresistance can be interpreted in
the framework of three-dimensional weak localization theory in the limit of strong spin-orbit
scattering. Resistivity anomalies previously ascribed to charge density wave like anomalies
are most likely due to crystalline imperfections
induced by current pulses.

Lattice instability of bcc Li
G. Stollhoff
A new high pressure phase of Li was recently
found by Hanfland et al. [Nature 408, 174
(2000)]. It is based on the bcc lattice but has
a 2  2  2 fold increased unit cell. All atoms
are in equivalent positions. The displacement is
given by a single coordinate x that ranges from
0 (bcc) to 0.125. In the new structure, the distance of every atom to two of its former nearest neighbors remains the same. The other six
are removed by a screwing rotation. Three second nearest neighbors move in and turn into
the nearest neighbors at x = 0.05. From that
value on, there is a nearest neighbor network
of A-atoms of the simple cubic lattice under64

lying bcc, interpenetrated by a similar network
of B-atoms. This gives the instability a 3d to 2d
transition character.
First calculations using the local density approximation (LDA) explained the instability by
changes of the band structure close to the Fermi
energy. In the distorted state, the density of state
at the Fermi energy is strongly reduced. However neither the size of x nor the energy gain
matched experiment. Therefore, an investigation by the Crystal Hartree-Fock (HF) program
and by the Local Ansatz (LA) was made. Here,
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the exchange energy is computed exactly. Correlation contributions are accounted for variationally with the help of particularly chosen
local correlation operators. In contrast to the
LDA, this approach does not suffer from any
homogeneous electron gas approximation. Previously, such a treatment had successfully explained the somewhat similar dimerization of
polyacetylene, a feature where the LDA is also
deficient.
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is too small, and the energy gain of 10 meV is
considerably smaller than the quantum fluctuations and the temperature at which the symmetry reduction was present. For equilibrium,
no instability is found. The results for x and
the corresponding energy gains as function of
volume are given in Fig 56. In LDA, symmetry
breaking disappears at a volume of 14 Å3 . Experimental values of x are added in Fig. 56. In
a large volume range, bcc is replaced by fcc in
experiment.
HF results are given by dashed curves in the figures. Figure 56 indicates that in HF, the symmetry is broken for every volume. xHF is too
large at high pressures. Figure 55 also shows
that without any lattice distortion (x = 0) the
electronic ground state in HF is symmetry broken due to a non-zero energy gain, and forms
a charge density wave. This is the first verification of a proposal made a long time ago by
Overhauser in the case of K.

Normal coordinate
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0.05
0.025

Figure 55: Energy gain [meV/atom] as a function
of the x-coordinate for an atomic volume of 8.69 Å3
(top) and the equilibrium volume of 21.25 Å3 (bottom). LA results are connected by a full, HF results
by a broken, and LDA results (uppermost curve) by
a dash-dotted line.

The Crystal program also allows to perform
LDA calculations under the same computational conditions so that an unbiased comparison of LDA, HF and LA results is possible.
The LDA results are similar to the earlier LDA
results. In Fig. 55, the energy is plotted as a
function of internal coordinate x for a particular high pressure (top) with xexp = 0.052, and
for the equilibrium volume (bottom). The LDA
results are connected by the dash-dotted lines.
The LDA value xLDA in the high pressure case
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Figure 56: Optimal x-coordinate (upper part) and
energy gain [meV/atom] (lower part) as a function
of atomic volume ( Å3 ). LA results are connected by
full, HF by broken, and LDA results by dash-dotted
lines. For comparison, experimental x-coordinates
(squares) from Syassen et al. are added.

With correlation added, the results differ again.
LA results are given by full lines. For high
pressure volumes, xLA is close to experiment,
and the energy gain is reasonable. Figure 56
demonstrates that also the volume dependence
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of xLA is in agreement with experiment. The
correlation added by the LA has a twofold consequence. On the one hand, they screen the bare
exchange (dominant at high pressures). On the
other hand, a particular correlation contribution
directly favors a symmetry reduction. For the
equilibrium volume, the latter contribution even
overcompensates the screening of exchange.
The broken symmetry for the equilibrium volume found by the LA is connected with an energy gain that is smaller than the temperatures
at which the bcc structure can be found. Therefore, it cannot be verified by experiment. For
lower temperatures, the bcc phase is replaced
in experiment by fcc and by lower symmetry
structures derived from fcc. LA calculations
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have not yet been performed for fcc but difficulties with LDA in this case indicate that a more
proper treatment of exchange and correlations
is also needed here.
These findings demonstrate that non-local exchange and correlation contributions are relevant even for simple metals, and that a homogeneous electron gas approximation for these
contributions leads to serious deficiencies. The
present results are restricted to the case of bcc
Li, but the instability of this structure over a
wide pressure range lets us also expect instabilities for other simple metals. A satisfactory access to the latter is made possible by the Crystal
program and by the Local Ansatz.
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Another central theme of ongoing research at the Institute is the study of smallest structures –
like aggregates of atoms, molecules, surface deposits or subtle modifications in the structure
of crystals. A careful study and understanding of their fundamental properties sometimes
can save one from premature conclusions and prevent costly, misguided investments. Among
the numerous formation mechanisms, one highlight is the strain-field mediated control of
nucleation centers offered to Ge islands grown on Si substrates with perfect lateral correlation. Another fascinating example are supramolecular structures arranged by selectively
oriented hydrogen-bonds between specially designed basic building block molecules. It is
demonstrated how the controlled interaction of smaller-than-wavelength objects with light
waves may afford one with novel functionality in optical elements. ‘Nano-spectroscopic’
techniques may also be an informative method to learn about the basic properties of single
molecules.

Hydrogen storage in carbon nanotubes
S. Roth, X.-H. Chen, Y.-M. Choi, M. Haluska, M. Hulman, A. Quintel, and V. Skakalova
Carbon is one of the lightest elements that
form solids at room temperature. Moreover,
the directional valence forces of the graphitic
structure facilitate the preparation of high surface area materials. Carbon nanotubes are a
particular case of carbon modifications with a
large surface area per unit mass. This has
lead to the speculation that large quantities of
hydrogen might be adsorbed on carbon nanostructures, perhaps inside the nanotubes due to
‘nano-capillary forces’ at the inner surface of
the seamless tubes. Recently several papers
have appeared reporting on hydrogen storage
capacities in excess of 6 weight per cents. The
value of 6 wt % is considered as a benchmark
and would allow to drive a fuel cell car from
Stuttgart to Berlin without refill stops. Since
our team has quite an experience in handling
carbon nanotubes from investigations of nanoelectronics (‘nanotube transistors’) and nanomechanics (‘artificial muscles’), we have got
involved in a cooperative project for the assessment of this material for hydrogen storage in automotive applications [BMBF Project

‘H2 Carbonspeicher’, supervised by VDI, contact person: Holger Hoffschulz: hoffschu@vdi.de;
P. Chen et al.: Science 285, 91 (1999); A.C. Dillon
et al.; Nature 386, 377 (1997)], and with the help

of our colleagues at the Max-Planck-Institut
für Metallforschung we have checked the most
promising reports in the literature.
Figure 57 shows a computer model of a singlewalled carbon nanotube. Such tubes are typically 1 nanometer in diameter and up to several micrometers long. Ideal tubes are closed
on the ends by regular caps and would have to
be opened before hydrogen can go inside. In
a very promising report by a research group at
the National University of Singapore the nanotubes are pretreated by mixing with alkali salts
and heating in the presence of hydrogen [P. Chen
et al.: Science 285, 91 (1999); A.C. Dillon et al.:
Nature 386, 377 (1997)]. Afterwards the samples

can be thermally cycled between room temperature and some 700Æ C and weight changes
of about 20% are observed. If these weight
changes are due to hydrogen storage, the benchmark value would be surpassed by a factor
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of three. Collaborating with the Zentrum
für Solarenergie und Wasserstoff-Forschung in
Ulm, we succeeded reproducing the gravimetric
results, but the analysis of the chemical reactions (X-ray powder diffraction, mass spectroscopy of released gas) has shown that the sample pre-treatment does not lead to the expected
intercalation of alkali metal but to the formation of water and very hygroscopic alkali oxides. These oxides incorporate and release crystal water which can totally account for the observed weight changes.

Figure 57: Computer model of single-walled carbon nanotube. Are there ‘nano-capillary forces’,
useful for hydrogen storage, leading to emission-free cars, and protecting us from global climate
changes ?

The second promising publication [A.C. Dillon
et al.: Nature 386, 377 (1997)] is from the
National Renewable Energy Laboratory in
Golden, Colorado. Here the tubes are opened
by an intense and long ultrasonic treatment in
nitric acid. Afterwards 2 to 3 wt % of hydrogen can be stored in the sample (as evidenced
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from volumetric measurements, in thermal desorption measurements even 6.5% were found,
but this is apparently a calibration problem).
If we apply the same sample opening procedure, we can confirm the 3% value – but we
also find up to 50% of titanium in our samples.
This titanium content obviously is the result of
the disintegration of the ultrasonic probe at the
high intensities used – and the overwhelming
majority of the hydrogen is stored in the titanium contamination and not in the nanotubes.
(In X-ray diffraction we clearly see the titanium
signatures, which give way to titanium hydride
signatures after loading.) If we use a stainless
steel probe for sonication practically no hydrogen can be stored in the sample [M. Hirscher
et al.: Appl. Phys. A 72, 129 (2001)].
It is needless to say that we did not succeed
in reproducing the Rodriguez and Baker 60%
values in ‘herringbone nanofibers’ [A. Chambers
et al.: Phys. Chem. B 102, 4253 (1998)]. Many
groups all over the world tried this – in vain.
From our results we can conclude, that the optimistic reports on hydrogen storage in carbon
nanostructures are all wrong. At room temperature and ambient pressure only very little hydrogen can be stored in carbon nanotubes, certainly less than in metal hydrides. This might be
different at higher pressures or lower temperatures, which is less convenient, but perhaps still
attractive to the car industry.

Long-range ordered lines of self-assembled Ge islands
on a flat Si (001) surface
O.G. Schmidt, N.Y. Jin-Phillipp, C. Lange, U. Denker, and K. Eberl;
R. Schreiner, H. Gräbeldinger, and H. Schweizer (Universität Stuttgart)
One of the biggest challenges in the fabrication of self-assembled semiconductor nanostructures is their controlled lateral ordering
on a flat substrate surface. Such an ordering
would allow to address precisely one or just
a few nanostructures in post-epitaxially processed devices. Without doubt the Si (001) sub68

strate constitutes the most important template
in semiconductor technology. In this contribution we present long-range ordered lines of selfassembled Ge islands on a flat Si (001) surface.
The ordering is initiated by the pre-patterning
of the Si substrate. The pre-patterning was produced with electron beam lithography and reac-
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tive ion etching. The process results in 10 nm
deep and about 100 nm wide trenches with a
periodicity of 250 nm. The orientation of the
trenches is 60Æ off the <110> direction. After deoxidation the substrate is overgrown with
solid source molecular beam epitaxy. First
a 19 nm thick Si buffer layer is grown while
ramping the growth temperature Tg from 400Æ C
up to 700Æ C. The Si buffer layer is followed by
a 15-period 9 nm Si / 2.5 nm Si0:75 Ge0:25 superlattice at Tg = 700Æ C. The sample was finished
off with 6 ML Ge islands at Tg = 700Æ C. We
chose 700Æ C since at this specific growth temperature the mean distance of Ge islands agrees
well with the period of the processed trenches.
A cross-section transmission electron microscopy (TEM) image of a Ge island
layer grown on a 15-period 9 nm Si/2.5 nm
Si0:75 Ge0:25 superlattice on the pre-patterned Si
substrate is given in Fig. 58(a). The image illustrates the conversion from the surface modulation of the pre-patterned Si into a strain field
modulation within the superlattice. The surface
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is planarized after Si overgrowth of the individual SiGe layers (for layer indices larger 4). We
deduce that in the beginning the Ge preferentially diffuses into the trenches. This process
yields thicker SiGe structures in the grooves and
thinner SiGe layers on the mesas. A schematic
illustration of the layer stack and its evolution is
given in Fig. 58(b). Once the ordered thickness
modulation of the SiGe layers is induced by the
pre-patterned substrate it can propagate through
the whole superlattice via its strain fields. This
effect is well known in multiple layers of selfassembled Ge/Si islands, where Ge islands can
reproduce themselves in vertical direction via
their strain fields. In our case the ‘dome-like’
islands in the final 6 ML Ge layer sit exactly
above the thicker SiGe regions of the superlattice and hence above the initially processed
grooves in the Si substrate. It is noteworthy that
planarization of the trenches has already been
accomplished after the 4th period of the superlattice. For further samples it would therefore
be sufficient to reduce the number of periods
from 15 to about 5.

Figure 58: (a) Cross-sectional dark-field TEM image of a Ge island on a Si/SiGe superlattice on a
pre-patterned substrate. (b) Schematic illustration of the transformation from a surface modulation over
a strain field modulation to the final island nucleation on a flat surface.
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Figure 59: Long-range ordering of self-assembled Ge dots on a planar Si surface. The images show (a)
1.7  1.7 m2 and (b) 10  10 m 2 AFM scans of 6 ML Ge deposited on a 15 period 2.5 nm Si 0:75 Ge0:25 /
9 nm Si superlattice. The superlattice was grown on a pre-patterned substrate. Autocorrelations in (c) and (d)
demonstrate the perfect periodicity in one direction. All dots order along lines 60 Æ off the <110> direction.

Figure 58 demonstrates that the vertical reproduction of thickness undulations or islands via
their strain fields is perfectly suited to convey
a pre-defined periodicity through a buffer layer
(the superlattice) to an epitaxial surface. Unlike
to the initial substrate surface – which might be
damaged by the etching process – the epitaxial
surface is free from any crystal defects and can
be used for ordered growth of an active region
without any quality restrictions.
The result of the growth procedure is given
in Fig. 59.
Self-assembled Ge dots have
formed along perfectly periodic lines (60Æ
off the <110> direction) on the Si surface. Figure 59 shows AFM images (Fig. 59(a)
and (b)) together with their autocorrelations
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(Fig. 59(c) and 59(d)). The 1.7  1.7 m2 scan
in Fig. 59(a) demonstrates that the dots not only
align in the pre-defined direction but tend to arrange themselves into hexagonal arrays. The ordering into arrays is a self-assembling process,
though, and hence is not strictly repeated over
the whole surface. The autocorrelation verifies
that the periodicity of the hexagon persists over
4–5 periods, only. The 10  10 m2 AFM scan
in Fig. 59(c) and its autocorrelation in Fig. 59(d)
demonstrate the long-range ordering (in one direction) of the self-assembled dots. The periodic arrangement of the dots is perfect and is
maintained over all of the pre-patterned area. A
slight dot size inhomogeneity in real space is
noted, though.
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Building supramolecular nanostructures at surfaces
by hydrogen bonding
J. Weckesser and K. Kern; J.V. Barth (ETH Lausanne); C. Cai and P. Günter (ETH Zürich)
Supramolecular structures formed by the selfassembly of functional molecular building
blocks are a promising class of materials for future technologies. Particularly useful for their
fabrication is hydrogen bonding, which provides both high selectivity and directionality.
Hydrogen-bonded architectures are abundant in
biological systems, which has motivated their
exploitation in supramolecular chemistry. This
has been demonstrated particularly for systems
in solution, molecular crystals and for twodimensional layers.
We have demonstrated that novel supramolecular nanostructures can be generated at surfaces
on the basis of this concept. For our study we
employed 4-[trans-2(pyrid-4-yl-vinyl)] benzoic
acid (PVBA), which has been specifically designed for non-linear optics applications. Its
planar and rigid molecular structure comprises
a pyridyl group as the head and a carboxylic
acid group as the tail (Fig. 60a) and is ideal for
self-assembly by head-to-tail hydrogen bonding. Small amounts of PVBA were evaporated under ultra-high vacuum conditions onto
different well-defined single crystal metal surfaces by organic molecular beam epitaxy and
in situ characterized by scanning tunneling microscopy.
Molecular self-assembly at surfaces is governed
by the subtle balance between intermolecular
and molecule-surface interactions. The STM
data reproduced in Fig. 60b-d demonstrate how
self-assembly can be tuned for a given molecule
by the choice of substrate material and symmetry. The interaction of PVBA with the transition
metal surface Pd(110) is visualized in Fig. 60b.
Strong  -bonding to Pd surface atoms enforces
a flat adsorption geometry. Two distinct molecular orientations exist exclusively which allow for the accommodation of the molecular
units at sites on the anisotropic substrate with

high symmetry. PVBA is immobile at roomtemperature and isolated molecules are randomly distributed on the surface. This also
holds at higher temperature where thermal mobility becomes appreciable, which demonstrates
the dominance of the adsorbate-substrate interactions with this system. Low-temperature aggregation and growth of dendritic molecular islands is observed on switching to the more inert
Cu(111) surface (Fig. 60c), which is indicative
of a higher surface mobility and larger lateral
interactions. However, the adsorption geometry
is not unique and flat adsorbed molecules coexist with single ones in upright orientations,
which are imaged as spherically symmetrical
protrusions. The STM topograph in Fig. 60d reveals that flat adsorption of PVBA prevails on
Ag(111). Again, island formation is already
found at low temperatures, and inspection of the
island shapes reveals that their formation must
be a result of attractive interactions between the
molecular endgroups. This observation is in
line with the directional interactions expected
from the formation of hydrogen bonds.
The observed growth scenario can be considered as a diffusion-limited aggregation of rodlike particles, which is subject to anisotropic
interactions. Accordingly, the irregularity of
the formed agglomerates suggests that their
shape results from kinetic limitations, whereby
thermal equilibrium is not attained.
The
data reproduced in Fig. 61a show that wellordered one-dimensional supramolecular structures evolve on Ag(111) when the thermal energy is augmented by adsorption or annealing at 300 K. PVBA twin chains are formed
which run straight along a 112 direction of
the Ag lattice. Due to the substrate symmetry three rotational domains exist. The molecular axis is oriented along the chain direction, in
agreement with the expected formation of hydrogen bonds between the PVBA endgroups.
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High-resolution STM data allow for the elucidation of fine chain details: Firstly, a slight
asymmetry of the molecules becomes apparent signaling that PVBA molecules in adjacent
rows are aligned antiparallel. The chainpperiodicity amounts to 15.0 Å, that is p = 3 3a,
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where a is the Ag(111) surface lattice constant
(2.89 Å). The rows of PVBA within the twin
chains are shifted by p  3.7 Å with respect
to each other. This observation suggests an intricate coupling mechanism between adjacent
rows separated by d  2.4 a.

Figure 60: a: Molecular structure of 4-[trans-2-(pyrid-4-yl-vinyl)] benzoic acid (PVBA) with a pyridyl
group at the head and a benzoic acid moiety at the tail. Pictures b-d show STM topographs of PVBA on
different single-crystal metal substrates. b: Strong adsorbate-substrate interaction on a Pd(110) surface:
isolated, immobile PVBA molecules lie flat in two distinct orientations (measured at 325 K) and remain
randomly distributed upon annealing at 450 K. c: On a Cu(111) surface flat molecules in dendritic islands
coexist with isolated molecules in an upright bonding configuration (single protrusions) after adsorption
at 160 K. d: The complex aggregation of PVBA lying flat on Ag(111) reflects the surface mobility and
attractive interactions between molecular endgroups at 125 K.
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Figure 61: a: The formation of an one-dimensional
supramolecular PVBA superstructure by selfassembly mediated by H-bond formation on an
Ag(111) surface at 300 K (measured at 77 K). Twin
chains evolve consisting of coupled rows of PVBA
molecules. b: Montage of an atomic-resolution image of Ag(111) with the repeat motif of the PVBA
twin chains drawn to scale illustrating the match of
the molecular geometry and substrate lattice. The
intermolecular interactions, i.e., weak OH N and
possible weak CH OC hydrogen bonds are indicated.

The observed features of the supramolecular
structure can be rationalized by an atomic
model. As is illustrated by the repeat motif in Fig. 61b the displacement and the an-
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tiparallel alignment allow for a complementary
assembly of two equivalent PVBA molecules,
which are accommodated in similar adsorption geometries. When an unrelaxed molecular configuration is assumed, molecules within
a chain are coupled by weak OH N hydrogen
bonds with a length of 2.5 Å. The coupling of
the PVBA in adjacent rows is associated with
weak intermolecular interactions. In addition to
the expected electrostatic interactions between
the polar molecules, a weak CH OC hydrogen bonding is feasible. The geometrical arrangement is a compromise between the lateral intermolecular interaction and the bonding
to the substrate. As a result of the inter-row
distance of 2.4 a there is a slight outward relaxation of the rows away from the centers of
the hollow-site positions of the Ag(111) substrate lattice. This relaxation and the suggested
inward orientation of the C=O group prevent
two-dimensional growth and thus account for
the directional self-assembly of the twin chain.
The rather regular mesoscopic ordering of the
supramolecular chains into a grating, reminiscent of mesoscopic superstructures induced by
relaxation of surface strain, can be rationalized by the action of weak, long-range repulsive dipole-dipole interactions between the twin
chains.
Our findings suggest that the self-assembly of
properly designed molecules by non-covalent
bonding opens up novel avenues for the positioning of functional units in supramolecular architectures at surfaces by organic molecular beam epitaxy. It is believed that this approach will be valuable for the future fabrication of nanoscale devices and supramolecular
engineering.
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Controlling the interaction between light and gold nanoparticle arrays
S. Linden and J. Kuhl; H. Gießen (Universität Marburg)
Tailoring the light-matter interaction via proper
design of periodic nanostructures is one of the
most fascinating and active topics of current
solid state physics and chemistry. The rapidly
growing research activities in this field include
in particular the development of photonic crystals. The ultimate goal is to control and optimize the coupling between material excitations
and selected modes of the radiation field.

of 120 nm along the longer axis (x-axis) and
100 nm along the shorter axis (y-axis), and a
height of 20 nm (z-axis) (see Fig. 62(a)).

We report on the collective response of metallic
nanoparticle arrays to optical excitation. These
particle arrays serve as our model system for
electronic oscillators, whose coupling to the
light field will be controlled. The optical extinction of a single gold nanoparticle is governed in the visible by the particle-plasmon
resonance, which is well described by the Mie
theory. Lamprecht et al. [Phys. Rev. Lett. 84,
4721 (2000)] and Stuart et al. [Phys. Rev. Lett. 80,
5663 (1998)] have shown that the optical properties of the particle-plasmon in 2D arrays can be
modified by either regular arrangement of gold
dots or by coupling of the particle-plasmon to a
surface mode.
We show that combining geometrical arrangement of metallic nanoparticles with a substrate
supporting guided modes can be used to control the light-particle-plasmon interaction. We
demonstrate that a rectangular two-dimensional
array of gold nanoparticles on top of a dielectric waveguide leads to a collective interaction
of the gold nanoparticles with light, giving almost complete suppression of light extinction
within narrow bands in the particle-plasmon
resonance. Variation of the dot periodicity allows continuous tuning of these bands.
For our experiments, we prepared twodimensional patterns of gold nanoparticles by
electron beam lithography on 140 nm thick indium tin oxide (ITO) films on quartz substrates. The shape of the individual particles was slightly elongated, with diameters
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Figure 62: (a) Sample geometry. (b) SEM picture
of a gold nanoparticle array.

We performed extinction measurements for normal incidence of a focused white light beam
on six different arrays of gold nanoparticles deposited on a 140 nm thick ITO film. There exist
two particle-plasmon resonances for normal incidence associated with the two axes of the particles because of their slightly elliptical shape.
These resonances can be selectively excited by
linearly polarized light parallel to the corresponding axis. In the following, we will concentrate on the particle-plasmon associated with
the shorter axis. Therefore, all measurements
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were performed with light polarized parallel to
the y-axis. The period along the y-axis was
kept fixed at ay = 300 nm for all samples, while
the x-axis period was changed from ax = 350 nm
to ax = 475 nm in steps of 25 nm (Fig. 63(a)–
(f), solid line). For reference purposes, we
used arrays with periods of ax = ay = 300 nm
(Fig. 63(a)–(f), dashed line). Increasing the xaxis period to ax = 350 nm leads to two dips with
suppressed extinction on the high energy side
of the spectrum (Fig. 63(a)), solid line), separated by 0.05 eV. Further increase of ax shifts
the dips to lower energies (Fig. 63(b)–(d)). For
ax = 400 nm, when the spectral position of the
dips coincides with the peak of the particleplasmon resonance, the extinction in the dips is
reduced to approximately 10% of the extinction
of the reference field. Larger periods change the
character of this feature from suppressed extinction to enhanced extinction (Fig. 63(e)–(f)).

To explain the experimental results, we propose
the following model: Excitation of the particleplasmon leads to absorption and scattering of
the incident light and is therefore responsible
for the broad extinction spectrum. To understand the additional features in the extinction
spectrum, it is important to notice that the ITO
film can act as a waveguide for photon energies
above the cutoff frequency !cut defined by

 arctan
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For our experimental parameters (d = 140 nm,
ITO = 3.8, Sub = 2.1, Air = 1, c is the speed
of light in vacuum), the cutoff energy is
h!cut = 0.73 eV and therefore smaller than the
photon energies in our spectral region. Due to
the regular arrangement of the metal particles, a
part of the incoming polarized light can be coupled into the waveguide for certain photon energies and propagate along the x-axis. Thus excitation of the waveguide modes is a collective
photonic effect of the nanoparticle array. The
selection of the photon energies is determined
by the dispersion relation of the waveguide and
momentum conservation, which requires that
the relation

~kwg = ~kx  i~gx

Figure 63: Extinction
I t =I0 of gold nanoparticles on a 140 nm thick ITO waveguide. Solid
lines: ay = 300 nm, increasing periodicity from
ax = 350 nm to a x = 475 nm in steps of 25 nm
((a)–(f)) along the x-axis. Dashed lines: reference
arrays with a periodicity of 300 nm for both axes.



(12)

is fulfilled. Here, ~kwg is the wave vector of
the waveguide mode, ~kx is the component of
the wave vector of the incident light parallel
to the x-axis, ~gx is a reciprocal lattice vector defined by j~gx j = 2=ax , and i is an integer. For normal incidence, ~kx vanishes and
therefore ~kwg is solely determined by the period ~ax . In this case, two energetically degenerate waveguide modes are expected for an unperturbed waveguide, which propagate in the positive and negative x-direction. However, the regular array of gold nanoparticles causes a modification of the two waveguide modes and removes the energetic degeneracy, so that even
for normal incidence, two spectrally separated
dips appear in the extinction spectrum. If the
75
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waveguide is excited, the total electric field acting on the nanoparticle consists of two components, the incident electromagnetic field and
the field of the waveguide mode. Since the polarizations created by both fields are 180 degrees out of phase, we obtain destructive interference at the metal dot positions which results in reduced coupling between light and the
particle-plasmon. Since the spectral width of
the two waveguide modes is considerably narrower than the particle-plasmon resonance, the
photonic interaction mediated by the waveguide
is only supported for two narrow bands within
the particle plasmon-resonance. Tuning these
bands by varying the periodicity of the dot array and the waveguide thickness therefore allows complete control of the photon particleplasmon interaction.
If the nanoparticle period is increased, the photon energies corresponding to the excitation of
the waveguide modes are shifted to lower energies and finally out of the particle-plasmon resonance. As a consequence, coupling of light
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in and out of the waveguide becomes less effective. Once the waveguide modes are excited, they will propagate over a longer distance. Thus, losses in the waveguide become
more important than for the off-resonant case,
which leads to the observed extinction peaks for
large periods.
In conclusion, we have shown that the light
particle-plasmon interaction can be tailored in
regular gold nanoparticle arrays deposited on
top of a dielectric waveguide. Optical transmission measurements on such arrays reveal a drastically modified extinction compared to single
particle extinction spectra. In particular, the extinction can be suppressed for narrow spectral
bands within the particle-plasmon resonance.
Our findings can be utilized for the design of
two-dimensional photonic devices in the visible and IR and are relevant for optical communication and microlasers. The distinct advantages of our samples are standard planar fabrication techniques and broad tunability of their
coupling properties with photons.

Polarized Raman spectroscopy on isolated single-walled
carbon nanotubes
I. Loa, G.S. Duesberg, M. Burghard, K. Syassen, and S. Roth
Single-walled carbon nanotubes (SWNTs) are
macromolecules with numerous potential applications including field emission, hydrogen storage, single electron transistors, gas sensors, and
nano-mechanical devices. Raman spectroscopy
has become one of the most important tools
for the investigation of their physical properties.
Most Raman studies on carbon nanotubes have
been performed on bulk samples varying in purity, morphology, and diameter distribution of
the SWNTs. The obtained spectra are a superposition of contributions from different, nonaligned SWNTs, causing rather broad and unresolved peaks. In addition, the spectra of bulk
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samples are dominated by contributions from
resonantly excited tubes. In practice the complexity of the spectra impedes an interpretation
based on calculations for individual SWNTs.
Investigations of single nanotubes without using surface-enhancement techniques are desirable to overcome these problems.
We have been able to study spatially separated
thin ropes of SWNTs (consisting of only a small
number of nanotubes) by micro Raman spectroscopy [Phys. Rev. Lett. 85, 5436 (2000)]. The
experiments were performed without employing surface-enhancement techniques in order to
study the intrinsic Raman selection rules of car-
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bon nanotubes. The orientation dependence of
the intensity of all investigated Raman modes
shows an unexpected twofold symmetry, where
the maximum signal is always observed when
the polarization of the incident light is parallel
to the nanotube axis. This is ascribed to depolarization effects due to the very anisotropic
shape of the nanotubes and to electronic resonance effects which cause a breakdown of selection rules.
The scanning force microscope (SFM) image
(Fig. 64(a)) shows well-separated SWNTs adsorbed on a polished glass substrate. The height
of object #1 of  1.5 nm corresponds to that of
an individual SWNT. The objects #2 and #3 are
small ropes with a height of  5 nm. The electrode end (top left of Fig. 64(a)) was used as a
landmark to position the laser spot on each of
the marked objects.
Raman spectra were excited with a He/Ne laser
(632.8 nm) and recorded using a micro Raman
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setup with a spatial resolution of  1 m. For
orientation dependent measurements a halfwave retardation plate was inserted before the
microscope objective to rotate the polarization
of the incident laser beam and of the scattered
light (Fig. 64(b)). This twofold rotation of the
polarization is equivalent to an effective rotation of the nanotube in the horizontal plane.
All Raman spectra were taken in backscattering
configuration, with the incident and scattered
light propagating perpendicular to the nanotube
axis.
Figure 64(c) displays Raman spectra for different angles i between the polarization (electric
field) of the incident laser light and the nanotube axis. The spectra were recorded with parallel polarizations of the incoming and scattered light (‘VV configuration’). The G-line of
graphite at 1580 cm 1 (E2g symmetry) is split
into several modes when a graphene sheet is
bent to a cylinder.

Figure 64: (a) SFM image of well-separated individual SWNTs and small bundles of SWNTs adsorbed
on a glass substrate. (b) A half-wave retardation plate was used to measure the angular dependence of the
Raman spectra by rotating the polarizations of the incident and scattered light. (c) Raman spectra of a thin
SWNT rope in the VV configuration for various angles i between the rope axis and the polarization of the
incident laser beam. For i 0Æ and 180 Æ the polarization of the incident radiation is parallel to the axis of
the SWNTs determined from SFM images with an accuracy of  10 Æ .

=
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In Fig. 64(c) the G-band consists of a broad and
intense peak G1 at 1550 cm 1 , commonly attributed to resonantly excited metallic SWNTs,
and a narrow feature G2 at 1580 cm 1 . The Dmode at 1318 cm 1 is also known from other
graphitic materials and has been related to defects. In the low-frequency region we typically observe a single, nearly symmetric Radial Breathing Mode (RBM), where the carbon
atoms undergo a uniform radial displacement
perpendicular to the tube axis. In standard bulk
samples, in contrast, one observes broad structured RBM bands, reflecting the diameter distribution of the SWNTs.

The angular dependencies of the intensities
I ( i ) of the D-line and the components G1 and
G2 of the G-line are shown in Fig. 65(a) for the
VV scattering configuration. Figure 65(b) displays the orientation dependence of the RBMsignal for both parallel VV and crossed VH polarizations of incident and scattered light. The
same behavior was also observed for the crosspolarized Raman spectra of the higher-energy
modes. Thus, the intensities of all Raman
modes in both the parallel- and the crosspolarized configuration show the same angular dependence which can be described by a
I ( i ) / cos2 ( i ) relation (solid lines).

Figure 65: Polar diagrams showing the Raman mode intensities I of SWNTs as a function of the angle i
between the polarization of the incident light and the nanotube axis. I i for (a) the components G 1 and
G2 of the G-line and of the D-line in the VV scattering configuration and (b) the RBM in the VV and VH
2
configuration. The twofold symmetry of the modes, which can be modeled by I i /
i , has been
observed on all investigated objects. (c) Calculated I i for the RBM of a 10; 10 tube under non-resonant
conditions after data of Saito et al.
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This means that the Raman signal is maximum with the incident polarization parallel to
the tube axis and zero when perpendicular.
It further implies that the two cross-polarized
scattering configurations VH ( i = 0Æ ) and HV
( i = 90Æ ) are not equivalent.
Saito et al. have calculated the angular dependencies for all modes under non-resonant conditions for a (10,10) armchair tube [Phys. Rev.
B 57, 4145 (1998)] as reproduced in Fig. 65(c)
for the RBM in VV (solid line) and VH (dashed
line) scattering configurations. The measured
angular dependencies presented here do not reflect the different symmetries and they are not
compatible with the predictions for any of the
symmetries A1g , E1g or E2g . All modes exhibit the same twofold symmetry in the VV
and VH configurations with the highest intensity occurring when the incident radiation is polarized parallel to the tube axis. A1g symmetry
of the RBM implies zero Raman scattering intensity for the cross-polarized VH configuration
when the incident radiation is polarized parallel ( i = 0Æ ) or perpendicular ( i = 90Æ ) to the
tube axis. The maximum signal should occur at
Æ
i = 45 . In contrast to this prediction, we experimentally observe the strongest Raman signal in the VH configuration for i = 0Æ .

Selected research reports

These discrepancies can be related to two effects not taken into account so far in the theory. Firstly, the very anisotropic shape of the
tubes leads to a strong anisotropy of the polarizability such that light scattering is substantially
suppressed when the incident light is polarized
perpendicularly to the nanotube axis. Secondly,
electronic resonance effects play an important
role.
In summary, polarization dependent Raman
spectroscopy on isolated SWNTs indicated the
breakdown of the predicted selection rules. This
is attributed to the anisotropic shape of the
nanotubes and to resonance effects. Although
single-molecule Raman spectroscopy has been
proposed for molecules like DNA sequences,
spectra could up to now only be obtained using surface enhancement methods, which generally strongly affect Raman selection rules.
Our study, in contrast, shows that a Raman
investigation of individual macromolecules of
specified location and orientation is now possible without surface enhancement techniques.
In addition, this method is not invasive and is
performed under ambient conditions and therefore opens the possibility of, for example, characterizing individual SWNTs incorporated into
devices.
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