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Zum Sechseck im Titelbild
Zur Untersuchung der Abhängigkeit der Raman–Phononen und der Bandlücke von den
Isotopenmassen in ZnSe wurden Kristalle mit kontrollierter Isotopenzusammensetzung
durch Sublimation in Argon gezüchtet. Die von f110g–Flächen begrenzte Bleistiftform der
gezeigten 64 Zn76 Se Kristalle mit Zinkblende–Struktur ist eine Folge wiederholter Zwillingsbildung entlang einer <111> Richtung.

About the hexagon on the titlepage
For the study of isotope effects on phonons and band–gap in ZnSe, isotopically controlled
crystals have been grown by sublimation in argon. The pencil–shape with f110g side faces
of the shown zincblende–type 64 Zn76 Se crystals has been a consequence of repeated twinning along <111> direction.

Dieser Bericht soll Ihnen einen Einblick in die vielfältigen Aktivitäten des Instituts im
Jahr 1998 geben. Ein solcher Jahresbericht kann natürlich keinen Anspruch auf
Vollständigkeit erheben. Wir haben versucht, auf den ‘weißen Seiten’ ein repräsentatives
Destillat der wissenschaftlichen Arbeiten der Abteilungen und Servicegruppen zu zeigen.
Die ‘bunten Seiten’ enthalten eine vollständige Liste der Publikationen und nützliche Informationen über das Institut. Wir möchten auch auf das Heft 3/98 in der Reihe ‘Berichte und
Mitteilungen’ der Max–Planck–Gesellschaft hinweisen. Dort wird die Forschungsarbeit
des Instituts einem breiten Leserkreis vorgestellt.
Wir freuen uns sehr darüber, daß wir im Jahr 1998 neben Martin Jansen in der Chemie
auch in der Experimentalphysik zwei neue Kollegen, Bernhard Keimer und Klaus Kern,
begrüßen konnten. Wir bemühen uns zur Zeit intensiv die Vakanz in der Abteilung
Theorie II zu besetzen.
Wir danken allen Mitarbeiterinnen und Mitarbeitern für ihren Einsatz und ihre Leistungen.
Sie haben dazu beigetragen, weiterhin ein hohes wissenschaftliches Niveau aufrecht zu
erhalten. Die erfolgreich verlaufenen Nachfolgeberufungen lassen uns voll Zuversicht in
die Zukunft blicken.

Stuttgart – Grenoble
Im März 1999
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CONTENTS

White Pages
Scientific work at the Max–Planck–Institut für Festkörperforschung

I- 5

A selection of research results from 1998

I - 14

Yellow Pages
Publications

II - 1

Theses

II - 41

Patents

II - 42

Red Pages
Organization and budget

III - 1

Foreign guests

III - 7

German guests

III - 13

Colloquia

III - 14

Yellow Pages
List of scientists and their research areas

IV - 1

Scientific work at the
Max–Planck–Institut für Festkörperforschung

Theoretical Physics
Electronic structure calculations are the main activity in the department headed by
ANDERSEN. This activity involves ab initio density functional calculations, the derivation of correlated tight–binding model, Hamiltonians from such calculations and their solution. In 1998 the development of Quantum Monte Carlo (QMC) methods for models with
electron–electron or electron–phonon interactions was continued. The methods were applied to metallic fullerenes. It was studied why, in contrast to other systems, the resistivity
does not saturate at high temperatures. The investigation of a possible Mott transition and
the consequences of strong electron–electron interaction on screening and superconductivity was continued. The electron–phonon interaction was also been studied using diagrammatic techniques, to analyze Raman spectroscopy. A new spin–density functional, full
potential LMTO, linear–response method for calculation of spin–fluctuation spectra and
dynamical spin–susceptibilities was developed and first applied to Cr, Fe and Ni. The development and implementation of the 3rd–generation LMTO method was continued. This
version may treat largely overlapping MT potentials. For several transition metal oxides
of current experimental interest, the LMTO–3 method was used to derive tight–binding,
few orbital and Wannier functions. Hyperfine fields were calculated for a series of HTSC
cuprates. Finally, work on a simple and robust NMTO method was initiated.

The main activity of the department headed by PARRINELLO is the simulation from first–
principles of the properties of matter. 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. Our
methodological work in 1998 mostly involved the development of a second–generation
Gaussian–based code GAPW which combines Gaussians and augmented–plane waves for
the representation of the electronic charge. We also studied the Wannier functions and their
centers and showed that they provide a very powerful tool for the understanding of chemical bonding and chemical reactions. In collaboration with a group in Munich we interfaced
our ab initio molecular dynamics code with the protein simulation code EGO. This will
allow a realistic description of protein effects on enzymatic reactions. As usual the study
of hydrogen bonded systems has been one of the main focuses of our activities, with many
systems being investigated. The dipole moment of water was evaluated by means of the
Wannier function approach and found to be much larger than usually assumed. This casts
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severe doubts on the validity of most empirical models for water. Using the method of ab
initio path integrals developed in our group we performed an extensive study of the quantum effects on the solvation properties of protons in water. This is a classical problem of
chemical physics that has been at the center of many controversies. Our calculation settles
this issue and reconciles different and apparently contradictory views. We also investigated the behavior of water under extreme pressures and temperatures that are to be found
in the interior of the outer planets Neptune and Uranus and in the process discovered a new
superionic phase of water. The study of the Ziegler–Natta polymerization process has continued and has led to a deeper understanding of its stereoselectivity. Various biomolecular
complexes have been studied in detail, most notably the heme center and rhodopsin.

The THEORY II group (previously the Fulde group and headed by HEDIN until August
31, 1998) is mainly concerned with the electronic correlation problem in solids such as
high–Tc oxides, manganites and vanadates. The considered models are the 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), the use of local correlation operators, self–consistent or ‘GW’–type approximations. Substantial amount of research has been carried out in 1998 on high–T c superconductors. Results for the pair formation, instabilities towards superconductivity, or the
possible occurrence of other structural phases due to stripes, spin– and charge–density, or
bond–order waves as well as their interaction with superconductivity have been obtained.
Possible scenarios for the breakdown of Fermi liquid theory have been investigated as well
as the question how realistic the employed simplified models actually are for a description
of these systems. Another central point of investigations dealt with the physics of the manganites. The spin– and orbital–dynamics and the appearance of long–range orbital order
has been studied and results for the optical conductivity in these systems have been obtained. In the many–body problem of photoemission the adiabatic to sudden transition for
core–electronphotoemission has been investigated.
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Experimental Physics
CARDONA’s group is mainly concerned with optical spectroscopy and scanning tunneling
microscopy of semiconductors and high–T c superconductors in the form of bulk samples,
surface layers, and low–dimensional structures like quantum wells, quantum dots and superlattices. Central to the interest of the group is electron–phonon interaction, a topic of
particular relevance to both material classes. Experimental methods used at present are Raman, hyper–Raman and Brillouin scattering off and in resonance, hot luminescence, spectroscopic ellipsometry (including synchrotron radiation as a source), optical measurements
under high pressure and in high magnetic fields, photoelectron spectroscopy, scanning tunneling microscopy in ultra–high vacuum and X–ray techniques for surface and interface
structure analysis. Close collaborations with the synchrotron laboratories in Hamburg (HASYLAB), Berlin (BESSY), Grenoble (ESRF) and Brookhaven (NSLS), the high pressure,
technology, molecular beam epitaxy and crystal growth service groups at the MPI, the High
Magnetic Field Laboratory and the Institut Laue–Langevin (ILL) in Grenoble have enabled
the group to extend the variety of experimental techniques at its disposal. At HASYLAB,
ESRF and NSLS surface X–ray diffraction and X–ray standing wave measurements are
carried out, while at BESSY a vacuum UV ellipsometer (5–35 eV) is operated. At NSLS
a Fourier ellipsometer for the far infrared spectral range has been built and optimized for
measurements of extremely small samples. At ILL neutron scattering is used to study the
lattice dynamics of isotopically pure and disordered single crystals. There is also a substantial theoretical effort in computing the electronic and vibronic band structure as well as
electron–phonon coupling parameters of the materials under investigation. Topics of recent
activities of the group are the vibrational and electronic properties of various compound
semiconductors and superlattices, in many cases with controlled isotopic composition, the
structure of semiconductor surfaces in the UHV and at the electrolyte interface, as well as
electronic Raman scattering processes and crystal field excitations in high–T c superconductors. Considerable effort, partly in collaboration with the University of California at
Berkeley and the Kurchatov Institute (Moscow), is spent in the growth and characterization of crystals with tailor–made stable isotope composition which are used to investigate
isotope effects on a wide range of physical properties such as phonon dispersion, lattice
constant, electronic band structure or thermal conductivity.

KEIMER’s group, which is being transferred from Princeton University (USA), studies the
structure and dynamics of highly correlated electronic materials by scattering techniques,
especially X–ray and neutron scattering. Experiments are carried out both in–house and at
a variety of external synchrotron (APS, NSLS, ESRF) and neutron (ILL, Saclay, NIST)
facilities, where the group maintains strong collaborations with local scientists. Joint
projects with the chemistry departments and the crystal growth and high pressure service
groups at the institute have also been initiated. Topics of particular recent interest include
the spin–dynamics of high–T c superconductors, the magnetic structure and excitations of
quantum magnets, and the phase behavior and phase control of manganite perovskites.
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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 of VON KLITZING’s group. 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 the electrical
breakdown, the time–resolved transport, the edge channels and the behavior of composite
fermions. Electron–phonon interactions in low–dimensional systems are investigated with
ballistic phonon techniques. Time–resolved photoconductivity and luminescence measurements in magnetic fields are methods of characterizing the electronic properties of optically
excited carriers. A strong current interest is the preparation and investigation of coupled
two–dimensional electronic systems and quantum dots. The cleanroom facility allows
the realization of structures where a single electron dominates the optical and electronic
behavior. The experiments are supported within the group by theoretical investigations of
the transport and dynamic response of these low–dimensional electronic systems. In the
research field of molecular electronics the properties of conductive polymers, fullerenes,
nanotubes, Au–clusters and switching molecules are investigated.

The Grenoble–HML–Außenstelle of our institute 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 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 of 30 Tesla in a bore of 5 cm. In addition, the MPG and the
C.N.R.S. have decided to finance a new hybrid system for fields in the 40 Tesla range which
will be working around the year 2000. 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.
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Solid State Chemistry
Basic research in the field of preparative solid state chemistry with the goal of developing modern materials is the main emphasis of JANSEN’s department. Classes of materials
currently under investigation include oxides and nitrides of nonmetals 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. Besides optimizing the
syntheses of these materials, their chemical and physical properties, in particular optical,
electrical and magnetic behavior are analyzed both at high and low temperatures, with
particular emphasis on X–ray diffraction and spectroscopic methods. This analysis serves
as the basis for placing the results in the proper context regarding structure–property 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.

MAIER’s department is concerned with physical chemistry of the solid state, more specifically with chemical thermodynamics and transport properties (in particular ion conductors, but also semiconductors and high–T c superconductors). A major theme is the understanding of mass transport, chemical reactivities and catalytic activities in terms of defect
chemistry and thus optimization of corresponding parameters. Besides the clarification
of local properties, also their superposition to the overall system property is investigated
(inhomogeneous systems, especially multiphase systems and functional ceramics). In this
context interfaces and microsystems are in the focus of interest. The research ranges from
modelling phenomenological theory to electrochemical and thermochemical experiments.
Since electrochemical investigation immediately affects the coupling of chemical and electrical phenomena, the research is directed towards both basic materials problems (such as
ion distribution at interfaces, transport in mixed conductors) as well as energy and information technology (fuel cells, chemical sensors).
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SIMON’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 and boride–carbide
halides of the rare earth metals, alkali metal suboxides, alkaline earth subnitrides), phase
relationships and relations between structure, chemical bonding 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 virtual (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.

Service Groups
The CHEMIESERVICE (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 of 12 Tesla,
a contactless microwave transport method, ac– and dc–electrical transport measurements in
magnetic fields up to 12 Tesla and temperatures down to 0.3 K. Materials currently under
particular investigations are novel superconductors, unusual magnetoresistive materials,
low dimensional and frustrated magnetic systems and intermetallic rare earth compounds.

The COMPUTER SERVICE GROUP (Burkhardt) supports approx. 230 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, DigitalUnix, HP–UX, Linux, Solaris and IRIX) and a common
application software server for these systems. Furthermore the group administers 2 parallel
computers (one IBM RS/6000 SP/2 and one CRAYT3E) for the Andersen and Parrinello
theory groups. This year the support has been extended to hundreds of Intel based PC’s
and Microsoft Operating Systems, based upon newly proposed and quarterly revised hard–
and software standards. The ADSM based central backup and archive service is open to all
supported systems. At the end of the year approx. 170 computers use the automated nightly
backup resulting in a total storage volume of 1.5 Terabyte. The network infrastructure is
currently being modernized in collaboration with the network support group (Winker).
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The EPITAXY GROUP studies kinetics of semiconductor crystal growth by liquid phase
epitaxy (LPE). The influence of crystallization mechanisms on morphology, defects and
dopant distribution is investigated with layers of GaAs, Si and Ge, as well as Si x Ge1 x
on Si. Centrifugal forces are utilized for growth from solutions. This research led to
extremely high–purity GaAs layers and very thin multilayers of GaAs and Si and other
systems. Selective epitaxy on partially masked substrates and seeded lateral overgrowth
yields defect–free silicon–on–insulator layers. Crystalline layer growth is performed on
ceramics, glassy carbon, or glass from metallic solutions below 500 Æ C. Epitaxial layer
growth of very pure isotope semiconductors, for example 28 Si, 29 Si, 30 Si, is a recent interesting research topic. LPE processes, layer growth takes place close to thermodynamically
equilibrium, the epitaxial layers have a high structural perfection, hence superior electronic
quality. The layers are usable for basic research and for applications such as transistors,
detectors and solar cells.

The CRYSTAL GROWTH GROUP (Schönherr) applies, modifies and develops techniques, such as Bridgman and top seeding methods for the growth of bulk crystals from the
melt or solution. Typical examples of single crystals are colossal magnetoresistance (CMR)
oxides (RE1 x Pbx CuO3 , RE = rare earth), superconducting oxides (REBa2 Cu3 O7 Æ ,
RE2 x Mx CuO4 , Bi2 Sr2 Can 1 Cun O2n+4 with n = 1 or n = 2 free traveling high melting solution zone techniques are under development to grow superconducting and CMR oxide
crystals. The oxygen concentration of superconducting oxide crystals is precisely adjusted
with thermo–gravimetrically controlled techniques. Modified gas phase methods are applied to grow crystals of II–VI and III–V compounds with defined isotopic components
from low amounts of source materials. The growth kinetics and habit of crystals grown
from the vapor are quantified by in–situ observation. For optimizing the crystal growth
from the vapor phase, vapor pressures and binary gaseous diffusion coefficients are experimentally determined.

Research within the HIGH PRESSURE GROUP (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 optical spectroscopies. Materials currently under
investigation are semiconductors and their heterostructures, transition metal oxides and
inorganic molecular and low–dimensional solids. Laboratory facilities for optical spectroscopy and X–ray diffraction under pressure are available for use by other scientific
groups (in–house and external). Pressure experiments in other research groups are supported through design and maintenance of pressure equipment.
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The X–RAY DIFFRACTION GROUP (Peters) is in charge of taking care of X–ray sources
and diffraction cameras belonging to the ‘Röntgenpool’. Nondestructive investigations on
single crystals and on powder samples can be performed with film exposing methods. For
extended X–ray diffraction measurements of single crystals, four–circle diffractometers are
available. For the evaluation the SIEMENS SHELXTLPLUS system for solving, refining
and displaying crystal structures from diffraction data is employed.

The service group OPTICS AND SPECTROSCOPY (Kuhl) develops new optical instruments and components and measures optical properties of solid, liquid and gaseous
samples. Available are grating and Fourier spectrometers for absorption and reflectivity studies within the spectral range from 180 nm to 1 mm wavelength. Investigations of optical properties of high–T c superconducting materials have been emphasized. The construction and operation of optical instruments in other groups is
supported by technical advice. The research concentrates on generation of pico–
and femtosecond optical pulses, as well as on studies of ultrafast relaxation of
nonequilibrium carriers, excitons and phonons in semiconductors.
Short optical
pulses are used to generate and analyze pico– and subpicosecond electrical pulses
by means of photoconductive switching and electro–optic sampling. These techniques are applied for characterization of high speed electronic and optoelectronic
devices and coherent THz–spectroscopy on high–Tc superconductors.

Main subject in the MBE GROUP (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 InGaP 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
defined in–situ etching technique based on AsBr3 within the MBE system. The group IV
element MBE activities are concentrated on the preparation of Si1 y Cy and Si1 x yGex Cy
alloy layers for new Si based devices.

The TECHNOLOGY GROUP (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–T c 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
improved mask making and direct, chemistry–free thin film patterning. The etching techI-12

niques available include wet chemical etching, ion milling and plasma etching as well.
The research activities of the group are closely related to the service tasks. Thin film deposition of doped Mott insulators such as high–T c 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 associated defect creation at the substrate/film
interface and their effect on the transport properties of the films. In the case of the system
La–Ca–Mn–O it could be demonstrated that the relaxation of epitaxial strain causes a shift
of the metal/insulator transition temperature from 160 K for strained thin films (thickness
30 nm) to the bulk value of 280 K for strain relaxed films of thickness 200 nm.

The LOW TEMPERATURE GROUP (Gmelin) comprises research laboratory (TTL) and
a technical service group (TTS), the latter belonging to the Max–Planck–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 also up to 1700 K. Small samples (mg–range) are
measured with a new type of high precision adiabatic–differential–scanning calorimeter. In 1998, with preference magnetic and electronic phase transitions have been studied by specific heat experiments: RE2 C2 Hal and REC2 (RE = rare earth, Hal = Cl; Br; J),
Pr1 x Yx Ba2 Cu3 O7 Æ , boracites T3 B7 O13 Hal (T = transition metals) single crystals,
Mn2 x Crx Sb compounds as well as a great number of new materials and intermetallic
compounds, e.g. CuIr2 S4 , Nd1 x Srx MnO3 Æ , BaCo=NiS2 , etc. . Members of the TTL were
specifically engaged in working out international standards for calibration of thermal analysis equipment. 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,
design, documentation and consulting. About 230,000 litres of liquid helium were liquefied and distributed in 1998.
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Synthesis and analysis of new materials
In spite of the long history in synthesizing new compounds, the chemistry of solids continues to pose a major challenge to the researcher, both regarding the creation of new
materials and the understanding of their bonding and structure. Research in this field
covers the prediction and synthesis of new compounds, the theoretical investigation of
their properties, and the study of their growth processes.

Lithiumorthoselenate
A classical goal of solid state chemistry is the synthesis of new ortho–salts, where the
oxygen coordination of the central atom in the anionic constituent is raised to ever higher
values. These compounds are valuable probes of the subtle aspects of chemical bonds
in solids, often transcending the simple picture of covalent vs. ionic or metallic bonds.
The system considered here belongs to the family of selenium–oxygen–compounds, where
up to now no oxygen coordination higher than four has been discovered, while for the
(chemically) related element Te the complex anion ((TeO6 )6 ) is already known. As a first
step towards the analogous Se compound, the compound Li 4 SeO5 has been synthesized,
containing SeO5 trigonal bipyramids.

Figure 1: Structure of Li4 SeO5 ,
with mutual trigonal bipyramidal coordination of cations and
anions.

The synthesis took place in a silver tube, where Li 2 O and Li2 (SeO4 ) were reacted in an
Ar–atmosphere at 500Æ C. The resulting white powder was analyzed using X–ray diffractometry, IR and Raman spectroscopy. Furthermore, it was found that the material was a
reasonably good ionic conductor, somewhere between Li 2 FeCl4 and LiAlSiO4.
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Since the material has only been prepared as a powder so far, the structure was determined from the powder data, using Rietveld–methods. The Bragg– and profile–R–values
of the refinement were 2.93% and 8.11%, respectively. More direct structure refinement
techniques (e.g. SHELX) did not yield sufficiently good results, due to the simultaneous
presence of the heavy Se ions and the much lighter Li and O ions. It was found that
Li4 SeO5 crystallizes in the (monoclinic) space group C2/c, with cell constants a = 8:736 Å,
b = 5:727 Å, c = 7:837 Å, = 98:28Æ , with four formula units in one unit cell. From the
structure one could see that both Li and Se are five–fold coordinated by oxygen, forming
trigonal bipyramids in each case. These are nearly ideal for Se and somewhat distorted
for Li, as can be seen from the Li-O and Se-O distances (averages 2.0 Å and 1.75 Å, respectively). In order to confirm the existence of the five–fold coordinated Se, the IR and
Raman measurements were analyzed within the factor group C2 . Within the resolution of
the measurements, the results agreed with the hypothesis of a trigonal bipyramid. Furthermore, these measurements could exclude the presence of tetrahedra, octahedra and square
pyramids of oxygen around Se.
In Fig. 1 the structure of the resulting compound is shown and one can easily see the
interwoven structure of LiO5 and SeO5 trigonal bipyramids. This structure pattern is highly
unusual, but it has appeared before in the context of structure prediction. Note that if one
treats the Li and Se ions on an equal footing, one gets an AB compound, where both A
and B coordinate each other in trigonal bipyramidal fashion. And exactly this structure–
type had been found several years ago when analyzing the energy landscape of NaCl, in
order to predict feasible modifications of NaCl besides the well–known rocksalt structure.
During this analysis, the potential energy of atomic configurations was approximated with
a simple empirical two–body potential, containing both long–range (Coulomb) and short–
range (van–der–Waals–like) terms.

Figure 2: Structure candidate
for NaCl from global optimization, exhibiting mutual trigonal
bipyramidal coordination of Na
and Cl.

I-17

Structure candidates were found by varying the charge of the atoms, their positions within
the simulation cell, and the size and shape of the cell, without any restrictions being placed
on the symmetry of the cell. Since a feasible structure candidate is characterized through
being a local minimum of the energy, surrounded by high enough energetic and entropic
barriers, it was necessary to employ global optimization methods like simulated annealing
to find low–lying minima, followed by a barrier analysis using the threshold algorithm.
As one would expect, the lowest minimum found corresponded to the rocksalt structure,
followed by the NiAs and anti–NiAs structures and the 5-5 structure, consisting of trigonal
bipyramids (Fig. 2) connected analogously to those found for Li 4 SeO5 . This is one of
the first examples where unbiased structure prediction using only minimal input of atomic
properties like average ionic radii has predicted a previously unknown structure type that
has only later been synthesized successfully.
[ H. Haas, J.C. Schön and M. Jansen ]

Zintl anions of silicon in rare earth halides
In the ‘Jahresbericht 1995’ we reported on boride and boride carbide halides of the rare
earth metals. Owing to the electropositive character of the metals, the interstitial B and C
atoms, as well as the Bx and Bx Cy units are present as anions denoted as A. Several factors
influence the nature of the interstitial species A: The number of electrons which can be
donated by the REXn framework (RE = rare earth metal, X = halogen) determining the
A–A bonding, the electronic balance between RE–RE, RE–A and A–A bonding, and the
dimensions and distribution of voids in the metal atom arrangement.
So far, the only known compounds with silicon as interstitial atom are Gd 4 I5 Si and Gd3 I3 Si.
Isolated Si atoms center Gd6 octahedra, similar to carbon in the corresponding carbide
halides. Compared to the binary and ternary RE silicides, the variation of the halogen
content offers an additional means for fine–tuning the valence electron concentration and
hence the nature of the Si Zintl anions. Since the electron transfer to the interstitial Si
species is decreased in the halide silicides compared to the binary silicides, larger Si n
entities may be formed given appropriate geometrical conditions.
We prepared the novel compounds La3 Cl2 Si3 , La6 Br3 Si7 , REISi (RE = La; Ce; Pr),
La4 I3 Si4 and La5 I3 Si5 by annealing stoichiometric mixtures of REX 3 , RE and Si in sealed
Ta tubes at temperatures of  1000Æ C for several days. The compounds were obtained as
needles or laths with metallic cluster. Conductivity measurements on pressed or sintered
pellets revealed metallic behavior between 5 K and room temperature. The compounds are
extremely sensitive towards moisture and ignite explosively upon contact with water.
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Figure 3: Building blocks in
rare earth metal halide silicides.
Si and RE are represented by
blue and red spheres, respectively. The shown units are
2-dimensionally connected to
slabs RE-(Si-Si)-RE. The halogen atoms are omitted.

a): Si zig-zag-chains with
the La environment in
La3 Cl2 Si3 .
b): Si6 rings with the RE
environment in REISi
(RE = La, Ce, Pr).
c): Condensed Si6 and Si14
rings with the La
environment in La4 I3 Si4 .
d): Si22 rings with the La
environment in La5 I3 Si5 .
e): Si12 rings with the La
environment in La6 Br3 Si7 .

Figure 3a–e depicts the characteristic building blocks of the structures of these compounds.
All Si atoms are coordinated by the RE atoms in a trigonal-prismatic fashion, but the interconnection of the prisms differs in the structures. There are two ways of fusing the prisms
to attain optimal space filling, and these differ with respect to the relative orientation of the
quasi–threefold axes, which can be parallel (p) or orthogonal (o) to each other.
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In the structures of REISi and La3 Cl2 Si3 all prisms are orientated in the (p) mode and they
are connected via the square faces, all in cis–conformation for REISi to form flat sheets,
and in trans, cis, trans, cis  –conformation with slightly corrugated slabs for La 3 Cl2 Si3 ,
respectively. The occupation of the centers of the prisms by silicon atoms leads to infinite
Si zig-zag-chains (Fig. 3a) with Si2 ions for La3 Cl2 Si3 and to planar Si6 rings (Fig. 3b),
which are two–dimensionally connected, for REISi, respectively.
In the structures of La6 Br3 Si7 , La4 I3 Si4 and La5 I3 Si5 the trigonal RE prisms are fused in
both (p) and (o) modes. For La4 I3 Si4 (Fig. 3c) double–strings of La6 prisms (o) are alternatingly condensed with prisms (p) to form corrugated layers. The parallel linked prisms
correspond to a section of the –ThSi2 structure containing a ribbon of trans–condensed
Si6 rings. The occupation of the (o) prisms by Si atoms together with the connection of
these atoms with Si6 rings leads to the hitherto unknown Si 14 rings. In contrast to the
nearly planar Si6 rings (deviation from planarity less than 5 Æ ), the Si14 rings are strongly
bent (115Æ ).
A similar arrangement of corrugated layers is found in La5 I3 Si5 (Fig. 3d). A prism (o)
is followed by eight prisms (p). Fusion through common rectangular faces for (o) prisms
leads to chains, and for eight prisms in (p) orientation to ribbons. Chains and ribbons together form layers, containing Si22 rings. Alternatively the structure of La5 I3 Si5 can be
described in terms of a combination of sections of the – and –ThSi 2 structural types.
A block of –type in which an (o) prism surrounded by (p) prisms on both sides is followed by a section of the –type with (p) prisms in cis, trans arrangement. This formal
decomposition of the structure indicates that besides La 5 I3 Si5 further compounds with a
general composition (RE2 Si2 X)a (RE3 Si3 X2 )b may exist, where the coefficients a and b
denote the number of condensed blocks of the – and –ThSi 2 structure type, respectively.
The variation of a and b would allow different Sin ring sizes to be synthesized. In La5 I3 Si5
(a = b = 1), the ring size corresponds to Si22 and the rings are condensed into layers. For
La3 Cl2 Si3 with a = 0 and b = 1, Si zig–zag–chains are found.
In La6 Br3 Si7 (Fig. 3e) double–strings of (p) and triple strings of (o) prisms are connected
through rectangular faces, which are condensed into layers. The occupation of the centers
of the (o) prisms leads to Si zig–zag–chains, which are closed by the Si atoms in the (p)
prisms to Si12 rings. The same Si12 rings are observed in the structure of –ThSi2 , but
three–dimensionally connected.
In all these structures the RE–(Si–Si)–RE slabs are connected via halogen atoms. In REISi
flat sheets of the I atoms surround the slabs on both sides, in La 4 I3 Si4 part of the I atoms
belong to only one slab, and others connect adjacent slabs, and in the other three structures
slighty puckered monolayers of halogen atoms are arranged between neighboring sheets.
Within the Zintl–Klemm formalism with respect to the bonding b for Si the description of
these compounds corresponds to: (La 3+ )3 (Cl )2 [Si(2b)2 ]3  1e , (RE3+ )(I )[Si(3b) ]  1e ,

(La3+ )5 (I )3 [Si(2b)2 ]4 [Si(3b) ]1  3e ,
(La3+ )4 (I )3 [Si(2b)2 ]3 [Si(3b) ]2  3e
and
3
+
2
(La )6 (Br )3 [Si(2b) ]5 [Si(3b) ]2  3e , respectively. One or three electrons per formula
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unit occupy bands with RE–RE bonding character. In agreement with the observed metallic
conductivity and the results of band structure calculations, these electrons are delocalized.
The number of electrons transfered from the REXn framework is strictly correlated with
the size of the observed Si Zintl anion: 1:00e /Si for REISi results in Si6 , 1:50e /Si for
La4 I3 Si4 in Si6 and Si14 , 1:71e /Si for La6 Br3 Si7 in Si12 , 1:80e /Si for La5 I3 Si5 in Si22
rings and 2:00e /Si for La3 Cl2 Si3 in Si zig-zag-chains, respectively.
[ Hj. Mattausch and A. Simon ]

The crystal structure of the high–pressure phases cesium-V
and silicon-VI
Pressure–induced phase transitions of elemental solids have been of considerable interest
in exploring the interplay between crystal structure, chemical bonding and physical properties. Some high–pressure phases, however, pose difficult structural problems, which for
many years could not be solved by powder X–ray diffraction experiments using diamond
anvil high–pressure cells (DAC). This is due to experimental limitations inherent in high–
pressure studies, e.g. the small sample size inside a DAC (typically 10 4 mm3). Third
generation synchrotron sources offer a gain in monochromatic flux by about a factor of
hundred compared to earlier generation sources. If combined with two–dimensional image plate detectors, high–pressure diffraction experiments become possible with extraordinarily high resolution, extremely high sensitivity for weak reflections, reliable intensity
determination for Bragg reflections and a large coverage of the reciprocal lattice. Such
conditions are provided at the ID9 beamline at the ESRF (Grenoble), where we have performed diffraction experiments of cesium and silicon, aimed to solve the structures of the
high–pressure phases Cs–V and Si–VI.
Cesium metal exhibits an unusual sequence of phase transitions under pressure. Near
4.2 GPa the high–pressure fcc phase (Cs–II) undergoes a first–order isostructural transition to the collapsed fcc phase Cs–III (volume change -9%). At 4.4 GPa there follows a
transition to the tetragonal Cs–IV phase, where, contrary to the pressure coordination rule,
the number of atoms in the first coordination shell is reduced from twelve to eight. In the
vicinity of the Cs–IV to Cs–V transition near 12 GPa Cs becomes superconducting, i.e.
it is the only known superconducting alkali metal. At this pressure Cs is compressed to
26% of its normal volume. The anomalously large compressibility of Cs below 10 GPa,
its structural behavior and other experimental observations concerning the melting curve,
electrical transport, and optical properties have been interpreted in terms of an electronic
transition, where the 6s valence electrons undergo a transfer to more localized 5d–like
states at high pressure. In particular, near the Cs–IV to Cs–V transition the calculated d
occupation number reaches a value of 0.8. In other words, Cs–V has the unusual property
of being a monovalent metal with essentially one outer d valence electron.
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We have investigated the crystal structure of Cs–V using monochromatic synchrotron
powder X–ray diffraction in combination with two–dimensional image plate detection. A
typical integrated diffraction diagram is shown in Fig. 4. The insets demonstrate the excellent resolution and sensitivity achievable at the ID9 beamline of the ESRF. The pattern
can be indexed on the basis of a 16–atom orthorhombic cell with an extremely small orthorhombicity (a = 11:205 Å, b = 6:626 Å, c = 6:595 Å). The only centrosymmetric space
group (SG) consistent with the systematic extinctions of Bragg reflections was determined
to be Cmca. A structure with this SG and Z = 16 is not known for any element at ambient
conditions. The structure was solved using direct methods. In SG Cmca atoms occupy the
Wyckoff positions 8f and 8d. The corresponding positional parameters were determined
by full profile refinements. The line in Fig. 4 marked by ‘R’ corresponds to the difference
between experimental profile and refined structure model. Evidently, the structural model
gives an excellent description of the experimental pattern.
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Figure 4: Synchrotron X-ray diffraction diagram of the high-pressure phase Cs-V at 12 GPa. Insets
illustrate the high sensitivity for weak reflections and the excellent resolution. The indexing refers
to the orthorhombic unit cell.

The crystal structure of Cs–V is depicted in Fig. 5. Characteristic features are flat layers
of 8f atoms alternating along the [100] direction with puckered nearly–square layers of 8d
atoms. The unit cell extends over four layers. The 8f and 8d atoms are eleven and ten–fold
coordinated, respectively. One of the 8f –8f distances is significantly shorter than all other
distances, which suggests that the 8f atoms condense into Cs 2 units. In fact, the flat 8f
atom layers bear some resemblance to the two–dimensional dense packing of molecules in
diatomic molecular crystals.
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8d(x; 0; 0)

a
6

8f (0; y; z )

; c
;; - b
Figure 5: Schematic view of the orthorhombic Cs-V-type crystal structure. The conventional
cell contains 16 atoms in two crystallographically nonequivalent positions. The structure can be
viewed as an alternating sequence of planar layers formed from five-coordinated nets and puckered
nearly-square layers.

Silicon plays a prominent role in the study of pressure–induced phase transitions of elemental solids, because a large variety of crystal structures and chemical bonding situations
is encountered along the route from the tetrahedrally coordinated diamond–type structure
towards close packing of atoms at very high pressures. At least ten phases with different
crystal structures are known to exist. A long–standing question is the structure of the phase
Si–VI, which exists near 40 GPa, intermediate between the eight–fold coordinated primitive hexagonal (ph) and the twelve–fold coordinated hexagonal close–packed (hcp) phases.
Si–VI shows a superconducting transition temperature significantly higher (5 K) than the
neighboring ph and hcp phases.
Again based on high–resolution monochromatic synchrotron X–ray diffraction data, we
have solved the crystal structure of Si–VI. It is found to be isostructural to Cs–V. This not
only applies to the overall space group symmetry, but also, within experimental uncertainty,
to axial ratios and the free atom position parameters. Thus, there is again one type of layer
formed from diatomic units. It was earlier assumed that the transition path from ph Si–V
to hcp Si–VII involves a restacking of hexagonal close–packed layers. These assumptions
entered into theoretical studies of the electron–phonon coupling in Si–VI. The structure
found for Si–VI requires a reinterpretation of the transition path.
The close similarity of the structures of Cs–V and Si–VI is a very surprising result in
view of the different electronic configurations of Cs and Si. Furthermore, the occurrence
of diatomic units in both phases points to the possibility of a significant covalent bonding contribution. These observations motivated us to perform energy band calculations of
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Cs–V and Si–VI using the Stuttgart Tight Binding LMTO code, which is particularly suitable (and efficient) for investigating the electron density distribution based on tight binding
orbitals. The calculated densities of states (DOS) shown in Fig. 6 demonstrate a major difference between Cs and Si: The DOS of occupied states in Cs–V is strongly structured and
mostly d–like, whereas the DOS of Si, consisting of s and p components, is rather smooth
with a nearly free electron–like shape.
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Figure 6: Calculated density of states for Cs-V and Si-VI.

Nevertheless, not only for Cs, but also for Si we find valence electron density distributions
showing large spatial variations with pronounced maxima. There are striking differences,
however, between Cs and Si. This is illustrated by the 3D and 2D electron density contours shown in Fig. 7. Electron density maxima in Si are located midway between nearest
neighbor atoms, not only for the Si 2 units in the 8f layers, but also for the nearly–square
8d layers. This immediately suggests a significant  –type covalent sp bonding contributing to the formation of the Cmca structure in Si. On the other hand, in the case of Cs the
maximum electron density is found in the interstitial octahedral voids located within the
8f layers and less pronounced maxima occur elsewhere, for instance centered within the
squares formed by 8d atoms. These maxima can be attributed to the overlap of d orbitals of
different symmetries, pointing towards the interstitial sites. Thus, the bonding in Cs–V can
be interpreted again in terms of a covalent contribution which arises from a  –like overlap
of d orbitals, in marked contrast to the  –like bonds in Si–VI.
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Figure 7: Calculated electron density contours for Cs-V (top) and Si-VI (bottom). From left to
right: 3D contours generated for a density of about 0.8 times the overall maximum valence electron
density outside of the core regions and 2D contours in the 8d and 8f planes. Coloring for the 3D
plots represents the values of the electron localization function, electron densities in the 2D plots
are given in electrons/Å3 .

In summary, the Cmca (Z = 16) structure has been observed at high pressure for two elements, Cs and Si, which have quite different electronic configurations. Thus, the new
structure type is not a characteristic feature of the electronic s–d transition in Cs metal.
Rather, it plays a more general role of an intermediate structure during pressure–driven
phase transitions from eight–fold coordination towards dense packing of atoms. This view
is supported by our recent diffraction studies of Rb and Ge. One of the high–pressure
phases of Rb (Rb–VI, 48 GPa) adopts the Cmca (Z = 16) structure, and the diffraction
data for Ge near 135 GPa are also consistent with this structure type. The new structure is a possible candidate for first–principles calculations of the phase stability of, e.g.
other monovalent metals. An interesting question is, whether a binary analogue occurs for
metallic high–pressure modifications of III–V semiconductors.
[ U. Schwarz; M. Hanfland (ESRF Grenoble); K. Takemura (NIRIM, Tsukuba); O. Jepsen
and K. Syassen ]
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Magic electron counts for networks of condensed octahedral niobium
clusters in oxoniobates
Many metal–rich compounds feature rather complex metal–metal bonded networks, often
infinite, which can be viewed as a result of vertex–, edge–, or face–sharing between simple
polyhedra of metal atoms. The octahedron is the most common motif in these networks.
Such a description of these networks has led to the idea of cluster condensation, since compounds containing metal clusters with isolated octahedral cores also exist. Metal clusters
and networks resulting from their condensation represent an important class of solid state
compounds.
Chemical bonding in condensed cluster networks is of special interest because such
networks represent a link between molecule–like metal clusters with isolated cores
(monomeric clusters) and three–dimensional metals. In our study we attempt to exploit
the structural similarity between monomeric clusters and condensed cluster networks in
order to understand the electronic structure of the latter. The idea is to relate the well–
known molecular orbitals of monomeric metal clusters (with the octahedral M 6 core, for
example) to molecular or crystal orbitals of condensed cluster networks. We hope that such
an approach can provide additional insight into chemical bonding in condensed cluster networks, many of which have already been studied theoretically with various methods.
Reduced oxoniobates were chosen for the analysis because they feature monomeric octahedral niobium clusters, as well as zero–, one–, two– and three–dimensional condensed
cluster networks (Figs. 8 and 9).
a
i

Figure 8: Formal condensation of two
monomeric octahedral oxoniobate clusters through vertex-sharing, accompanied by loss of some oxygen ligands of
the outer coordination sphere (Oa ).
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a)

d)

Figure 9: Some condensed cluster networks found in oxoniobates (only the
Nb backbones are shown):
[1

1

1]

a)
b)
c)
d)
e)

b)
[1
[1

1

2]

]

e)

The [ p  q  r ] notation refers to the
number of niobium octahedra participating in cluster condensation along
the three orthogonal directions.

c)

[1

1

]

[

monomeric cluster,
dimer, as in Fig. 8,
linear chain of clusters,
square network of clusters and
cubic network of NbO.

]

Bonding in the monomeric Nb6 O18 cluster is optimized when the lowest seven Nb–Nb
bonding orbitals are filled with 14 electrons. The simplest way to construct the molecular
or crystal orbitals of the condensed cluster networks is to build them from the seven MOs
of the monomeric cluster, much like the networks themselves are built from octahedral
blocks. One such construction is shown in Fig. 10, using the one–dimensional condensed
cluster network (Fig. 9c) as an example.
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Figure 10: Crystal orbitals for a onedimensional condensed cluster network
(Fig. 9c) at and X can be related to the
Nb-Nb bonding MOs of the monomeric
Nb6 O18 cluster, as shown schematically
for one of the t2g MOs.
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While both crystal orbitals depicted in Fig. 10 can be related to a t 2g Nb–Nb bonding
MO of Nb6 O18 , only the crystal orbital at the point retains metal–metal bonding. The
phase–change requirement imposed on the crystal orbital at the X point leads to a loss of
Nb d orbital contributions at the shared vertices and substantial participation of oxygen
p wavefunctions at the Nb–O–Nb bridges. The consequent elimination of Nb–Nb bonding, together with strong Nb–O  antibonding, makes occupation of this crystal orbital
unfavorable.
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This bonding analysis was carried out for all appropriate molecular or crystal orbitals of
the condensed cluster networks depicted in Fig. 9. Based on this analysis, the number
of crystal orbitals (bands) which were likely to be occupied at each of the special points
of the corresponding Brillouin zones was estimated. Contributions of special points were
then averaged according to the relative weights of the special points, resulting in the following approximate magic electron counts per Nb octahedron (i.e. electron counts optimal
for chemical bonding in the considered networks): 14 electrons for the Nb 6 O18 cluster,
12 for the dimer (Fig. 9b), 11 for the 1D chain (Fig. 9c), 10–10 12 for the 2D square network (Fig. 9d) and 7 34 –8 12 electrons for the 3D cubic network (Fig. 9e). These numbers
closely match the experimentally observed electron counts. Furthermore, they agree with
our electronic structure calculations at the extended Hückel level and they are consistent
with another electron counting scheme previously derived in our group for these condensed
cluster networks.
[ G.V. Vajenine and A. Simon ]

Synthesis, growth and Raman results of isotopically controlled ZnSe
crystals
For the study of isotopic effects in ZnSe, the isotopes 64 Zn (enrichment 99.4%) and 68 Zn
(97.9%) have been combined with the isotopes 76 Se (96.3%) and 80 Se (98.3%). With
regard to the limited quantities of the rather expensive materials, we have developed a loss–
free method to synthesize, purify and grow a limited number of relatively large crystals via
the vapor phase in the same sealed ampoule.

Figure 11: Schematic illustration of the
growth ampoule with temperature profile and
partial pressure distribution. L indicates the
crystallization region.
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For the synthesis, the respective isotopes were placed on different locations in silica ampoules, 10–13 mm in diameter and 350 mm in length. The ampoules were sealed under
an argon pressure of 70–100 mbar at room temperature. The temperatures of the separated
Zn and Se were increased stepwise to 1000Æ C and 600Æ C, respectively. The exothermic
reaction of about 800 Ws/g at 900Æ C occurred spontaneously correlated with luminous
phenomena in the vapor. In addition, on the Zn surface, a ZnSe layer formed which slowed
down the synthesis process drastically. In this case, the reaction rate was limited by the diffusion of Zn through this barrier layer. When the ZnSe crust could be broken by quenching
the source, the reaction started again from the vapor phase and was noticed through the
formation of a glowing cloud traveling within the ampoule.
The crystal growth was carried out by dissociative sublimation as schematically illustrated
in Fig. 11. The presence of argon favored the formation of a small number of separate crystals in a temperature gradient of 20–30Æ C/cm at temperatures between 800Æ C and 950Æ C.
The crystals grew preferably in the <111> direction as a consequence of repeated formation of nuclei in twin position and appeared rod–like with f110g side faces. Under an
excess of Zn, crystals of 64 Zn80 Se, 68 Zn80 Se, 68 Zn76 Se, 64 Zn76 Se, 68 Zn76 Se0:5 80 Se0:5
were obtained with a length up to 8 mm, while under an excess of Se, crystals of
64 Zn
68
80
0:5 Zn0:5 Se reached a length of 12 mm (Fig. 12).

Figure 12:
As-grown crystals of
64 Zn
68 Zn
80 Se.
0:5
0:5
Scale mark: 1 mm (lower left corner).

In general, the crystals had a higher chemical purity than the source. Whereas the residual
synthesized source materials appeared dark brown to black due to accumulation of impurities, the crystals were yellowish–orange to light–green in color. The purification efficiency
was tested quantitatively with natural zinc and selenium source materials (Table 1). Purification did not occur in the case of the substitution of Se by As, Te and S.
Table 1. Ratio of impurity concentrations as a function of various
impurities. c represents the impurity concentration in the crystals
and co that in the initial source.

Fe

Ni

Cu

Cr

Sb

Pb

As

Te

S

Ratio c=co 0.1 0.2 0.3 0.4 0.7 0.8 1.2 1.2 5.4
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On the basis of diffusion–limited transport, we have studied the system quantitatively in
the case of Zn excess. The distribution of the partial pressures is sketched in Fig. 11. For
the simplification of the model we consider the crystallization range to be contracted to one
point at the distance L from the source. Using the binary diffusion coefficients of Zn and
Se2 in argon — DoZn = 0:149 cm2 =s and DoSe2 = 0:0853 cm2 =s — with the temperature
exponent n = 1:47, we determine the partial pressure pZn (0) of Zn at the source from the
partial pressure pZn (L) at the crystals which is adjusted by the Zn reservoir. The respective
partial pressures of Se2 , pSe2 (0) and pSe2 (L), are calculated from the equilibrium constant
Kp (T) = p2Zn  pSe2 , with Kp (T)=mbar3 = exp [-87321/(T/K)+67.1]. Finally, we determine
the mass flux of ZnSe

jcalc =

2 M DoZn Po Tn
3
R Tno L

1

ln

h 2P 3pZn (L) i
;
2P 3pZn (0)

(1)

where M is the molar mass of ZnSe, P the total pressure, R the gas constant, T the temperature, L the transport distance, Po = 1000 mbar and To = 273 K. The results together with
experimental parameters are listed in Table 2. The calculations are in reasonable agreement
with the measured mass fluxes jexp . The uncertainty of jexp (< 13%) is caused mainly by
the uncertain starting time of the sublimation. The uncertainty of the calculated mass fluxes
jcalc (< 20%) follows mainly from the uncertainty of the temperature distribution.

Table 2. Experimental and calculated parameters. The symbols are explained
in the text.
64 Zn80 Se

68 Zn80 Se

68 Zn76 Se

64 Zn76 Se

Experimental
pZn (L) [mbar]
P [mbar]
L [cm]
time [d]
crystal mass [mg]
crystal color
jexp [mg/(hcm2)]

0.30
284
13
14
550
yell.-or.
1.72

0.19
243
11.5
19
670
orange
2.78

0.77
348
12.5
26
445
green
1.03

0.45
286
12.5
12
302
yellow
1.33

Calculated
pSe2 (L) [mbar]
pZn (L)=pSe2 (L)
pZn (0) [mbar]
pSe2 (0) [mbar]
pZn (0)=pSe2 (0)
jcalc [mg/(hcm2)]

7:3  10 4
 407
1.22
0.81
1.51
1.71

1:8  10 3
 107
1.05
0.76
1.39
2.17

2:8  10 3
 271
1.49
0.64
2.34
1.15

Isotope compound
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6:1  10
 73
1.05
0.53
1.96
1.12

3

Figure 13 shows Raman spectra of the transverse (a) and longitudinal (b) optical phonons
in natural ZnSe and 68 Zn76 Se which has almost the same average mass. Most prominent
is the dramatic change in the linewidth of the transverse optical phonon by a factor of four.
This effect arises from strong isotope disorder induced scattering due to the large one–
phonon density of states at this frequency. In samples with only Zn or Se isotope disorder,
different linewidths are observed. They reflect variations in the mass disorder, the phonon
eigenvectors and the partial density of states for these elements.

Intensity (arb. units)

nat. ZnSe

a)

nat. ZnSe

1.8

b)

1.8

68

76

68

Zn Se

−0.2

206

76

Zn Se

−0.2

208
210
212
−1
Raman Shift (cm )

214

255
260
−1
Raman Shift (cm )

Figure 13: Raman spectra of a) the TO and b) the LO phonon in natural and isotopically pure ZnSe
(T = 2 K , ` = 488 nm, instrumental resolution 0:24 cm 1 ). The spectra were scaled to the same
intensity and vertically shifted for clarity.

We are indebted to O. Buresch for the chemical analysis, to A. Schmeding for the isotope
mass analysis and to H. Bender for the illustration.
[ R. Lauck, E. Schönherr, A. Göbel, T. Ruf, J.M. Zhang and M. Cardona ]
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Liquid phase epitaxy of Si from Pb solutions
Liquid phase epitaxy (LPE) of Si has been carried out using low melting point metals such
as Ga, In, Sn, or Bi as solvent. Ga and Sn have relatively high solubility of Si in their liquid
phase, however, the incorporation coefficient and solubility of these metals into solid Si are
high. In contrast, molten In and Bi show low solubility of Si and are less soluble in solid
Si. Their concentration in Si layers are of the order of 1015 16 cm 3 , which is still high
for some applications. Considering its large atomic radius it is expected that Pb is not
incorporated in grown Si layers in such a degree as In or Bi, and might be electrically in–
active. Lead has been used for growing GaAs by LPE technique. Pure Pb has, however,
not been used for growing Si layers. The reasons are mainly the low Si solubility in Pb
solution, high vapor pressure, and the difficulty to obtain pure Pb metals. We have grown
Si layers on Si (111) substrates from Pb solution and characterized the layers obtained.
Monocrystalline Si (111), FZ, with a misorientation angle of 0:33  0:10 Æ towards the nearest f1; 1; 2̄g plane, p doped, and high resistivity (15 k cm) was used as a substrate. Liquid
phase epitaxy was performed in a conventional graphite tipping boat system in hydrogen
atmosphere. Lead (5N8 pure) as received and also after distillation in low pressure hydrogen (5 mbar), as well as 6N pure were used as solvent. LPE was carried out using
the supercooling technique. The thickness of the layers was determined by measuring the
weight change of the substrate before and after the growth as well as by stylus surface
profilometer measurement. The electrical properties of the layers were characterized using
a 4–point probe and Hall effect measurements.
The weight gain of the substrate by epitaxial layer growth is plotted as a function of growth
time in Fig. 14. At the right hand side of the vertical axes, the corresponding layer thickness is shown. It takes about 2–3  10 3 s after tipping the solution onto a substrate, for
the system substrate/solution to reach the quasi–equilibrium condition. In this interval, the
layer thickness shows a t1=2 –dependence similar to the step cooling technique (region I in
Fig. 14). When the growth was performed for longer than 3  10 3 s (region II), the layer
growth changed to a t3=2 –dependence. This can be understood by solving the diffusion
equation assuming C(0;t) = C0 (R=m) t for constant cooling. C(x;t) denotes the concentration of Si in the desired solution as function of distance from the growing surface x and
time t. R is the cooling rate (dT/dt) and m the slope of the liquidus curve (dT/dX), where
X denotes the solubility of Si in molten Pb. The solution of the diffusion equation gives
the amount of Si that reaches the substrate as a function of time. Noting that the weight
change per unit area, w, is given by d  si , where si is the density of solid Si and d is the
increase in layer thickness, we find

4
3

w = si

1
R D2 3
t2
m 

;

(2)

where D is the diffusion coefficient of Si in Pb. In the double–logarithmic plot (Fig. 14)
the layer thickness increases with the growth time as t 3=2 . This suggests that the growth
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rate is limited by diffusion of Si in the Pb solution. The diffusion coefficient is determined
to be 3:2  10 5 cm2 s 1 . The diffusion length  = (2Dt)1=2 reaches the solution height of
3.4 mm after t = 4500 s. Thereafter, layer thickness does not follow a t 3=2 –dependence any
longer (region III).

Figure 14: Weight gain (layer thickness) as a function of growth time in a double-logarithmic plot.
An oblique line shown in region II represents a line according to Eq. (2). A horizontal line at weight
gain of about 0:9 mg cm 2 shows the upper limit of layer thickness determined by the solubility at
the desired amount of solvent Pb (30 g) and the temperature Ts = 987Æ C

When small initial super–saturation is chosen, the step cooling region (region I in Fig. 14)
is negligibly short. The average cooling rate R within a constant temperature interval can
be given as R = T=t. Substituting t in Eq. (2) results in

w =

4 si
3 m

T 2
3

 D  12



R

1
2

:

(3)

The layer thickness obeys a R 1=2 –dependence when R is between 20 and 100 K/h. Below
R = 20 K=h, almost the total amount of Si which was dissolved in the solution reaches
the substrate surface and is captured by the kinks or steps which exist on the crystalline
substrate surface. Therefore the final layer thickness is determined only by solubility. In
the range of R between 20 K/h and 100 K/h, the thickness of the layer is kinetically limited.
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At higher cooling rate the boundary condition used to obtain Eq. (2) is no longer applicable.
The growth kinetics which we have discussed, is applicable only for the case that enough
steps or kinks are available on the substrate, like the ones which we used in this series
of experiments with a relatively large misorientation angle. Therefore, the rate of surface
reactions, i.e. adsorption and surface migration of the Si which has reached the substrate
surface, is high enough. At cooling rates higher than 200 K/h in the case of Si LPE from
Pb solution near 990Æ C, more complicated growth mechanisms may have to be taken into
account. Further experiments have to be carried out in order to explain the growth kinetics
at such high cooling rates.
In order to obtain thick layers it is necessary, to increase the amount of solution, since
the increase of growth temperature causes the removal of Si from the surface as described
below. When the layer is grown from 987Æ C to 600Æ C with a cooling rate of 50 K/h,
the layer thickness increases linearly (from 1.5 to 4.2 m) with increasing solution height
(from 1.5 to 3.6 mm). The surface area where epitaxial growth occurs is kept constant
at 5 cm2 . Further increase in the amount of solution gave no change regarding the layer
thickness, because the diffusion length of Si reaches the height of the solution. At the
desired cooling rate the layer thickness is kinetically limited, i.e. by material supply. In
order to increase the layer thickness, a larger amount of solvent and a low cooling rate
below 50 K/h must be chosen.

Figure 15:
Surface
morphology of the Si epitaxial layers grown from a Pb solution.
Layer thickness: 0:52 m, cooling rate: 50 K/h, growth temperature: 987 - 874 Æ C.

Figure 15 shows the typical morphology of the Si epitaxial layers grown from Pb solution,
as observed by NDIC microscope. A wave–like feature is seen on the surface and this
feature becomes more noticeable for the layer grown at higher growth temperature. We
observed that Si was removed from the substrate surface before growth and after growth
from the layer surface. At the same time Si atoms rearranged themselves and formed wave–
like surface morphologies. Scanning atomic force microscopic observation reveals that the
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terrace, the surface of the scale–like structure, inclines with an angle which corresponds
to misorientation of the substrate surface. Our results show a lower etching rate than that
reported for chemical etching of Si by gaseous H2 . The surface morphology shows features
completely different from those observed for surfaces produced by pure chemical gas phase
etching of the Si(111) surface. This suggests that gaseous Pb adsorbs on the Si(111) surface
after the epitaxial growth and plays some role in producing the wave–like morphology.
The layers grown from ‘as received’ Pb (99.9998 wt.% purity) showed n–type conductivity
and a resistivity of 0.2 cm. When the layers were grown from Pb which was baked for
about 20 h in hydrogen atmosphere, the resistivity of the grown layer was 0:6 cm. Further baking of the Pb solution resulted in almost no change in resistivity of the grown Si
layers. Distillation of Pb in low pressure hydrogen (5 mbar) brought no noticeable improvement on the electrical properties of the layers. The layers grown from purer solvent
Pb (99.9999%) showed also n–type conduction but higher resistivity. The electrical resistivity of layers increased with decreasing cooling rate. It reached more than 10 cm when
the cooling rate was below 5 K/h. Low electrical resistivity of the layers are attributed to
impurities incorporated into Si epitaxial layers during the growth from Pb solution. This
LPE technique using Pb solutions has successfully been applied for growing isotope pure
28 Si and 30 Si.
[ M. Konuma, G. Cristiani and I. Silier; E. Czech (PTS GmbH) ]
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Strongly correlated materials
A major area of research in our institute is the experimental and theoretical investigation
of bulk magnetic, electronic, and structural properties of materials with strong electronic
correlations. Particular efforts are devoted to the study of superconducting compounds, as
well as the detailed analysis of spin systems. Both are strongly influenced by the presence
of defects, whose analysis constitutes an important step towards the realistic description of
such materials.

Influence of Al substitution in PrBa2Cu3 O7 Æ single crystals
The electronic and magnetic properties of cuprates containing Pr have been a topic of intense interest since the discovery that superconductivity is suppressed in most of these
materials. In Y1 x Prx Ba2 Cu3 O7 Æ (YPBCO) substitution of Pr for Y depresses Tc and superconductivity disappears for x > 0:55. This contrasts with the typical behavior where rare
earth magnetic moments order at very low temperatures ( 1 K) and this order readily coexists with superconductivity. In particular, all the rare earth (RE) compounds that form the
stable REBa2 Cu3 O7 Æ (RBCO) structure are superconductors with Tc > 90 K, except for
the Pr compound which is an insulator. The antiferromagnetic ordering of PrBa 2 Cu3 O7 Æ
(PBCO) is also anomalous in that the Néel temperature is more than an order of magnitude
higher (TPr
N  17 K) than for other RBCO systems despite the small ordered Pr moment.
These unique properties of PBCO and YPBCO are a challenge to the scientific community
to understand the interplay between superconductivity and magnetism in these systems. In
addition, PBCO has potential for applications since its lattice matches with YBa 2 Cu3 O7 Æ
(YBCO) and by being an insulator enables the formation of trilayer Josephson junctions
YBCO/PBCO/YBCO.
To understand the complex relationship between composition, crystal structure, superconducting and magnetic properties, the growth of large PBCO, YBCO and YPBCO single
crystals of high quality is a basic requirement. It has been found that large dense YBCO–
type compounds can be grown with the use of alumina (Al 2 O3 ) crucibles. However, the
high melting point of the sample causes the crucible materials to react with the melt,
thereby introducing a considerable amount of Al contamination from the crucible materials into the single crystal. In fact, most of the RBCO crystalline compounds studied and
reported in the literature contain 5 to 15% substitutional Al atoms in the Cu chains, which
substantially affect the electronic and magnetic properties of the compounds, in particular
at low temperatures.
Therefore, we have investigated the influence of Al substitution (contamination) on the
low temperature magnetic properties of pure oxygenated PBCO single crystals grown in
BaZrO3 crucibles. Specific heat and magnetic susceptibility measurements have been performed on PrBa2 Cu3 y Aly O7 Æ single crystals with y = 0:0, 0.25 and 0.4. DC–susceptiI-36

bility was determined parallel and perpendicular to the c–axis with a SQUID magnetometer
using an applied magnetic field of 1 T in the temperature range from 2 K to 300 K. Specific
heat capacity of the samples (total weight  10 mg) was measured in the range 2–20 K and
in magnetic fields up to 14 T, using a high resolution quasi–adiabatic calorimeter based on
the Nernst step heating method in conjunction with thin film (Cernox) thermometry.
The amount of Al that entered the lattice was determined quantitatively by electron probe
analysis (EPMA) using a JEOL JSM–840A electron microscope giving a resolution of
0.2% Al. X–ray intensity data prove the single crystal character of the samples and show
that Al3 occupied the Cu(1) site (along Cu–O chains) whereas the Cu(2) occupancy (in
Cu–O planes) is always zero. As a consequence, up to 40% of the Cu chains are disrupted
by aluminium. When increasing the Al content from y = 0 to 0.2, the lattice parameters
a and b increase by about 1% and c decreases by about 0.3%, respectively, causing an
overall increase of the unit cell volume. The Pr–O(2) and Pr–O(3) bond lengths are always
the same, showing that the Al contamination does not affect the Pr–O bond. In contrast,
the Cu(1)–O(4) and Cu(2)–O(1) bonds are lengthened and the Cu(1)–O(1) and Cu(2)–O(2)
bonds are shortened, the latter reflecting the decrease in the number of carriers in the CuO2
planes. These changes of the lattice parameters are similar to what has been observed for
Zn and Ga substitution in PBCO.
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Figure 16: DC magnetic susceptibility of
PrBa2 Cu3 O7 Æ with magnetic field applied
parallel (o) and perpendicular (+) to the
c-axis. Inset: mean susceptibility mn (see
text).

Figure 17: DC magnetic susceptibility of
PrBa2 Cu3 y Aly O7 Æ (y = 0.4) with magnetic
field applied parallel (o) and perpendicular
(+) to the c-axis. Inset: Magnetic anisotropy
 = (c - ab ).
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Magnetic susceptibility (T) with magnetic field applied parallel and perpendicular to the
c–axis for the samples with y = 0:0 and 0.4 are depicted in Figs. 16 and 17, respectively. It
is interesting to note that for y = 0:0 and 0:25,  c > ab , whereas for y = 0:4, c < ab . This
result is clearly displayed in Fig. 18 in a plot of the magnetic anisotropy  = ( c ab )
as a function of temperature. We infer that the Al contamination causes a change in the
crystal field interaction at the Pr3+ site and thus modifies the magnetic anisotropy. Previous
susceptibility measurements on PBCO crystals grown in Al 2 O3 crucibles have shown both
c < ab , as well as c > ab, but the Al content was not specified.
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Figure 18: Magnetic anisotropy =(c -ab )
of PrBa2 Cu3 y Aly O7 Æ for y = 0.0, 0.25 and
0.4.

Figure 19:
Measured specific heat of
PrBa2 Cu3 y Aly O7 Æ for y = 0.0 (Æ), 0.25
(dashed line) and 0.4 (+). The solid line shows
the data of Hilscher et al. (see text) measured
on polycrystalline samples.

The magnetic ordering of Pr (y = 0) at 16.6 K, coupled with a reorientation of the
Cu(2) spin–system near 13.5 K, is clearly observed in the averaged susceptibility,
mn = (2ab + c )=3, shown in the inset of Fig. 16. The mn of the contaminated samples (y = 0:25 and 0:4) does not reveal any clear transition but subtle changes. These
changes indicate, in the context of heat capacity and neutron scattering experiments, the
3D ordering of Pr at 11 K and 5.3 K, respectively, with an imperfect ordering along the
c–axis. Furthermore the temperature dependence of the susceptibility curves show that
below TN the easy axis of magnetization may be at an angle with respect to the c–axis
(consistent with neutron data). At temperatures above T N , the easy axis of magnetization
is determined by the crystal field effects, while below T N , the Pr–Pr exchange interaction
overcomes the crystal field anisotropy.
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The result of heat capacity experiments, shown in Fig. 19 for the three samples and for one
typical polycrystalline sample from the literature [Hilscher et al., Phys. Rev. B49, 535 (1994)],
clearly demonstrate that measurements on polycrystalline samples give more accurate results than the Al contaminated samples. Al doped PBCO have much broader heat capacity
anomalies at the Pr ordering transition and at lower temperatures: Near 11 K and 5.3 K for
y = 0:25 and 0.4, respectively, which is consistent with the susceptibility results. Application of a magnetic field of 2 T (parallel to the c–axis) to the sample with y = 0:4 broadens
the transition further and shifts it from 5.3 K to lower temperatures (Fig. 20), a behavior
characteristic for antiferromagnetic ordering. For fields greater than 2 T, Schottky–like
anomalies appear. We note that in the case of y = 0:0 a field of 12 T is needed to shift T N
below 5 K. With the Schottky anomalies, a trend to a magnetic entropy value of R ln 3 is
observed, which is what we would expect for the low–lying quasi–triplet of Pr 3+ .

0.5

−1 −2

Cp/T (J mol K )

0.4

0.3

B = 0T
B = 2T

0.2

B = 5T

Figure 20: Specific heat of PrBa2 Cu3 y Aly O7 Æ
with y = 0.4 for different magnetic fields up to
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Neutron scattering experiments with and without Al contaminated PBCO give a very complex phase diagram of Pr and Cu. Al presumably causes Cu(1) to develop ordered moments
at low temperatures which, however, could not be verified by neutron scattering. Hence,
the observed transitions in susceptibility and heat capacity, although an intrinsic feature of
Al doped PBCO, can be attributed to Pr, as well as to Cu moments. It has been reported
that Ga substitution at the Cu(1) site has a larger effect on T N than Zn substitution at the
Cu(2) site. From the present work, we find that Al substitution affects T N even more than
Ga and Zn substitutions. It may look strange that doping at the Cu(1) site away from the
Pr ion, has a larger effect on the Pr magnetic ordering than doping at the Cu(2) sites in the
plane, which are nearer to Pr. The reason may be that Al substitution causes a change in the
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Cu(2)–O bond distance, which affects the hybridization of Pr 4f electrons with the holes
in the Cu–O conduction band, where this hybridization determines the magnetic properties
of Pr.
The present results, together with neutron diffraction studies demonstrate the role of Al
contamination regarding the magnetic properties of PBCO as well as YPBCO single crystal samples. Thus, it is necessary when comparing physical data in these cuprate single
crystals, to accurately specify the Al content (and/or perhaps additional elements) resulting from the crucible material. In fact many of the so–called pure PBCO and YPBCO
samples are actually most likely Y-Pr-Al-123 compounds, which may explain the scatter
in the experimental measurements reported in the literature.
[ S. Uma, E. Gmelin and W. Schnelle ]

Effect of nonmagnetic impurities on the magnetic resonance peak
inYBa2 Cu3 O7
The magnetic resonance peak is a sharp collective mode that occurs at an energy of
40 meV and two–dimensional wavevector Q jj = (=a;=a), where a is the nearest neighbor
Cu–Cu distance, in optimally doped YBa2 Cu3 O6+x (superconducting transition temperature Tc = 93 K). Its intensity decreases continuously with increasing temperature and
vanishes above Tc (Fig. 21). In underdoped YBa2 Cu3 O6+x , the mode energy decreases
monotonically with decreasing hole concentration, while the superconducting energy gap,
measured independently by different techniques, remains approximately constant. This indicates that the peak arises from a bound state within the gap. Such a collective mode has
not been observed in conventional superconductors; it has in fact been shown that it can
only occur in superconductors with a sign change of the gap function on the Fermi surface.
Several microscopic mechanisms have been proposed, ranging from band structure singularities to antiferromagnetic spin–fluctuations and interlayer pair tunneling. According to
another recent theory, the resonance mode is a manifestation of a new symmetry group
linking antiferromagnetism and superconductivity.
In order to provide further experimental input for these theoretical models, we grew a
YBa2 Cu3 O7 crystal in which 0.5% of the spin–1/2 Cu 2+ ions were replaced by Zn2+ , an
ion that is nonmagnetic because of its full d shell. Since the atomic radii of copper and
zinc are closely similar, Zn induces minimal structural disorder. As the BCS ground state
involves pairs with opposite spin, nonmagnetic impurities only have a weak effect on the
properties of conventional superconductors. In the cuprate superconductors the effect is
more pronounced, probably owing to their unconventional (d wave) pairing symmetry. A
dilute Zn substitution of 0.5%, however, suppresses the superconducting transition temperature only slightly (from 93 K to 87 K).
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Figure 21: Temperature dependence of the energy-integrated spectral weight of the magnetic resonance peak in pure (y = 0%) and 0.5% Zn subtituted YBa2 Cu3 O7 . Open symbols represent intensities extracted from q-scans, closed symbols are peak intensities.

By contrast, the effect of 0.5% Zn substitution on the magnetic excitation spectrum turned
out to be quite dramatic. The resonance peak, which has an intrinsic width of less than
3 meV in pure YBa2 Cu3 O7 , is severely broadened to about 10 meV in the Zn substituted
crystal. This hints at a hitherto unappreciated delicate coherence that is very sensitive to
disorder. Moreover, whereas in pure YBa2 Cu3 O7 the resonance peak vanishes above the
superconducting transition temperature and no magnetic intensity is observable in the normal state, about half of the low temperature spectral weight of YBa 2 (Cu0:995 Zn0:005 )3 O7
remains at Tc and vanishes only at a temperature much higher than T c (Fig. 21). This
behavior is surprising and has not been anticipated by any of the theoretical models that
were proposed to explain the resonance peak. The pronounced sensitivity of the magnetic
excitation spectrum to nonmagnetic disorder is certainly an important clue to an eventual
theory of the many–body ground state that gives rise to high–T c superconductivity.
[ B. Keimer; H.F. Fong, D.L. Milius and I.A. Aksay (Princeton); P. Bourges and
Y. Sidis (CEA Saclay); L.P. Regnault (CEA Grenoble) ]
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Spectral and optical properties of doped Mott–Hubbard systems with
incommensurate magnetic order
The parent compounds of the copper oxide high–T c superconductors, such as La2 CuO4 ,
are charge transfer antiferromagnetic (AF) insulators, with large gaps which occur due to
strong local electron correlations at Cu ions and are observed in the photoemission and
optical excitation spectra. This AF state within the CuO 2 planes can be modeled by a
two–dimensional (2D) nondegenerate Hubbard model at half filling (n = 1) with large on–
site Coulomb interaction, U. Hole doping (Æ = 1 – n) modifies the AF commensurate order
into incommensurate magnetic structures observed recently in La 2 x Srx CuO4 at higher
temperatures, while these materials are superconducting at lower temperatures. The nature
and microscopic mechanism of magnetic correlations in doped materials is therefore one
of the central issues in the theory of cuprate superconductors.
We simulate the weakened short–range AF order in the doped systems by an incommensurate spin–spiral (SS) structure, with the amplitude of magnetization m at site i
determined self–consistently, and its direction specified by two spherical angles,
y y
i = (i ;i ). Thus, we transform the original fermions fa i" ; ai# g to the fermions quan-

P

tized with respect to local quantization axes at each site, c yi =  ayi [R( i )] , where
R( i ) = e i(i=2)ˆ z e i(i=2)ˆ y , and ˆ y and ˆ z are Pauli spin–matrices. This gives the effective single–band model for the cuprates, with nearest neighbor hopping element t,

H= t

i
X y h y
X
ci R ( i )R( j )
cj + U
ni" ni# :

i
hiji;
0

0

(4)

0

Here, we present only some representative results for the generic Hamiltonian Eq. (4);
they are similar for a model with extended hopping which simulates the relevant part
of the band structure in realistic materials. Taking  i = =2, we describe a planar SS
order with a wavevector, Q, by the azimuthal angle i = Q  Ri . By a straightforward
diagonalization one finds the (2  2) matrix of one–particle energies, T̂Q (k), obtained from
"k Q and "k+ Q , where "k = 2t(cos kx + cos ky) is the electron dispersion in a noninter2

2

acting system, due to the coupling between the k

Q
2

and k + Q2 states.

In order to understand the spectral and optical properties, one has to go beyond an effective single–particle description and include the dynamics due to local electron correlations. In contrast to numerical methods such as quantum Monte Carlo (QMC) and exact
diagonalization (ED), an analytic treatment that maintains local correlations is needed to
investigate the consequences of strong correlations in the thermodynamic limit. Such a
method can be constructed in the present case using the leading part of the fermion dynamics, described by a local self–energy, which becomes exact only in the limit of large spatial
dimension (d ! 1) and is found self–consistently within the dynamical mean–field theory
(DMFT).
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Recently we have shown that the magnetically ordered (AF and SS) states follow in the 2D
ˆ SF (i! ), which determines
Hubbard model from the spin–fluctuation (SF) self–energy, 
Q
the one–particle Green function in a (2  2) matrix form in spin–space,

ĜQ1 (k; i! ) = i! + 

T̂Q(k)

ˆ HF
ˆ SF
Q
Q (i! ) ;

(5)

where HF
¯ =  is the Hartree–Fock (HF) self–energy and ! are
Q = Uhn0;  i with 
ˆ SF (i! ) / Ū2 , expressfermionic Matsubara frequencies. The SF part of self–energy, 
Q
ing the coupling of the moving hole to transverse and longitudinal spin–fluctuations, is
0
calculated as a functional of the Weiss field SF
Q [G ]. We have shown that a satisfactory description of magnetic states is possible due to appropriate renormalization of the coupling
constant, Ū, by particle–particle scattering and leads in the present context to an overall
satisfactory agreement with the QMC and ED data [Fleck et al., Phys. Rev. Lett. 80, 2393
(1998)].
Calculations performed at low temperature T = 0:05 t (T  J = 4 t 2 =U) converge to states
with magnetic long–range order which changes as a function of doping. As an example, we
discuss only the representative results obtained for the Hubbard model Eq. (4) with U = 8 t.
The spectral functions, A(k;! ), obtained for the lower Hubbard band (LHB) at ! < , have
at n = 1 the same generic shape as in the t–J model and consist of a coherent quasiparticle
(QP) state near the Mott–Hubbard gap with a dispersion  2 J and an incoherent part of
width  7 t at lower energies. The densities of states agree very well with the ED data
both for the AF magnetic order at n = 1 and for the SS(1,1) order, characterized by Q =
(1  2 )(; ) (  Æ ), and found at n = 0:875 (Fig. 22).
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Figure 22: Total densities of states, N (! ), as obtained within DMFT (solid lines) for Æ = 0 (AF
state) and 0.125 [(1,1) spiral], with U =t = 8 and T = 0:05 t. The dashed lines reproduce N (! ) found
by ED of a 4  4 lattice (Dagotto et al., 1992). The dotted lines show the Fermi energy.
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The k–resolved spectral functions derived for the SS states,

A(k;! ) =

1X






Im GQ;

0

k

0

Q
;! + i
2



;

(6)

A(k,ω)

allow to clarify the generic features of the doped systems (Fig. 23): A large Mott–Hubbard
gap which persists between the Hubbard bands is accompanied by a new smaller pseudogap
of  2 J which opens between the photoemission and inverse photoemission parts of the
LHB due to the onset of SS(1,1) order. The SS(1,1) order increases also the splitting
between the QP peaks at the X and S points and makes the QP dispersion between X
and M points very flat at Æ = 0:125. The pseudogap found along the X–M direction at
low temperature (T = 0:05 t) gradually disappears with increasing temperature. It is not
visible at T = 0:5 t, where the obtained spectra agree very well with the QMC results.
These features show that the electronic structure strongly depends on the doping level and
temperature and that the rigid band picture does not apply for the QP states.
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Figure 23: Spectral functions A(k;! ) in the main Brillouin zone directions: –X, M–X and –M in
SS(1,1) state at Æ = 0:125 and U = 8 t for: T = 0:05 t (top) and T = 0:5 t (bottom). The spectra along
the –M direction have been averaged over the (1,1) and (1̄,1̄) spirals, defined by Q = (1 2 )(; )
and Q = (1 + 2 )(; ), respectively. A shadow band below  in M–X direction at T = 0:05 t is
indicated by arrows.

I-44

The changes of the magnetic order with doping and temperature cause also rather drastic
changes in the optical conductivity. Using the DMFT with the local self–energy, the optical
conductivity can be determined without further approximations and one finds within linear
response theory in the long–wavelength limit
q ! 0; that xx (! ) = e2 [h Kx i xx (q = 0;! + i0+ )] = [i(! + i0+ )] :
Here, Kx stands for the kinetic energy contribution along the x–direction in the local reference frame and
Z

xx (q; i! ) = Nk 1

0

d ei!  hjx (q; )jx ( q; 0)i

is the current–current correlation function. The kinetic energy K x and the current operator
jx in the x–direction contain information about the coupling between the k Q2 and k + Q2
states in the underlying SS magnetic order, in analogy to the kinetic energy, T̂Q (k).
In order to compare with the experimental data we introduce the scattering rate  (! )
the effective mass m (! )=m which follow from the complex conductivity,

xx (! ) =

!p2
4  (! )

1

1
i! m (! )=m

;

1

and

(7)

where !p is the plasma frequency, which can be obtained from the optical sum rule. We
have found that the Drude weight vanishes in an AF insulator at half–filling, which results
in diverging  (! ) 1 for ! ! 0. The excitations across the Mott–Hubbard gap involve an
energy  4:9 t (Fig. 24). In contrast, in the SS states at Æ = 0:125, we find metallic behavior.
0 (! ), consists of an upper Hubbard band (UHB)
Furthermore, the optical conductivity,  xx
due to the excitations across the Mott–Hubbard gap with the characteristic energy of 6 t,
and contains two new features with respect to the undoped system: A mid–infrared band
at ! ' 2 t and the Drude part at zero frequency (Fig. 24). Both new features reproduce
the kinetic spectral weight in the LHB and agree very well with the results of ED. With
the local self–energy we find a Fermi liquid and the Drude weight increases linearly with
doping Æ .
The strong reduction of the scattering rate,  (! ) 1 , up to an energy  0:9 t is a consequence of the pseudogap which opens in the spectral functions due to the incommensurate
magnetic order. We have established that the onset of incommensurate magnetic order
with decreasing temperature allows to define a crossover temperature T ' 0:26 t, at which
the pseudogap opens and the region of suppressed scattering rate develops. Taking the
extended hopping parameters for La2 x Srx CuO4 we found at low temperature a smaller
region (! < 0:6 t) of the suppressed  (! ) 1 and the enhanced effective mass m (! ) ' 4 m.
This behavior agrees qualitatively with the experimental data, but the region of suppressed
 (! ) 1 and the value of pseudogap are too large.
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Figure 24: Optical properties as functions of energy !=t for the Hubbard model with U = 8 t at
low temperature T = 0:05 t (upper panels) and high temperature T = 0:2 t (lower panels) for Æ = 0
0 (!); right:
(dashed lines) and Æ = 0:125 (solid lines). left: Real part of the optical conductivity xx
scattering rate 1= (! ).

In summary, we have shown that the pseudogap which opens in the one–particle spectra
due to incommensurate magnetic order, as in the spin–spiral or stripe phases, results in
strong changes of the optical spectra and reduces the scattering rate at low energies. These
findings agree qualitatively with the experimental results for La 2 x Srx CuO4 . Recently we
have found that charge ordering sets in at low temperature, as in stripe phases, and the pseudogap in the spectral function is strongly reduced, which might result in a smaller energy
range of the reduced scattering rate. This motivates further studies of the incommensurate
magnetic order in the cuprates, being responsible for the unusual normal state properties.
[ M. Fleck, A.I. Lichtenstein, A.M. Oleś and L. Hedin ]
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Optical conductivity of doped manganites
Perovskite manganese oxides RE1 x Ax MnO3 (RE = rare earth, A = divalent metal ions)
show rich physical behavior and exhibit complex phase diagrams, which is a consequence
of the interplay between spin, charge, orbital, and lattice degrees of freedom in combination with strong correlations between electrons. The important elements of the electronic
structure of this class of compounds are the Mn 3d electrons, which in the undoped parent
compound LaMnO3 are in a (t2g )3 (eg )1 high–spin configuration due to crystal field splitting and strong Hund coupling. The t 2g electrons are usually considered to be localized, i.e.
described by a S = 3=2 spin. Holes are induced into the two–fold degenerate e g orbitals
for x > 0.
A generic model is the Kondo lattice model with two e g orbitals per Mn site

H=

X
ia

Eai dyia dia +

X

X
y
~Si  dyia ~ dia + Hint ;
(tab
ij dia djb + H:c:) K
0

hijiab

ia

0

(8)

0

and related models. Here dyia and dia are eg electron creation and annihilation operators,
where  denotes spin and a the eg orbitals jzi = d3z2 r2 or jxi = dx2 y2 . Eai denotes a
tetragonal field (uniaxial pressure) which lifts orbital degeneracy, t ab
ij the hopping and K
the Kondo coupling. Of crucial importance is the local repulsion in H int which prevents
occupation of Mn ions with more than one e g electron.
Early work on manganese oxides has focused primarily on the orbital nondegenerate case
(model with a single eg orbital). This leads to the double–exchange scenario, i.e. at low
temperature spins align ferromagnetically in order to optimize the kinetic energy of the e g
electrons. We shall focus our discussion here on the ferromagnetic phase because of lack
of space. Recent measurements of the optical conductivity of the colossal magnetoresistance compound La1 x Srx MnO3 show an anomalous behavior of  (! ) in the ferromagnetic
phase [Okimoto et al., Phys. Rev. B55, 4206 (1997)]. The optical conductivity was found to
consist of two components a narrow Drude peak with small weight and a broad incoherent
part extending up to 1 eV, which still increases in intensity far below the Curie temperature.
Our study of the finite frequency absorption

 (! ) =

1

e !=T
Re
N!

Z1
0

dtei! t hjx (t)jx i ;

(9)

employs a generalization of the exact diagonalization technique for finite temperature
[Jaklić et al., Phys. Rev. 49, 5065 (1994)]. The frequency dependent conductivity of small
systems generally consists of two terms  0 (! ) = 2 e2 Dc Æ (! ) +  (! ), namely the regular part  (! ) and a Æ –function contribution proportional to the charge stiffness D c , which
vanishes in insulators.
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For the Kondo lattice model with a single orbital, it turns out that  (! ) is described by
a sharp Drude peak in the ferromagnetic low temperature limit, i.e. thermally excited
spin–excitations do not explain the broad continuum observed by Okimoto and coworkers.
Hence neglecting orbital degeneracy the double–exchange model does not describe the
optical conductivity and transport in the ferromagnetic phase. It is therefore natural to
expect that orbital excitations are responsible for the anomalous behavior.

Figure 25: left: Planar orbital order in the undoped planar model and in A-type LaMnO3 .
right: x2 – y2 orbital order in doped systems.

Thus we have investigated the Kondo lattice model Eq. (8) for a planar cluster in the ferromagnetic saturated phase keeping the full orbital degeneracy. The planar model shows
orbital order in the ground state which depends on doping [Horsch et al., Phys. Rev. B59,
6217 (1999)]. In the undoped case an alternating orbital order (Fig. 25 left) results from an
effective superexchange interaction between orbitals, which is consistent with the planar
order in A–type LaMnO3 observed by resonant X–ray scattering [Murakami et al., Phys. Rev.
Lett. 81, 582 (1998)]. Upon doping, x2 – y2 orbital order develops (Fig. 25 right), because
this favors the kinetic energy in the partially filled band.
The changes of  (! ) with temperature for the doped case are shown in Figs. 26a and 26b.
In the high–Tc phase, x2 – y2 order is destroyed by thermal fluctuations and a broad continuum with width 4 t  1 eV develops with decreasing temperatures. At low temperatures,
x2 – y2 long–range order is stabilized and the finite frequency absorption,  (! ), acquires a
gap, due to gapped orbital excitations in this case. This phase is metallic with a pronounced
Drude peak  Dc Æ (! ). The weight of the Drude peak is given in the inset, impurities or
grain boundaries not contained in the model will lead to a broadening of the Æ –function,
i.e. to a conventional Drude peak.
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Figure 26: a) Optical conductivity  (! ) in the orbital liquid phase (x = 0:2). The inset shows
0 (!) which includes the Drude peak broadened by = 0:02 eV . b) Optical conductivity (!) in
the x2 – y2 orbital ordered phase (x = 0:6). The inset shows the change of the optical sum rule S and
the Drude weight Dc with temperature.

These results obtained for planar systems have the following implications for cubic systems. In a cubic system there are two possibilities: (i) Since x 2 – y2 correlations are not
preferred compared to y2 – z2 and z2 – x2 correlations in the corresponding perpendicular
planes, the system remains in a disordered quantum liquid state. This is the orbital liquid
state proposed by Ishikara et al. [Phys. Rev. B56, 686 (1997)]. (ii) Another possibility is
spontaneous symmetry breaking selecting one particular set of planes, e.g. the formation
of x2 – y2 long–range order. We note that in the planar model the cubic symmetry is explicitely broken, therefore case (i) does not occur for this geometry. In the planar model
the orbital liquid appears at higher temperature due to thermal fluctuations.
It appears that in cubic manganites both cases are realized in different doping regimes.
At moderate doping concentration the orbital liquid state appears to be the proper ground
state in combination with the isotropic ferromagnetic spin–structure. This is consistent
with the broad absorption in  (! ) observed by Okimoto et al. (1997). These spectra can
be compared with our result for the orbital liquid in the planar model (Fig. 26a) which is
stabilized by thermal fluctuations.
The observation of the A–phase at high doping concentration [Kawano et al., Phys. Rev.
Lett. 78, 4253 (1997)], Akimoto et al., Phys. Rev. B57, R5294 (1998)] seems to be a realization of case (ii) where symmetry is broken spontaneously. Our prediction for this phase
are gapped orbital excitations with energy  3 x t. The optical conductivity of this quasi–
2D metallic state is expected to consist of a large Drude peak, while the finite frequency
absorption shows a pronounced gap due to the gapped orbital excitations.
[ P. Horsch and F. Mack ]
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Pressure effects in ’-NaV2O5 – possibly a spin–Peierls compound
Low–dimensional magnetic systems have attracted increasing interest over the last years.
Specifically the identification of CuGeO3 as the first inorganic compound which exhibits
the magneto–elastic spin–Peierls (SP) instability lead to a wealth of both experimental
and theoretical studies of this effect. In analogy to the better–known Peierls transition,
the SP instability can be characterized as a structural distortion of one–dimensional antiferromagnetic Heisenberg spin–chains, driven by gain in magnetic energy. ’-NaV 2 O5
was proposed as a second realization of an inorganic spin–Peierls compound. First experiments (magnetic susceptibility, Raman spectroscopy, inelastic neutron scattering) were
well in support of this notion, but further studies have raised doubt as deviations from the
expected behavior became evident. Possibly, the observed phase transition upon cooling
below 34 K has a different origin altogether, such as charge–ordering, and exhibits the features of a spin–Peierls transition only as a secondary effect. In view of the inherently close
relation of structural and magnetic properties in SP compounds, we studied the impact
of hydrostatic pressure on ’-NaV2 O5 by synchrotron X–ray powder diffraction, optical
reflectivity and Raman spectroscopy.
The crystal structure of orthorhombic ’-NaV2 O5 is sketched in Fig. 27 for ambient conditions. Double–chains of edge–sharing distorted VO 5 square pyramids are running along
the b–direction. By corner–connecting these chains layers are formed which are stacked
along the c–direction with intercalated sodium.
VO5

a)

Na

b)

c

b
b
a

a

Figure 27: Crystal structure of ’-NaV2 O5 (space group Pmmn). a) Sheets of VO5 pyramids are
stacked along the c-direction with intercalated Na. b) Edge-sharing pyramids facing up and down
form double-chains along the b-direction which are corner-connected within the layers.

The pressure dependence of the crystal structure of ’-NaV2 O5 up to 40 GPa under hydrostatic conditions was studied by angle–dispersive X–ray powder diffraction at the European
Synchrotron Radiation Facility (Grenoble) using diamond anvil cell techniques. Lattice
parameters as a function of pressure are illustrated in Fig. 28a.
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The compression is highly anisotropic and it is nonlinear for all of the three axes. The
c–axis is the soft direction with a shortening of 24% up to a pressure of 29 GPa. The a–
and b–axis show an anomalous pressure dependence on a smaller scale of  1%, too (cf.
inset of Fig. 28a). Under pressure the b–parameter increases by 1% up to 13 GPa and
moderately decreases thereafter. Similarly, the a–axis exhibits negative compressibility in
the range of 4–10 GPa.

Figure 28: a) Lattice parameters of ’-NaV2 O5 as a function of pressure. Solid lines are guides to
the eye. The inset depicts the relative changes of the a- and b-axis. b) Intra- and interlayer V-O1
distance versus pressure. The high-pressure phase develops above 22 GPa, where the V-O1-V
chains would become uniform.

From a refinement of the positional parameters we infer that the main effect of the pressure–
induced distortion is to place the apex oxygens (O1) into a more symmetric position between the V ions. This is illustrated in Fig. 28b which compares the distance between the
V atom and the apex oxygen within the pyramid with that for the corresponding oxygen
ion in the adjacent layer. While the intra–pyramid distance is hardly affected, the interlayer distance decreases strongly. The increased layer interaction becomes evident also
from Raman experiments that show a pronounced softening of the V–O1 stretching mode
(970 cm 1 at ambient pressure). In essence the structure evolves towards an octahedral
coordination of the V ion.
In the pressure range around 25–30 GPa, where the V–O1–V chains would become uniformly spaced, we observed the transition to a new structural phase. We identified the
structure of the high–pressure phase as pseudotetragonal monoclinic with a = 11:29 Å,
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b = 3:47 Å, c = 3:46 Å and = 92:0Æ at 38 GPa. The transition is confirmed by Raman
data that show a fundamental change of the vibrational properties. Optical reflectivity measurements show that a 0.2 eV redshift of the absorption band at 1 eV (attributed to a V–V
charge transfer transition) is associated with the structural changes.

Figure 29: a) Raman spectra of ’-NaV2 O5 showing the appearance of additional peaks in the
low-temperature spin-Peierls phase. b) The SP transition temperature TSP decreases under pressure.
The inset depicts the Raman intensity of the SP phase phonon at 950 cm 1 .

These experiments at ambient temperature give valuable insight into the structural properties of ’-NaV2 O5 , yet the main point of interest is the low–temperature spin–Peierls phase.
It was studied under pressure by Raman spectroscopy, were the SP phase transition manifests itself by the appearance of additional Raman peaks (Fig. 29a).
It allowed us to investigate the pressure dependence of the transition temperature T SP .
Figure 29b illustrates that TSP decreases under pressure at a rate of 15  5 K/GPa and
that the phase transition is suppressed by pressures in extent of 1 GPa. This behavior is
in contrast to the above mentioned CuGeO3 where TSP increases under pressure. It is,
however, consistent with the general trend of a suppression of the spin–Peierls transition
in formerly studied organic compounds due to the increased cost of elastic energy required
for the lattice distortion.
[ I. Loa and U. Schwarz; M. Hanfland (ESRF Grenoble); R.K. Kremer and K. Syassen ]
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Coexistence of ferromagnetism and superconductivity in
RuSr2 GdCu2 O8 Æ studied by muon–spin rotation and
DC–magnetization
A new class of ruthenate–cuprate hybrid compounds has been recently discovered which
consist of sequences of alternating RuO2 and CuO2 layers [L. Bauernfeind et al., Physica
C254, 151 (1995)]. The 1212–compound RuSr2 GdCu2 O8 Æ comprising CuO2 bilayers and
RuO2 monolayers has been found to become superconducting at T c = 15–40 K despite
the circumstance that it exhibits ferromagnetic order below T Curie = 133–136 K. Rather
surprisingly, the ferromagnetic order does not seem to be modified at the onset of superconductivity. This finding raises the question whether the ferromagnetic and the superconducting order parameters coexist on a microscopic scale, or whether they are spatially
separated.
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Figure 30: Temperature dependence of a) the resistance and b) the thermoelectric power S(T) of
RuSr2 GdCu2 O8 Æ .

We have performed muon–spin rotation (SR) measurements which allow us to study the
magnetic order on a microscopic scale. A polycrystalline RuSr2 GdCu2 O8 Æ sample with
Tc = 16 K and TCurie = 133 K has been prepared by solid state reaction. It has been characterized by measurements of the resistance (Fig. 30a), the thermoelectric power (Fig. 30b)
and the DC–magnetization (using a SQUID magnetometer, Fig. 31). The thermoelectric
power and the resistance are typical for a strongly underdoped cuprate superconductor
with p  0:06–0.07 holes per CuO2 plane. The superconducting transition at T c = 16 K is
evident from the onset of zero resistivity and an almost complete diamagnetic shielding in
the volume susceptibility  Vol (Fig. 31a).
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Figure 31: a) The temperature dependence of the zero-field-cooled DC volume magnetization Vol
of RuSr2 GdCu2 O8 Æ . The arrows indicate the superconducting and the ferromagnetic transitions at
Tc = 16 K and TCurie = 133 K . b) The field-cooled molar magnetisation Mmol for applied fields of
H = 5:5; 50; and 100Oe.

Additional evidence for bulk superconductivity in RuSr 2 GdCu2 O8 Æ has been obtained
from specific heat measurements which reveal a sizeable jump at Tc . The ferromagnetic
transition at TCurie = 133 K is indicated by the onset of a spontaneous magnetization in the
field–cooled molar magnetization Mmol (Fig. 31b). By fitting a ‘Curie–Weiss– + Curie–
function’,  = TC1 + CT2 , to the inverse molar susceptibility, 1/ m  (Mmol =Hext ) 1 for
T > TCurie (Fig. 32) we obtain a magnetic moment 1 = 1:05(5)  B for the Ru moments
that order at TCurie and 2 = 7:4(1)  B for the Gd moments that remain paramagnetic
below TCurie . The Gd moments are found to order antiferromagnetically at T N = 2:6 K.

Figure 32: The inverse molar susceptibility 1=m versus
T (400 K > T > TCurie = 133 K.)
The plus signs show the best fit
using a two component
‘Curie-Weiss + Curie-function’.
Shown in the inset is the saturation magnetization in units of effective Bohr-magnetons per unit
volume as a function of applied
field for temperatures between
2 K and 300 K.
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The muon–spin rotation experiments have been performed at the TRIUMF meson facility
in Vancouver (Canada). The spin–polarized muons are stopped at interstitial lattice sites
probing a representative part of the sample volume. Each muon–spin precesses in its local
magnetic field B with a frequency  = (  =2 )  B , where  = 851:4 MHz=T is the
gyromagnetic ratio. The muon decays with a mean life time of  +  2:2 s 1 into two
neutrinos and a positron which is preferentially emitted along the direction of the muon–
spin at the instant of decay. The time evolution of the muon–spin polarization P(t) is
obtained via the time–resolved detection of the spatial asymmetry of the decay positron
emission rate.
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Figure 33: The time-resolved normalized muon-spin polarization, P(t)/P(0), at a) T = 5:3 K < Tc
and b) Tc < T = 48 K < TCurie = 133 K . The large oscillatory component gives clear evidence for
the presence of a homogeneous magnetically ordered state.

Figure 33 shows representative ZF–SR spectra for the normalized time–resolved muon–
spin polarization, P(t)=P(0), at T = 5:3 K and 48 K. The spectra are well described by the
function: P(t)=P(0) = A1  exp( t)  cos(2 hit) + A2  exp( t). The relaxation rate of
the nonoscillating (longitudinal) component  is proportional to the dynamic spin–lattice
relaxation rate,   1=T1 , whereas the relaxation of the oscillating (transverse) component
 is dominated by the static field distribution     hB i. Figure 34 shows the temperature dependence of the precession frequency  (T) (a), the transverse relaxation rate
(T) (b) and the longitudinal relaxation rate (T) (c).
The oscillating component in the ZF–SR spectra for T < TCurie = 133 K gives unambiguous evidence for the presence of an ordered magnetic state. From the amplitude of the
oscillating component we can deduce that the magnetically ordered state accounts for the
entire volume of the sample. Notably, the muon–spin precession frequency does not exhibit any sizeable anomaly at TCurie (Fig. 34a). Instead, as shown by the dashed line,
 (T) is well described by the function  (T) = o (1 T=TCurie) , with o = 9:7(1) MHz
(hB i(T ! 0)  720(10) G), Tc = 133(1) K and = 0:333(5). The anomaly at low temperature arises from the antiferromagnetic ordering of the Gd moments at T N  2.6 K. The
oscillating transverse component exhibits a damping rate of the order of   10–15 s 1
corresponding to a spread in the local magnetic field of hB i=hB i  0:2. This finding
excludes a scenario where the ferromagnetic order is assumed to exhibit a spiral moduI-55

lation (with a wavelength shorter than the superconducting coherence length of typically
20 Å in the cuprates) and/or to be spatially inhomogeneous as in ErRh 4 B4 [Fertig et al.,
Phys. Rev. Lett. 38, 987 (1977)], or HoMo6 S8 [Ishikawa et al., Solid State Commun. 23, 37
(1977)]. The longitudinal relaxation rate (T)  1=T1 (Fig. 34c) exhibits a cusp–like feature at TCurie = 133 K which results from the slowing down of the spin–fluctuation rate  c
(c  10 6 s 1 at the cusp maximum). In contrast to classical ferromagnetic materials, the
spin–lattice relaxation rate remains unusually large below T Curie with   0:3–0:4 s 1 .
In addition,  seems to exhibit a weak anomaly at T  20 K which may be related to the
onset of superconductivity.
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Having established that in RuSr2 GdCu2 O8 Æ ferromagnetic and superconducting order coexist on a microscopic scale, we arrive at the important question as to how this system manages to avoid strong pair–breaking. We envisage a scenario where the Ru spins are aligned
in the RuO2 plane having a very large out–of plane anisotropy while the charge dynamics
of the superconducting CuO2 planes is purely two–dimensional. For such a configuration
the principal pair–breaking effect due to the electromagnetic interaction can be avoided,
since the dot product of the magnetic vector potential and the momentum of the Cooper
pair vanishes. An additional requirement is that the Zeeman–interaction between the spins
of the superconducting electrons and the Ru spins has to be extremely small. An alternative (and highly speculative) explanation for the coexistence of high–T c superconductivity
and ferromagnetic order could be that the superconducting order parameter has a nonzero
angular momentum which itself breaks time–reversal symmetry.
[ C. Bernhard, A. Golnik, Th. Blasius, E. Brücher, R.K. Kremer and M. Cardona;
J.L. Tallon Industrial (Research Ltd., Lower Hutt); Ch. Niedermayer (Universität
Konstanz) ]

Linear-response calculations of spin–fluctuations
Spin–fluctuations influence many physical properties of solids, for instance the electronic
specific heat and the electrical and thermal resistivities. Even for high–T c superconductivity, spin–fluctuations seem to be the most important for the pairing. Central for the
description of spin–fluctuations is the wavevector and frequency dependent linear spin–
susceptibility,  (q;! ). Despite past efforts to develop methods for ab initio calculation
of  (q;! ), quantitative estimates, employing realistic electronic energy bands and wavefunctions, as well as matrix elements of the self–consistently screened electron–electron
interaction, have been rare. The major obstacle is undoubtedly the lack of a proper description of exchange–correlation effects. But the poor convergence of the standard perturbative
treatment, which involves summation over high–energy states and matrix inversion, also
poses a real hindrance.
I have developed and applied a method which circumvents the latter problem. This method
is a time–dependent generalization of the Sternheimer approach that has been applied to
static linear–response, density functional (DF) calculations for insulators and semiconductors by Baroni et al. [Phys. Rev. Lett. 58, 1861 (1987)] and for metals, by myself. In the
past, this static scheme was proven to be very efficient for ab initio calculations of phonon
dispersions, electron–phonon interactions and phonon–related transport properties of crystals. The scheme presented here employs a basis set of muffin–tin orbitals and is therefore
efficient also for systems containing d and f electrons.
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Consider the situation in which a small, external, time–dependent magnetic field Æ B ext (r; t)
is applied to the crystal. The response is the change of spin–density,

R
R
Æ m(r; t)  d3r0 t 1 dt0 (r; r0 ; t t0 ) Æ Bext (r0 ; t0 ),
with (r; r0 ; t) being a tensor. In order to find Æ m(r; t), time–dependent density functional theory is used. The unperturbed charge and spin–densities,  (r) and m (r), are

described accurately by the conventional, static density functional theory and are expressed
in terms of occupied Kohn–Sham orbitals, i (r). With the time–dependent density functional Sternheimer approach, no knowledge of the real electronic excitations (energies and
lifetimes) is required, but only the kernel I xc (r; r0 ;! ) describing dynamical exchange–
correlation effects. Unfortunately, this is unknown and I have adopted the so–called
adiabatic local density approximation (ALDA) and a generalized gradient approximation
(GGA).
For time–dependent external fields the action, S, is considered a functional of (r; t) and
m(r; t), and these functions are expressed in terms of the occupied Kohn–Sham spinors,
~i (r; t), which are solutions of the time–dependent Schrödinger equation. If the external
field is small, the perturbed wavefunctions can be written as: ~i (r)exp( "i t) + Æ ~i (r; t),
where the first–order changes Æ ~i (r; t) define the induced charge and spin–densities:

Æ =

X

fÆ ~ij1̄¯ j ~ig + f ~ij1̄¯ jÆ ~ig

i

Æ m = B

X

fÆ ~ij~j ~ig + f ij~jÆ ~ig:

(10)
(11)

i

Here, fjjg denotes averaging over the spin–degrees of freedom only, 1̄¯ is the unit 2  2
matrix and ~ is the Pauli matrix. Since the i are known, computing Æ ~i (r; t) solves the
problem of determining Æ and Æ m.
In order to do that, a variational linear response formulation is used. First, I derive a so–
called ‘time-dependent 2n + 1 theorem’ which states that any (2n + 1)th–order change in
the action functional involves only (n)th–order changes in ~i (r; t) and the corresponding
changes in the charge and spin–densities. Any (2n)th–order change in S is therefore variational with respect to the nth–order changes in ~i (r; t). The proof involves exploiting the
stationarity property of S and standard time–dependent perturbation theory. Specifically,
for n = 2 this theorem states that the second–order change, S(2) , of the action is variational with respect to the first–order changes Æ ~i (r; t). Finally, S(2) is directly related to
Re (q + G0 ; q + G;! )G =G , and this allows a variational estimate of the latter.
0

The differential equation for Æ ~i (r; t) is derived from the stationary property of S(2) and is
given by:

@
(H i 1̄¯ ) Æ ~i + (Æ Veff1̄¯ B  Æ Beff ) ~i = 0
@t
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(12)

This is the time–dependent version of Sternheimer’s equation, which itself is Schrödinger’s
equation to linear order in the perturbation. Equation (12) can easily be solved on the frequency axis, which substitutes i@=@ t by  i  ! . The solution of the whole problem assumes self–consistency: In the first iteration Eq. (12) is solved with Æ B eff being the external
field Æ Bext , and Æ(r;! ) and Æ m(r;! ) are found according to Eqs. (10) and (11). Then the
screened fields, Æ Veff (r;! ) and Æ Beff (r;! ), are found. This cycle is finally repeated until
self–consistency is reached. Finally, evaluation of S(2) yields the variational estimate of
the susceptibility.
The advantages of this method are: First, Eq. (12) does not require expansion of Æ ~i over a
complete set of unperturbed wavefunctions, ~j , as in standard perturbation theory, but only
knowledge of the occupied and unoccupied states with energy below " F + ! . Second, the
inversion is substituted by self–consistency iterations for Æ V eff and Æ Beff .
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Figure 35: Calculated Im + (q;! ) (arb.
units) for ferromagnetic bcc Fe at zero
temperature. The experimental data are
indicated by balls, the calculated magnon
spectrum by the grey curve.

Finally, to demonstrate the numerical efficiency of the method, spin–susceptibilities were
calculated at zero temperature for the transition metal Fe. Figure 35 shows for ferromagnetic bcc Fe the calculated transverse spin–susceptibility, Im  + (q;! ) G =G=0 ; for
q = (0; 0; x) 2a . At small q, the nondecaying spin–waves are seen to persist in the structure of Im  exhibiting a standard dispersion law: ! (q) = Dq 2 , where D is the spin–wave
stiffness. The spin–waves rapidly decay when q exceeds approximately a . A similar picture has been found for q along the (111)–direction. The deduced magnon spectrum (line)
is shown at the top of the figure. It agrees well with experiment. Moreover, in contrast
with earlier model calculations [J.F. Cooke, Phys. Rev. B7, 1108 (1973)] based on the random phase approximation, no structure is found ressembling optical spin–wave branches,
in agreement with current experiments [L.W. Lynn, Phys. Rev. B11, 2624 (1975); C.-K. Loong
et al., J. Appl. Phys. 55, 1895 (1984)].
0

[ S.Y. Savrasov ]
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Magnetoresistance
The past years have seen the discovery of new phenomena in the field of magnetoresistance. In the institute, both the synthesis and analysis of materials showing giant and
colossal magnetoresistance are being actively pursued.

Charge disproportionation in the iron(IV) oxide Sr3 Fe2O7

Absorption

Perovskite–related oxides with iron in the high oxidation state +4 are an interesting class of
materials for studying correlations between chemical composition, crystal structure, electronic states, magnetism and electrical transport behavior. This subject is currently of
great interest in oxomanganates revealing the colossal magnetoresistance effect. The interplay of strongly covalent Fe(3d)–O(2p)–Fe(3d) interactions, electron–electron correlation
and electron–lattice coupling lead to unusual electronic properties of Fe IV oxides. Examples are the distorted perovskite CaFeO3 and the Ruddlesden–Popper type phase Sr3 Fe2 O7
where 57 Fe Mössbauer spectroscopy revealed a charge disproportionation of FeIV , which
is frequently formulated as 2 FeIV ! FeIII + FeV . Both materials are semiconductors. We
have investigated how the electronic properties of Sr3 Fe2 O7 are influenced first by cation
substitutions and second by high pressure in order to understand the factors which favor a
charge disproportionation of FeIV .

Figure 36: Mössbauer spectrum of
the magnetically ordered phase of
Sr3 Fe1:8 Ti0:2 O7 at 4 K. Solid lines
correspond to a fit of the data with two
sextets.
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In the course of substitution studies the phases Sr 2:7 Ba0:3 Fe2 O7 , Sr2:6 La0:4 Fe2 O7 , and
Sr3 Fe2 x TixO7 y (0.2  x  1.5, 0.05  y  0.33) were prepared from the oxides,
annealed at O2 pressures up to 70 MPa and characterized by X–ray powder diffraction,
57 Fe Mössbauer spectroscopy, magnetic susceptibility and electrical resistance measurements. All samples crystallize in the tetragonal crystal structure of Sr 3 Fe2 O7 (space
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group I4=mmm) the main structural motif of which are two–dimensional double–layers
of corner–sharing FeO6 octahedra. In Sr2:7 Ba0:3 Fe2 O7 and Sr3 Fe1:8 Ti0:2 O7 oxygen deficiency was small and the formal oxidation state of Fe is approximately +4. Similar as for
Sr3 Fe2 O7 the Mössbauer spectra of the magnetically ordered phases of these compounds
(Fig. 36) are characterized by two sextets with an intensity ratio of approximately 1:1 and
considerably different isomer shifts and magnetic hyperfine splittings. This is evidence for
a charge disproportionation of FeIV .



Table 3. Mössbauer parameters of Sr3 Fe2 O7 and cation substituted phases; Æ
and B correspond to the differences in isomer shifts and hyperfine fields of the
two sextets, respectively. In the last two columns the area fractions of the FeIII like
sites in the Mössbauer spectra and the FeIII fractions derived from sample composition are given.



compound

Æ
[mm s

B
1]

[Tesla]

Area(FeIII )
[%]

FeIII fraction
[%]

52
48
49
50
40

5
5
6
20
33

Sr3 Fe2 O7
Sr2:7 Ba0:3 Fe2 O7
Sr3 Fe1:8 Ti0:2 O7
Sr2:6 La0:4 Fe2 O7
Sr3 FeTiO6:84

0.33
0.34
0.38
0.32
0.46

13.5
13.4
15.3
14.5
19.6

Reference data
for FeIII =FeV

0.81

33

Some results from the evaluation of the Mössbauer spectra are given in Table 3. The
differences Æ and B in isomer shifts and magnetic hyperfine fields of the two sextets,
which reflect the differences in the charge– and spin–densities between the two sites in
the charge disproportionation phase, are much smaller than expected from Fe III and FeV
reference data. This suggests that the charge disproportionation in Sr 3 Fe2 O7 corresponds
to a collective electronic state involving a charge– and spin–density wave. The values of
Æ and B for Sr2:7 Ba0:3 Fe2 O7 are nearly the same as for Sr3 Fe2 O7 , but they are larger
for Sr3 Fe1:8 Ti0:2 O7 . This is attributed to a stronger spin– and charge– separation due
to the disturbance of the electron–transfer pathways when FeIV ions are replaced by TiIV
ions. From the Mössbauer data it is concluded that a collective charge disproportionation
state is also retained in Sr2:6 La0:4 Fe2 O7 , formally a mixed–valence material with 80% FeIV
and 20% FeIII . On the other hand, larger degrees of Ti substitution introduce considerable
oxygen deficiency and a concomitant reduction of FeIV to FeIII . In Sr3 FeTiO6:84 (33%
FeIII ) the area fractions in the Mössbauer spectra roughly correspond to the FeIII /FeIV ratio
expected from sample composition. Probably the stronger disturbance of the electron–
transfer pathways in Sr3 FeTiO6:84 leads to a stronger localization of the electronic system
and the formation of a FeIII =FeIV mixed–valence state.
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The magnetism of the materials is governed by a competition between ferro– and antiferromagnetic exchange interactions which give rise to overall antiferromagnetic ordering for
Sr2:7 Ba0:3 Fe2 O7 and Sr3 Fe1:8 Ti0:2 O7 and to spin–glass behavior for Sr2:6 La0:4 Fe2 O7
and Sr3 FeTiO6:84 . All cation substitutions result in a decrease of electrical conductivity in
comparison with Sr3 Fe2 O7 .

Sr3Fe2O7

P (GPa)
36.4

0.4

Reflectance R d

0.4

Reflectance Rd
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R d at 0.6 eV

0.3
0.2

Figure 37: Reflectivity spectra of
Sr3 Fe2 O7 at room temperature and different pressures. The absolute reflectivity Rd refers to that measured at the
sample-diamond interface. The inset
shows the pressure dependence of Rd
at 0.6 eV.
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High–pressure Mössbauer studies of Sr3 Fe2 O7 reveal that the charge disproportionation
of FeIV disappears between 10 and 20 GPa. Optical reflectivity spectra of Sr3 Fe2 O7 were
measured between 0.6 and 4 eV for pressures up to 37 GPa (Fig. 37). The spectra show
a continuous increase in the near–infrared (NIR) reflectivity with pressure which is most
pronounced above 20 GPa. This suggests that the optical excitation gap diminishes under pressure and finally an insulator–metal transition occurs. In order to correlate the
changes in electronic properties with structural changes the pressure dependence of the
crystal structure of Sr3 Fe2 O7 was investigated up to 45 GPa by angle–dispersive powder
X–ray diffraction using synchrotron radiation and image plate detection. The structural
data reveal no anomalies in the whole pressure range. This is seen for instance from the
pressure dependence of the lattice parameter a (Fig. 38) as a/2 basically corresponds to the
Fe–O1 distances in the iron–oxygen planes of the crystal structure. Also the ratio c/a does
not show a significant pressure dependence (inset of Fig. 38).
The electronic behavior of FeIV oxides may be qualitatively rationalized by considering
the width w of the   conduction band arising from the e electrons of the t 32 e1 electronic
configuration of FeIV in relation to the electron–electron correlation energy, U. As the
nearly regular FeO6 octahedra in the crystal structure of Sr3 Fe2 O7 are not in favor of a
Jahn–Teller effect expected for localized e electrons, it is reasonable to consider the  
electrons as collective electrons. In the metallic limit (w  > U) the   band would be
quarter–filled. It is suggested that in a certain range of w /U ratios in the vicinity of the
insulator–metal transition a collective charge disproportionation state is stabilized.
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Figure 38: Pressure dependence of the
lattice parameter a and of the ratio c/a
(inset) for Sr3 Fe2 O7 at room temperature. The solid line corresponds to a
Birch-Murnaghan type of fit to the experimental data. Since the a parameter of the sample at ambient pressure is
close to that reported for Sr3 Fe2 O7:00(5)
we use stoichiometric formula for discussing the high-pressure properties.
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The ferromagnetic interactions in Sr3 Fe2 O7 and related materials are attributed to a pronounced tendency to delocalize the   electrons, which are, however, coupled to the more
localized t2 electrons, similar to the double–exchange mechanism in oxomanganates. The
absence of discontinuities in the structural parameters of Sr 3 Fe2 O7 as a function of pressure indicates that the main effect of pressure is a shortening of the Fe–O distances and
thus a strengthening of the Fe–O–Fe interactions. The resulting increase in the ratio w  =U
leads to the disappearance of the charge disproportionation between 10 and 20 GPa and
most likely to an insulator–metal transition above 20 GPa. In contrast to CaFeO 3 there is
no pressure–induced high–spin to low–spin transition.
[ P. Adler, U. Schwarz and K. Syassen; M. Hanfland (ESRF Grenoble); A.P. Milner,
G.Kh. Rozenberg and M.P. Pasternak (Tel Aviv University, Israel) ]

X–ray induced insulator–metal transitions in charge–ordered
manganites
Manganese oxides of the general formula A1 x Bx MnO3 (where A and B are trivalent and
divalent cations, respectively) have recently attracted considerable attention by virtue of
their unusual magnetic and electronic properties. The states near the Fermi level of these
compounds derive predominantly from the Mn 3d orbitals and the average number of electrons per Mn atom is 4 – x. The five degenerate atomic d orbitals are split into a doublet
and a triplet by crystal field effects. The lower–lying triplet on each Mn atom is filled by
three electrons that form a local spin–3/2. The remaining 1 – x electrons partially occupying the doublet are forced by intra–atomic Coulomb interactions to align with the local
spin. Many of these compounds undergo charge ordering transitions from a metallic or
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semiconducting state (with the doublet electrons distributed uniformly over the Mn sites)
at high temperatures to an insulating state (with a static superlattice of Mn 3+ and Mn4+
ions) at low temperatures. The charge–ordering transition is driven partly by polaronic
self–trapping of charge carriers due to the Jahn–Teller distortion of the Mn 3+ ions and
partly by correlation effects.
We had previously shown that in one such compound, Pr 0:7 Ca0:3 MnO3 , a transition from
an insulating antiferromagnetic to a metallic ferromagnetic state can be driven by illumination with X–rays at low temperatures (below 40 K). The transition is accompanied by
significant changes in the lattice structure and can be reversed by thermal cycling. We have
now established that none of the conventional mechanisms of persistent photoconductivity can explain this unusual phenomenon. In order to elucidate its microscopic origin,
we have performed a detailed study of the evolution of the transport properties of several
charge–ordered manganites with X–ray irradiation and with magnetic field. The effect of
a magnetic field on these materials is much better understood than the effect of X–rays:
In the generally accepted ‘double–exchange’ model, the field aligns the local spins ferromagnetically and facilitates hopping of the conduction electrons between adjacent Mn
sites. This is believed to be the primary origin of the ‘colossal magnetoresistance’ in the
manganites.

Figure 39: Current-voltage characteristics of Pr0:7 Ca0:3 MnO3 at
T =5 K a) for various X-ray exposures and b) for several magnetic
fields after a brief X-ray exposure.
The curves in a) are labeled by the
incident X-ray fluency (in units of
1013 photons per mm2 incident on
the sample). Those in b) are labeled by the magnetic field applied
after a brief X-ray exposure
(4.4  1012 photons/mm2 ).
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A synopsis of the evolution of the current–voltage (I–V) characteristics with X–ray illumination in zero field and with magnetic field after a brief X–ray exposure at T = 5 K, is given
in Fig. 39. A quantitative analysis of the I–V curves at low X–ray exposure and magnetic
field shows that transport is dominated by tunneling between isolated metallic clusters
generated by X–ray irradiation. Charge–ordered insulating regions act as the tunnel barrier.
At high X–ray exposure and/or high magnetic field, the metallic clusters percolate through
the sample and form a continuous current path with ohmic conductivity.
Our observation that both external stimuli have closely analogous effects led us to hypothesize a new mechanism of persistent photoconductivity in which ‘hot’ electrons generated
by X–ray irradiation polarize local spins ferromagnetically, thereby enhancing the mobility.
While hot electron effects have been studied in ordinary semiconductors for many years,
little is known about analogous effects in strongly correlated materials. We believe that
such nonequilibrium transport properties in the presence of strong interactions are a fertile
ground for new experimental and theoretical work.
[ B. Keimer; D. Casa and O.A. Saleh (Princeton); J.P. Hill (Brokkhaven); Y. Tomioka and
Y. Tokura (Tokyo) ]

Excitation of a magnetic multilayer by an electric current
We describe variations in the resistance of Co/Cu multilayers, induced by means of a high
current density  108 A=cm2 injected into the multilayer through a diffusive point contact between a sharpened Ag tip and the multilayer film. We propose that the observed
resistance changes are due to excitations of zero–wavenumber spin–waves in the magnetic
layers. Therewith we found independent evidence of the magnetic excitations in our multilayers in microwave spin–wave resonance experiments, displaying also a GMR–like (Giant
Magnetoresistance) signal in the absorption of microwaves.
At helium temperature and in magnetic fields up to 8 T, applied perpendicular to the layers, we have made two sets of measurements. First, to look for current–driven excitations,
we measured: (i) the current–voltage (I–V) characteristics and their derivatives of point
contacts at different applied magnetic fields, and (ii) the magnetoresistance (MR) of contacts at different dc–currents. At negative polarity, the electron current flows from the tip
into the multilayer. Second, to look for independent evidence of magnetic excitations in
our multilayers, we measured absorption and dispersion in spin–wave resonance in the microwave frequency range 40–60 GHz. Our samples were sputtered (Co=Cu)N multilayers
with bilayer numbers, N, ranging from 20–50, and layer thicknesses t Co = 1:5 nm and
tCu = 2:0–2.2 nm. No significant differences in behavior were found for different samples.
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magnetic fields (2 T to 8 T) revealing an upward step and a
corresponding peak in dV =dI at
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V  B increases linearly with the
applied magnetic field B.
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7
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Figure 40 shows the differential point contact resistance, dV=dI, as a function of the bias
voltage, V, for several magnetic fields, ranging from 2 T to 8 T. For low fields the dV=dI
spectra usually vary smoothly with increasing V (not shown). However the spectra change
dramatically in a field larger than the saturation field, BS , of the multilayer ( 1:5 T). For
a given field B > BS , there is a peak structure in dV/dI for a certain bias voltage V (B)
for one direction of the current flow, but not for the opposite one. This peak structure
corresponds to an upward step in the static contact resistance R c = V=I. The inset of
Fig. 40 shows that V (B) increases linearly with the applied magnetic field, B. Figure 41
shows two independent sweeps of Rc = V=I and dV=dI versus B for a fixed dc–bias current
I = 0:3 mA. Both sets of curves show the usual GMR at low fields as previously studied
using low ac–currents of  1A. However, the additional structure in the magnetoresistance at  5:3 T, consisting of a downward step in R c and a corresponding peak structure
in dV=dI, was observed only with high dc–bias currents.

Figure 41: The magnetoresistance of a contact biased with
a high dc-current I = 0:3 mA.
Two independent sweeps of
Rc = V/I versus B (upper curve
and left hand scale) and of dV/dI
versus B (lower curve and right
hand scale) show the usual GMR
at low fields, a downward step in
Rc at  5.3 T and a corresponding peak structure in dV/dI.

From these data we conclude the following: First, a small contact between an Ag tip and a
magnetic multilayer shows singularities in contact resistance when excited by a high bias
current density if the current flows from the tip into the multilayer. Second, the singularity
is an upward step in resistance versus V (Fig. 40), but a downward step versus B (Fig. 41).
Third, the location of the step in V (equivalent to I) varies linearly with B.

Figure 42: Microwave absorption
in the multilayer at ! /2 = 53 GHz
for a sweep of B from high positive field to high negative field and
back. The rf absorption reveals a
GMR-like signal at low fields and
the resonance of zero-wavenumber
spin-waves at   3.3 T. The inset shows the frequency shift of the
spin-wave resonance.
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Finally, we looked for independent evidence of magnetic excitations in our multilayers with
microwave resonance studies made with a high field/high frequency electron spin–resonance (ESR) spectrometer. Figure 42 shows a typical absorption spectrum at a microwave
frequency !=2 = 53 GHz, which reveals two basic features. First, there is a GMR–like
signal at low fields, as the sample resistance changes due to the GMR effect, the rf absorption reveals the GMR at 53 GHz. Second, there are resonance peaks symmetric in
magnetic field, that we attribute to excitations of standing spin–waves in thin magnetic
layers. In Fig. 42, the strong peak around 3:3 T corresponds to the excitation of a
zero–wavenumber spin–wave mode in the multilayer. The resonance condition for zero–
wavenumber spin–waves for B applied perpendicular to a thin film is simply the ferromagnetic resonance condition != = B – 0 MS , where = gB =~ is the gyromagnetic ratio
and MS is the saturation magnetization. The inset of Fig. 42 shows that the frequency of
the zero–wavenumber peak shifts linear with B in agreement with this relation. The slope
and intercept of the line give values of 0 MS  1:66 T and a g–factor of 2.1, in good agreement with those expected for Co. These microwave measurements show the presence of
excitations with a well–defined energy (frequency) that is a linear function of B (inset of
Fig. 42), a dependence similar to that of the current–driven excitations seen in the same
samples.
To explain what we observe, we propose a simple model exploiting the process of conversion of spin–up into spin–down current near a ferromagnetic/nonmagnetic (F/N) metal
interface (in our case magnetic multilayer/Ag tip). The latter gives rise to an electrochemI-67

ical potential difference  of spin–up and spin–down electrons, which increases linear
with the applied current density, j. So an electron crossing the interface from N into F and
flipping its spin will release the energy corresponding to   j. Such a process can excite
spin–waves in F providing conservation of energy and angular momentum. The critical
current density, where jj = ~! and the spin–wave emission starts is proportional to the
spin–wave frequency and therefore to the applied magnetic field (Fig. 42), while the sign
of ( j) < 0 requires the correct sign of j < 0. Such a simple model for current–induced
excitations is consistent with the observed asymmetry of the effect to current direction, the
observed linear variation of the required current density with magnetic field and the need
for a minimum current density for a given magnetic field strength.
To conclude, we have presented the first evidence of current–induced excitation of a F/N
multilayer. We have shown that a diffusive point contact can be used as a spectrometer for
magnetic excitations. We have also made, what we believe to be the first demonstration,
that microwave measurements reveal the GMR of magnetic multilayers. We propose that
the resistance changes that we see, a simple step increase (with increasing V at high enough
field) or decrease (with increasing B at high enough V) in resistance, are due to the relaxation of nonequilibrium spin–currents at a F/N interface via the excitation of spin–waves.
[ M. Tsoi, A.G.M. Jansen, J. Bass, W.-C. Chiang, M. Seck, V. Tsoi and P. Wyder ]

Giant negative magnetoresistance in GdI2 : Prediction and realization
Giant negative magnetoresistance is a physical property that has recently gained attention when it was realized in multilayer films of metals and then shown to exist in some
oxomanganates. It is associated with a significant decrease of the electrical resistance on
applying a magnetic field. In the manganates, the effects are sufficiently large that the
phenomenon has been termed ‘colossal’.
In a systematic search for magnetic analogues (from the electronic structure point of view)
of superconductors, our studies have led us to examine GdI 2 , a layered d1 compound which
is isostructural with and nominally isoelectronic to the superconductors 2H–TaS 2 and 2H–
NbSe2 . GdI2 is known to undergo a ferromagnetic transition close to room temperature.
GdI2 crystallizes with the structure of 2H–MoS 2, comprising infinite GdI2 sheets with the
Gd atoms in the centers of I6 trigonal prisms. Each Gd atom is surrounded by six other Gd
atoms in the plane at a distance of 407 pm. The structure of GdI 2 is displayed in Fig. 43.
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Figure 43: Perspective view of the
structure of GdI2 along [100] of the
hexagonal unit cell, large circles correspond to the I atoms, small circles to
the Gd atoms, respectively.

Self–consistent, first–principles calculations of the electronic structure of GdI 2 were performed using the LMTO method in the atomic sphere approximation (ASA). The scalar
relativistic Kohn–Sham–Schrödinger equations were solved taking all relativistic effects
into account, except for the spin–orbit coupling. k–space integrations used the tetrahedron method to generate 148 irreducible k–points within the Brillouin zone (BZ). The
special symmetry points are labelled in accordance with the standard notation of the BZ
(0,0,0), K (2/3,1/3,0), M (1/2,0,0), A (0,0,1/2), L (1/2,0,1/2) and
corresponding to
H (2/3,1/3,1/2) in units of (2 =a, 2 =a, 2 =c). The band structures are displayed along
the lines A– , –M, M–K, K– . The basis set consisted of s, d and f orbitals for Gd
and p orbitals for I. The positions and radii of the empty spheres were calculated using an
automatic procedure.

Figure 44: LMTO densities of states for ferromagnetic GdI2 . a) Total DOS, b) spin-up and
spin-down Gd f contribution, c) spin-up and spin-down Gd d contribution and d) spin-up and
spin-down I p contribution.
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The spin–polarized densities of states for GdI 2 are separately depicted in Fig. 44 showing
the spin–up and spin–down states in the different orbital projections. The spin–polarized
calculation on GdI2 yields a magnetic moment of 7.36  B which is markedly enhanced
over the value of 7 B expected for the half–filled f band. The system is thus nearly fully
spin–polarized. Examining the orbital projected DOS of GdI 2 in Fig. 44, we observe that
the f levels are exchange split into spin–up and spin–down states with a separation of about
4.5 eV. The bulk of the f spin–down states are slightly (0.1 eV) above E F . The Gd d bands
are split due to the crystal field into lower and upper manifolds in both spin–directions.
The lower Gd d manifold crosses EF , yielding the result that GdI 2 is a magnetic metal,
with the enhancement of the magnetic moment arising from polarization of the conduction
band. This results in the Gd spin–up and spin–down d states being separated by about
1 eV. The d states of Gd crossing EF have a bandwidth of a little less than 2 eV. The narrow
bandwidth and the implication that electron correlation would be important in GdI 2 has
been pointed out previously. The occupied I p bands are stabilized by about 2.5 eV and are
centered at around 4 eV below EF . The spin–polarization leaves the p bands of I completely
unaffected.
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The magnetic properties of our samples have initially been characterized by magnetization measurements. Figure 45 displays the temperature dependence of the magnetization
measured in an external field of 10 mT. GdI2 exhibits spontaneous magnetization below
290(5) K, very close to the findings of our preceeding study. At 10 K the saturation magnetization is 7:33(5) B , in good agreement with the value predicted by the band structure
calculations. The excess of 0:33 B as compared to 7 B expected for seven unpaired electrons of the 4f 7 configuration of a Gd3+ ion has to be attributed to the polarization of the
5d conduction electrons.
The electronic resistance versus temperature measured in various constant magnetic fields
up to 7 T (Fig. 45) exhibits a broad anomaly centered at the Curie temperature. This
anomaly shifts to higher temperatures with increasing magnetic field and flattens towards
the highest fields. Below 200 K the resistance shows only slight temperature– and field–
dependence and increases again towards low temperatures. In view of the pronounced
metal–metal bonding in reduced Gd compounds this upturn may indicate the tendency to
localization through the formation of local Gd–Gd bonds.
The magnetoresistance (R(H) – R(0))=R(0) (Fig. 45) exceeds values of 60% at room
temperature and high magnetic fields. In small magnetic fields the magnetoresistance to
first approximation, increases with a slope of  40%/Tesla at room temperature. At low
temperatures we observe a decrease of the magnetoresistance for the highest magnetic
fields measured (5 and 7 T), the origin of which is not clear at present.
[ K. Ahn, R.K. Kremer and A. Simon; C. Felser and R. Seshadri (Universität Mainz) ]

Lattice strain and transport properties of epitaxial La-Ca-Mn-O
thin films
The observation of a colossal magnetoresistance (CMR) close to the spin–ordering
temperature, Tc , in alkaline earth doped rare earth manganites of the type Ln1 x Bx MnO3
(with Ln=La, Pr, Nd and B=Ca, Sr, Ba, Pb) has generated considerable research activities due to their peculiar electronic, magnetic and structural properties. In addition to the
CMR effect, the rare earth manganites can have a metal–insulator transition at a temperature TMI , close to Tc where localized electrons become itinerant. It is now accepted that
both, double–exchange and Jahn–Teller (JT) lattice distortions, play an important role in
determining their electronic and magnetic properties.
The CMR materials have a perovskite–type crystal structure in which the corner–shared
oxygen octahedra surrounding the Mn ions can cooperatively rotate around the cubic [110]
or [111] direction as demonstrated schematically in Fig. 46. This results in an orthorhombic or rhombohedral distortion of the original cubic symmetry. Below the Néel temperature, TN , the stoichiometric compound LaMnO 3 (TN = 160 K) is antiferromagnetic (AF) of
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type A. Here, the Mn spins in the (100) planes are ferromagnetically (FM) ordered with
an antiferromagnetic coupling of the planes. Gradual doping of LaMnO 3 with Ca results
in a variety of magnetic ordering phenomena including overall FM ordering in the doping
range 0.2 < x < 0.5. The striking correlation between ferromagnetism and metallic conductivity was originally explained by Zeners concept of double–exchange which is based
on a strong exchange interaction between itinerant eg and localized t2g electrons, and thus
expected to be largely influenced by the Mn3+ – O – Mn4+ bond angle and bond distance
as well. Superimposed on the anisotropy due to spin–ordering there exists a structural
anisotropy in the system associated with the JT distortion. In LaMnO 3 a static long–range
cooperative JT distortion along the c–axis is observed. Furthermore, studies of the local
atomic structure by pulsed neutron diffraction have shown that a polaronic lattice distortion related to local JT distortions is still present after doping, even in the metallic state, in
disagreement with the homogeneous picture of the double–exchange model. In contrast to
the magnetic contribution to the anisotropy which appears as a spin–ordering effect below
TN , the JT effect contributes to the anisotropy especially above T MI where the electrons are
more localized and single–site small polarons are formed.
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Due to the subtle interrelation of structural changes at an atomic scale and the transport
properties, especially the magnetic ordering related metal–insulator transition temperature,
we applied the concepts of introducing epitaxial strain in thin films on one hand, and hydrostatic pressure applied on strained films on the other to intentionally modify the bond
angle and/or bond distance in a controlled way and correlate that with the conductivity and
TMI .
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Figure 47: Cross-sectional TEM
of the SrTiO3 / La2=3 Ca1=3 MnO3
interface.

Thin films of the composition La 2=3 Ca1=3 MnO3 have been deposited on SrTiO3 single crystals at 780Æ C using the pulsed laser deposition technique. X–ray diffraction
analysis showed single phase diffraction patterns and epitaxial growth. Cross–sectional
TEM (Fig. 47) reveals a nearly perfect pseudomorphic growth of the film at the substrate/film interface. Due to the substrate/film lattice mismatch of 2.3% the unit cell of
the La2=3 Ca1=3 MnO3 is distorted, showing a tensile strain in the film plane and a compressive strain in c–direction. The epitaxial strain is released for a film thickness t > 50 nm
by the formation of misfit dislocations and then occurrence of grains forming stripes with
alternating monoclinic and orthorhombic symmetry.
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La2=3 Ca1=3 MnO3 thin films of
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Electrical transport measurements (Fig. 48) clearly demonstrate a shift of T MI from 200 K
for a 40 nm film to 276 K for a 475 nm film, a value close to the bulk value for polycrystalline ceramics. The peak resistivity,  max , is also found to be very sensitive to the film
thickness, at least for films thinner than 100 nm. It drops from 214.5 m cm to 14 m cm
while the film thickness increases from 40 nm to 475 nm.
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As an alternative to epitaxial strain to modify the microscopic structure of the Mn 3+–O–
Mn4+ configuration, external hydrostatic pressure was applied. Applied pressure decreases
the peak resistance and TMI monotonically increases. A colossal change of resistivity
is observed especially around the metal–insulator transition temperature. In Fig. 49 the
resistivity data for a 30 nm film are given normalized to the ambient pressure value. The
huge values exceeding 7000% suggest to use this effect as pressure sensing element.
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Figure 49: Temperature dependence
of the normalized resistivity as a function of temperature for different hydrostatic pressures. Thickness of the
La2=3 Ca1=3 MnO3 film was 30 nm.

2000

0

100

150

200

250

300

Temperature (K)

From the fundamental point of view, the results of both experiments are qualitatively explained within the frame of the modified double–exchange model. Conduction occurs
via the eg electrons between the Mn ions which is expressed by the transfer integral

teff = t0 cos ij =2 . Here, ij is the angle between neighboring Mn spins and t 0 depending
on the angle and length of the Mn–O bond. Any modification of either the bond angle
and/or the bonding distance affects the magnitude of the transfer integrals and thus the
magnetotransport properties.
The use of epitaxial strain opens the possibility to systematically modify the crossover
from tensile to compressive strain and thus study microscopic details of the interrelation
of geometrical structure and transport properties. The application of hydrostatic pressure
is used as a complementary technique enabling in conjunction with the epitaxial strain the
design of a new type of pressure sensors.
[ H.-U. Habermeier, F. Razavi, G. Gross and R. Praus ]
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Low dimensional systems
Many fascinating phenomena can be found in spatially constrained systems, such as layers, quantum dots, and clusters where the movement of charges is restricted to two or fewer
dimensions. This is reflected in the broad spectrum of such systems under investigation in
different groups at the institute, studying the quantum Hall effect, the coupling between
charged layers, and the behavior of quantum dots.

Evolution of the energy dissipation at the breakdown of the
quantum Hall effect
The nearly nondissipative current flow in the quantum Hall (QH) regime is restricted to
a certain current range, limited by a critical current. Above this critical current value, a
sudden onset of dissipation with an abrupt increase of the resistivity  xx (breakdown of
the QHE) occurs. Measurements on quantum Hall devices based on GaAs heterostructures
with mobilities up to 10 6 cm2 /Vs have shown a linear dependence of the critical current
on the sample width [Kawaji et al., Surf. Sci. 305, 161 (1994)]. This result implies a constant
critical current density, jc , and indicates the relevance of intrinsic two–dimensional (2D)
bulk properties for the breakdown. Besides this rather predictable width dependence, it
was found that the breakdown develops over a certain drifting distance of electrons in the
device [Komiyama et al., Phys. Rev. Lett. 77, 558 (1996)]. This result was explained on the
basis of an avalanche heating process of the electrons and interpreted as an indication for a
nonlocal character of the breakdown.
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Figure 50: Schematic view
of the sample geometry for
hot electron a) relaxation and
b) generation experiments. `
is the distance between adjacent potential probes.

In our study, we have monitored the generation and relaxation of hot electrons along their
drift path by measurements of the resistivity as a function of the distance from the position of the electron injection. For the relaxation experiments (Fig. 50a), the electrons are
heated in a periodic series of parallel constrictions (2 m width, 4 m period), providing
a homogeneous temperature front of heated electrons, which enter the patternless two–
dimensional electron system (2DES) with a current density smaller than the critical current
density, jc . For the generation experiment, the electrons were injected into a funnel–shaped
constriction (Fig. 50b). A set of narrow potential probes was used to monitor the resistivity
profile, which reflects the relaxation and generation of the hot electrons inside the 2DES.
The samples were prepared from GaAs/GaAlAs wafers with comparable electron densities,
ns , of 2.0–2.6 1011 cm 2 but different Hall mobilities  H in the range from 4  104 cm2 /Vs
to 1  106 cm2 /Vs. Current dependent measurements of the quantum transport were performed in the current range 1 A  jISD j  55 A (for both current polarities) and in
magnetic fields jBj  11:5 T.
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Figure 51: Color scale plot of xx as a function of the magnetic field B and probing position x
for electron flow a) from the wires and b) towards the wires. Only for the electron flow from the
wires into the 2DES, a significant distance dependence of xx is observed. c) Dependence of the xx
minimum on the distance of the probing contacts from the end of the wire array, at several currents
ranging from I = 34.0 A to I = 35.6 A in 0.2 A steps.
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In the relaxation experiments, we found remarkable dependencies of the resistivity profile
(measured at filling factors close to 2) on the current and on the electron mobility of the
samples. Within a small range of currents below the critical value, a strong increase of the
characteristic decay length of the resistivity was observed (Fig. 51a and c). Above a certain
current level, the dissipation persists over the entire sample length. For electrons drifting
toward the wires, no significant dependence of the breakdown on the probing position
was found (Fig. 51b). These plots clearly demonstrate that hot electrons penetrate deeply
into the device over length scales up to hundreds of micrometers. This is a clear indication that a certain drifting distance is necessary for the hot electrons to relax to the lattice
temperature. The same behavior was observed, for samples of all wafers. The observed
exponential dependencies of the form xx = 0xx expf (x – x0 )=L0 (I; )g of the resistivity
profiles xx (x) on the current, I, and the density of scatterers (mobility) could be described
by the following equation:

xx =



0xx

exp

x

x0
lD



1

I
( )2
Ic



(13)

This result follows from a simple analysis of the competition between energy gain due to
Joule heating (xx j2 ) and energy relaxation with relaxation time, 0 .

( )

Figure 52: Plots of the inverse characteristic decay length 1=L0 versus I =Ic 2 for three samples
with different Hall mobilities and for both the magnetic field directions (full and open symbols).
From these plots, the energy relaxation lengths and energy relaxation times can be determined. Inset
shows the plot of relaxation length, lD , as a function of the mean free path, lmfp .
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Here, lD is the average drift length of electrons between two inelastic scattering events (energy relaxation length) and Ic is the critical current. Equation (13) implies an exponential
decay of the resistivity in the region x > x 0 , where xx is smaller than a saturation value
0xx . To determine lD from our measurements, we plot the experimentally determined value,
1=L0 , derived from xx (x) = 0xx expf (x – x0 )=L0 g, as a function of (I=Ic )2 for samples
with mobilities from  H = 4  104 to 5  105 cm2 =Vs (Fig. 52). The corresponding values for
lD are presented in the inset of Fig. 52 and show a remarkable coincidence with the mean
free paths, lmfp , which are determined from the mobilities at zero magnetic field. Since
the latter values are mainly determined by elastic Coulomb scattering at ionized donors,
this indicates that the inelastic scattering (responsible for the dissipation near the QHE
breakdown) is also related to the scattering at ionized donors.
We also investigated the excitation of electrons in zones of enhanced electric fields (constriction shown in Fig. 50b). These measurements confirmed that a finite drift length of
electrons is necessary to fully develop the breakdown. In Fig. 53, the evolution of the
resistivity minimum at filling factor 2 with currents slightly above the critical current is
shown for a low–mobility sample ( H = 4  104 cm2 /Vs). After a linear increase of the resistivity with the drifting distance x = v D  t (vD is the drift velocity), a rather steep increase
of dissipation occurs. As one can see in Fig. 53b ( xx –axis magnified by a factor of 20
compared to Fig. 53a), the slopes of the curves, dxx =dx, increase strongly with current.
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Figure 53: Dependence of the resistivity minima on the distance
from the constriction for the sample shown in Fig. 50b. Graph
b) is the expanded view of the
graph a) at low resistivities. Current values range from I = 35.0 A
to I = 37.0 A in 0.2 A steps.

The linear increase in xx indicates an increasing population of the higher Landau level
at a rate, which is strongly dependent on the applied current or the Hall electric field,
respectively. This strong dependence can be attributed to inter–Landau level tunneling,
which increases exponentially with the current Hall field. The steep increase of the resistivity after a certain distance x (which decreases with increasing current) is likely due to an
avalanche–like multiplication of hot electrons. In this highly nonlinear transport regime, a
quantitative description of the resistivity profile could not yet be given.
In summary, the measurements of the spatial evolution of the breakdown of the quantum
Hall effect clearly indicate that the relaxation of nonequilibrium electrons in the higher
Landau level is triggered by elastic scattering processes and the generation of electrons
in the higher Landau level at currents slightly above the critical current is initiated by
tunneling processes.
[ I.I. Kaya, G. Nachtwei, K. von Klitzing and K. Eberl ]

Frictional drag between coupled 2D hole layers
The coupling between two closely spaced 2D charge layers in semiconductors has found
much interest in recent years. Interestingly, however, the number of theoretical publications exceeded the number of the experimental ones by a factor of about ten which is an
indication of the difficulties faced by the experimentalists when they prepare suitable samples. Usually the scattering strength across the two layers is determined by measuring the
frictional drag between them: A current Idrive is passed through one of the two layers and
the scattering processes between the two layers cause the second one to be dragged along
which leads to a measurable voltage Vdrag along the dragged layer (Fig. 54a). The experimental difficulty lies obviously in the problem to contact two layers separately which are
only several 10 nm apart. This problem was overcome for coupled electron layers in GaAs
quantum well systems by several laboratories including also the one at the MPI–FKF but
no working samples exist so far made of coupled hole gases. The hole gases are, however,
of particular interest because the nature of the coupling mechanism is not clear. Both, coupling via phonon exchange and via the excitation of coupled plasmon modes are possible if
one extrapolates the relevant parameters from the coupled electron to the coupled hole system. Furthermore, studies of the frictional drag between coupled hole gases will provide
information about the shape of their Fermi surfaces which will be relevant if the predicted
superfluidity of closely spaced electron–hole systems should ever be realized.
In the past year we succeeded in preparing the first coupled hole gases with separate electric contacts and with distances between the two layers varying from 40 to 200 nm. The
frictional drag between the two layers has been measured as a function of the carrier concentration in both layers over a wide range of temperatures and magnetic fields.
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Figure 54: a) Setup of a frictional drag experiment. The two two-dimensional charge layers can
be as close as 20 nm. b) Schematic of the technique to produce separate contacts. The hole gases
(HG) are confined in the GaAs quantum well. The contact separation is achieved by depletion due
to voltages applied to the front gates and buried gates, respectively. With similar gates (not shown)
the densities of the two layers can also be adjusted separately.

The samples are grown by molecular beam epitaxy (MBE) and consist of GaAs quantum
wells sandwiched in–between Al0:3 Ga0:7 As barriers. The p doping was achieved by carbon
incorporation into the barrier material. The correct doping turned out to be one of the
crucial factors because even a slight overdoping makes the gates ineffective which are
necessary for the contact separations and for the adjustment of the hole concentration in
both layers. In the previously prepared coupled electron layers this exact doping was not
so critical because the existence of the DX centers tends to stabilize the doping near the
optimal levels.
Gates are evaporated on the top of the structure or they are buried underneath it. The second
type of gates requires the prepatterning of an highly doped GaAs layer prior to the MBE
overgrowth. The overgrowth succeeds only if the prepatterning is done under very shallow
angles and if the cleaning is done with extreme care. The stack of MBE grown layers is
depicted in Fig. 54b.
Measurements of the frictional drag are shown in Fig. 55. Here the transfer resistance, RT ,
is plotted in different colors as function of the densities, p, in the two layers. The transfer
resistance is the ratio between the drag voltage and the drive current. The behavior of
RT for the holes is rather unusual: At small densities in both layers we see a broad ‘ridge’
(dotted line) running near the line of equal densities. At larger densities (> 2:5  10 11 cm 2 )
the broad ridge separates into two, one running more or less vertically towards the top of
the figure, the other one towards the right edge. These data are taken at a temperature of
2.8 K and with a coupled hole system of 140 nm separation.
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This behavior is totally different from the one observed with electrons. In that case one
finds a pronounced maximum at equal densities which is caused by the phonon interaction
which is most effective under this condition because the Fermi vectors (k F ) in the two
layers are identical. Naively one would expect the same to happen with hole gases because
kF does not depend on the effective mass of the charges and the only difference would
be that the phonon coupling should be stronger with the hole gases. However, there are
two branches of the dispersion curves which are populated by holes in the quantum wells
leading to two different kF –values. In this situation the nonparabolicity of the dispersion
will determine the ratio between the two k F –values. The nonparabolicity depends very
sensitively on parameters like quantum well thicknesses and the electric fields which are
present inside the quantum wells. Therefore, the inhomogeneities between the two layers
caused by different doping profiles and/or by different electric fields from the front and the
buried gate electrodes are enough to cause strongly different dispersion curves in the two
layers. This asymmetry between the dispersion curves is the origin of the asymmetry in
the plot of RT versus the two carrier densities, pupper and plower (Fig. 55).
Besides the phonon coupling which is most effective if the k F –values in the two layers
are identical, there exists also the plasmonic coupling which is most effective if the Fermi
velocities in the two layers are equal. Therefore, if one knows the precise shape of the
hole dispersion curves then one can discriminate between the two coupling mechanisms.
The dispersion curves are calculated using a 4  4 k  p method and one finds that two
branches of the valence band are occupied with holes. With the known carrier densities
one can now determine both the kF – and the vF –values of the two branches. The solid line
in Fig. 55 corresponds to the situation where the k F –values of the two layers coincide. The
dashed line corresponds to equal vF –values. Clearly the line of equal kF –values follows the
experimentally observed maxima much better than that of the v F ones, which indicates that
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the scattering between the two layers is mediated by the phonons. The small deviations
between the experimental results and the theoretical curves are most likely caused by small
uncertainties in the input parameters of the calculations. It is noteworthy that there is no
other experimental way to check the validity of the dispersion calculations.
Furthermore, the decrease of the coupling between the two layers with distance has been
found to be weak and can be described by a logarithmic behavior just as predicted theoretically by Bønsager and MacDonald for phonon coupling supporting this type of coupling
even further. In conclusion we have found that the nonparabolicity effects are responsible
for a very asymmetric behavior in the frictional drag between coupled hole gases. The
drag is most likely mediated by the exchange of phonons between the two layers. The
sensitivity of the drag on the k F –values makes the drag experiments a sensitive probe for
the dispersion relations in quantum wells.
[ S.J. Cheng, W. Dietsche, K. Eberl, R. Gerhardts, C. Jörger, K. von Klitzing and P. Specht ]

Kondo physics in electrical transport through a quantum dot system
During the last decade, worldwide experimental investigations on electronic transport
through small conducting grains (denoted in the following as ‘islands’) which are coupled to a source and a drain contact by weak tunnel barriers have shown phenomena like
Coulomb blockade, single–electron charging and single–electron tunneling. These effects
are caused by the Coulomb interaction of the electrons on the island leading to an energy barrier for adding an electron to the island and to an energy barrier for taking off an
electron. Due to this, at low temperature thermally induced fluctuations in the number of
electrons on the island are suppressed causing a suppression of electron transport through
this island for small drain–source voltage values V DS (Coulomb blockade effect). By applying a positive voltage V G to a nearby gate electrode, the electrostatic potential of the
electrons on the island is lowered reducing the energy barrier for adding an electron to the
island. Whenever it is energetically almost equivalent of having N or N + 1 electrons on
the island, the number of electrons on the island strongly fluctuates between N and N + 1,
and for small jVDS j a net electron transport is measured between source and drain contact.
Since the current is carried by electrons passing one after the other through the island, this
is denoted as single–electron tunneling. With increasing the gate voltage, energy barriers
for recharging the island appear again, but now with one electron more on the island being
stable. Therefore, with increasing VG , electrons are accumulated one by one on the island
(single–electron charging) and for small jVDS j only at certain gate voltage values, where
the number of electrons on the island fluctuates, conductance is measured between source
and drain.
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In the limit of weak tunnel coupling and at low but finite temperature, the dynamics of
this electron transport can be described by rate equations revealing the basic features of
Coulomb blockade and single–electron tunneling. By this approach, only processes involving a single tunneling event of an electron through one of the barriers are taken into
account. This does not work in the case of strong tunnel coupling.
Besides thermally induced fluctuations in the number of electrons on the island, quantum
fluctuations occur and become stronger with increasing the tunnel coupling to the source
and/or drain electrodes. A simple example for this are so–called co–tunneling events:
An electron from one of the contact electrode occupies the island while at the same time
another electron leaves the island to one of the contact electrodes. Since the charge on
the island is not changed by this coupled tunneling event of two electrons, no Coulomb
charging energy has to be paid. Even in the Coulomb blockade regime this leads to a net
current flow from source to drain for jVDS j > 0. Instead of having two electrons involved,
it is also possible that the electron entering the island immediately leaves the island. The
island is only virtually occupied by this electron. This can also be described by an effective
broading of the electronic levels on the island due to the short dwell time of the electron
on the island. Again, for a small jV DS j, a net current is measured in the Coulomb blockade
regime. In the regime of strong coupling and where the phase coherence between tunneling
events is not destroyed by temperature, the description becomes even more sophisticated.
Glazman et al. [JETP Lett. 47, 452 (1988)] pointed out that electrical transport through
a spin–degenerate localized state (impurity) embedded between two electron reservoirs
should show Kondo physics if the temperature is low enough. They concluded this in
analogy to Anderson’s impurity model [Phys. Rev. 124, 41 (1961)]. The electronic state
of the island hybridize with the electronic states of the contact electrodes: Although the
energy level of this localized state is deep below the Fermi level of the reservoirs, the
tunnel coupling to the reservoirs creates an effective density of state on the site of the
impurity pinned to the Fermi level of the reservoirs. Electron transport is possible around
VDS 0. The weaker the tunnel coupling and the deeper the impurity level, the lower the
temperture has to be to observe this Kondo effect.

=

To study such physics in experiment we choose a quantum dot, i.e. an island with a discrete energy spectrum, with in–situ tunable tunneling barriers. In Fig. 56a our experimental setup is shown. On top of an AlGaAs/GaAs heterostructure which contains a two–
dimensional electron system (2DES) at a GaAs/AlGaAs interface 50 nm below the surface,
six metallic gates are deposited (the opening between the fingers is 180 nm in diameter).
By applying a negative voltage to these fingers, the electrons in the 2DES below the gates
are depleted dividing the 2DES into a small region (island) between the fingers and two
parts acting as source and drain electrodes. By the voltage applied to the outer pairs of gate
fingers, the tunnel coupling is tuned.
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Figure 56: a) Experimental setup: A splitgate structure is deposited on top of a Hall bar which has
been etched into a GaAs/AlGaAs heterostructure containing a two-dimensional electron system.
Alloyed ohmic contacts give electrical connection to the 2DES. By applying a negative voltage to
the six gate fingers, a quantum dot is defined which couples to source and drain by tunnel barriers.
b) The measured differential conductance, dIDS =dVDS , shown in greyscale as a function of a gate
voltage and the drain-source voltage (temperature T < 0.1 K) (black means high differential conductance, white zero). The regimes of Coulomb blockade (CB) and single-electron tunneling (SET)
(see sketch on the right) are clearly resolved in the data. c) Same as b), but for the case of strong
tunnel coupling. A peak appears in the regime of Coulomb blockade at VDS = 0, which behaves like
a Kondo resonance. With one electron less in the quantum dot, an unexpected resonance appears
in the regime of CB. d) Same as c), but for an externally applied magnetic field of 0, 2 and 4 Tesla.
The zero-bias anomaly splits with twice the Zeeman energy.

Figure 56b shows the differential conductance, dIDS =dVDS , through our quantum dot measured as a function of the drain–source voltage, VDS and a gate voltage, VG , for the case
of weak tunnel coupling to both source and drain contact. By changing the gate voltage,
the electronic levels of the quantum dot are shifted and start to contribute to the conductance through the quantum dot if they are aligned with the Fermi level of source, respectively drain (peak in the differential conductance for these VDS ; VG values). The regimes
of Coulomb blockade and single–electron tunneling are clearly visible. In the regime of
single–electron tunneling, additional resonances in the differential conductance occur reflecting the discrete energy spectrum of the quantum dot system [Weis et al., Phys. Rev. Lett.
71, 4019 (1993)].

(
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Figure 56c shows the result obtained for the case of strong tunnel coupling to the reservoirs.
The regimes of Coulomb blockade are no longer well–defined, but the remarkable feature
is the appearance of a peak in the differential conductance at VDS 0 over the whole
Coulomb blockade regime of N electrons. This zero–bias anomaly remains unaffected
by VG , although the electronic states of the dot are shifted by V G . It becomes stronger
with increasing the tunnel coupling and disappears with increasing the temperature. These
properties are expected for Kondo resonances. By applying an external magnetic field in
the plane of the 2DES, the electronic states, if they are spin–degenerated, should split. As
shown in Fig. 56d, the zero–bias anomaly splits to higher jV DS j with twice the Zeeman
energy as expected [Meir et al., Phys. Rev. Lett. 70, 2601 (1993); König et al., Phys. Rev. B54,
16820 (1996)]. Although the data discussed up to now confirm qualitatively the theoretical
predictions about Kondo resonances, and they are consistent with data recently presented
[Goldhaber–Gordon et al., Nature 391, 156 (1998); Cronenwett et al., Science 281, 540 (1998)],
we cannot confirm that with changing the parity in the number of electrons in the quantum
dot, we get for odd number this zero–bias anomaly and for even number not. The simple
picture that the energy spectrum of the dot is independent of the number of electrons (‘constant interaction model’) and by adding electrons to the quantum dot, the spin–degenerated
electronic states are just filled, seems not to work in our system. In the Coulomb blockade regime with one electron less (Fig. 56c), we observed a similar resonance, but which
slightly shifts with gate voltage to finite drain–source voltage values and shows a strange
magnetic field dependence (not shown). Further experiments are required to understand its
origin and the influence of excited states of the quantum dot system.

=

[ J. Weis, J. Schmid, K. von Klitzing and K. Eberl ]

Self–assembled InP quantum dot injection laser
Extremely small 10 nm size quantum dots (QD) are prepared by applying Stranski–
Krastanow growth mode in strained layer heteroepitaxy. Epitaxial growth of more than
1.5 monolayers (ML) InP on GaInP leads to the nucleation of InP islands due to the lattice mismatch of 3.5%. The islands are completely embedded and coherently strained
after GaInP overgrowth, which results in the formation of real QD which clearly show the
expected behavior like discrete energy spectrum. For nominally 3 ML InP the dot size is
about 2.5–3 nm in height and 16 nm in diameter with an area density of about 8  10 10 cm 2 .
For semiconductor lasers containing QD, a lower threshold current density, a higher characteristic temperature, and an increased gain and differential gain in comparison with
quantum well lasers were theoretically predicted due to the discrete energy levels in zero–
dimensional systems. In this contribution, we present injection laser diodes grown on
GaAs substrate based on InP/GaInP QD as light–emitting medium. Red–light lasing at
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temperatures up to -30Æ C is demonstrated. The QD laser structures were grown on n+
doped (100)GaAs substrates. The growth and fabrication details of the laser structures are
presented elsewhere [Zundel et al., Appl. Phys. Lett. 73, 1784 (1998)].

Figure 57: Schematic illustration of the 3-fold QD stack laser diode. The red laser light is shown
below. The TEM micrograph in the upper right part shows the GaInP containing 3 layers of 3
ML InP QD. The output power of the laser diode versus injection current density under pulsed
conditions at 150 K is shown in the lower right part. The inset shows electroluminescence spectra
below and above threshold current density jthr = 265 A=cm2 at 150 K.

Figure 57 shows a schematic illustration of the InP QD laser diode containing three dot
layers with 4 nm GaInP spacer layers. The 3–fold stack of InP dots within a 120 nm thick
GaInP wave guide layer is shown in the TEM micrograph. The InP dots appear as dark
contrast. The 1.9 m thick p– and n–type doped AlInP cladding layers are grown below
and above the wave guide layer. Under pulsed operation we obtain the typical output power
versus injection current density characteristic at 150 K which is shown in the lower right
part of Fig. 57. Thereby the threshold current density is 265 A=cm 2 . The inset shows the
electroluminescence spectrum below threshold at j 0:58 j thr , multiplied by a factor of 250.
The energy position is at 1.741 eV with a full width at half maximum of 23 meV, which

=
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is in good agreement with photoluminescence (PL) measurements at 150 K (not shown
here). The spectrum above threshold at j 1:06 jthr , demonstrates a typical narrowed laser
line at 1.748 eV indicating ground state QD lasing, since excited states and wetting layer
luminescence is observed at higher energies of 1.80 eV and 1.89 eV, respectively.

=

Figure 58: Threshold current density, jthr , as a function of temperature for dot laser samples A
(2.8 ML InP dots), B (3.0 ML), C (3.2 ML) and for a GaInP/AlGaInP double quantum well (DQW)
laser diode as reference.

Figure 58 presents the temperature dependence of the threshold current density of three QD
laser diodes with different dot sizes. With increasing dot size from nominally deposited 2.8
to 3.2 ML InP we obtain decreasing threshold current densities, as expected for the stronger
energetic confinement of larger dots in GaInP barriers. For the sample C with 3.2 ML InP
dots we found a temperature independent threshold below 120 K as predicted for quantum
dot lasers. For comparison Fig. 58 also shows the data for a state of the art GaInP/AlGaInP
double quantum well laser diode as dotted line.
Above 120 K an increase of the threshold current density for the 3.2 ML QD laser is found
due to thermal activated carrier evaporation out of the dots into barrier states. To achieve
lasing at higher temperatures the carrier confinement has to be increased on the one hand
by larger dots and on the other hand by higher barriers. The dot size reaches a limit at
3.2 ML InP due to nucleation of dislocations in the case of a stack of 3 or more dot layers.
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Thus, the more promising way is to use higher barriers, e.g. the quaternary AlGaInP or
alternatively quasi–quaternary short–period superlattices (qqSL). First results from InP
quantum dots in AlGaInP are achieved. Photoluminescence measurements on samples
containing a 3–fold InP dot stack and qqSL as barriers showed one order of magnitude
improvement in PL intensity at room temperature with respect to samples with GaInP barriers.
In summary we have achieved lasing of a 3–fold InP dot stack within a GaInP/AlInP
separate confinement heterostructure laser diode at temperatures up to -30Æ C. The threshold current density characteristic of the InP QD lasers with different dot sizes indicate
that increased carrier confinement is necessary for low–threshold room temperature lasing.
This can be achieved by modification of the wave guide material using AlGaInP as higher
energetic barriers within the wave guide layer.
[ K. Eberl and M.K. Zundel; T. Riedl, E. Fehrenbacher and A. Hangleiter (Universität
Stuttgart) ]

I-88

Ionic transport phenomena
Ionic transport is an important aspect of condensed matter that is still incompletely understood. Thus, both theoretical and experimental investigations are of general interest,
ranging from the study of ionic conduction to the behavior of hydrogen in solids and water.

Mesoscopic ionic conductivity effects in ionic heterolayers
Whenever two (compatible) crystals are brought together, not only a slight mutual solubility has to occur, but also a charge redistribution restricted to the space charge layer
region. Not only has this to be taken into account for the electronic carriers but also for
the ionic defects leading necessarily to variations in the stoichiometry close to the interface. It turns out that the enrichment or depletion of ionic carriers is often very substantial
compared to the bulk situation giving rise to conductivity anomalies up to several orders of
magnitude.
Our quantitative semi–infinite space charge model works very well in two phase mixtures
such as AgCl:Al2O3 , AgBr:Al2 O3 , AgI:AgCl, AgI:AgBr, yet the extreme absolute values
(Fig. 59) in the AgI:Al2 O3 system first measured by Shahi et al. [J. Electrochem. Soc. 128,
6 (1981)] could never be explained in this way.
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Figure 59: Conductivity as a function
of the alumina content in the AgI:Al2 O3
nanocomposite at room temperature.
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The enhancement is far too high to be explained by the heterogenous doping theory. On
the other hand, the qualitative features point towards a behavior which is similar to that of
the other halides, namely Ag+ redistribution due to acid–base interactions.
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Many years ago we quantitatively predicted a nanosize effect which is expected to occur
if the spacing of two interfaces becomes so tiny that the space charge layers impinge on
each other (Fig. 60). The quantitative treatment predicts further anomalies of the ionic
conductivity. However, clear evidence was not yet observed.
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Figure 60: Upon reduction of the thickness (L  4 ) the space charge layers interfere. The additional effects compared to L  4 ( denotes the Debye length) can be quantified by a nanosize
factor (0   =0 )1=2 =L.   depends on the thickness, L, and on the interaction strength, 0 , via
elliptical integrals of the first kind.

We could also show that defect–defect interactions that we can describe by an effective
Madelung superlattice model, lead to phase transformations. If now defect concentrations
are different in the boundary regions, this opens a natural route to interfacial phase transformations in ionic conductors. Recently we found the solution for the AgI:Al 2 O3 ‘dilemma’
which has turned out to be a manifestation of all the above effects and obviously the first
explicit example of the predicted mesoscopic effect. From X–ray analysis and related work
we have clear evidence for the occurrence of a 7H–phase (Fig. 61) which is a stacking fault
arrangement that can approximately be conceived as a heterolayer structure composed of
–AgI/ –AgI/.../ –AgI layers of atomistic size. From other measurements we know that
composites of large–grained –AgI and –AgI phases show a ‘two–phase effect’, i.e. a
conductivity anomaly due to Ag + redistribution at the semi–infinite heterojunction ( = ).
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In the stacking fault phase the spacing of the heterojunctions is clearly below the Debye–
length and a complete Ag+ disorder is indeed expected. In this way the conductivity values
are reconciled with expectations. Such an interfacial phase transformation does not occur
for AgCl or AgBr in contact with Al2 O3 , nor for AgI in contact with AgBr or AgCl.
However, such a phase transformation also appears at the AgI single crystal surface if cut
along the ab–plane.

Figure 61: Stacking fault 7H-phase formed
at the -AgI-Al2 O3 contacts. It can be conceived as a nanosized multilayer with a pronounced disorder in the cation sublattice.

To conclude: The extremely high ionic conductivities of stacking fault arrangements
formed at the AgI/Al2 O3 interface can be understood in terms of a mesoscopic multilayer effect on the ionic transport. The effect appears since the interfacial distances are
distinctly below the screening length. In contrast to the well–known electronic superlattice
phenomena, the phenomenon is completely classical in nature.
[ J.-S. Lee and J. Maier; S. Adams (Göttingen) ]
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A quantitative concept of effective interfacial rate constants:
Application to SrTiO3
The kinetics of chemical reactions, as realized in one of its simple possible forms, viz. the
oxygen dissolution into an oxide, consists of a boundary reaction plus bulk transport. Depending on the conditions the first or the second process determines the overall rate. While
in such a chemical experiment the ionic flux is counterbalanced by an internal electronic
one, in a steady state electrical experiment shown in Fig. 62a an outer electron current
balances the internal one which is purely ionic in the example of Fig. 62. Here, interfacial
effects, too, contribute to the overall resistance.
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Figure 62: The three basic experiments discussed in the text. a) Stationary electrical experiment,
b) tracer experiment, and c) chemical incorporation experiment.

In a tracer experiment, finally, the electrons play only an implicit role in so far that the
process is a counter–motion of two isotopes. Again both surface and bulk processes are
important. Whereas the internal bulk kinetics and thus the dependencies of the three relevant diffusion constants DÆ ; DQ ; D referring to the chemical (Æ ), electrical (Q) and tracer
(*) experiment are fairly well–understood, as a function of the controlling parameters (in
our model oxide: oxygen partial pressure, P, temperature, T, and doping content, C, this is
not at all the case for the interfacial part.
Recently one of us presented a detailed theoretical analysis of the respective effective rate
constants k̄Æ ; k̄Q ; k̄ in terms of chemical kinetics. The effective rate constants which are
defined as the ratio of the flux into the bulk, divided by the deviation of the local concentration from its equilibrium value, can be shown to be composed of the exchange rate (R Æ :
partial forward or backward reaction rate in equilibrium), of the rate determining step (rds)
and of a specific concentration function, F. The latter is different for the three k̄’s even if
the mechanism is the same
k̄Æ;;Q P; T; C

(

Æ FÆ;;Q ;
) = Rrds

(14)

but well–defined. Apart from the fact that RÆrds is also a function of the microscopic rate
constants, both RÆrds and F can be calculated from equilibrium concentrations. In turn,
the measurement of the dependencies of these three parameters give extremely worthwhile
information on the interfacial mechanism under consideration. While in electron–rich materials such as fuel cell electrodes the F–term in Eq. (14) distinguishes the three k̄–values,
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n o r m a liz e d c o m p o s itio n a l c h a n g e

in electron–poor materials such as our prototype material SrTiO 3 (acceptor doped) (see below) or solid electrolytes, mechanistic differences (different RÆrds in Eq. (14)) are expected.
For SrTiO3 (Fe2 O3 ) we measured the D’s and the k̄’s for a variety of parameters (surface
treatment, surface crystallography, oxygen partial pressure, Fe content and temperature).

n o r m a liz e d s p a c e c o o r d in a te

Figure 63: In-situ profiles for Fe doped SrTiO3 at T = 923 K (p(O2 ) is changed from 104 to 105 Pa;
total iron content 0.13 wt% Fe2 O3 ). The samples differ in surface treatment only (main figure: (100)
surface, polished; inset: (100) surface, polished and Cr coated).

Concerning the chemical incorporation we applied an optical relaxation technique which
allows in–situ and spatially resolved observation of oxygen diffusion. Figure 63 shows
two characteristic sets of spatially resolved oxygen concentration profiles upon a sudden
outside change of the oxygen partial pressure. The shape of the profiles represents the two
extreme cases concerning the kinetic conditions of the relaxation process. If the diffusion
is sluggish compared to the surface reaction, ideal diffusion profiles evolve (inset), while in
the surface reaction determined case the bulk is filled with oxygen via horizontal profiles
(main figure). For the example in Fig. 63 the transition from the surface control to the
diffusion control was simply brought about by coating.
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In Fig. 64, selected experimental results for k̄Æ and k̄ are summarized as a function of
temperature. If the differences between k̄Æ and k̄ were only due to conceptional reasons,
the k̄’s could be easily related to each other via the so–called thermodynamic factor, i.e.
in the same way as the respective D’s. The k̄–ratio obtained by experiments is too small
to comply with this condition (Fig. 64). We conclude, that two different surface exchange
mechanisms have to be considered. This assumption is confirmed by the different influences of porous Pt coatings for the tracer experiment and the electrical experiment.

Figure 64: Rate constants k̄Æ and k̄ of the oxygen exchange reaction as a function of temperature
and different surface modification (total iron content 0.13 wt% Fe2 O3 ; hpO2 i = 104:5 Pa).

In the case of chemical surface exchange, electrons are explicitely involved. Therefore the
ionization is extremely difficult for free SrTiO3 surfaces, whereas the ionization of oxygen
in the case of Pt coated surfaces is highly catalyzed due to the availability of electrons,
however, restricted to the presence of a 3–phase boundary region (Pt, SrTiO3 , O2 ). The
local reactivity becomes so high that another elementary step of the overall surface reaction,
viz. the transport through the Schottky barriers, determines the overall rate. Concerning
the tracer surface reaction, a direct 18 O / 16 O exchange is possible which includes electrons
only in an implicit way. This assumption is consistent with the experimental result which
shows no kinetic enhancement in the case of Pt coating. Finally, it is worth mentioning,
that the highest rate constants have been obtained using freshly produced crack surfaces.
This can be explained by the high surface energy of these unrelaxed surfaces. The high
surface reactivity is decreasing (‘ageing’) during an annealing procedure due to structural
relaxation.
[ M. Leonhardt and J. Maier ]
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Detection of a p–V–n–transition in polarized strontium titanate by local
impedance spectroscopy
Conductivity profiles as a consequence of stoichiometry variations are well–known in
mixed ionic–electronic conductors and are created by exposing the sample to a chemical potential gradient, or by applying an electrical field using electrodes which selectively
block one charge carrier. The latter (also called Wagner–Hebb or stoichiometry polarization) can play an important role in resistance degradation of perovskite–type titanates
(electrocoloration) as used in electronic components [Baiatu et al., J. Am. Ceram. Soc. 73,
(1990)]. However, a direct inspection of such local stoichiometry variations had not yet
been performed. We could demonstrate that local impedance spectroscopy can be used to
perform spatially resolved conductivity measurements on acceptor doped SrTiO 3 and to analyze stoichiometry profiles caused by high electric fields (electrocoloration) (Fig. 65). Unlike for semiconductors such local measurements on mixed conductors require frequency
variations in order to separate electrode effects and the measurement of extremely high
impedances (up to 1012 ).
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Figure 65: a) Experimental bulk conductivity profile in an iron doped SrTiO3 single crystal established after electrocoloration (E = 100 Vcm 1 ) at 493 K for 90 min. . The local conductivity
measurement was performed at 417 K. b) Calculated conductivity profile based on defect chemical
considerations. The oscillations at the right hand side are numerical artefacts.

Applying a high electrical field for several minutes at elevated temperature leads to a significant movement of a darkly colored front from the anode and a lightly colored front from
the cathode into the center of the specimen. The established profile was determined by
subsequently measuring the spreading impedance of microelectrodes brought into contact
with the sample surface. The experimental profile shown in Fig. 65 almost exactly matches
the one calculated using a finite difference algorithm and the defect chemical parameters
which are independently known.
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Figure 66: Sketch of the charge carrier movement during resistance degradation (electrocoloration)
in SrTiO3 . The red and blue colored regimes highlight the p and n conducting regions, respectively.

The underlying model (Fig. 66) assumes blocking electrodes for oxygen vacancies and
consequently an accumulation of oxygen vacancies at the cathode and a depletion of oxygen vacancies at the anode. This leads to a n–type conducting region Fe 3+ ) at the cathode
and an enhanced p conduction O ) at the anode. The conductivity plateau is due to ionic
(V) conduction via oxygen vacancies. The pronounced dip, which disappears at high temperatures, is caused by the oxidation of Fe3+ to Fe4+ leading to a decrease of the vacancy
concentration. The observed profiles also agree with calculations for different temperatures and voltages. In all cases investigated, p–V–n–transitions caused by stoichiometry
variations were detected by spatially resolved microcontact impedance spectroscopy.
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[ S. Rodewald, J. Fleig, H.-U. Habermaier and J. Maier ]

Walking without moving: Proton diffusion in water
The diffusion of ‘simple ions’ in solution, such as sodium Na + and chlorine Cl ions in a
salty soup, takes place via migration of these ions in space. This type of bodily diffusion is
usually called normal, hydrodynamic, or Stokes diffusion. Expressed in a simple picture,
this is similar to a courier walking through a pedestrian zone in order to deliver a letter.
Acids, which are liquids with a high concentration of unbound hydrogen ions (H + or protons), share grossly different diffusion characteristics in comparison with simple solutions.
This is already manifest on a macroscopic level. It has been known for many years that
standard acids such as HCl are distinguished from other solutions by an anomalously high
proton conductivity. Their conductivity far exceeds for instance that of commercial ‘fast
proton conducting membranes’, not to mention the diffusion rate of simple ions such as
Na+ in water. Another indicator of the very unusual behavior is the enormous amount of
heat of hydration that is released upon dissolving protons as compared to simple positively
charged ions such as Na+ .
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All the evidence points to the speculation that protons in acids move by another mechanism
than simple ions. One can get a rough idea of what can happen by coming back to the
courier metaphor. What would he do if the pedestrian zone is so overcrowded that he can
barely move? If he was smart, he would pass his express letter to a neighbor to pass on to
his neighbor etc. . If everything works out, the message will at the end be handed over to
its final destination. Even better: It will arrive faster than before, because passing the letter
along a chain of people from one hand to the next takes practically no time! Protons in
acids play the same game, roughly speaking. In this case it is called ‘structural diffusion’
or ‘Grotthuss diffusion’ in honor of C. J. T. de Grotthuss who ingeniously introduced this
concept as early as 1806. However, the microscopic knowledge of nature was very limited
at that time: For instance liquid water was assumed to be composed of HO molecules
instead of H2 O as we know today.
A more detailed explanation had to await the twentieth century with the birth of statistical and quantum mechanics. Many eminent theoreticians, among them Hückel, Fowler,
Wannier and Eyring, proposed theories to explain the Grotthuss mechanism. The emerging
picture is that the proton H+ is chemically bonded and forms a structural defect. Crucial
for Grotthuss diffusion is that water is a so–called associated liquid, where every H 2 O
molecule is connected via ‘hydrogen bonds’ to surrounding water molecules O–H O,
which leads to a three–dimensional connected hydrogen bonded network. The rough consensus today is that the first step in Grotthuss diffusion is the interconversion of a weak
hydrogen bond (O  H) around the defect into a standard chemical or covalent bond (O–
H) according to the scheme
H

 O?a –H  Ob–H  Oc– !

H – Oa  H –Ob  H –O?c  .

The net result is that the defect is displaced from left to right, i.e. from O a to Oc over a
large distance, whereas each atom only moves by a tiny fraction of this distance! This is
similar to the immobilized courier who passes his letter from one hand to the next. The
correspondence goes even further: A minimum number of people in the pedestrian zone is
required to pass the letter in a chain from one end to the other, which is the connectivity in
the hydrogen bonded network of water. However, important details of the Grotthuss mechanism are still controversial. Among the issues is that of the structure of the defect, where
+
H9 O+
4 and H5 O2 complexes are the most favored candidates, and that of the importance
of quantum mechanical effects versus classical, or thermal fluctuations.
Nearly 200 years after its initial conception, the so–called Grotthuss mechanism of structural diffusion is unravelled in microscopic detail. At the heart of the investigation are fully
quantum mechanical simulations performed on a parallel supercomputer (C RAY–T3E/816)
of the Max–Planck–Gesellschaft. A pictorial realization of the structural diffusion process
can be gleaned from the particle density snapshots in Fig. 67. Initially, the protonic defect
+
is found to be localized as an H9 O+
4 structure possessing an H3 O core that donates three
hydrogen bonds to neighboring water molecules (Fig. 67a).
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In the second frame (Fig. 67b), one of the three protons of the H3 O+ core migrates along its
hydrogen bond and forms a H5 O+
2 complex, in which this proton becomes equally shared
between two water molecules. As the transfer is completed, an H 9 O+
4 complex is formed
once again, but now centered on a neighboring core molecule, as depicted in Fig. 67c. The
onset of further migration takes place in Fig. 67d, where the defect converts into another
H5 O+
2 configuration. Overall, the structural defect is displaced from a to d over a distance
corresponding to approximately twice the average water–water distance, about 5 Å. Each
individual particle, however, moves by only a fraction of an Ångstrøm.

Figure 67: Perspective view of a) ! b) ! c) ! d) three-dimensional representative quantum configurations belonging to the proton migration path of one proton in liquid water composed of 32
H2 O molecules. Only the nonperiodically replicated atoms (oxygens: red, hydrogens: grey) and
covalent bonds (O–H) are included; hydrogen bonds (O H, green) are sketched only in panel a).
The defect is indicated by yellow (oxygens) and black (hydrogens). The ‘blurring’ of the atom
positions and delocalization of the defect is due exclusively to quantum effects.
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This scenario, found solely by solving first–principles quantum mechanical equations, is
the basic sequence of proton transfers according to Grotthuss’s old perception. Detailed
+
quantitative analysis shows that both defects, H 9 O+
4 and H5 O2 , are important for proton diffusion, but only in the sense of ‘limiting’ or ‘ideal’ structures. Therefore, the protonic defect is best visualized as a ‘fluxional complex’, and proton diffusion cannot be
understood in terms of one or the other defect as argued previously. Furthermore, it is
found that quantum tunneling does not play a role, whereas the very fluxionality is induced
by quantum mechanical zero–point motion of the excess proton which is shared between
water molecules. These quantum fluctuations also sometimes lead to situations where the
defect is actually delocalized over several hydrogen bonds. But despite this effect, the net
displacement of the defect, which is finally responsible for the macroscopic proton conductivity of acids, is mainly caused by classical thermal fluctuations in the hydrogen bonded
network around the defect.
[ D. Marx, M.E. Tuckerman, J. Hutter and M. Parrinello ]

Hydrogen bonded solids: Cooperative proton ordering, isotope effect
and coexistence of order–disorder and displacive dynamics
Hydrogen bonded systems play an extremely important role in solid state physics, chemistry and biology. Many of their interesting properties are due to the proton dynamics which
frequently show cooperative ordering as function of temperature, pressure, isotopic substitution, or chemical changes in composition. One of the most outstanding properties of
all these systems is observed upon isotopic exchange of hydrogen, which significantly influences the proton dynamics and the corresponding onset of cooperative ordering. Even
though considerable experimental as well as theoretical effort has been invested in understanding this effect, an unique agreement has not yet been possible to achieve, especially
in biological systems, mostly due to the complexity of the corresponding structures. In
order to obtain a microscopic understanding of the unusual properties, the dynamics of the
hydrogen bonds can be studied more easily in inorganic crystalline solids, where translational invariance and less complex compositions are found than in organic and biological
systems.
A prototypical hydrogen–bonded crystalline solid is the KH 2 PO4 (KDP)–family, which is
well–known to undergo a ferroelectric, antiferroelectric, or dipolar glass transition with decreasing temperature or increasing pressure. In these compounds, deuteration has the effect
to nearly double the corresponding transition temperature T c at which proton ordering and
the simultaneous appearance of a spontaneous polarization are observed. Due to this coincidence, the conventional understanding of the phase transition mechanism has long been
believed to be solely due to the protons, in particular since they occupy a local ‘double–well
position’ with random distribution in either of the wells above T c and cooperative ordering
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below Tc . Even though this pseudo–spin approach seems to offer a natural explanation
for the phase transition mechanism, it suffers from two shortcomings: The isotope effect
on, Tc , can only be obtained upon unphysical changes in the model parameters, and the
spontaneous polarization is nearly exclusively carried by the heavy ion sublattice which
is considered to be unimportant in this approach. In addition, new ultra–high resolution
X–ray and NMR experiments revealed that the O...H...O bond geometry significantly contributes to the large isotope effect, and an unexpected displacive component is present in
the vicinity of Tc which is not consistent with order–disorder proton dynamics. In order to
understand and interpret these new experiments, a coupled proton–lattice interaction model
has been proposed where the pseudo–spin representation and the nonlinear host lattice dynamics have been combined, with special emphasis on the exact O...H...O bond geometry.
The most important aspects of this new approach are that the coupling between both sublattices is linearly dependent on the H–H (D–D) split position and the heavy ion displacive
dynamics are combined with the proton order–disorder dynamics.
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Figure 68: Averaged NMR peak position of squaric acid as a function of temperature. The dashed
line corresponds to the calculated chemical shift.

As a consequence the isotope effect arises through polarizability induced changes in the
bond geometry and the coexistence of order–disorder and displacive features is naturally
explained by the proper combination of the different dynamics of the constituting subsystems. In a numerical investigation of this model, high resolution magic angle spinning 13 C
NMR data of squaric acid have been simulated. These data show an anomalous S–shape
dependence of the O...H...O bond length in the vicinity of T c , which has been taken as
evidence for the coexistence of order–disorder and displacive dynamics on the same time
scale (Fig. 68).
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Figure 69: Tc as a function of coupling constant C: Comparison between
experimental data (open circles) and
theoretical results (solid line).
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Due to the coupling between the tunneling protons and the nonlinearly polarizable heavy
ion host lattice, the calculated chemical shift (dashed line in Fig. 68) reproduces remarkably
well the experimental data. A similarly good agreement between experiment and theory
has also been obtained for the isotope effect on Tc (Fig. 69), for both KDP and squaric
acid. In Fig. 69, Tc is shown as a function of the bond length Æ –dependent coupling C Æ
for the example of squaric acid.

()

The new approach to model hydrogen bonded systems carries various important implications for more structures complicated than those used as model compounds. Especially in
biological systems, the exact geometry of the hydrogen bonds with respect to the host matrix is expected to be crucial for the physical properties. The coexistence of displacive and
order–disorder behavior should show up in dominant polarization induced contributions to
the cooperative proton dynamics and substantial changes in the critical behavior at phase
changes are expected.
[ A. Bussmann-Holder ]
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Progress in methods
A special emphasis is placed on the development of new methods and techniques for the
investigation of solids, both with regard to experiment and theory. This ranges from improvements in numerical algorithms over new features in measurement techniques to the
design of novel procedures for the synthesis of compounds.

The Gaussian and augmented-plane wave density functional method
for ab initio molecular dynamics simulations
The calculation of the electronic properties of large systems in the framework of density
functional theory is a problem of great current interest, to which much effort is being devoted. The more traditional and highly successful quantum chemistry methods use atom
localized functions expanded in Gaussians as their basis set. This approach can optimally
exploit the properties of Gaussians, but finds a bottleneck in the calculation of the Hartree
and exchange–correlation potential. We have proposed to use in addition a plane wave
(PW) basis set to represent the density. In this basis the calculation of the Hartree potential
is straightforward and by making use of the fast Fourier transforms (FFT) the complexity of this part of the calculation becomes O(N log(N)), where N is the number of basis
functions taken here as a measure of the system size. However, an important fraction of
the computation time has to be devoted to the collocation of the density on the real space
FFT mesh and the evaluation of the Kohn–Sham potential matrix elements on the same
mesh. This is particularly demanding for second row and transition metal elements, whose
density varies, even with the use of pseudopotentials, rather rapidly and requires a dense
FFT grid.
An improved representation of the density has therefore been proposed. As shown in many
band structure methods it is convenient to divide the space into nonoverlapping localized
spherical regions surrounding the atoms, U A , and the interstitial region, I. The interstitial
density is smoothly varying and therefore easily representable in a PW basis, while the
rapidly varying density close to the nuclei can be represented in terms of localized functions.

[]

The expression for the total electronic energy, Eel n , of a molecular or crystalline system
in the Kohn–Sham formulation of density functional theory is

[ ] = ET[n]+ EV[n]+ EH[n]+ EXC[n] ;

Eel n

[]

[]

(15)

where ET n is the kinetic energy, EV n the electronic interaction with the ionic cores, and
EH n and EXC n the electronic Hartree and exchange-correlation (XC) energy.

[]

[]
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We can write the density as the sum of three contributions
n

= ñ

ñ1

+ n1 ;

(16)

where ñ is smooth and distributed over all space, and n 1 and ñ1 are sums of hard and soft
atom centered contributions. The different parts of the electron density have to fulfill the
following conditions:

( ) = ñ(r) and n1A(r) = ñ1A(r)
ñ(r) = ñ1A (r) and n(r) = n1A (r)
nr

for r 2 I

for r 2 UA :

(17)

Making use of these relations, Blöchl has demonstrated that the Hartree and exchangecorrelation functional can be separated into independent global and local contributions.
For local functionals, i.e. in the local density approximation (LDA) or the generalized
gradient approximation (GGA), EXC [n] can be simply written as:

[ ] = EXC[ñ]

EXC n

X

[ ]+

EXC ñ1A

A

X

[ ]

EXC n1A

(18)

A

More involved is the calculation of the Hartree term, which requires the introduction of
appropriate localized screening densities n0A and ñ0A . These densities exactly cancel the
electrostatic multipole moments of the one-center densities. The final result for the Hartree
functional is:

[ + nZ] = EH[ñ + ñ0]+

EH n

X

[ + nZA]

EH n1A

X E [~n1 + n0 ]+ E [n0]
A

[]

A

H A

A

H

Z

EH [~n0 ]+ dr VH [n0 n~ 0 ] n~ ;

(19)

where VH n denotes the Hartree potential. As in the case of the exchange-correlation
functional, the Hartree functional in the Gaussian and augmented-plane wave (GAPW)
formulation is separated in a global term that involves only smooth densities and local terms
that involve short–ranged one–, two– and three–center integrals. Therefore, the global part
can be calculated using a plane wave basis of modest size, while the local parts can be
evaluated analytically in the Gaussian representation. In addition, we showed that by the
use of a multiple cutoff scheme, the performance of the plane wave part can be increased
further.
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Finally, we want to emphasize that all approximations in the GAPW approach can be
thought of as a slight redefinition of the exact Kohn–Sham functional. Given the GAPW
energy functional with its conceptual approximations, the matrix elements, the interatomic
forces and all properties of the electronic structure are obtained as analytic derivatives of
the energy functional. This implies in particular that the derived forces are consistent with
the total energy, which is essential for the purpose of geometry optimizations and molecular
dynamics simulations.
The tests we performed demonstrate that the GAPW method is on the same level of accuracy and reliability as the established DFT methods. In addition, the GAPW approach
contains several desirable features, which make it superior to pure plane wave or localized
basis functions methods. Like plane wave methods the GAPW method incorporates periodic boundary conditions in a natural way, making it especially suited for the simulation of
condensed phases. However, since all important quantities are described in Gaussians, the
memory requirements of the algorithm are considerably lower than in plane wave schemes.
Furthermore, in contrast to plane wave methods, the GAPW method is not sensitive to
empty regions of space. The big advantage of the GAPW approach in comparison with
methods based only on localized functions is the efficient calculation of the nonlocal part
of the Hartree functional in the plane wave representation in reciprocal space. Using the
GAPW ansatz for the electron density and the multiple cutoff method we could speed up
considerably the calculation of the plane wave representation of the density and the matrix
elements of the Kohn–Sham potential.
The GAPW method was developed to make the ab initio simulation of very large systems
of several hundreds of atoms feasible. It is a major step in the direction of methods that
scale linearly with the size of the system. A problem that needs to be addressed in the future
is the update of the density matrix in the SCF procedure. Diagonalizing the Kohn–Sham
matrix scales as N3 and becomes the time limiting step for larger systems. To achieve a
more favorable scaling, methods along the direction of those proposed in the literature have
to be evaluated.
To further increase the scope of accessible system sizes we plan to use the GAPW method
as part of a so-called ‘embedding’ method. In these methods only the central part of the
system, which is chemically active is described quantum mechanically while the surrounding of the active center is described classically. In this way, sterical and electrostatic effects
of the environment can be included in the simulation. The use of such methods will allow
us to treat system sizes of several thousands of atoms in the near future.
[ G. Lippert, J. Hutter and M. Parrinello ]
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n–Electron rules for bimetallic clusters
The electrons in metal clusters move rather freely, confined only by the outer, nearly spherical surface of the cluster. In other words, the electrons occupy states of a spherical potential
well, very similar to protons and neutrons in an atomic nucleus. The manner in which the
highly degenerate subshells of angular momentum in such a spherically symmetric system group together to form shells is governed by the radial dependence of the potential.
The ordering of the subshells on an energy scale is shown in the inset of Fig. 70 for three
shapes of the potential well, namely the isotropic harmonic oscillator, a Woods–Saxon type
potential and the infinitely deep square well. (This figure was originally published by
M. Goeppert–Mayer and J.H.D. Jensen in their book: ‘Elementary Theory of Nuclear Shell
Structure’.)
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Figure 70: Electrons moving in a spherically symmetric potential occupy degenerate angular momentum states (subshells). These subshells group together to form shells in a way which depends
on the radial shape of the potential. For example, the 1f and 2p subshell merge as the potential
transforms from an approximate square well to a more parabolic shape (see inset). Measurements
of the stability of gold-aluminum clusters exhibit a transition from a 34 to 40 electron shell closing
when going from gold-rich to aluminum-rich species, a result consistent with this kind of potential
transformation.
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As a consequence of the level ordering, metal clusters containing 20 valence electrons
are particularly stable because the first four subshells are completely filled. Examples of
+
clusters fulfilling this condition are Li 20 , Li+
21 , Ca10 , or Al7 . The filling of the next subshell
presents a problem. In general, the fifth subshell is filled when the cluster contains a total
of 34 valence electrons. However, this shell closing will disappear as the potential well
becomes more parabolic in shape. The 1f subshell merges into the 2p subshell requiring a
total of 40 electrons to simultaneously fill both states. This effect can be observed in the
mass spectra of bimetallic clusters composed of gold and aluminum atoms.
In these clusters each gold atom contributes one quasi free electron, each aluminum atom
three. Several combinations of gold and aluminum atoms yield 40 electron clusters. For
example, the cluster Au5 Al+
12 contains 5 gold electrons plus 36 aluminum electrons minus
one electron for the positive charge, i.e. a total of 40 electrons. On the basis of the shell
model described above, such a cluster is expected to have enhanced stability; and it does,
as can be seen in the mass spectrum shown in Fig. 71.
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Figure 71: Mass spectra of Au-Al clusters show a series of strong mass peaks which can be explained by assuming that the valence electrons move freely in a spherically symmetric potential.

I-106

Here, aluminum–rich clusters have been produced by laser evaporation of both metals inside a chamber filled with cold helium gas. The clusters were ionized and simultaneously
heated by a second laser, causing them to evaporate atoms. When the resulting cluster distribution is analyzed by time–of–flight mass spectrometry, clusters which are sufficiently
stable to resist evaporation create strong mass peaks in the spectra. In Fig. 71 lines have
been drawn connecting peaks of clusters with a fixed number of gold atoms. Clusters corresponding to 20 or 40 electrons can be seen to be particularly stable in this composition
range. From similar spectra the stability can be examined for more gold–rich species. The
result is shown in Fig. 70.
The merging of the 1f and the 2p subshell is clearly observed as a transition from a 34 to a
40 electron shell closure when going from pure gold to pure aluminum clusters. The effect
can be understood qualitatively within the simple picture shown in the inset of Fig. 70:
Aluminum has a very small Wigner–Seitz radius (1.10 Å) as compared to gold (1.59 Å).
Therefore, as the aluminum content is increased, the shape of the radial potential transforms from an approximate square well to one resembling a harmonic oscillator.
[ M. Heinebrodt, N. Malinowski, F. Tast, W. Branz, I.M.L. Billas and T.P. Martin ]

Self–induced transmission on a free exciton resonance
in a semiconductor
Propagation experiments with short light pulses are crucial for the simultaneous study of
temporal and spatial coherence in matter. In semiconductors, as opposed to atomic systems (which can be modeled by noninteracting two–level systems), spatial dispersion and
excitation–induced nonlinearities of the excitonic resonance result in strong modifications
of the pulse propagation features.
In ideal two–level systems, a short light pulse with a given area (which is the integral of
the electric field envelope over time, times the dipole matrix element of the transition) can
propagate over a large distance even in an absorbing medium if its frequency is tuned to the
two–level resonance and if its area exceeds the value of 2 . This remarkable phenomenon
is known as self–induced transparency and was discovered about 25 years ago in atomic
vapors. Upon increasing the incident pulse intensity and thus the pulse area, the transmitted
pulse will break up into multiples of 2 pulses. The Bloch vector, which describes the state
of the two–level system, is being driven coherently around the Bloch sphere by the incident
light field. Any events leading to decoherence between the driving field and the two–level
system, such as scattering between the atoms, will destroy the Rabi flopping and therefore
wash out the breakup into several pulses.
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The coherent transients known from atomic physics, such as free induction decay, photon
echo and Rabi flopping, have been rediscovered in semiconductors over the last few years.
It has been proven that exact self–induced transparency cannot occur in semiconductors
due to the interaction between the excited carriers. However, a large degree of transmission, extremely long distance propagation on resonance and coherent pulse breakup have
been predicted. The main obstacle on the road to the observation of the predictions is
the short decoherence time (on the order of a few ps) on the free exciton resonance in
semiconductors. Therefore, pulse areas of 2 and more can only be achieved with the subpicosecond pulses if the light intensity is very high. Large intensity means high photon flux
and this in turn yields a high carrier density, which leads to an even shorter decoherence
time due to excitation–induced dephasing. In order to investigate the subject, we chose epitaxial CdSe bulk films with L 1:7 and 6.8 on transparent substrates ( is the absorption
coefficient and L is the sample length, Figs. 72a and 72b).

=

Figure 72: Linear absorption spectra
a) of the thin and b) of the thick
CdSe epitaxial samples at T = 8 K.
c) Experimental crosscorrelation
setup. The reference pulse has a duration of 50 fs. OPA: optical parametric
amplifier; PMT: photo multiplier tube;
BBO: Beta-Barium Borate, nonlinear
crystal.

The free A–exciton resonance is quite well pronounced for two reasons: II–VI semiconductors do have quite a large excitonic binding energy due to their ionic character and
the semiconductor films were grown on lattice mismatched substrates so that biaxial strain
led to a quite large A–B–exciton splitting. Therefore, we could work with a well isolated resonance. The laser light pulses from an optical parametric amplifier pumped by
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a regenerative Ti:Sapphire amplifier had a duration of 900 fs and were tuned to the free
A–exciton resonance. The temporal analysis of the pulses after propagation through the
samples (held at T 8 K) was done by crosscorrelation with a 50 fs reference pulse in
a nonlinear crystal (Fig. 72c). Besides the crosscorrelation traces, the transmitted spectra were also recorded. Theoretical modeling was done by A. Knorr and S.W. Koch from
Marburg using the semiconductor Bloch equations with a full microscopic scattering treatment. No arbitrary dephasing rate was used in the equations.
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Figure 73: Propagation of 900 fs
pulses through the thick CdSe sample with L = 6.8 for increasing intensities.  = 684.5 nm. The crosscorrelation traces are shown at the
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Figure 73 shows a comparison between experiment and theory for the transmitted pulse
traces and spectra, respectively. For increasing intensities (and hence areas of above  ),
the pulses exhibit a clear breakup into two, three, or even four pulses. This breakup is
due to the coherent carrier–density Rabi oscillations; carriers are created and destroyed
coherently. The transmitted spectra broaden only slightly and exhibit a slight redshift at
higher intensities, as theory predicts. The transmitted intensity is more than 50%, even for
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the case of propagation in this very thick absorber. This surprising observation is due to
the fact that spectrally quite narrow pulses were used, exciting only a narrow population
within the inhomogeneously broadened transition. The pulse duration was still in the range
where excitation–induced decoherence due to the interacting excitons did not dominate the
dynamics.
The experimental proof of coherent self–induced transmission on a free exciton resonance
is more than just the discovery of yet another coherent transient in semiconductors. It opens
up the whole field of coherent multilevel–physics at high intensities for semiconductors. In
atoms and molecules, this has led to the discovery of dark states, coherent population trapping, adiabatic population transfer, electromagnetically induced transparency and lasing
without inversion.
[ H. Giessen, S. Linden and J. Kuhl ]

Isotopic mass and lattice constant: X–ray standing wave measurements
The molecular volume of crystals depends on their isotopic masses. This influence originates from the zero–point motion and is thus one of the few consequences of quantum
mechanics which can be unveiled by careful macroscopic observations. However, the
resulting differences in lattice constants are small. They are usually proportional to the
relative mass difference ( M/M) and vanish above the Debye temperature; at 100 K,
the expected relative change in lattice parameter between natural Ge (M = 72.59) and 76 Ge,
expressed as (76 a - nat a = nat a
a=a, is about 2  10 5.



)

=

Accurate measurement of such a small difference is not possible with standard diffraction
techniques. To measure this effect with high precision, we used the X–ray standing wave
technique. An X–ray interference field is generated via Bragg reflection in a crystal of
a certain isotopic composition and thus in phase with the Miller planes of the substrate
crystal which is covered with a homoepitaxial film with a different isotopic composition.
The position of the surface planes of the film with respect to the substrate planes, which is
determined by the cumulative lattice constant difference of the homoepitaxial overlayer, is
revealed by the photoelectrons excited by the maxima of the standing wave. The principle
of the method is shown in Fig. 74a. This approach has several advantages. Using e.g.
molecular beam epitaxy in ultra–high vacuum, an ultra–clean overlayer of high perfection
can be prepared without the need for large amounts of the desired isotope. Furthermore,
since the lattice mismatch at the growth temperature is extremely small, and the film grows
in a truly pseudomorphic manner, the overlayer will be tetragonally distorted upon cooling
and thus the difference in lattice constant in the direction normal to the surface (here [111])
will be enhanced, as determined by the elastic constants. In the case of 76 Ge on nat Ge(111),
as shown below, this will be a factor of 1.37.
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Figure 74: Effect of the isotopic composition on the lattice constant of Ge determined with X-ray
standing waves. a) The principle of the method. An X-ray interference field is generated by a (333)
reflection (d333 = 108:7 pm) in the Ge substrate. The maxima (light) and minima (dark) of the
wavefield are indicated with respect to the atomic planes (d111 = 326:2 pm) of the substrate (light
red) and serve as a yardstick for the atomic planes of the outer layers of a homoepitaxial film of
76 Ge (darker red) at room temperature and at low temperature (blue). Indicated is the wavefield
location for the low glancing angle, , side of the Bragg reflection. Traversing the total reflection
range, the wavefield moves inwards by half the wavefield spacing, that is by 54 pm, and gives
rise to a maximum of photoemission when its maxima pass the location (center) of the Ge atoms.
b) The experimental setup. The intensities of the reflected X-rays and photoelectrons are recorded
by a NaI(Tl) detector and a channeltron, respectively, as a function of the glancing angle of the
monochromator. The reflecting planes of monochromator and sample are indicated in red.

The X–ray standing wave (XSW) field is generated during Bragg reflection and exists
within the overlap region of the incident and reflected X–ray waves. The periodicity of
the XSW matches the periodicity of the diffraction planes d hkl , (333) in the case shown.
Traversing the Bragg diffraction region by varying the glancing angle starting from the low
angle side, the phase of the reflected wave shifts by 180 degree and as a result the XSW
pattern moves inwards by one–half of dhkl . The measurement of the concomitant angular
dependence of the photoexcitation of atoms within the range of the XSW by spectroscopic
techniques provides the possibility of locating these atoms with respect to the host lattice.
The experimental setup is shown schematically in Fig. 74b. We used a double–crystal
diffractometer and Cu–K radiation from a stationary anode. The Ge(333) monochromator
crystal was mounted on a microgoniometer which was scanned in glancing angle, , by a
piezotransducer (Piezo, Fig. 74b), thus scanning the Ge(333) rocking curve of the sample
which was mounted on a He flow–through cryostat for the XSW measurements. A diode
temperature sensor was mounted close to the sample for an accurate determination of the
temperature of the specimen.
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Figure 75: Photoelectron yield
from the epitaxial 76 Ge layer as
a function of glancing angle, ,
for different temperatures and
Ge(333) reflectivity (small open
circles). The solid lines are fits
to the experimental data (symbols). The fit to the reflectivity determines the angular scale
and fits to the photoelectron signal yield the surface phase shifts
P.

In a set of experimental photoelectron yield curves measured from room temperature down
to 54 K (Fig. 75), drastic changes in the shape of the curves can be distinguished. At 301 K,
a maximum of the photoelectron yield, marked by an arrow, is observed on the right hand
(high angle) side. It gradually disappears when lowering the temperature to 150 K but
shows up again at the left (low angle) side upon further cooling to T 54 K. This change
in the shape of the yield curves is due to the inward contraction of the outermost layers of
the 76 Ge film with respect to the wavefield and thus to the lattice spacing of the substrate
upon cooling as schematically indicated in Fig. 74a. At room temperature, the maxima of
the wavefield, which move inward as a function of Bragg angle, reach the atomic planes of
the outer layers of the 76 Ge film just at the rightmost side of the range of total reflection.
As the whole 76 Ge film contracts with decreasing temperature, these planes are not reached
by the wavefield maxima any longer. At 150 K the maximum at the high angle side of the
photoelectron yield curve has disappeared. However, as the 76 Ge film contracts further with
further decreasing temperature, the maxima of the wavefield meet the atomic planes of the
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76 Ge

surface layers already at the low angle side, leading to a pronounced maximum in the
photoelectron yield curve at 54 K. Apparently, from the highest to the lowest temperature,
the 76 Ge atoms at the sample surface shift inwards by about the distance the wavefield
maxima traverse with angle, i.e. by about half of d 333 109 pm.
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Figure 76: Lattice constant difference between natural Ge and 76 Ge versus temperature. Shown
are the results of the present measurement and for comparison older experimental results as well as
the results of the calculations, all scaled to our mass difference.



Only the lattice mismatch d ? =d? is used as a free parameter to fit the data. The resulting temperature dependence of the relative lattice constant difference a=a (Fig. 76)
is compared to previous experiments and calculations, rescaled to our mass difference
M 3:05. The agreement between our experiments and the theoretical data of Pavone
and Baroni [Solid Sate Comm. 90, 295 (1994)] is excellent. The deviation is much smaller
than the about 10% difference with the theoretical study by Noya et al. [Phys. Rev. B 56,
4732 (1997)]. In contrast, older measurements of Buschert et al. [Phys. Rev. B 38, 5219
(1988)] with X–ray diffraction, in particular for 78 K, yielded a drastically larger difference
in lattice constant. We are presently employing this method, i.e. the XSW technique with
homoepitaxial thin films, to study isotopic effects in other crystalline materials such as Si
but also compound semiconductors.
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[ A. Kazimirov, J. Zegenhagen and M. Cardona ]
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Endohedral fullerenes and heterofullerenes
One of the most interesting topics in current chemistry is that of endohedral metal
fullerenes and heterofullerenes, a new class of materials that is highly promising with respect to chemical and physical properties. Moreover, if available in larger amounts, a whole
new nanoscale solid state chemistry will be feasible, the fullerenes serving as pseudo–
atoms that are an order of magnitude larger than ordinary atoms. Of course, the details of
this chemistry will depend on the size of the carbon cage and the metal atom(s) enclosed
and/or the type of element substituting carbon atoms in the cage. In order to achieve a
large variability, it is desirable to employ many different types of cages and enclosed metal
and/or substitutional atoms. Up to now, however, assembling endohedral fullerenes and
heterofullerenes in quantities large enough to allow preparative chemistry to be performed,
has been a serious problem. One of the major hurdles is the fact that most elements evaporate at low temperatures far below those needed to evaporate carbon and form fullerene
cages, resulting in very imbalanced vapor pressures of carbon and the second constituent
in the reaction zone.

Figure 77: Details of the setup in
the hot zone of the rf furnace:
PBN-cylinder (A), graphite cylinder
for evaporation (B), barium source
(C), water cooled quartz glass tube
(D), radio frequency coil (E).

Here, the use of a radio frequency (rf) furnace developed in our research group for the
general synthesis of fullerenes has been a major step forward. This device allows to control
the temperature, gas pressure, and flow rate of various cooling gases and gas mixtures quite
precisely, making possible the synthesis of fullerenes in large amounts at comparatively
low temperatures T  2500Æ C. Due to these mild reaction conditions, (hollow) fullerenes
up to C228 could be synthesized and isolated. The feature most important for the generation
of endohedral fullerenes and heterofullerenes is the possibility to spatially separate the
various atom sources (Fig. 77).
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A graphite cylinder is put in the center of the rf coil and the source delivering the foreign
atoms is placed a suitable distance below the graphite. The two parts are separated by
carbon adapters and are surrounded by a tube of pyrolytic boron nitride (PBN) that acts
both as chimney and as thermal shielding. The whole assembly is isolated from air by a
water cooled quartz glass tube and is connected to a tandem–arranged cooling trap.

Figure 78: LD-TOF mass spectrum of raw soot containing both endohedral barium fullerenes and
empty fullerenes. The peaks belonging to endohedral species are highlighted in black.

Using these techniques, barium endohedral fullerenes have been synthesized and extracted.
These fullerenes are of particular interest, since barium is the largest metal atom that has
been inserted into a carbon cage so far. Furthermore, barium fullerenes constitute a very
broad family, ranging from Ba C60 to Ba C186 , most of them quite stable under normal
conditions, a far larger family than the more popular La Cx –group. In addition, this family contains the di–metallo fullerenes Ba 2 C88 116 . The presence of the various clusters
was verified using laser desorption and ionization time of flight mass spectroscopy. Both
the composition of the ‘raw’ soot (Fig. 78) and of the extracted or sublimated species was
analyzed using this technique. Of great importance for the ready availability of endohedral
fullerenes for future syntheses is the fact that for many fullerenes the endohedral variant
was more common than the hollow one, a result, which is special to the rf furnace technique.
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The reactivity of the various fullerenes was investigated using the solubility in CS 2 under
normal and inert conditions as a criterion. It was found that the endohedral fullerenes can
be divided into three groups: 1) Ba C60;70 are highly unstable and quickly form oligomeric
compounds or oxides, 2) Ba C76;78;96 106 decay relatively slowly over a period of about
one month, while 3) Ba C74;80 94;108 186 , in particular Ba C84 , prove to be stable over
several months. A tentative interpretation of these results comes from considering the MO–
scheme of the empty cage molecules: E.g. for Ba C60 the LUMO, which would receive
the electrons provided by the Ba atom, is a nonbonding energy level, while e.g. for Ba C 74
the LUMO is a formally bonding orbital, leading to a rather unstable (open shell) or stable
(closed shell) endohedral fullerene, respectively.
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This unstable behavior of the reactive fullerenes poses problems when trying to extract
them from the soot using solvents. Usually, strongly polar solvents are required, which tend
to interfere with the subsequent chemistry of the endohedral fullerenes. As an alternative,
the sublimation route is available and first results indicate that a rough separation can be
achieved in this way.
A second class of pseudoatoms constructed from fullerenes are the so–called heterofullerenes, where one (or several) of the cage carbon atoms is replaced by another atom resulting
in a different valence. As mentioned above, the same technique of controlled reactions in
well–defined geometries under mild reaction conditions can be gainfully employed in the
synthesis of heterofullerenes. Using co–evaporation of phosphorus and graphite, a number
of phosphorus heterofullerenes have been synthesized, in particular PC59 and PC69 while
only traces of PC77;81;83 and P2 C58 could be detected. They could be sublimated at 750 Æ C
in vacuum and proved to be very reactive with oxygen, resulting in stable heterofullerene
oxides, e.g. C59 PO. These phosphorus heterofullerenes are currently the only binary compounds of P and C known.
[ C. Möschel and M. Jansen ]
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