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Triclinic crystal structure of the ordered low-temperature phase of the chloroform intercalated
fullerite C60 2CHCl3 at T = 50 K (isotypic to C60 2CHBr3 ) as obtained by high resolution synchrotron X-ray powder diffraction data using the technique of rigid body Rietveld refinement. The
view along the crystallographic b-axis shows the close relationship to the hexagonal room temperature phase. The structure determination was severely complicated by a strong decrease of
long-range order at the phase transition with very small domain sizes resulting in broad Bragg
reflections and a low peak-to-background ratio. The knowledge of the crystal structure was a
prerequiste for the calculation of the electronic properties of this interesting material subject to
controversial discussion.
R.E. Dinnebier, O. Gunnarsson, H. Brumm, E. Koch, and M. Jansen;
P.W. Stephens and A. Huq (Department of Physics and Astronomy, SUNY at Stony Brook, U.S.A)
[Science 296, 109-113 (2002)]

Mit diesem Bericht wollen wir ihnen einen Einblick in die vielfältigen wissenschaftlichen
Aktivitäten des Instituts im Jahr 2002 geben. Ein solcher Jahresbericht kann natürlich
keinen Anspruch auf Vollständigkeit erheben. Der erste Teil soll ihnen einen Eindruck
von den wissenschaftlichen Arbeiten der einzelnen Abteilungen und wissenschaftlichen
Servicegruppen vermitteln. Der zweite Teil enthält die vollständige Veröffentlichungsliste
sowie sonstige nützliche Informationen über das Institut. Weitere Einzelheiten können sie
auch auf der Web-Seite des Instituts finden (www.fkf.mpg.de).
Am 20. September 2002 verstarb Professor Lars Hedin (Lund, Schweden), seit 1994
Auswärtiges Wissenschaftliches Mitglied unseres Instituts. Professor Hedin hat ab 1995
für vier Jahre kommissarisch die Abteilung Theorie II geleitet. Wir werden ihm ein ehrendes Andenken bewahren.
Wir danken allen Mitarbeiterinnen und Mitarbeitern für ihren Einsatz und ihre Leistungen.
Sie haben dazu beigetragen ein hohes wissenschaftliches Niveau aufrecht zu erhalten.
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Theory
Condensed matter consists of
atoms bound in a state where
the quantum-mechanical kinetic energy of the electrons
and the Coulomb interactions between the nuclei and
electrons are in balance. The
electrons play the key role in determining not
only the cohesive, but also the electrical, magnetic, and optical properties of matter. The
A NDERSEN department tries to improve our
understanding of such properties by performing electronic-structure calculations and by developing methods. This involves: Performing
density-functional calculations for materials of
current interest, improving the Muffin-Tin Orbital (MTO) method, deriving system-specific
model Hamiltonians, and solving these. After
the discovery of superconductivity in MgB2 be-

Electronic properties of
solids are analyzed and computed in M ETZNER’s department with a main emphasis on systems where electronic correlations play a crucial role, such as cuprates,
manganites and other transition metal oxides.
Besides symmetry-breaking phase transitions
leading to magnetism, orbital and charge order, or superconductivity, correlations can also
cause electron localization and many other
striking many-body effects not described by the
generally very successful independent electron
approximation. Our present research focuses
in particular on high-temperature superconductors with their complex interplay of magnetic,
superconducting and charge correlations, and
also on manganites and vanadates, whose electronic properties are determined by the interplay of orbital, spin and charge degrees of freedom. Another topic is the influence of lattice

low 40 K, density-functional calculations of the
phonon spectrum, electron-phonon coupling,
phonon anharmonicity, impurity scattering, as
well as Eliashberg-Migdal calculations were
performed. It appears that the superconductivity in MgB2 is electron-phonon mediated with
two distinct gaps. The alkali-doped fullerenes
are novel in the sense that the energy scales for
electrons and phonons are comparable. This
leads to a rich physics and challenging problems. We have focused on superconductivity,
electrical resistivity and metal-insulator transitions. [21,31]
Wannier-like orbital for the conduction band of the
high-temperature superconductor HgBa2 CuO4 , plotted in
the CuO2 -plane. This orbital has Cu dx2 y2 symmetry and
extends over several neighboring oxygen (*) and copper
(+) sites. It was computed with NMTO method, using the
local density approximation.

degrees of freedom on electronic properties, via
Jahn-Teller distortion and electron-phonon interaction. Besides bulk properties of one-, twoand three-dimensional systems also problems
with a mesoscopic length scale are studied. In
particular, a recent research project deals with
inhomogeneous quantum wires. The correlation problem is attacked with various numerical and field-theoretical techniques: exact diagonalization, density matrix renormalization
group (DMRG), dynamical mean-field theory
(DMFT), functional renormalization group and
(1/N)-expansion. Modern many-body methods
are not only being applied, but also further developed within our group. [34,36,39]
Orbital order in a single layer of undoped LaMnO3 .
The study of electronic properties of doped manganites,
which show such remarkable phenomena like the colossal
magnetoresistance, is an active research field because of
the subtle interplay of charge, orbital, spin and lattice degrees of freedom.
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Physics
K EIMER’s department studies the structure and dynamics of highly correlated electronic materials by spectroscopic and scattering techniques. Topics of particular
current interest include the
interplay between charge, orbital and spin degrees of freedom in transition metal oxides and
the mechanism of high-temperature superconductivity. Experimental techniques being used
include elastic and inelastic neutron scattering,
normal and anomalous X-ray scattering, Raman
scattering off and in resonance as well as in high
magnetic fields, spectral ellipsometry (including synchrotron radiation as a source), and optical and X-ray measurements under high pressure and high magnetic fields. Experiments at
external neutron sources are carried out on a
regular basis, and a spectrometer at the new research reactor FRM-II in Munich has recently
been completed. The latter instrument uses a
novel combination of triple axis and neutron
spin echo techniques to optimize the energy

resolution and allow the determination of lifetimes of magnetic and lattice vibrational excitations throughout the Brillouin zone. The
group is a member of the CMC-CAT consortium operating an insertion-device synchrotron
beamline at the Advanced Photon Source at Argonne National Lab (USA), and maintains close
contact with research groups at the NSLS at
Brookhaven National Lab (USA). At the NSLS
and at the ANKA synchrotron in Karlsruhe, the
group also operates Fourier ellipsometers for
the far infrared spectral range. Close collaborations also exist with the crystal growth service
group at the MPI where large, high-quality single crystals of oxide compounds are prepared
with state-of-the-art optical furnaces, as well as
with the high pressure and technology service
groups. [42,47]

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

nipulate and assemble nanoobjects are developed. Of particular interest are: fundamentals
of epitaxial growth and self-organization phenomena, atomic scale fabrication and characterization of metal, semiconductor and molecular
nanostructures, quantum electronic transport in
nanostructures, atomic scale electron spectroscopy and optics on the nanometer-scale. As
surface phenomena play a key role in the understanding of nanosystems, the structure, dynamics and reactivity of surfaces in contact with
gaseous or liquid phases are also in the focus of
interest. [58,66,78]
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Central part of the novel triple axis spectrometer being built by Keimer’s group at the research reactor FRM-II
in Munich. Two pairs of resonant spin echo coils designed
to achieve extremely high energy resolution are shown in
both incident and scattered beams.

The scanning tunneling microscope image in the logo
of the Abteilung Kern shows a silver dendrite grown at
130 K on a platinum (111) surface.
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Electronic properties of
heterostructures, quantum
wells, superlattices, and carbon nanotubes, in particular the influence of quantum
phenomena on the transport
and optical response are the
main topics in the VON K LITZING’s department. Optical and transport measurements in
magnetic fields up to B = 20 Tesla and temperatures down to 20 mK and scanning probe
techniques are used to characterize the systems.
The quantum Hall effect is studied by analyzing
electrical breakdown, time-resolved transport,
edge channels and the behavior of composite
fermions. Electron-phonon interactions in lowdimensional systems and the phonon transmission through interfaces are investigated with
ballistic phonon-techniques.
Time-resolved
photoconductivity, luminescence, and Raman
measurements in magnetic fields are methods

of characterizing the low-dimensional electronic systems. A strong current interest is the
preparation of nanostructures either by selforganized growth or by lithographic and synthetic routes, the investigation of coupled twoand zero-dimensional electronic systems (electron drag, Kondo resonance, single electron
transistor) and the interaction between electron and nuclear spins in low-dimensional systems. The experiments are supported within
the group by theoretical investigations of the
transport and dynamic response of these lowdimensional electronic systems. [69,73,84]

The Grenoble HML-Außenstelle of the 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 in the 30 Tesla range
in a bore of 5 cm. In addition, the MPG and
the C.N.R.S. decided to finance a new hybrid
system for fields in the 40 Tesla range. 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. [51,77]

Demanding technologies are needed for the preparation of devices used in quantum transport experiments.
The figure shows a typical example where the combination of interrupted epitaxial growth, special etching processes, focused ion beam writing, contact diffusion, and
gate evaporation leads to two electron layers with a distance of only 10 nm and separate contacts.

SCOTS (Stress and Cooling Optimized Tubular
Solenoids) and Bitter Coil. High-power magnets to produce stationary magnetic fields of more than 30 T with
20 MW.
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Chemistry
JANSEN’s department puts
its main emphasis on basic research in the field of
preparative solid state chemistry with the goal of developing modern materials.
Classes of materials currently under investigation include oxides and
nitrides of metals and non-metals as well as
fullerenes, e.g., new binary and ternary oxides
synthesized under high oxygen pressure, 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-gelprocess, synthesis under high pressure, via an
rf-furnace, at low temperatures in liquid ammonia, by electrochemical methods, or by lowtemperature atomic beam deposition. Optimizing the syntheses of these materials is only a
first, though crucial step, however. In addition,
their chemical and physical properties, in particular optical, electrical and magnetic behavior,
are analyzed both at high and low temperatures,

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

14

with particular emphasis on X-ray diffraction
and spectroscopic methods. This provides the
basis for placing the results in the proper context regarding structure-property-relationships
and modern concepts of bond-theory. A longterm 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 are being developed. [90,96,100]
When simultaneously evaporating graphite and a
metal in a rf-furnace, endohedral fullerenes can be synthesized in relatively high yields. Individual representatives
like Ba@C74 are isolated by HPLC and subsequently
characterized spectroscopically. The structures and the
dynamic behavior of these fullerenes are investigated by
using the Car-Parrinello molecular dynamics method.

tional ceramics). In this context interfaces and
nanosystems are in the focus of interest. The research ranges from atomistic considerations and
phenomenological modeling to electrochemical and thermochemical experiments. Since
electrochemical investigation immediately affects the coupling of chemical and electrical
phenomena, the research is directed towards
both basic solid state problems as well as for
the technology of energy and information conversion (fuel cells, chemical sensors). [88,94]
Ionic and electronic charge carriers (point defects) are
the relevant particles as far as chemical kinetics and mass
transport is concerned. They are establishing the interaction with the neighboring phases and act on electrical
and chemical driving forces.
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S IMON’s department emphasizes the investigation of
metal-rich compounds (main
group metals, d and f metals).
The purpose of the work is
on one side the development
of concepts of structure and
bonding (e. g., systematization of condensed
cluster concept) and on the other side the search
for new materials (e.g., metal-rich compounds,
transition metal clusters, reduced rare earth
halides, hydride, carbide, boride, boride carbide, aluminide and silicide halides of the rare
earth metals, alkali and alkaline earth metal
suboxides and subnitrides), phase relationships
and relations between structure, chemical bond-

ing and properties. Electron microscopy is used
to characterize microcrystalline phases up to
full structure refinement as well as analysis
of real structure. Superconductivity is of special interest following a chemical view of the
phenomenon in terms of a tendency towards
pairwise localization of conduction electrons.
Other fields of interest are structures of molecular crystals (in situ grown crystals of gases and
liquids). Experimental techniques like diffractometry with X-rays and neutrons, XPS, UPS,
HRTEM and measurements of magnetic susceptibility as well as electrical transport properties are used. [25,27,108]
Ba14 CaN6 Na14 – Picodispersed salt in a metal.
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Scientific Service Groups
The C HEMICAL S ERVICE
G ROUP (Kremer) develops
techniques and provides experimental facilities to support all experimental groups
of the Institute with the characterization of the transport
and magnetic properties of new compounds and
samples. This objective requires a high versatility of all experimental methods including
the development and cultivation of experimental setups to perform measurements on very
small samples by contactless methods under
inert gas conditions. Available are commercial SQUID magnetometers, ac-susceptometers

which allow measurements down to 0.3 K and
magnetic fields up to 12 T, a contactless microwave transport method, ac- and dc-electrical
transport measurements in magnetic fields up
to 12 T and temperatures down to 0.3 K. Materials currently under investigations are novel
superconductors, unusual magnetoresistive materials, low-dimensional and frustrated magnetic systems and intermetallic rare earth compounds. [54]

The C OMPUTER S ERVICE
G ROUP (Burkhardt) supports more than 100 workstations and servers 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 (Linux, AIX, Tru64, HP-UX and
Solaris) and a common application software
server for these systems.
Furthermore the group administers five parallel
compute servers (one 32-processor IBM p690
Turbo Regatta, one 84-processor IBM RS/6000
SP and three Linux clusters with a total of 86
CPUs). A PC hard- and software standard
has been defined and is continuously adapted

to the rapidly changing market, allowing the
group to offer centralized PC application services coupled with partial outsourcing of the
initial PC software installation. This way about
100 PCs are newly installed and delivered each
year (Operating systems: 70% Windows, 30%
Linux). The TSM based central backup and
archive service is open to all supported systems.
About 150 computers use the automated nightly
backup resulting in a total storage volume of six
Terabyte. Email is handled by a central Linux
based Email server, providing improved virus
and SPAM mail protection together with a web
interface for the scientists abroad.

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

tion. A wide variety of crystals have been
supplied to the physics and chemistry departments at the MPI-FKF and to outside collaborators. These range from isotopically pure
semiconductors to fullerenes and transition
metal oxides. Two floating zone furnaces are
used predominantly to grow large single crystals of transition metal oxides for neutron and
optical spectroscopy. Typical examples are su-
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Y2 C2 X2 – A halide superconductor. The white solid
lines symbolize the electrical resistivity, the heat capacity and the magnetic susceptibility proving Y2 C2 I2 to be a
superconductor with a Tc of 10 K.

View inside the Tape library of the DV-FKF. Every
night the data of 150 computers in the Institute is backed
up. At the moment the total TSM backup and archive volume amounts to six Terabytes.

General information on Abteilungen and Scientific Service Groups

perconducting oxides Bi2 Sr2 Can1 Cun O24nδ
(n = 1, 2, 3), REBa2 Cu3 O7δ , RE2x Mx CuO4 ,
SrFeO3 and colossal magnetoresistance oxides RE1x Mx MnO3 (RE = rare earth and
M = Sr, Ce, Pb and Nd). Gas phase methods
are modified to grow crystals of II-VI and III-V
compounds with defined isotopic components
from low amounts of source materials. The
grown crystals are also accurately characterized through the measurements of superconductivity, homogeneity, structure and chemical

composition including cations and oxygen content, using SQUID, energy dispersive X-rays
diffraction method, differential thermal and
thermal gravimetry analysis, etc. The in situ
observation using high-temperature optical microscopy reveals superconducting oxide melting / dissolution, nucleation and the change of
phase under various growth conditions. [116]

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

optical spectroscopies. Materials currently under investigation are intermetallic compounds,
semiconductors and their heterostructures,
transition metal oxides, and low-dimensional
solids. Pressure experiments in other research
groups are supported through design of equipment and in scientific collaborations. [86]

The C ENTRAL I NFORMA TION S ERVICE (Marx/Schier)
for the institutes of the
CPT division of the Max
Planck Society, located at
the Max Planck Institute
for Solid State Research in
Stuttgart, has access to many external commercial databases (especially from the host STN
International, Fachinformationszentrum Karlsruhe). The information service offers searches
for scientists at Max Planck Institutes, which
cannot be done by themselves due to complexity or lack of access. Furthermore, the scientists
are welcome to ask for help and support in all
questions concerning scientific information.
Today, databases are a major tool in processing
the actual information flood in science. Bibliographic databases provide links to the original
scientific literature. They are mostly online versions of printed abstract services like Chemical
Abstracts or Physics Abstracts. Compound or
material related searches are done in the files of

the Chemical Abstracts Service, to which is no
general access for Max Planck scientists until
now. Beside these databases, covering general
topics of science like chemistry and physics,
there are many highly specialized databases on
specific topics like computer science, material
science, engineering, environmental sciences
and many others.
In addition various national and international
patent files are available. Factual databases enable to search numerical data like chemical and
physical properties of substances. The Science
Citation Index provides the possibility to retrieve the citing papers of publications as well
as total citation statistics of scientists, institutes
or research disciplines for research evaluation.
[121]

A view of the inside chamber of the four ellipsoidal
infrared image (TSFZ) furnace.

Schematic view of a diamond window high pressure
cell.

The archives of science are growing from the flood
of information: One of the about 40 million substances
in the compound file of the American Chemical Abstracts
Service. Effective databases and search systems in conjunction with document delivery systems produce relief.
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The I NTERFACE A NALYSIS
S ERVICE G ROUP (Starke)
investigates the atomic and
electronic structure of solidsolid and gas-solid interfaces. Using electron spectroscopy techniques, quantitative low-energy electron diffraction, scanning probe microscopy and secondary ion mass
spectrometry (SIMS), the atomic geometry and
morphology as well as the chemical composition and bond coordination are determined for
the sample surface and its immediate vicinity.
Thin films and burried interfaces are accessible by sputtering techniques or sample cleavage methods. Experimental facilities available
include a time-of-flight SIMS machine to quantify the chemical composition at the surface,
within the film and at interfaces. Chemical
and electronic properties are investigated in
a multi-component chamber containing highresolution electron spectroscopy for chemical
analysis. A scanning Auger microscope yields

spectroscopic images with high lateral resolution. Sample morphology can be studied using
an atomic force microscope and a white-light
interferometer. The research activities of the
group are directed towards growth and analysis
of surfaces and ultra-thin films of novel materials for semiconductor technology, e.g. wide
bandgap semiconductors (SiC, GaN), metal silicides, as well as epitaxial metal films. Material
growth, heterojunctions, metallization and ferromagnetic layers are investigated on an atomic
level for a detailed understanding of the fundamental interactions involved in the growth
process. In addition, molecular adsorbates are
studied on these surfaces as model systems for
a variety of applications. [110,113]

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

structures. We investigate an atomically defined
in situ etching technique based on AsBr3 within
the MBE system. The group IV element MBE
activities concentrate on the self-assembly of
Ge/Si nanostructures and on devices such as
inter- and intraband tunneling devices. Recently, a new subject is the formation of freestanding semiconductor nanotubes. The preparation is controlled by selective under-etching
of strained epitaxial semiconductor bilayers.
[64]

The O PTICS AND S PECTRO SCOPY S ERVICE G ROUP
(Kuhl) comprises the spectroscopy service lab and the
ultrafast optics lab.
The
spectroscopy service lab provides experimental facilities
for studying the optical properties of condensed
matter by standard spectroscopic techniques.

The laboratory is equipped with commercial
grating and Fourier-spectrometers which allow
absorption and reflection measurements over
the total range from the ultraviolet to the far
infrared. Data can be routinely taken at temperatures between 4 and 300 K. Recently, the
sample characterization techniques have been
extended by standard Raman spectroscopy. The
primary research subject of the ultrafast op-
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Chemical composition, electronic structure and
atomic geometry are investigated for complex compound
systems such as 4H-SiC (bottom). Scanning probe techniques provide real-space images (background), electron
diffraction yields accurate geometry data (right), photoelectron spectra are analyzed for chemical information
(left).

Rolled-up InGaAs/GaAs nanotube on a GaAs(001)
surface.
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tics lab are time-resolved studies of ultrafast
optical and electrical phenomena in solids.
Several pico- and femtosecond laser systems
including devices for the generation of sub10 fs pulses as well as for the amplification of
150 fs pulses to 5 µJ at 200 kHz are available.
Broad tunability of the photon energy is attainable by optical parametric amplifiers. Timeresolved photoluminescence, pump-probe experiments, degenerate four-wave-mixing and
coherent Raman techniques are employed to investigate the coherent and incoherent relaxation
dynamics of excitons, free carriers (electrons
and holes) and phonons as well as carrier transport phenomena. Materials preferentially under investigation are III-V and II-VI semicon-

The T ECHNOLOGY S ER VICE G ROUP (Habermeier)
offers service work in the
fields of thin film deposition
technologies, microlithography and fabrication of contacts to semiconductors and
ceramic materials. The experimental facilities
for the thin film work include the conventional
high vacuum evaporation and sputtering (dc, rf
and reactive) techniques. Additionally, pulsed
laser deposition facilities are installed to prepare thin films with complex chemical composition such as high-temperature superconductors,
perovskites with colossal magnetoresistance
and ferroelectric materials. In the area of microlithography simple masks with design rules
down to 5 µm can be realized in one photoreduction step. Recently, a Laser Mask Macro
Projector has been installed which offers the
possibility for direct, chemistry-free thin film
patterning. The etching techniques available
include wet chemical etching, ion milling and
plasma etching as well. The research activities
of the group are closely related to the service

ductors, in particular low-dimensional systems
(quantum wells, quantum wires, and quantum
dots). The variation of the relaxation processes
and times as a function of the dimensionality
of the carrier system are a central topic of the
research.
Important current research projects are dealing
with coherent light / matter coupling, control
of light / matter interaction by nanostructuring,
generation and dynamics of coherent phonons,
generation and characterization of ultrashort
optical pulses, pico- and subpicosecond electronics. [81]
Optical parametric amplifier generating tunable femtosecond pulses for coherent semiconductor spectroscopy.

tasks. Thin film deposition of doped Mott insulators such as high-temperature superconductors and doped rare earth manganites exhibiting colossal magnetoresistance play a central
role. Pulsed laser deposition and rf sputtering
are the techniques applied. The main focus of
interest is currently the systematic study of epitaxial strain and thus a tailored modification of
the arrangement of bonding angles and bonding distances in the CMR and HTS thin films.
Additionally, the preparation and investigation
of magnetic and superconducting oxide superlattices (manganites, ruthenates and cuprates)
and their mutual electronic interaction special
heterostructures have been fabricated. Bilayer
structures consisting of ferromagnetic and antiferromagnetic manganites are used to study the
magnetic exchange bias effects, FM / SC / FM
trilayers are used to investigate spinpolarised
tunnel phenomena in HTC thin films. [61]
Pulsed laser deposition has become a widespread
technique for the fabrication of epitaxial thin films of multicomponent materials like doped lanthanum manganites
and superconducting materials.
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The X- RAY D IFFRACTION
S ERVICE G ROUP (Dinnebier)
provides X-ray diffraction
measurements of single crystals and powders in the laboratory at room and low temperature. Research within
the X-ray diffraction service group is mainly
concerned with the determination of crystal structures and microstructural properties
(strain, domain size) of condensed matter from
powder diffraction data. In addition, methodological development within this area is pursued. Special expertise in the field of solution
and refinement of crystal structures from powder diffraction data can be provided. Scientific
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cooperation in the field of non-routine structure determination (phase transitions, disorder,
anisotropic peak broadening etc.) from powders
is offered. This includes the performance of experiments at synchrotron and neutron sources
at ambient and non-ambient conditions. Materials currently under investigation include
organometallic precursors, binary and ternary
oxides, ionic conductors, electronic and magnetic materials, and rotator phases. [104]
Quasispherical molecule of tetrakistrimethylstannylsilane with underlying two dimensional image plate powder diffraction pattern. The superimposed Bragg reflections demonstrate the difference in resolution between laboratory and synchrotron data.
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Selected research reports

Superconductivity
The physics of superconductors continues to yield surprises: In the case of MgB2 it was
understood why two gaps are stable, even in the presence of non-magnetic impurities. In
addition, aspects of the bandstructure and the effect of replacing magnesium with aluminum
were addressed. Also the fullerenes still show counterintuitive behavior: It was found
that in such Jahn-Teller systems the Coulomb repulsion can actually enhance local pairing.
Finally, the cuprates commanded substantial attention: For model Hamiltonians it was found
that interaction can lead to states with broken symmetry (orientational and time-reversal).
The electronic Raman spectrum was interpreted within a t-J–model and ellipsometry provided evidence for a Josephson plasma resonance between the CuO2 layers in multilayer
compounds.

The reason why MgB2 has two superconducting gaps
I.I. Mazin (Naval Research Laboratory, USA);
O.K. Andersen, O. Jepsen, O.V. Dolgov, and J. Kortus;
A.A. Golubov (University of Twente, The Netherlands);
A.B. Kuz’menko and D. van der Marel (University of Groningen, The Netherlands)
MgB2 seems to be the first superconductor, for
which a two-superconducting-gap model offers
a simple explanation of many anomalous experimental findings, most notably in tunneling and
thermodynamic measurements. One of the fundamental properties of multigap superconductors is that non-magnetic impurities are pairbreaking, like magnetic impurities in conventional superconductors. However, this fingerprint of multigap superconductivity seems to
be missing in MgB2 , because no clear correlation between Tc and the defect concentration,
as gauged by the residual resistivity, has been
observed, and until this paradox is resolved,
the case for two-gap superconductivity in MgB2
can hardly be considered settled.
Figure 1 illustrates this problem by showing
that existing bulk samples of MgB2 have essentially the same critical temperature although
their residual resistivities, ρ0  vary greatly, between 0.4 and 40 µΩcm. Even though some of
the resistivity variation may be due to extrin-

sic effects such as sample inhomogeneity, one
can hardly doubt that substantial differences in
impurity concentration exist among the samples
shown in Fig. 1.

Figure 1: Critical temperature for samples of varying quality as a function of the residual resistivity. The theoretical curves are computed
in the two-band model with different ratios:
Γσσ  Nσ 0 : Γππ  Nπ 0 : Γσπ  Nπ 0. Filled symbols refer to ‘high-quality samples’: dense wires ()
and single crystals ( ). Half-filled symbols refer
to ‘high-Tc , high-ρ’ samples. Open symbols refer to
samples of intermediate quality (    ).

Æ
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As mentioned above, if two gaps are present,
samples with larger ρ0 are expected to have
lower Tc . Indeed, impurity interband scattering
(magnetic and non-magnetic) with rate γ inter
suppresses two-band superconductivity as:
∆Tc ∝ γ inter / (π Tc ).
For a sample with ρ0  40 µΩ cm it seems unlikely that γ inter can be smaller than π Tc . In
fact, the body of experimental evidence (Fig. 1)
can be reconciled with the two-gap model only
if γ inter  γ intra . The normal-state transport
poses two further problems: (i) The hightemperature slope of the resistivity is clearly
correlated with the residual resistivity (violation
of Matthiessen’s rule), and (ii) the plasma frequency estimated from the measured infrared
reflectivity is 5 times smaller than the calculated
one.
We have shown that there is one solution to
all three problems. It turns out that due to the
particular electronic structure of MgB2 , the impurity scattering between the σ- and π-bands
is exceptionally small. Thus, the large variation of the residual resistivities reflects primar-

ily a large variation of the scattering rate inside the σ- and the π-bands, while the interband
σπ-scattering plays no role in normal transport.
In the superconducting state, the two different
gaps in the σ- and the π-bands are preserved
even in dirty samples due to the extreme weakness of the σπ-interband impurity scattering.
MgB2 has two π- and three σ-bands (Fig. 2)
formed by, respectively, the two B pz and the
three bond-orbitals per cell, or, more correctly,
by the corresponding Wannier-like functions.
A bond-orbital is the bonding linear combination of the two B sp2 -hybrids which are directed along a B–B bond. The attractive potential from the Mg2 ions in the hollows between
the hexagonal boron layers is felt much stronger
by a pz -electron than by a bond-electron and,
as a result, the π-band is pulled so far down in
energy that  0.17 holes are left at the top of
the σ-band. The strong coupling of these holes
to the optical bond-stretching modes is what
drives the superconductivity. Since the top of
the σ-band is at k  (kx  ky ) = 0 and is doubly
degenerate, the holes are distributed in an upper
heavy and a lower light band.

π
Figure 2: LMTO bandstructure of MgB2 along the ΓA-line and in the plane (kz = 2c
) between the ΓMK
and ALH-planes, where the σ- and π-bands (fat) hybridize most. The ΓM/AL-direction is along, and the
ΓK/AH-direction is perpendicular to a B–B bond. The orbital characters of the heavy and light σ-bands
are explained in the text. 6 2 1 supercell bands for Mg12 B24 and Mg11 B24 are shown along the main
folding-direction, ΓM. For Mg11 B24 , two extra electrons and protons were distributed over the 11 Mg atoms
to preserve the band filling and electroneutrality.
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The σπ-scattering is small, first of all because
the σ- and π-bands are formed from different
local orbitals, and therefore are orthogonal on
the atomic scale, rather than merely on an intermediate scale because of Bloch factors. Moreover, the layered structure and the compactness of the B 2s and 2p orbitals makes the σπdisparity in MgB2 much stronger than, say, the
sd-disparity in a transition metal, where the sdhybridization gap is almost as large as the dbandwidth. Specifically, since a pz -orbital has
odd parity, and a bond-orbital has even parity
with respect to the B-layer, the only route for
σπ-hybridization is via interlayer hopping, from
a pz -orbital in one layer to a bond-orbital in another layer. The corresponding hopping integral, tbz , is, essentially, the geometrical average

of the integrals t 
bb  0.1 eV and t zz  1 eV, responsible for the kz -dispersions of the σ- and
π-bands, and therefore small.
Two further factors limit σπ-coupling: One is
that, in its interaction with the nearest bondorbitals in the next layer, the B pz -orbital picks
up merely the axial projection, which is essentially the s-character, on the boron above
(or below) it. Near the top of the σ-band,
the linear combinations of the three bondorbitals are, however, such that the contributions from the B s-orbitals cancel, so that
the top of the σ-band is purely B px , py -like.
Hence, the only source of B s-character are
tails of B p-orbitals centered at other sites.
It turns out that the wavefunctions for the
heavy and light holes (ν =h l) are: σν  k ∝
∑T  pν r  τ  T  pν r  τ  T eikT  where
T are the lattice translations,  τ are the positions of the two borons in the cell (i.e. in
a bond), and p hl r is a B p-orbital directed
transverse/longitudinal to the k -vector. From
this representation, illustrated in Fig. 2, it may
be realized that the B s-character often vanishes
completely, and that it generally vanishes proportional to k2 for the heavy-holes, and proportional to k for the light holes.
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Yet another limiting factor is the matching of
the phase, ϕ, between the two pz -orbitals in
a bond, π  k ∝ ∑T pz r  τ  T eiϕk 
pz r  τ  T eikT , and the phase between
the corresponding B s-characters arising from
the combination, pn r  τ – pn r  τ. In the
nearest-neighbor orthogonal tight-binding
model for the π-bands,
ϕ k   arg 1  eika  eikab , where a and
b are the primitive translations of the layer.
Because of their even/odd parity, the σand π-bands can only hybridize when
kz  πc integer. Even then, as seen in Fig. 2,
the π -band neither hybridizes with the heavy
σ-band when k is along a bond nor with
the light σ-band when k is perpendicular to
a bond. As may be realized from the pictures of the σ-orbitals (Fig. 2), the crossing
with the heavy band occurs because the B
s-character of that band vanishes exactly along
this k-line, and the crossing with the light
band occurs because, along that k-line, the B
s-character is purely antibonding between two
borons, whereas the π -band is purely bonding
(ϕ = 0). The two σπ-gaps seen in the figure are
0.2–0.3 eV, i.e., the hybridization matrix elements,  σkHπk , are merely a per cent of
the σ- and π-bandwidths.
We now discuss impurity scattering and use:
Γnn





2

∑
Nn 0 kk


  

δεnk  nk V n k



2δεn k 




(1)

for the rate of scattering to band n of an electron in band n, by a weak localized impurity
potential, V r. Here, ∑k denotes the average over the Brillouin zone, εnk is the band
energy with respect to the Fermi level, and
N 0 = ∑n Nn 0 = ∑nk δεnk  is the density of
states per spin and cell. Typical defects for
MgB2 are Mg vacancies and Mg substitutional
impurities, which form easily, and B-site substitutions like N and C, which have a higher
energy cost. The potential V r for a localized Mg defect has the full point symmetry of
the site and, similar to the Mg2 potential in the
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crystal, is felt more by a pz -orbital than by a
bond-orbital. Hence, the largest matrix elements are those involving pz -orbitals near the
impurity, i.e., the largest perturbation is of the
energies of the pz -orbitals on the B hexagons
immediately above and below the impurity, and
of the corresponding t 
zz . This means that Γππ
should be large. Screening perturbs the energies of the bond-orbitals surrounding the impurity, and also perturbs t 
bb , but to a lesser
extent. Hence, we expect that Γππ  Γσσ for
Mg-defects, albeit not for B-site substitutions.
What contributes to Γσπ , are matrix elements involving a pz - and a bond-orbital, and most importantly, those on either side of a Mg-defect.
Since this matrix element is the perturbation of
tzb , it is expected to be intermediate between

those of t 
zz and tbb , as for the σπ-hybridization.
Moreover, since the impurity potential is fairly
constant around a neighboring boron, a pz orbital still picks up merely the B s-character
which vanishes as k2 for the heavy and as k
for the light holes. This makes  σkV πk  
minute because kFh and kFl are very small. Also
the mismatch of phases between the σ- and
π-functions will tend to reduce  σkV πk  .
Finally, squaring this small matrix element and
inserting it in Eq.(1), leads to an exceedingly
small Γσπ .
To gain quantitative understanding of the disparity between the scattering rates we have
performed LMTO supercell calculations for
various impurities. Since the induced σπgaps, 2 σkV πk  , are sensitive to their position within the σ-band (the B s-factor), we
must choose a supercell which provides bandfoldings near εF . The results shown in Fig. 2
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were obtained with a 6 2 1 supercell. The
bands labeled Mg12 B24 are the same as those in
the left panel, but folded into the smaller zone.
The heavy σ-band now crosses itself closely
below εF  while the heavy-light and light-light
crossings are a bit further down. The π -band
(fat) slightly above the top of the σ-band was
originally at ML/2 and has been folded 3 times
into Γ. The Mg11 B24 bands illustrate the effects of a Mg vacancy: While the three π-bands
get split by 0.35 eV, and the heavy and light σbands by 0.27 eV (but by 0.04 eV at Γ), the σπsplitting of the heavy band is merely 0.015 eV
and that of the light band is merely 0.030 eV!
The squares of these splittings give estimates
for the corresponding Γ’s. For Mg vacancies
therefore,
Γππ  Γσσ

 Γσπ 

(2)

We found very similar results for systems in
which the Mg vacancy was compensated by
substitution of B by two C or one N. For
Mg15 B31 N, the ππ-splitting was 0.4 eV, the σσsplitting 0.3 eV, and the σπ-splittings less than
0.03 eV. Hence, even in these cases where the
local hexagonal symmetry around the Mg vacancy was broken by the presence of C or N, the
rate of the σπ-scattering was two orders of magnitude smaller than those of the σσ- and ππscatterings. Furthermore, although the defects
considered above are plain substitutions, we do
not expect any in-plane relaxation to act qualitatively different. The effect of some buckling
of the B planes may, in principle, be different.
However, a considerable buckling of the hard B
plane because of a Mg vacancy seems unlikely.

Superconductivity
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Superconductivity in MgB2 , a case study of the
‘flat-band steep-band’ scenario
S. Deng, J. Köhler, and A. Simon
From a chemist’s point of view we proposed
a ‘flat-band steep-band’ condition as a fingerprint, together with effective electron-electron
interactions, for the occurrence of superconductivity. This model refers to characteristic features of the normal state electronic structure of
a superconductor.
The published band structures for MgB2 have
already indicated some characteristics of the
‘flat-band steep-band’ model, e.g., the existence
of (one-dimensional) ‘flat-bands’ around M, Γ
and A, and ‘steep-bands’ crossing the Fermi
level. To see how MgB2 fits this model, we
have used the TB(FP)-LMTO method to calculate the electronic structure. The electronphonon coupling is studied by linear-response

calculations, for which a much denser q-mesh
(12 12 12) than those in earlier calculations
was used. Based on the obtained energy eigenvalues E(kj) on a 36 36 36 k-mesh, the ‘flatbands’ and ‘steep-bands’ were searched in the
whole first Brillouin zone (BZ) with an energy
window of  1 eV centered at EF . Only three regions contribute ‘flat-bands’ which exhibit zero
electronic velocities at M, Γ and A, because the
wave vector groups for these points are D2h ,
D6h and D6h , respectively. The largest velocity v(kj) found in the same searching process
is 1.3683 a.u. with k = (0.4491,0,0.3649) 2 π / a
in the ΓALM plane of the BZ and j = 5, which
indicates that band 5 is the steepest band, see
Fig. 3.

Figure 3: Band structure and electronic velocity distribution on the Fermi surface of MgB2 for band 3, band
4 and band 5. The BZ together with specific symmetry points are indicated. According to de Haas-van
Alphen measurement the Fermi velocities for the ‘flat-bands’ should be significantly smaller than shown.
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The one-dimensional ‘flat-bands’ centered at Γ,
M and A lie slightly above the calculated Fermi
level EΓ3  – EF : 0.489 / 0.39 eV; EM4  – EF :
0.361 / 0.226; EA3  – EF : 0.795 / 0.768 in the
order of TB-/FP-results. As the ‘flat-band’
at A lies approximately 2 times higher above
the Fermi level than at M and Γ, we exclude
it from our consideration. The small dispersions of bands 3 and 4 along the Γ-A line as
shown in Fig. 3 are due to the fact that the
inter-layer interactions between the σ-px ,py
states are very weak. This is easily understood by analyzing the orbital compositions,
which are 89.6% (px + py ) / 87.9% (px + py ),
100% (px + py ) / 100% (px + py ) for  Γ34  and
 A34 , respectively. The Γ-A line has the symmetry C6v , and the k-points on this line are all
extremal points viewed along directions in the
kx – ky plane, while along kz the C6v symmetry
does not create an extremal condition, hence
δEkj / δkz  0. However, as we pointed out
above Ekj / δkz is very small due to the special
symmetry and the 2D character of the structure.
The dispersion of the bands in general k-points
or lines in the BZ can be studied by representing the scalar velocity field on an iso-energy

surface. As shown in Fig. 3, the two cylinders
belong to bands with low velocities, while the
two connected π-type tubular networks belong
to high velocity bands (steep-band). According to de Haas-van Alphen experiments the velocities in the tubular bands are significantly
smaller than shown (flat-bands). In addition,
there exists also a small piece of ‘flat-band’ on
the π-type surface along the Γ-M line.
In Tab. 1, we list the results of our TB/FPLMTO calculations in comparison with those
obtained from FP-LAPW/FPLO calculations
and experiment. A comparison of the data
clearly shows that our results using the FPLMTO method are perfectly consistent with
those obtained with the FP-LAPW method, see
Tab. 1.
In the ‘flat-band steep-band’ scenario, not only
specific electrons as described above but also
specific phonons are thought to play a crucial
role. Although the average electron-phonon
coupling constant λ for MgB2 is relatively small
(0.73) there is a pronounced peak-like structure
of λ(q), see Fig. 4. The phonons on the Γ-A line
exhibit strong electron-phonon coupling.

Table 1: Calculated Fermi surface parameters F [in Tesla] and band masses m [in free-electron-mass units]
compared to other theoretical data and de Haas-van Alphen parameters. An orbit is symbolized with
orbitaltype
.
bandindex k normal

Orbit
σ
3 Γz
σ
3 Az
σ
4 Γz
σ
4 Az
π
4 Γz
π
4 Γy
π
5 Γy
π
5 Az

FTBLMTO /
FFPLMTO

mTBLMTO /
mFPLMTO

FFPLAPW /
FFPLO

mFPLAPW /
mFPLO

Fexp

 mexp 

λj

747.1 / 727.4

–0.213 / –0.248

730 / 780

–0.251 / –0.25

540

0.54

1.54 / 1.18

1510.6 / 1767.1

–0.259 / –0.309

1756 / 1830

–0.312 / –0.31

1530

0.66

1.55 / 1.14

1623.0 / 1611.6

–0.438 / –0.535

1589 / 1650

–0.543 / –0.57

2685

0.45

0.62 / 0.44

3174.1 / 3387.4

–0.539 / –0.614

3393 / 3450

–0.618 / –0.64

34060.7 / 34815.6

1.492 / 1.930

34630 / 34500

1.96 / 1.87

541.6 / 415.2

–0.200 / –0.243

458 / 450?

–0.246 / –0.25

2709.9 / 2861.2

0.277 / 0.312

2889 / 3030

0.315 / 0.32

31232.7 / 31153.8

–0.895 / –0.994

31130 / 30600

–1.00 / –0.93

The question mark in column 4 indicates that the data were from a section with a different normal 11̄00.

λj =  mexp mLMTO
1 .
calc
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Only phonon mode Γ7 has the E2g symmetry,
the other important phonons as discussed above
have different symmetries. Our calculations resulted in λ(q) = 0 at the Γ-point. In view of this
fact, which is well-known for intraband scattering, the actual E2g phonon does not couple
to the electrons. We found that the tetrahedral
integration weights wΓ j j  (j j -band index)
for the phonon line widths are all zero, which
means that even considering the interband scattering, Γ-phonons are not able to couple to electrons because the energy is not conserved.
Figure 4: q-dependence of the electron-phonon
coupling in MgB2 , BZ as in Fig. 3. The largest
sphere corresponds to a λ(q) value of 25.2.

Along Γ-A several pronounced peaks occur
with the largest value 9.8 at q = (0 , 0 , 0.417).
However, the largest one at (0.096 , 0 , 0) on
Γ-M reveals a λ(q) of 25.2, see Fig. 4. These
large λ(q) values together with the lowering of
the flat-bands towards EF suggested by experiment give strong evidence for the importance
of these bands in electron-phonon coupling. An
inspection of the eigenvectors of these phonons
shows that all of these modes involve only the
in-plane vibrations of B atoms.

As can be seen quantitatively from the estimated λj , see Tab. 1, the ‘flat-band’ electrons near the Γ-A line (σ-system) can more
effectively couple to phonons than the ‘flatband’ electrons near M or ‘steep-band’ electrons, the latter two belonging to the π-system.
This difference leads to a two-gap structure, a
characteristic for MgB2 , which results under
the assumption that the scattering between the
σ-system and π-system is small enough.
The electronic structure of MgB2 exhibits the
typical feature of a ‘flat-band steep-band’ scenario for superconductivity. Moreover, the
electron-phonon coupling λ is very anisotropic
in k-space and shows a pronounced peak-like
structure in q-space.

Tc amplification by quantum interference effects
in Al-doped diborides
A. Bussmann-Holder; A. Bianconi (Università di Roma, Italy)
The model of two (σ and π) channel superconductivity known to be necessary to explain the
superconductivity in MgB2 has been applied to
the Al1x Mgx B2 diborides by tuning x from
MgB2 to AlMgB4 . The evolution of the interband coupling parameter (probing the strength
of the interchannel pairing due to quantum interference effects) and the two gaps in the σ and

π channel as a function of x have been calculated. While in MgB2 the quantum interference
effects give an amplification of Tc by a factor
of 1.5 in comparison with the dominant intra σband single channel pairing, in AlMgB4 the amplification is about 100, in comparison with the
dominant intra π-band single channel pairing.
27
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Various recent experimental results for MgB2
show that the two-band model (TBM) is needed
to explain both the normal and the superconducting properties. Here the key ingredient that
allows the physical realization of the process of
two channel Tc amplification is the fact that the
two gaps refer to two different parts in k-space
(a large gap on the σ Fermi surface, a small gap
on the π Fermi surface) and are well separated
in real space, one for the s holes in the boron
layers, and the other for π-electrons in the interstitial Mg layers. Therefore the system can be
viewed as a multilayer structure of alternating
metallic and superconducting planes.

Superconductivity

The Al1x Mgx B2 alloys show a continuous
evolution through a complicated mixed phase
from MgB2 (x = 1) to the end member AlMgB4
(x = 0.5) where an ordered superlattice structure
of boron layers intercalated by alternating layers of Al and Mg is formed. Even though the
alloys with intermediate x are rather disordered,
their Tc is well defined and drops with decreasing x as shown in Fig. 5(a). Around x = 0.7, Tc
shows a kink which is attributed to a dimensionality crossover of the Fermi surface and at
x = 0.5, Tc = 3 K. The superconducting phase in
the ordered phase AlMgB4 (x = 0.5) is highly
interesting since the Fermi level is driven to the
top of the σ-band, the PDOS in the σ-band is
strongly reduced and the Fermi energy EF for
the σ-holes is only 100–200 meV.
The two-gap scenario which has already been
used for MgB2 , has also been used for the alloys
and the gaps and interband couplings have been
calculated as function of Al doping.

Figure 6: The calculated superconducting transition
temperature Tc for two ideal systems made of only
σ- and π-electrons, respectively, are compared with
the experimental data.

Figure 5: (a) The superconducting transition temperature for Al1x Mgx B2 from x = 0.5 (AlMgB4 ) to
x = 1 (MgB2 ). (b) The PDOS of the σ-band Nσ and
of the π-band Nπ as function of x.
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Going from x = 1 to x = 0.5 a dramatic increase
in the E2g phonon mode energy ωE2g takes place
increasing from 70 meV to 115 meV indicating
a strong decrease in the electron-phonon interaction and a reduction of the phonon damping.
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Since this mode is known to couple strongly,
it was first suggested that the large value of
its coupling constant is sufficient to explain the
high Tc within the single band approach. The
optimum superconducting transition temperatures for two different ideal metals made of
only σ- and π-electrons, respectively, without
interband interactions are shown in Fig. 6. The
corresponding screened effective couplings are
plotted in Fig. 7. From Fig. 6 we can clearly
see that the single-band model fails to predict
the experimental Tc x dependence and is incapable to reproduce experimental data for varying x. This motivated us to model also the
alloys within the two-band scenario using the
BCS approximation and the experimental data
for the two intraband couplings λ1 x and λ2 x
(Fig. 7).

Figure 7: The screened effective couplings λ1 x
and λ2 x for the σ- and π-electrons respectively.
The interband coupling λ12 x has been calculated
by using the two-band model in such a way as to reproduce the experimental values of Tc for each value
of x.

Taking as input the experimental values of
the phonon mode energies ωE2g x and ωln x,
Tc x, λ1 x and λ2 x, the interband coupling
λ12 x and the intraband gaps ∆1 x and ∆2 x
for the σ- and π-band, respectively, are obtained. The results are shown in Fig. 7 where
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the effective electron-phonon couplings are presented. The corresponding energy gaps at
T = 0 K are shown in Fig. 8(a) and the gap to Tc
ratios are depicted in Fig. 8(b).

Figure 8: (a) The energy gaps, at T = 0 K, ∆1 x and
∆2 x for the σ- and π-electrons, respectively, and
(b) the corresponding gap to Tc ratios as a function
of x.

As is well known for the two-band model,
both gap to Tc ratios deviate substantially from
BCS predictions – one being strongly enhanced,
while the other is far below the predicted value.
The obtained values of ∆1 (x = 1) and ∆2 (x = 1)
are in very good agreement with the experimental ones.
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strength of the interchannel pairing due to quantum interference effects is optimum. Here also
the Tc x curve shows a kink signaling that the
Fermi level has been tuned at the cross-over of
the Fermi surface of the σ-band from 2D to 3D
dimensionality. The related σ- and π-gaps as
a function of x (Fig. 8) show the very interesting case of interchange of their dominance and
a gap crossing takes place at x = 0.6 where the
σ-band related gap becomes smaller than the π
related one. For AlMgB4 we have therefore a
different physical situation for the two-gap scenario. In fact, in MgB2 the interchannel interference effects push Tc up to the strong coupling
regime (2∆1 /Tc = 4.2) with an effective amplification of Tc of the order of 1.5–2 increasing
the strong-intermediate coupling regime of the
dominant 2D σ-band. In AlMgB2 the π-band
is the dominant one which is supported by
the 3D σ-band with small intraband coupling
λ1 . While the intraband pairing alone yields
a Tc of 1–10 mK, the actual Tc is 3 K, corresponding to an amplification of 100–1000. The
consequence of the interchange of the driving
band going through the ‘shape resonance’ at
x = 0.6–0.7 is that the gap separation is strongly
doping dependent, being large for MgB2 , intermediate for x = 0.75 and reversed at x = 0.5. The
temperature dependence of the gaps for these
three cases is shown in Fig. 9 where substantial
differences are predicted which can be tested by
further experiments.
Figure 9: The predicted temperature dependence of
the gaps for three different systems AlMgB4 (top
panel), Al025 Mg075 B2 (middle panel) and MgB2
(lower panel).

Interestingly the interband coupling λ12 x
(Fig. 7) increases with decreasing x to reach
a maximum around x  0.6–0.7 where the
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In conclusion, we have shown that also the alloyed systems Al1x Mgx B2 with 0.5 x 1.0
are best described within a two-band model
where interband interactions are the dominant
force that drives Tc to the experimentally observed values. Predictions for the ratio of the
two gaps are made, where especially a reverse
in gap magnitudes is obtained.
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Superconductivity in molecular solids with Jahn-Teller phonons
J.E. Han, O. Gunnarsson, and V.H. Crespi
The discovery of superconductivity in alkalidoped C60 , persisting up to unexpectedly high
temperatures (Tc = 33 K or Tc = 40 K), raises interesting questions about superconductivity in
low-band width molecular solids. Conventional
superconductivity arises from an effective attractive interaction between the electrons, induced by the electron-phonon interaction. This
weak attraction ought to be overwhelmed by
the strong Coulomb repulsion. In the context
of superconductivity, however, the effect of the
Coulomb repulsion is believed to be drastically
reduced by retardation effects, since the electron and phonon energy scales are very different. The phonon-induced attraction can then
win and cause superconductivity.
For the fullerenes, however, the electron and
phonon energy scales are comparable, and the
retardation effects are expected to be small.
This raises questions about why superconductivity is at all possible for C60 compounds, in
spite of the strong Coulomb repulsion, and why
Tc is actually unusually large. Due to the potentially large effects of the electron-electron
interaction, it is very desirable to treat this interaction and the electron-phonon interaction
on the same footing, rather than approximating the Coulomb repulsion by a weak empirical
Coulomb pseudopotential, as done for conventional superconductors.
Conventional superconductors are described by
the Migdal-Eliashberg theory, which is based
on the assumption that the electron and phonon
energy scales are very different. Since this is
not true for the fullerenes, the use of the Eliashberg theory is highly questionable for these systems.

Hg intramolecular Jahn-Teller phonons, which
are also included in the model. We also include the hopping between the molecules and
the Coulomb repulsion U between two electrons on the same molecule. This is referred
to as the t H model. We compare this model
to a non-degenerate (a) or two-fold degenerate
(e) level interacting with a non-Jahn-Teller Ag
or two-fold degenerate (Eg ) Jahn-Teller phonon,
i.e., a A and e E, respectively.
We use the dynamical mean-field theory
(DMFT), treating the electron-phonon and
electron-electron interactions on the same footing and avoiding the assumptions of the Eliashberg theory. In DMFT, the electron self-energy
is assumed to be q-independent, allowing a
mapping of the lattice problem onto an effective impurity problem. The impurity problem is
solved using a quantum Monte-Carlo method.
To study superconductivity, we apply a perturbation creating electron pairs and calculate the
corresponding response function, i.e., the q = 0
pairing susceptibility χ. A divergence of χ at
temperature Tc signals the onset of superconductivity. We write
χ  1

1



χ0 

(3)

where χ0 is obtained from products of two fully
dressed electron Green functions describing the
propagation of two electrons (holes), which do
not interact with each other. Equation(3) then
defines the effective interaction Γ. We define a
local (intramolecular) pairing susceptibility
χloc τ1  τ2  τ3  τ4  

(4)

 ∑ T c†m τ1c†m τ2cm




Here we study a model of A3 C60 (A = K, Rb)
which includes the half-full, three-fold degenerate t1u level. This level couples strongly to eight

 χ0 Γ









τ3 cm  τ4 

mm

where  denotes a thermal average and m labels the three t1u orbitals on one molecule. Then
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loc
 χloc
0 Γ 



1 loc
χ0 

(5)

This can be illustrated from a sum-rule. In the
T = 0 limit, we have

χloc and χloc
0 can be calculated within DMFT
and the local interaction Γloc can be obtained.
We introduce the approximation
Γ  Γloc , which should be rather good, since
the interaction is dominated by intramolecular
phonons and an intramolecular Coulomb repulsion. Since χ0 can be calculated within DMFT,
χ follows from Eq.(3).

where

From Eq.(3) it follows that χ0 and Γ determine
the superconducting instability. The effective
interaction must be attractive (Γ  0) and the
system must have non-zero metallic weight to
bring the local pairing fluctuations into coherence.

and n N is the nth excited state of the system
with N electrons and the energy En N. The
term shown describes the removal of an electron pair; ‘’ indicates the addition of an electron pair.

In Ax C60 the important phonons are Jahn-Teller
phonons. This favors a local pairing of the
electrons, which is very helpful for superconductivity. We first consider the simplest JahnTeller problem, the e E problem. The dynamical Jahn-Teller effect favors the formation of a
local singlet

For large λ and large U we find a simple sumrule

12 ∑ c†m c†m 0
m





(6)

where the spin-up and spin-down electrons have
the same m quantum number. Since χloc describes the removal (or addition) of a pair of
electrons with the same m quantum number, the
local pairing enhances χloc . For non-interacting
electrons, on the other hand, hopping tends
to distribute the electrons randomly over the
molecular levels. This makes it more difficult
to add or remove an electron pair with the same
m quantum numbers. As a result, χloc
0 tends to
be smaller than χloc . This requires an attractive
Γloc (see Eq. (5)), and favors superconductivity.
The local pairing is not very efficient for U = 0,
due to the competition from electron hopping.
As U is increased, however, hopping is reduced
and the local singlet formation becomes more
important. Thus the Coulomb interaction actually helps local pairing.
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χloc iωn  



0

∞

ρloc εε

 iωn 

  2 ∑ cm cm 0 N2
n
m
δε  E0N  EnN  2   

(7)

ρloc ε  ∑ n N



∞
0

ρloc ε dε

S  2

(8)

(9)

For ρloc
0 (ε), on the other hand, the corresponding sum-rule gives only S0 = 1, since χ0
in Eq.(3) represents independently propagating
electrons (holes), without any preference for the
electrons having the same m quantum number.

Figure 10: The ratios SS0 and χχ0 as a function
of U W for λ = 0.7 obtained from exact diagonalization for an impurity model with five host sites. For
the non-Jahn-Teller model a A, these ratios drop
rapidly as U increases. In contrast, the pairing susceptibility for e E is very resistant to increasing U.
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Figure 10 shows exact diagonalization results
for a finite cluster. As U is increased, spectral weight is shifted to larger energies, which
tends to reduce χloc . This is largely compensated by an increase of the spectral weight S,
and χloc is only marginally reduced. The figure also shows results for the non-Jahn-Teller
a A problem. As U is increased, S is reduced
and χloc drops quickly. Γloc therefore rapidly
becomes repulsive, while it stays attractive for
the e E case.
The discussion above focused on local pairing
on one molecule and the corresponding Γloc .
Superconductivity requires, however, the formation of a coherent state throughout the solid.
Therefore both Γ and χ0 are important for obtaining a singularity in χ and a superconducting
state (see Eq.(3)), where χ0 describes the propagation of the pairs. For both the Jahn-Teller
and non-Jahn-Teller case, the Coulomb interaction reduces χ0 , since spectral weight near the
chemical potential is transferred to incoherent
states at higher energies.

cases give rather similar values of Tc for small
and intermediate values of λ, while they differ
for larger values of λ. Tc has a maximum before
it drops due to a rapid reduction of χ0 as the system approaches an instability. This happens for
λ ² 0.6 for the a A model but for larger values
of λ for the t H model. The Eliashberg theory
gives quite good results for Tc until the system
gets close to the instability, which is not properly described in the Eliashberg theory.
We show Tc as a function of U for the t H and
a A models in Fig. 12. Tc drops very quickly
with U for the a A, since the Coulomb repulsion rapidly overwhelms the phonon induced attractive interaction. For the Jahn-Teller t H
model, on the other hand, Tc decreases surprisingly slowly as U is increased. This illustrates the importance of the local pairing. Figures 11 and 12 demonstrate an unexpected failure for Eliashberg theory. The problem is not
that the phonon and electron energy scales are
similar, but the treatment of the Coulomb repulsion. Due to the local pairing, the Coulomb interaction enters very differently for Jahn-Teller
and non-Jahn-Teller models, and it cannot easily be described by a Coulomb pseudopotential,
as assumed in the Eliashberg theory.

Figure 11: Tc as a function of λ according to
Migdal-Eliashberg (black line) and DMFT theories for the t H ( ) and a A ( ) couplings at
half-filling. The parameters are ωph /W = 0.25 and
U = 0.

 Æ





Figure 11 shows DMFT results for U = 0. It
shows Tc as a function of λ according to DMFT
and Eliashberg theories. The t H and a A



Figure 12: Tc as a function of U/W for the t H
and a A models for half-filling. The parameters are
λ = 0.6 and ωph /W = 0.25. The figure illustrates the
important difference between Hg and Ag phonons.
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To summarize, we find that local pairing is crucial for superconductivity in the strongly correlated low-band width fullerides. By suppressing
hopping between the molecules, the Coulomb
repulsion helps the local pairing in these JahnTeller systems. Superconductivity is therefore
surprisingly resistant to the Coulomb repulsion,

in spite of the lack of important retardation effects. We furthermore find that the Eliashberg
theory breaks down in these systems because
of the closeness to a metal-insulator transition
and the interplay of the electron-phonon and
electron-electron interactions, not because the
electron and phonon energies are comparable.

Symmetry-broken Fermi surface and superconductivity
in the two-dimensional Hubbard model
W. Metzner; A. Neumayr (RWTH Aachen)
The one-band Hubbard model on a square lattice (see Fig. 13) is the most intensively studied prototype model for electrons in the copperoxide layers of cuprate high-temperature superconductors. Recent renormalization group calculations have conclusively established the existence of a superconducting state with a d-wave
gap function in this model, at least at weak coupling. In addition, for electron densities with
a chemical potential close to the van Hove singularity of the system (‘van Hove filling’), the
calculation of effective interactions within the
same renormalization group scheme revealed a
previously unnoticed tendency of the Fermi surface to undergo an interaction induced deformation which breaks the orientational symmetry of
the square lattice.
For a pure nearest neighbor hopping amplitude
the van Hove filling coincides with the particlehole symmetric half-filled case, where the average electron density per site n is equal to
one and the Fermi surface is square-shaped and
hence strongly nested. In this case the ground
state is an antiferromagnet, which is endowed
with a relatively large gap stabilizing the system
against any other type of symmetry-breaking
instability. On the other hand, for a sizable
next-to-nearest neighbor hopping amplitude t 
Fermi surface nesting is completely destroyed
and the ground state for densities near van Hove
34

filling is superconducting rather than magnetic.
At this point the question arises whether the dwave gap opening at the Fermi surface in the superconducting state will generally frustrate the
symmetry-breaking Fermi surface deformation
or whether superconductivity may coexist with
the latter.

Figure 13: Hubbard model on a square lattice
with a nearest neighbor hopping amplitude t, a
next-to-nearest neighbor amplitude t  and a local
repulsion U; each lattice site can be either empty,
singly occupied by an up- or down-spin electron,
or doubly occupied by two electrons with opposite
spin.

We have recently performed a weak coupling analysis of the ground state of the twodimensional Hubbard model near van Hove filling allowing for arbitrary (symmetry-broken or
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not) Fermi surface deformations and for superconductivity with an arbitrary order parameter at the same time. This became possible
due to a new self-consistent perturbation expansion method. The basic idea is to choose
an improved starting point for the perturbation expansion by adding a so-called counterterm to the non-interacting part of the Hamiltonian, which captures the interaction induced
Fermi surface deformation and also the superconducting gap. The same term is subtracted from the interaction part such that the
total Hamiltonian is not changed by this procedure. The Fermi surface deformation and the
gap function entering the counterterm are determined by a self-consistency condition. Fluctuation induced d-wave superconductivity and
symmetry-breaking Fermi surface deformations
in the two-dimensional Hubbard model are obtained already at second order by this renormalized perturbation expansion.
We have solved the self-consistency equations
for t  = –0.15 t and various electron densities
ranging from n = 0.88 to n = 0.90, for which
the Fermi surfaces are quite close to the saddle
(van Hove) points of the bare dispersion relation εk = 2 tcos kx  cos ky   4 t  cos kx cos ky ,
located at π 0 and 0 π. The interaction
strength has been chosen in the weak to intermediate coupling regime between U = 2 t and
U = 3 t (note that the bare band width is 8 t).
In all cases the normal state turned out to be
unstable toward superconductivity. The gap
function in the superconducting state obtained
from the self-consistency equations has dx2 y2 wave shape, with slight deviations from perfect
d-wave symmetry in cases where the Fermi surface breaks the symmetry of the square lattice.
In Fig. 14 we show gap functions obtained at
the densities n = 0.88 and n = 0.90, respectively.
The gap amplitude depends of course strongly
on the interaction strength, but it is remarkable
that a sizable gap is formed already in the perturbatively accessible regime of weak to intermediate coupling.
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Figure 14: Gap function at n = 0.88 (black amplitude) and n = 0.90 (red amplitude), as a function of
the angle with respect to the kx -axis, for a Hubbard interaction U = 3 t and a next-to-nearest neighbor hopping t  = –0.15 t.

The Fermi surface is always deformed by interactions, but the shifts are not very large. They
are more pronounced near the saddle points of
εk , where small energy shifts lead to relatively
large shifts in k-space. This agrees with earlier
perturbative calculations of Fermi surface deformations in the Hubbard model at weak coupling. However, the results presented in Fig. 15
show that the Fermi surface of the interacting
system can nevertheless differ strikingly from
the bare one. For the densities n = 0.880–0.889
the Fermi surface of the interacting system obviously breaks the point group symmetry of the
square lattice. For n = 0.880 and n = 0.888 even
the topology of the Fermi surface is changed by
interactions.

Figure 15: Fermi surfaces of the interacting system
for various densities n; again U = 3 t and t  = –0.15 t.
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The deformed surface has open topology in
these cases, instead of being closed around the
points 0 0 or π π in the Brillouin zone. If
the Fermi surface breaks the square lattice symmetry, the gap function ∆k cannot have pure
d-wave symmetry any more. See, for example,
the gap function at density n = 0.88 in Fig. 14.
The deviation from perfect d-wave form is however quite small, since the symmetry-breaking
Fermi surface deformation is small.
From a pure symmetry group point of view
the symmetry-breaking generated by the Fermi
surface deformation is equivalent to that in
‘nematic’ electron liquids, first discussed by
Kivelson et al. [Nature 393, 550 (1998)]. These
authors considered doped Mott insulators, that
is strongly interacting systems.
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Whether symmetry-breaking Fermi surface
deformations as obtained in our calculation for
the two-dimensional Hubbard model may be
relevant for the physics of cuprate superconductors remains to be seen. In a real system electronic degrees of freedom are coupled to the lattice such that orientational symmetry-breaking
in the electronic subsystem is likely to be
accompanied by a lattice distortion. Low temperature structural transitions are indeed observed in some cuprates. More interestingly,
in a system that is close to a symmetrybreaking Fermi surface instability (without actually reaching it) strong anisotropic Fermi surface fluctuations will strongly affect singleparticle excitations and transport properties. A
detailed theory of these fluctuation effects remains to be worked out.

Broken time-reversal symmetry in strongly correlated
ladder structures
U. Schollwöck; S. Chakravarty (UCLA); J.O. Fjærestad and J.B. Marston (Brown);
M. Troyer (ETH Zürich)
Strongly correlated quantum systems owe a
large part of their interest to the fact that pure
quantum phenomena are less obscured by the
averaging nature of thermal fluctuations or effective screening than in many more conventional solid state systems. At very low temperatures, the possibility to break obvious and
hidden symmetries present in those systems
promises phase diagrams rich in phases of a
rather unique quantum nature. To this day, however, the roster of states with broken symmetries
is limited despite the variety of symmetries that
can be broken in a strongly correlated electronic
system. The difficulty is that it is not always
clear what should be the effective Hamiltonian,
nor is it clear how a complex quantum order fits
into the phase diagram of a real material. Here,
we consider an unusual state that spontaneously
36

breaks time reversal symmetry, in which currents circulating around lattice plaquettes are arranged in a pattern of alternating direction of
circulation. As such currents give rise to local
magnetic fluxes of alternating direction, such a
state is also referred to as a staggered flux state.
In fact, such states have a long history in the
physics of correlated electron systems: under
the name of orbital antiferromagnets they were
first considered in the late sixties in the context of excitonic insulators by Halperin and
Rice but then discarded in favor of more conventional order. After the discovery of the
cuprate high-temperature superconductors they
were rediscovered by Affleck, Marston, Schulz
and Kotliar and baptized staggered flux phases.
Many of their properties were discussed, but
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were forgotten again in the absence of experimental vindication. The discovery of the pseudogap regime has brought them back onto the
scene once more: competing with the proposal
that the pseudogap is essentially due to incoherent Cooper pair preformation, attempts have
been made by Lee to explain this regime in
terms of fluctuations of SF order and a proposal
has been made by Chakravarty that it is not
fluctuations, but a true broken symmetry that
is at the origin of the pseudogap. This ordered
state was now called the singlet d-density wave
(DDW), because it was recognized that this unusual state described by spontaneous currents
arises naturally as the generalization of density
waves to higher angular symmetries. The conventional charge-density wave (CDW) in which
charge is modulated in space is its s-wave counterpart with angular momentum zero. Another
type of breakdown of time-reversal symmetry
in which the circulating currents obey translational symmetry, as opposed to the staggered
DDW, has been pointed out by Varma.
Although much indirect experimental evidence
of DDW can be argued to exist, a direct observation of DDW would be Bragg reflection of
neutrons carrying magnetic moments from the
staggered arrangement, on the scale of a few
Å, of circulating currents. Recent neutron scattering experiments have, however, been controversial and more precise and well-characterized
experiments are underway to settle this issue.
Thus, a theoretical exploration of microscopic
models of correlated electronic systems showing such time-reversal symmetry-breaking with
controlled methods has acquired urgency. It
is a sobering observation that for the twodimensional case a rigorous or at least quasiexact demonstration of the very existence of
such a state for some microscopic Hamiltonian
is still missing after many years of intense research, testifying to the highly complex nature
of the problem. To make progress, various authors have therefore studied the simplest geometrical structure in the form of a two-leg ladder that can support staggered orbital currents,
as shown in Fig. 16.
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Figure 16: Circulating plaquette currents on a
ladder, characteristic of the DDW phase.

Previous studies of DDW order in two-leg
ladders have used weak-coupling bosonization/renormalization group (RG) analyses, a
density matrix renormalization group (DMRG)
analysis of the t-J–model and a half-filled
Hubbard-like model, or exact diagonalization of
the t-t’-J–model. At half-filling, models with
long-range ordered currents have been found
both for spinless and spinful fermions. In contrast, for the relevant case of doped ladders,
only exponential decay has been found for all
systems considered so far, essentially of the
t-J–type with a variety of modifications.
The approach used by us is the essentially exact
DMRG method that can be used for arbitrary
interaction strength, unlike the weak-coupling
bosonization/RG approaches. We break the
time reversal symmetry explicitly by applying
an infinitesimal source current hjrung 1 on
one end of the ladder and measure the current
induced in the sample. The results of our calculations are striking. Although common t-J–type
models do not exhibit long-ranged DDW order, a separate class of repulsive Hamiltonians
show robust long-ranged DDW order even in
the presence of substantial doping. These have
their historical origin in a half-filled SO(5) invariant model on a ladder studied by Lin and
Scalapino [Lin et al., Physical Review B 58, 1794
(1998); Scalapino et al., Physical Review B 58, 443
(1998)]. At precise half-filling, it was shown to

exhibit DDW in its phase diagram.
We find, however, that SO(5) invariance is irrelevant by considering coupling constants very
far from the ‘SO(5) parameters’ and by substantially doping this model. The real reason for
success with this class of models is that they allow a competition between CDW (onsite singlet
states) and DSC-like (dx2 y2 -superconducting)
37
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states (more precisely rung-singlet states), resulting in a local kinetic exchange between
them, giving rise to the DDW phase. This
is much like as the situation in the cuprates
would be in the proposal by Chakravarty et
al. in which the DDW phase is an intermediate regime between a multiplicity of complex
charge ordered states and DSC.

symmetry. The weak coupling phase diagram
at half-filling obtained from bosonization/RG,
as shown in Fig. 17, gives us some guidance as
to where to look in our DMRG calculations.

Our set of low-energy Hamiltonians is defined:

t ∑ c†i σcj σ  hc  U2 ∑ni  12
i
ij σ
 ∑ J Sr 1 Sr 2  V nr 1  1nr 2  1 
(10)
r

Ht J



UV 





  













where r labels rungs and 1 or 2 the leg. In the
half-filled case this Hamiltonian has a precise
SO(5) symmetry when J = 4 (U + V ). But as
soon as the system is doped, or the parameters
are no longer finely tuned, there is no SO(5)

Figure 17: The weak coupling phase diagram at
half-filling for Ht J UV from a bosonization calculation. The open circles correspond to the parameters
in Fig. 18.






Figure 18: Rung current jrung r as a function of the location of the rung r in a t J – U – V model at
4% doping on a 100 2 ladder, with parameters U = 0.25, t = V = 1 and an edge current of 0.0001. The
sequence of figures correspond to (a) J = 0.8, (b) J = 1.1, (c) J = 1.5, and (d) J = 1.7. In (c), we show
the profile of the hole density depicted as solid dots corresponding to the scale on the right. Note the vast
differences in the scales of the current strengths.
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Other than the DDW and CDW, there are two
relevant states that can be adiabatically continued to resonating valence bond states of the
short-range variety. These states are represented by


rung-singlet ∝ ∏ 



and
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site-singlet ∝ ∏  
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The DDW lies between the CDW and the rungsinglet phases.
We have studied the Hamiltonian in Eq.(10)
for a range of parameters and find long-range
DDW order in the doped model, which has
nothing to do with SO(5) symmetry. Nonetheless, the DDW phase is situated between the
CDW and the rung-singlet phases, similar to
the weak coupling bosonization results for halffilled ladders. As a typical example, we have
shown in Fig. 18 our results for the rung current as induced by an edge current of tiny magnitude 0.0001 t. The parameters chosen were
U = 0.25, t = V = 1, J = 0.8, 1.1, 1.5, 1.7, and
δ = 0.04. As a response, we see robust longranged DDW order in the middle of this range

of J with stripe-like features where pairs of
holes reside; see, in particular, Fig. 18(c), where
we also plot the hole density, and the coexistence with stripe order is especially evident
from the antiphase domain wall structure. The
induced currents clearly alternate in sign and
can be of order unity, in units of t, even though
the source current is infinitesimally small. For
ladders of lengths 100, 150, and 200, and for
parameters of Fig. 18(c), the current amplitudes
are 0.56, 0.53, and 0.53 respectively, consistent with long-range order, though in a numerical calculation it is never possible to rule out a
very slow decay. We have studied the d-wave
pairing correlations, and find only exponential
decay in ladders that exhibit DDW long-range
order. We also find a robust spin gap. For sufficiently strong doping, roughly between 10 to
20%, DDW is suppressed.
In summary, we have shown for the first time
in a quasi exact fashion that there are repulsive microscopic models that exhibit DDW order at finite doping, providing an insight into
the physical origin of this symmetry-breaking.
The challenge is now, of course, to bridge the
gap between effective Hamiltonians as considered above, and real substances.

Superconductivity, d charge-density wave and electronic Raman
scattering in high-Tc superconductors
R. Zeyher and A. Greco
Electronic Raman scattering in superconductor probes charge excitations across the superconducting gap providing thus information
on the magnitude and the anisotropy of the
gap. Commonly used weak-coupling theories fail to explain the spectra at optimal doping and in the underdoped regime, mainly because of the appearance of two energy scales
in the experiments. The larger one is typical for B1g spectra and also for the gap as

measured by ARPES (Angle-Resolved Photoemission Spectroscopy). It increases monotonically with decreasing doping in contrast
to the parabolic-like doping dependence of Tc .
The doping dependence of the smaller energy
scale, typical for A1g and to some extent for
B2g spectra, resembles that of Tc . The presence of two energy scales is especially conspicuous in optimally doped YBa2 Cu3 O7 : The
B1g Raman spectrum suggests a gap of about
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600 cm1 whereas superconductivity-induced
phonon renormalizations indicate a gap of about
310 cm1 .
A possible key for an understanding of the
data in the optimal and underdoped region is
provided by the t-J - model. Its phase diagram in the large N limit (N is the number
of spin components) is largely determined by
the onset of a charge-density wave (CDW)
at a doping δ = δ0 with a wavevector Q near
Its order parameter has the form
(π π).
Φ(k) = Φ γ(k) with γ(k) = coskx   cosky 2,
i.e., exhibits d-wave symmetry. Furthermore,
there exists for all dopings an instability towards d-wave superconductivity with an order
parameter ∆(k) = ∆γ(k). In general, it is necessary to include also a Coulomb potential VC
in order to stabilize the d-CDW with respect to
phase separation. The resulting superconducting transition temperature Tc decreases with increasing doping for δ  δ0 . For δ  δ0 the two
order parameters compete with each other leading to a strongly decreasing Tc with decreasing
doping. As a result optimal doping is essentially
determined by δ0 .

Superconductivity

t and t  are nearest and next-nearest neighbor
hopping integrals, and J and VC Heisenberg
and Coulomb coupling constants between nearest neighbors. In the overdoped region δ  δ0 ,
Φ is zero and ∆ increases monotonically with
decreasing δ. After the onset of the d-CDW
at δ0 , Φ is first suppressed by superconductivity and then, with decreasing doping, increases
steeply and suppresses now the superconducting order parameter. In our calculation we assumed the value (π π) for the wavevector Q.
Figure 19 shows that superconductivity coexists
in the underdoped region with the d-CDW and
that the competition between the two order parameters leads to the rapid decay of Tc towards
small dopings. The gap in the one-particle spectrum consists in general of a CDW and a superconducting part. The former increases monotonically with decreasing δ whereas the latter
shows a maximum at δ0 and decreases towards
the overdoped and the underdoped regions.

Figure 19: Order parameters Φ (d-CDW) and ∆
(superconductivity) as a function of doping at T = 0.

Figure 19 shows the calculated doping dependence of Φ and ∆ at zero temperature, using
t  t = –0.35, J t = 0.3, and VC t = 0.06, where
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Figure 20:
Electronic Raman spectra of
B-symmetry for three different dopings δ, calculated
for t  t = –0.35, J t = 0.3, and T = 0. The B2g spectrum has been multiplied by 10 in the two upper and
by 100 in the lower diagrams.

Superconductivity

Figure 20 shows theoretical B1g and B2g spectra.
The upper, middle and lower panels are typical for the overdoped, optimally doped and underdoped regions, respectively. The B2g spectra contains no collective effects and is mainly
determined by the superconducting part of the
gap. Moreover, its bare vertices weight heavily
transitions near the diagonals in k-space where
the gap vanishes. As a result, the B2g spectrum
in the upper and middle panels exhibit a broad
peak well below the total gap which lies near the
0
maxima of the curves B1g . The peak shifts towards lower frequencies at low dopings (lower
panel) and looses intensity.
The B1g spectrum without vertex corrections,
0
denoted by B1g in Fig. 20, is determined by
free particle-hole excitations mainly at the Xand Y-points of the Brillouin zone. This leads
to a well-pronounced peak at the maximum of
the gap as shown by the dashed, blue curves in
Fig. 20. This maximal gap is caused both by
the CDW and superconductivity and increases
monotonically with decreasing δ. Including
also vertex corrections we obtain the curves
B1g . Practically the total spectral weight of
0
the B1g curve is shifted down in energy into
one peak which still increases slightly in energy with decreasing δ. On the overdoped side
this peak describes an exciton state of the pure
superconductor, on the underdoped side it describes amplitude fluctuations of the d-CDW
order parameter. The results in Fig. 20 agree
at least qualitatively with experiments in the
cuprates, in particular, the increase of the frequency of the B1g peak with decreasing doping,
the non-monotonic behavior of the B2g peak as
a function of doping similar to that of Tc , and
the fact that the (two-particle) Raman gap is always smaller than two times the (one-particle)
ARPES gap.
Quantitatively, the predicted final state effects
seem to be too large. For instance, two times
the ARPES gap in slightly overdoped Bi2212
amounts to  70–75 meV whereas the B1g peak
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lies near 59–63 meV for the same doping. The
analogous values in untwinned YBa2 CuO7 are
58 and 88 meV at the X- and Y-points from
ARPES, whereas the corresponding peaks in
Raman scattering are at 50 and 60 meV.

0

Figure 21: Ã1g and Ã1g : Unperturbed and full A1g
spectra calculated with the indirect coupling; A1gs :
Screened, full A1g spectrum multiplied by 50 (upper
two diagrams) or 10 (lower diagram).

The red lines in Fig. 21, called A1gs , show
screened A1g spectra which include correlation
effects as given by the t-J - model in the large
N limit. Their absolute intensities are about
2 orders in magnitude too small to be able to
account for the experimental spectra. Density
fluctuations induced by the the A1g Raman vertex may, however, also couple to the superconducting order parameter via the modulation
of the density of states at the Fermi energy.
Figure 21 shows calculated A1g spectra using
this coupling which is unaffected by Coulomb
screening. The dashed and solid lines, denoted
0 
by Ã1g and Ã1g , respectively, have been calculated without and with vertex corrections, respectively.
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0 

Ã1g exhibits a rather broad peak at the maxi-

0

mum gap similar as B1g . Including also vertex corrections the spectral weight shifts down
into a pronounced collective peak describing
amplitude fluctuations of the superconducting
order parameter. Going from the overdoped to
the underdoped regime this peak first increases,
then passes through a maximum around optimal
doping, and then decreases in frequency and intensity, becoming at the same time rather broad.
The decrease in its frequency can be understood
from the fact that the frequency of collective
amplitude fluctuations is proportional to ∆ and
thus would vanish with vanishing ∆ if damping effects could be neglected. Figure 21 is in
agreement with experiments in Bi2212 where
the A1g peak passes through a maximum and
then decreases on the underdoped side.

In conclusion, we have shown that the observed
different behavior of the three symmetry components of the electronic Raman spectrum in
high-Tc superconductors as a function of doping can be explained within a t-J - model in the
large N limit. Basic ingredients of this approach
are the strong competition of the superconducting and the d-CDW order parameters in the underdoped regime and the importance of collective effects. The peak in the B1g spectrum in
the superconducting state is explained by amplitude fluctuations of the d-CDW order parameter which, in the optimal and overdoped region, can also be viewed as excitonic states. We
also found that the indirect coupling of light to
the superconducting order parameter is important leading to the conclusion that the A1g peak
is mainly due to amplitude fluctuations of the
superconducting order parameter, at least, if the
interlayer hopping is sufficiently small.

Josephson plasma resonance and phonon anomalies in trilayer
Bi2 Sr2 Ca2 Cu3 O10
A.V. Boris, N.N. Kovaleva, and C. Bernhard;
A. Dubroka and D. Munzar (Masaryk University, Czech Republic); B. Liang and C.T. Lin;
Y.-L. Mathis (ISS, Forschungszentrum Karlsruhe); T. Holden, A.V. Pimenov, and B. Keimer
The transition from a normal metal to a superconductor (SC) below the critical temperature, Tc , is accompanied by a redistribution of
Ê
spectral weight, SW(ω) = 0ω σ1 ω  dω , from
finite frequencies in the normal state (NS) into a
δ-function at zero frequency in the SC state that
represents the loss-free response of the SC condensate. For classical SCs the energy gap determines the frequency range over which the SW
of the δ-function is collected, so that noticeable
changes occur only for ω º 6 ∆ (Ferrell-GloverTinkham (FGT) sum-rule).
Recently, it was claimed that the FGT sumrule is partially violated for the c-axis response of the high-Tc (HTSC) cuprate compounds Tl2 Ba2 CuO6x , La2x Srx CuO4 and
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YBa2 Cu3 O66 [Basov et al., Science 283, 49
(1999)]. It was found that the SW loss in the
FIR (far infrared) below Tc is smaller than the
SW of the δ-function at zero frequency. However, the change of the FIR-SW in the superconducting state is small and hard to measure
experimentally. Nevertheless, due to its important implications, this report has attracted considerable attention. It implies that a very large
frequency scale is involved in the SC pairing
and seems to rule out any conventional mechanism that relies exclusively on low-frequency
bosons like phonons. Instead, it supports models where a decrease in the c-axis kinetic energy
below Tc provides a significant contribution to
the SC condensation energy.

Superconductivity

These far reaching implications call for further
experiments on a compound where the related
SW transfer is larger and therefore more easily identified. The most promising candidates
are multilayer HTSC compounds, which contain more than one CuO2 plane per unit cell. For
the bilayer systems Y123 and Bi2 Sr2 CaCu2 O8
(Bi2212) it has already been shown that a sizeable absorption peak develops below Tc in the
FIR-range. Evidence has been presented that
its SW is mostly electronic in origin and that it
belongs to the SC condensate [Bernhard et al.,
Physical Review B 61, 618 (2000); Munzar et al.,
Physical Review B 64, 024523 (2001)]. This can

be understood in terms of the Josephson superlattice model (JSM) which assumes that even
the closely-spaced CuO2 planes are weakly
coupled by the Josephson currents in the SC
state [van der Marel et al., Czechoslovak Journal
of Physics 46, 3165 (1996); Munzar et al., Solid
State Communications 112, 365 (1999)]. For bi-

layer compounds this results in two kinds of
Josephson-junctions with different longitudinal
plasma frequencies. Their out-of-phase oscillation gives rise to a transverse Josephson-plasma
resonance (t-JPR) which has been assigned to
the absorption peak that develops below Tc .
This effect competes against the suppression of
FIR conductivity due to the formation of the
SC condensate which is represented by a δfunction at zero frequency and gives rise to a
violation of the FGT sum-rule. The idea that
even the closely-spaced metallic CuO2 planes
within a bi- or trilayer (separated by a thin layer
of Ca ions) are only weakly Josephson coupled
is not commonly accepted. It is therefore important to explore further means of establishing that the normal quasi-particles (unlike the
Cooper-pairs) are indeed confined to the individual CuO2 planes.
Here we present ellipsometric data of the caxis dielectric response of the trilayer compound Bi2 Sr2 Ca2 Cu3 O10 (Bi2223) [Boris et al.,
Physical Review Letters 89, 277001 (2002)]. We
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show that a strong absorption band develops below Tc in the FIR. It leads to a clear increase of
the SW in the FIR below Tc corresponding to a
giant violation of the FGT sum-rule. We quantify the associated change in kinetic energy and
show that it can account for a substantial part of
the SC condensation energy. We also show that
the electronic mode and the associated phonon
anomalies can be qualitatively described with
the JSM.
A Bi2223 single crystal of dimensions
6 4 0.5 mm3 was grown by the travelling
solvent floating zone technique [Liang et al.,
Physica C 383, 75 (2002)]. The as grown crystal was underdoped with Tc = 97 K (midpoint)
and ∆Tc = 7 K. Subsequent to the optical measurements the same crystal was annealed for
ten days in flowing oxygen at 500Æ C (and then
for three days in air at 700Æ C) and rapidly
quenched so it was nearly optimally doped with
Tc = 107 K and ∆Tc = 3 K (moderately underdoped with Tc = 102 K and ∆Tc = 4 K). The ellipsometric measurements have been performed
at the infrared beamline of the synchrotron radiation source at ANKA in Karlsruhe, Germany
and at NSLS in Brookhaven, USA. The high
brilliance of the synchrotron enables us to obtain accurate ellipsometric data in the FIR spectral range even on mm-sized samples.
Figure 22 shows the real part σ1 ω of the c-axis
optical conductivity of Bi2223 at the three different doping levels. The normal-state spectra
are dominated by the contributions of several
IR-active phonons, the one of the charge carriers is extremely weak. In the NS the spectra exhibit hardly any noticeable changes, except for a sharpening of the phonons with decreasing temperature. Right below Tc , however,
the spectra change appreciably. This is also illustrated in Fig. 23(a) which displays the difference σ1 (T = 10 K) – σ1 (T = 120 K). The most
prominent feature is the broad absorption band
around 500 cm1 which appears below Tc and
grows rapidly with decreasing temperature.
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pound Y123 where it has been attributed to the
t-JPR of the JSM. The SW of this feature is very
large and gives rise to a considerable increase
in the FIR-SW below Tc . Figure 23(b) shows
the difference between the SW in the SC state at
10 K and the one in the NS at 120 K:
ω 

∆SW ω 





σ1 10K ω  σ1 120K ω  dω  (13)

100 cm1

Figure 22: Real part, σ1 ω, of the FIR c-axis conductivity of Bi2223.

Figure 23: Spectra of (a) ∆σ1 = σ1 (10 K,ω –
σ1 (120 K,ω and (b) ∆ SW(ω) (see Eq.(13)).

Figures 22 and 23(a) show that the center of this
band shifts towards higher frequencies with increasing doping. A similar absorption band has
been previously identified in the bilayer com44

Apart from some smaller changes related to
the phonon anomalies it exhibits a steep increase between 400 cm1 and 550 cm1 . Such
an apparent increase in the FIR-SW below
Tc is certainly not expected for any conventional SC where the FIR-SW should be removed and transferred to the δ-function at
zero frequency (Fig. 24(a)). The FGT sumrule reads (Nn – Ns )/ω2ps = 1 (Fig. 24(c)), where
Nn – Ns = –120 π∆ SW(Ωc ) (cutoff frequency
Ωc ² 6 ∆), and ωps is the plasma frequency
corresponding to the δ-function. For highly
anisotropic Bi2223 ωps is extremely small,
ωps  50 cm1 . Figure 24(d) shows that our
data on Bi2223 with Tc = 107 K result in
a negative value of (Nn – Ns )/ω2ps º –20 at
Ωc ² 650cm1 . The data represent a striking
manifestation of the violation of the FGT sumrule. They highlight that a significant amount

Figure 24: Sketch of the SC induced change of
the FIR conductivity (a) for classical materials
with a s-wave SC order parameter and (b) in trilayer Bi2223. (c) Ferrell-Glover-Tinkham sum-rule
representation. (d) Upper limit of the quantity
(Nn – Ns )/ω2ps defined in the text for Bi2223 with
Tc = 107 K (ωps = 50 cm1 ).
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of SW is transferred from higher frequencies to
the absorption band near 500 cm1 (Fig. 24(b)).
This result is independent of a particular model
that is used to explain the origin of the band. We
emphasize that within the JSM model the SW of
the t-JPR belongs to the SC condensate just as
much as the one of the δ-function at zero frequency. For Bi2223 the SW of the t-JPR, however, exceeds the one of the δ-function by more
than one order of magnitude.
It is evident from Fig. 22 and 23(a) that the
formation of the t-JPR is also associated with
an anomalous temperature dependence of the
phonon modes at 360, 400 and 582 cm1 denoted by A, B, C in Fig. 23(a). Particularly interesting are the contrasting T-dependencies of
the modes at 360 and 400 cm1 : The mode at
360 cm1 (A) loses a significant amount of its
SW below Tc , while, in clear contrast, the latter one (B) gains in the SW. The both phonons
are assigned to be the oxygen bond-bending
modes with the eigenvector diagrams shown in
Fig. 25(a). Their contrasting behavior, while
surprising at first, is explained by the JSM. A
sketch of the charge dynamics corresponding
to the t-JPR is shown in Fig. 25(b) where κω
denotes the charge-density that alternates from
one outer CuO2 plane to the other.

Figure 25: (a) Calculated oxygen bond-bending A2u
eigenmodes of Bi2223. (b) Schematic representation of the charge-density fluctuations associated
with the IR active plasma mode and the local electrical field amplitudes in the normal and SC states in
the frequency range of the bond-bending modes.
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The onset of the Josephson currents jl and j2 between the CuO2 layers below Tc can lead to a
significant change of the dynamical local electric field inside the trilayer, E1 , inside the spacing layer that separates the trilayers, E2 , and at
the outer CuO2 layers, E3 . The strength of a
given phonon mode is determined by the local
field at the ions participating in the mode and
by the mode polarizability. The main difference between the oxygen bond-bending modes
is in relative phase and amplitude of the inner
and outer-plane oxygen vibrations: The mode
at 360 cm1 consists predominantly in the vibration of the oxygens in the outer CuO2 planes
(O1), the latter one involves vibrations of the
oxygens in the middle CuO2 (O4) plane. Following the model of Munzar et al. [Solid State
Communication 112, 365 (1999)], we estimate that
the average magnitude of E3 at O1 ion sites is
strongly suppressed below Tc , while the magnitude of E1 inside the trilayer at O4 sites increases. The local field effect leads to the
observed contrasting behavior of the oxygen
bond-bending modes in the SC state. These
phonon anomalies clearly reflect a transition
from a state exhibiting confinement (incoherent
intra-trilayer conductivity) into a state where
the CuO2 planes are Josephson-coupled. They
demonstrate that in the SC state the local electric field can exhibit enormous variations within
the unit cell, even its sign can change between
the inner and outer layers of the trilayer.
Having shown that the JSM provides an excellent description of the additional absorption
band and the phonon anomalies, we evaluate the
change in the c-axis kinetic energy of the charge
carriers, ∆Hc , which is related to the growth
of the t-JPR. In a recent paper [Munzar et al.,
Physical Review B 67, 020501 (2003)] ∆Hc have
been derived for multilayer compounds with
fully insulating blocking layers such as Bi2212
or Bi2223. For trilayer cuprates it reads
∆Hc 

2 2 a2 2 dbl  dint 
∆SW Ωc  
2
π e2
dbl

(14)
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where a is the in-plane lattice constant. Using the results shown in Fig. 23(b) we obtain
∆Hc  0.06, 0.08, and 0.11 meV for Tc = 97,
102, and 107 K respectively. The condensation energy of Bi2223 is not known. Remarkably, however, our results for ∆Hc are comparable to the condensation energy of 0.13 meV
obtained by specific heat measurements for optimally doped Bi2212 [Loram et al., Journal of
Physics and Chemistry of Solids 62, 59 (2001)].
In summary, our data of the c-axis dielectric function of Bi2223 provide clear evidence
that the transverse Josephson plasma resonance
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is a universal feature of the multilayer HTSC
cuprate compounds. They show unambiguously
that the spectral weight of the plasmon is electronic in origin and arises from high frequencies beyond the FIR-range. The related transfer of the spectral weight gives rise to a significant change in c-axis kinetic energy of the
charge carriers which can account for a sizable
part of the condensation energy. We also observe phonon anomalies which suggest that the
Josephson-currents lead to a strong variation of
the dynamical local electric field even between
the inner and outer CuO2 planes of a trilayer.

Magnetic order
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The study of magnetic ordering provides important insights into the interactions in solids
while it is also of obvious technological relevance. In the following it is described how the
measured magnon dispersion gives information on the orbital state of titanates. Magnetic
ordering was observed in the quantum antiferromagnet SrCu2 BO3 2 and in a family of rare
earth metal carbide halides. Magnetism in low-dimensional systems was addressed by an
investigation of the ferromagnetic coupling of cobalt chains on a platinum substrate, and of
the magnetic anisotropy of ultrathin fcc-iron films. Finally it was shown how the magnetic
anisotropy of thin films of perovskite-type transition-metal oxides can be tailored.

Magnetic order and dynamics in an orbitally degenerate
ferromagnetic insulator
C. Ulrich, G. Khaliullin, and B. Keimer; S. Okamoto (MPI-FKF and RIKEN, Japan);
M. Reehuis (Hahn-Meitner-Institut, Berlin); A. Ivanov (Institute Laue-Langevin, France);
Y. Taguchi and Y. Tokura (University of Tokyo, Japan)
In most insulators, the distribution of electrons
around every atom is frozen in at the melting
point and changes little down to zero temperature. Recently, however, much attention has focused on transition metal oxides with low-lying
electronic states (termed ‘orbitals’ in analogy
to chemistry) in which temperature or doping
can drive phase transitions involving marked
redistributions of the valence electron density
(‘orbital ordering’). Because of strong coupling of the orbitals to the crystal lattice, the
orbital ordering temperatures in insulating oxides (such as the widely studied manganites)
are generally high and approach the temperatures at which these materials become chemically unstable. Magnetic phase transitions involving unpaired valence electrons then occur
at much lower temperatures. The magnetic ordering pattern reflects the exchange interactions
between the unpaired electrons which in turn
are highly sensitive to their (static) spatial distribution.

The cubic crystal field in the perovskite structure splits the degenerate d-orbital manifold of
a free transition metal ion into a lower-lying
triplet of t2g symmetry and a higher-lying eg
doublet. In the manganites, where the eg doublet is partially occupied, coupling to the lattice
through the Jahn-Teller effect lifts the orbital
degeneracy and generally pushes the orbital
excitations to energies much larger than the
magnon bandwidth. The spin and orbital dynamics are thus largely decoupled, and quantum effects are suppressed. For t2g orbitals,
on the other hand, the higher degeneracy and
the more isotropic, less bond-directional charge
distribution reduces the lattice coupling, and
one may expect a more dramatic interplay between the orbital and the spin dynamics. The
manifestations of this interplay should be most
apparent for a single d-electron in the t2g manifold, a situation realized in the pseudocubic
titanates. Indeed, the magnetic properties of the
Mott-Hubbard insulator LaTiO3 are difficult to
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reconcile with predictions based on the standard
theories of superexchange interactions in insulators. Notably, the antiferromagnetic ground
state of LaTiO3 disagrees with electronic structure calculations that generally predict ferromagnetic ground states for the titanates. Further, neutron scattering experiments showed
that the Ti magnetic moment in the antiferromagnetically ordered state is only 0.45 µB ,
much smaller than expected for a spin-1/2 antiferromagnet on a cubic lattice, and that its spin
wave spectrum is much more isotropic than expected by conventional model calculations.
The theoretical implications of the unusual
magnetic properties of LaTiO3 have remained
controversial. The theories thus far proposed
invoke disparate effects ranging from a subtle,
hitherto unobserved lattice distortion induced
by orbital ordering to an orbital liquid state that,
if confirmed, would be unique for an orbitally
degenerate Mott-Hubbard insulator. In order to
extend the empirical basis for these model calculations, we have investigated the microscopic
magnetic properties of YTiO3 , a sister compound of LaTiO3 whose larger O–Ti–O bond
angle results in a reduced electronic bandwidth
and an increased Mott-Hubbard gap. In contrast to LaTiO3 , the ferromagnetic ground state
of YTiO3 is in accord with electronic structure
calculations.
We have used neutron diffraction on highquality single crystals, to show that the full
magnetic structure of YTiO3 is actually noncollinear and hence more complex than previously assumed. As shown in Fig. 26, the neutron diffraction pattern below the Curie temperature TC = 27 K exhibits both ferromagnetic
and antiferromagnetic Bragg reflections. A full
analysis reveals substantial G-type and A-type
antiferromagnetic admixtures to the predominant ferromagnetic component. The observed
canting of the Ti moments results from superexchange anisotropies imposed by the tilting of
the TiO6 octahedra in the pseudocubic structure
(Fig. 26).
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Figure 26: (a) Ferromagnetic and (b) G-type antiferromagnetic components of the ordered magnetic
moment of YTiO3 extracted from the amplitudes
of the 0 2 0o and 0 1 1o magnetic Bragg reflections, respectively. A weakly temperature dependent nuclear contribution to both reflections has
been subtracted. The inset gives a pictorial representation of the magnetic structure. The TiO6 octahedra
are highlighted.

While the magnetic structure is therefore
rather complex, inelastic neutron scattering
data reveal a remarkably simple magnon spectrum, shown in Fig. 27.
First, the spectrum is nearly gapless: by high resolution
scans we have found a zone-center magnon
gap of about 0.2 meV, compared to a zoneboundary energy of about 20 meV. Second,
the spectrum is almost isotropic: a surprisingly good fit can be obtained by an
isotropic Heisenberg model which gives a
dispersion of the form ω = 6 S  J  (1 – γq )
with γq = 13 cosqx a   cosqy b   cosqz c 
and S = 1/2. The best fit of the spectrum
is obtained by a nearest-neighbor superexchange parameter J = –3.0 meV, corresponding to Tc = [1.45 S (S + 1) – 0.18)] J  / kB = 32 K,
which agrees well with the experimental value.

Magnetic order
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Figure 27: Spin wave dispersion relations at T = 5 K. The closed symbols refer to magnetic excitations,
whereas the open symbols can be identified as phonons. The red points were extracted from scans at low
temperatures, without a corresponding scan above Tc , so that an unambiguous identification is not yet possible. The solid line is the magnon dispersion relations derived from an isotropic Heisenberg model. The
dashed line is the same model augmented by a spin anisotropy as discussed in the text.

A small systematic deviation from the result of
this fit is noticeable, albeit within the experimental error bars. The fit can be improved
by introducing either a subtle ( 6%) difference between the exchange parameters in the
ab-plane and along the c-axis, or by incorporating a small exchange anisotropy that is also
required to explain the non-collinear spin structure.

the intra-atomic Hund’s rule exchange interaction η = JH U (Fig. 28). In principle, one
may obtain isotropic exchange parameters (that
is, Jc = Jab ) of ferromagnetic sign by using
However,
an orbital state with nxy  0.6.
this requires a large, unrealistic value of the
Hund coupling. For representative values of
JH  0.64 eV and U  4 eV, one can estimate

Ferromagnetic YTiO3 therefore exhibits an almost entirely isotropic exchange interactions,
as does antiferromagnetic LaTiO3 . This finding
is very difficult to reconcile with conventional
models of superexchange in orbitally degenerate systems. In the orbitally ordered state predicted by bandstructure calculations for YTiO3 ,
the d-electron occupies the following orbitals
on the four inequivalent Ti sites of the chemical unit cell:

ψ1 3  c1dyz
ψ2 4  c1dxz




 
c2 dxy  
c2 dxy 

(15)

We have used these wave functions to compute the superexchange coupling constants Jc
and Jab along the c-axis and in the ab-plane,
respectively, as a function of nxy = c22 and

Figure 28: Exchange constants (in units of the overall superexchange energy) as a function of the Hund
coupling η for different values of the parameter nxy
characterizing the orbital state. The inset shows
the ratio of in-plane and out-of-plane exchange couplings for fixed η as a function of nxy .
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Figure 29: Top: Density of t2g electrons in the two degenerate ground states of the superexchange model
discussed in the text. Bottom: Orbiton dispersions predicted by this model.

η  0.16 which is inconsistent with isotropic,
ferromagnetic exchange parameters. Moreover,
an unphysical fine tuning of the orbital state is
required to obtain a spin Hamiltonian of cubic
symmetry. Because of the high sensitivity of
the spin interactions to the orbital state, even a
small ( 5%) change of nxy leads to a strong
spatial anisotropy of the coupling constants and
may even reverse their relative sign (inset in
Fig. 28).
An explanation of the small spin wave gap
presents a further serious difficulty for the conventional Goodenough-Kanamori picture. The
TiO6 octahedra of YTiO3 are elongated, leaving four almost equal Ti–O bonds. To a first
approximation, the crystal field ground state
should therefore be a quadruplet with substantial unquenched orbital angular momentum and
a large magnon gap. This is confirmed by quantitative computations.
These considerations imply the need to go beyond the standard Goodenough-Kanamori approach in order to arrive at a theoretical description of the nearly isotropic magnon spectrum of
YTiO3 . While the experimental situation precludes an orbitally disordered state such as the
one proposed for LaTiO3 , quantum zero-point
50

fluctuations in the orbital sector naturally lead
to magnon spectra with diminished spatial and
spin anisotropies even if orbital order is not entirely obliterated.
This scenario was substantiated in a full theoretical study of a superexchange Hamiltonian
for t2g orbitals on a cubic lattice, under the
constraint that the spins are ferromagnetically
aligned. On a given bond, only two of these
orbitals contribute to the superexchange coupling (for instance, xz- and yz-orbitals along the
c-axis). In analogy to spin systems, the formation of orbital singlets is therefore possible.
This is the origin of orbital fluctuations in the
titanates. On the other hand, interactions on different bonds are competing: they involve different orbital doublets, thus frustrating each other.
This brings about a frustration akin to that of
the Potts model, with a resulting high degeneracy of classical orbital configurations. A detailed theory in fact reveals that the orbital ordering in this model is of purely quantum origin. The orbital Hamiltonian possesses two degenerate ground states (Fig. 29), one of which
(Fig. 29(a)) is consistent with all experimental
observations. However, the orbital ordering is
found to be weak; hence, large scale orbital
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fluctuations must be present. This in turn
implies strong modulations of the spin couplings, both in amplitude and sign, suggesting a picture of ‘fluctuating exchange bonds’,
where the magnetic transition temperature and
the magnon dispersions reflect only a time average of the spin couplings. On the basis of this
theory, the dispersion relations for excitations
of the orbital magnetization (‘orbitons’) were
predicted (Fig. 29). An experimental detection
of these modes remains a challenge for future
neutron scattering experiments.
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In summary, we have shown that the magnon
dispersions of YTiO3 are an extremely sensitive gauge of the orbital state. The measured
dispersions are inconsistent with the orbitally
ordered states thus far proposed and point to
the importance of orbital zero-point fluctuations
that go qualitatively beyond the conventional
Goodenough-Kanamori picture. YTiO3 is thus
an excellent model system for a full quantum
many body theory of the superexchange interaction in orbitally degenerate systems, an interesting subject of further research.

Spin superstructure in the ‘1/8 magnetization plateau’ of the
2D quantum antiferromagnet SrCu2 BO3 2
K. Kodama, M. Takigawa, H. Kageyama, and Y. Ueda (University of Tokyo, Japan);
M. Horvatić and C. Berthier (MPI-FKF and CNRS Grenoble);
S. Miyahara, F. Becca, and F. Mila (Université de Lausannne, Switzerland)
The competition between itinerant behavior favored by kinetic energy and localization favored
by repulsive interactions is a fundamental aspect of many-body quantum systems, of which
the Mott (metal-insulator) transition is a wellknown example. Similar phenomena occur in
spin systems with singlet ground states. Here
the density of propagating triplet excitations,
the magnetization, can be tuned by a magnetic
field. When this density is commensurate with
the underlying crystal lattice, the triplets may
crystallize into a superlattice. Then the magnetization will show a plateau as observed in some
quantum spin systems.
Here we report on the direct observation of
such a superlattice [Kodama et al., Science
298, 395 (2002)] by nuclear magnetic resonance (NMR) experiments in SrCu2 BO3 2
[Kageyama et al., Physical Review Letters 82,
3168 (1999)], a quasi two-dimensional spin

system which is an archetype of the highly
symmetrical and frustrated Shastry-Sutherland
Hamiltonian [Shastry et al., Physica B 108, 1069

(1981)].

Despite considerable theoretical efforts to describe magnetization plateaus appearing in this system, the situation is still not
clear. This is particularly true as regards to the
first plateau at 1/8 of the full saturation value;
numerical solutions [Miyahara et al., Physical
Review B 61, 3417 (2000)] are limited by the
finite-size effects, while the analytical approach
based on the mean-field approximation for the
Chern-Simons gauge field reports only plateaus
at 1/4 and 1/3 [Misguich et al., Physical Review
Letters 87, 097203 (2001)]. None of these results
describes a formation of the commensurate superlattice of spin polarization, although this is
intuitively the most simple physical picture.
As the 1/8 magnetization plateau in
SrCu2 BO3 2 appears in the magnetic field
range (27–28.5 T) inaccessible to other structural techniques, we tried to reveal its nature by
performing a 6563 Cu and 11 B NMR study. In
principle, NMR spectra can directly detect any
spatial modulation of magnetization (i.e., spin
polarization or local magnetic field seen at the
51
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position of nuclei), and in favorable cases allow
its quantitative description. Indeed, NMR spectra performed at 35 mK are strongly modified as
we enter into the magnetization plateau. While
below 26.5 T copper (inset to Fig. 30) and boron
NMR spectra are standard, corresponding to a
spatially homogeneous magnetization, above
27 T they spread into a very extended and complicated multi-peak structure (Fig. 30). Here we
concentrated on the Cu spectra, for which the
hyperfine coupling is dominantly on-site and
very strong, and allows the direct determination
of different local spin polarization values. The
observed spectrum consisting of sharp NMR
lines is representative of a commensurate spin
structure with distinct and well defined local
spin values. Fitting the spectrum reveals at
least 11 distinct sites (in a unit cell containing
16 positions). This is not compatible with only
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6 different sites expected from the most simple
square structure, which can produce at most 8
sites when the 3D stacking of planes is taken
into account. We thus conclude that real unit
cell is rhomboid, as it contains 8 different sites
in the plane and up to 16 by the 3D stacking.
In order to reproduce from theory the spin superstructure observed by NMR, we have to
modify the pure Shastry-Sutherland Hamiltonian by explicitly breaking its translation symmetry. We thus considered additional elastic coupling, as in the description of the spinPeierls chains. The resulting model was solved
by performing exact diagonalization of 16 spins
(8 dimers) cluster using the Lanczos algorithm
imposing periodic boundary conditions appropriate to the rhomboid cell and a total magnetization of 1/8.

Figure 30: Cu NMR spectra of SrCu2 BO3 2 at 35 mK obtained by using a 20 MW resistive magnet at the
GHMFL with a dilution refrigerator [Kodama et al., Science 298, 395 (2002)]. Inset: The spectrum taken
outside the magnetization plateau (at H = 26 T) is characteristic for a homogeneously polarized system. The
line is a fit with a Gaussian distribution of the hyperfine field Hn peaked at –1.79 T. The peak positions
shown by arrows correspond to 3 quadrupole split NMR lines for each of the two Cu isotopes. Main panel:
Within the magnetization plateau (at H = 27.6 T), instead of a standard spectrum as indicated by arrows (for
Hn = 0), NMR spectrum becomes very complex and shows many non-equivalent sites. The red line is a fit
to the data by the sum of (Lorentzian) contributions from 11 distinct sites, with the corresponding hyperfine
fields and intensities given in the middle panel of Fig. 31(b). (Due to unavoidable local variation of NMR
sensitivity, the accuracy of the intensity is estimated to be typically 20%. Spurious signals at 126 MHz
and 375 MHz come from 10 B and 11 B nuclei.)
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Figure 31: Comparison of the experimental and theoretical results. (a) Magnetization profile by exact diagonalization of the Shastry-Sutherland model for J  /J = 0.635 including spin-phonon coupling for the 16
spins cluster with a rhomboid cell. (b) Distribution of the hyperfine field Hn . The middle panel indicates
the result of fitting the NMR spectrum shown in Fig. 30. The long (short) lines indicate the 1/8 (1/16) population. The top panel is obtained from the theoretical magnetization profile in (a) assuming only on-site
hyperfine coupling A = Ac = –23.8 TµB , while the bottom panel allows for nearest neighbor transferred couplings B = –1.44 and C = –0.02 TµB .

The obtained magnetization profile shown in
Fig. 31(a) has somewhat extended character
with one strongly polarized dimer surrounded
by decaying oscillation of the magnetization. It
compares well to the NMR results (Fig. 31(b)),
in particular if we allow for some transferred
hyperfine coupling. Similar structure has been
also observed around impurities in quantum
spin chains and 2D high-Tc cuprates. It is analogous to the Friedel oscillation near impurities
in metals.
While NMR spectra gave precise information
on the local spin values, we do not really

know what is stabilizing the spin superstructure.
From boron spectra we do know that already
at 1.5 K it no longer exists. Studying the temperature dependence of the spectra will give insight into the melting transition of the ordered
structure. This in turn may reveal the dominant
mechanism that makes it stable, completing the
physical picture. Finally, we also expect to learn
a lot by performing comparative study of the 1/4
magnetization plateau. This will be allowed by
the new hybrid magnet providing access to the
40 T field range (coupled to the dilution refrigerator temperatures).
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Antiferromagnetic ordering in RE2 C2 I2 (RE = Ce, Nd, Tb)
K. Ahn (now University of Virginia, Charlottesville); B.J. Gibson (now at BOSCH, Stuttgart);
R.K. Kremer, Hj. Mattausch, and A. Simon; B. Ouladdiaf (Institute Laue-Langevin, Grenoble);
L. Keller (PSI, Villingen)
The non-magnetic layered rare earth (RE = Y,
La) metal carbide halides RE2 C2 X2 (X = Cl,
Br, I) form two-dimensional metals and show
superconductivity, e.g., Y2 C2 I2 at 10 K. So far,
a maximum Tc of 11.6 K has been reached in
the phase Y2 C2 Br05 I15 . Recently, by applying hydrostatic pressure to Y2 C2 I2 we demonstrated that Tc can be increased to 11.7 K. In
several preceeding annual reports (e.g., the annual reports of 1994, 1995, and 1997) we have
described the superconducting properties of the
RE2 C2 X2 (RE = Y, La; X = Cl, Br, I) in more
detail. With magnetic RE atoms the phases
RE2 C2 X2 undergo antiferromagnetic (afm) ordering for TN º 60 K with unusual short-range
ordering behavior above TN which we have investigated by heat capacity, magnetic and electronic transport measurements. For the phases
with RE = Ce, Nd and Tb the magnetic structure was determined by detailed powder neutron diffraction measurements. Particularly for
Tb2 C2 I2 , preceding the long-range afm ordering at  65 K we observe diffuse magnetic scattering due to two-dimensional short-range or-

dering at temperatures up to T  2.5 TN which
we ascribe to the pronounced layer character
and to magnetic frustration due to the competing exchange interaction in the RE triangular
layers. The large Tb magnetic moment of about
9 µB and application of the new D20 high intensity medium-resolution powder diffractometer at the Institute Laue-Langevin in Grenoble
allows us to observe and to analyze the diffuse scattering in Tb2 C2 I2 . In addition, longrange afm ordering was also investigated with
the diffractometer DMC at the Paul-Scherrer Institute in Villingen.
The phases RE2 C2 X2 crystallize in structures
which contain doublelayers of close-packed
metal atoms with C2 units occupying the RE
octahedral voids. These doublelayers are sandwiched by layers of halogen atoms to form
X–RE–C2 –RE–X slabs which connect via van
der Waals forces in stacks along the crystallographic c-axis (Fig. 32). Two stacking variants
(1s- and 3s-type) have been discerned, which
differ in the number of such slabs within the unit
cell.

Figure 32: Perspective view of the the crystal structures of RE2 C2 X2 , (X = I); 1s stacking variant left and
3s stacking variant right.
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Figure 33 displays the diffraction patterns of 3sCe2 C2 I2 at 30 K (in the paramagnetic regime)
and at 2 K in the afm ordered state. The diffraction pattern at 30 K was analyzed and fitted with
Fullprof powder profile fitting programs and the
refined lattice and atomic parameters are consistent with results obtained from room temperature X-ray diffraction investigations.

Figure 33: Neutron diffraction patterns of Ce2 C2 I2
at 30 K (top) and 2 K (middle) collected at the high
intensity medium-resolution powder diffractometer
D20 (ILL, Grenoble). The lower panel contains the
difference pattern (2 K–30 K) in order to highlight
the magnetic reflections. The full lines represent
fits to the data ( ) and their difference. The upper
and lower vertical bars mark the positions of the
nuclear and magnetic reflections, respectively. A
wavelength of λ = 2.56 Å was used in all measurements.

Æ

At 2 K weak additional Bragg reflections are
observed which can be attributed to magnetic
scattering from an ordered afm arrangement of
the Ce moments. These magnetic Bragg reflections are clearly seen in a difference pat-

tern (lower panel in Fig. 33). The magnetic
reflections can be indexed on the basis of a
τ = [0,0,1/2] propagation vector to give a magnetic unit cell of a = 7.4848(3) Å, b = 4.0736(2) Å,
c = 21.5254(7) Å, and β = 100.69(1)Æ . The final
results of the full magnetic Rietveld refinement
(Rmag = 8.8%) indicate a magnetic moment of
1.3(1) µB which is significantly reduced from
the maximum possible moment of 2.14 µB for
the 2 F52 crystal field ground state of the Ce3
ions. The Ce moments lie within the ac-plane
and enclose an angle of  30Æ with the c-axis
and alternate antiferromagnetically along the
a-axis. The magnetic structure is depicted for
one magnetic unit cell in Fig. 34.

Figure 34: Magnetic structure of Ce2 C2 I2 . Only the
magnetic (Ce) atoms are displayed within the context of the magnetic unit (the crystallographic unit
cell is doubled along the c-axis).

A rather similar picture is observed for the arrangement of the magnetic moments in a single Nd–C2 –Nd slab in 3s-Nd2 C2 I2 . The magnetic structure was refined from high-resolution
neutron powder patterns collected at the diffractometer D1A (ILL, Grenoble). At T = 2 K, sev55
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eral additional peaks are observed in the diffraction patterns (not shown here) due to coherent magnetic scattering from the Nd3 moments. Unlike for 3s-Ce2 C2 I2 , these peaks can
now be indexed assuming identical crystallographic and magnetic unit cells (propagation
vector τ = [0,0,0]). The final Rietveld refinements reveal that the Nd magnetic moments
– as in Ce2 C2 I2 – lie entirely within the ac-plane
with a magnitude of 3.4(1) µeff , and are arranged with parallel orientation across the C–C
dimers. Compared to 3s-Ce2 C2 I2 the Nd moments, however, are significantly more rotated
towards the ab-plane.

Figure 35: (a) Magnetic susceptibility of powder
sample of Tb2 C2 I2 , (b) temperature dependence of
the electrical resistivity of a sintered pellet (c) temperature dependence of the integrated magnetic intensity in the vicinity of the magnetic Bragg reflection 100, taken from powder diffraction data collected at D20 (ILL, Grenoble).

In contrast to Ce2 C2 I2 and Nd2 C2 I2 , the magnetic ordering behavior of 1s-Tb2 C2 I2 is much
more complex. This finding is already indicated
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from the magnetic and electrical bulk properties. Tb2 C2 I2 shows afm ordering with two
transition temperatures. A first transition at
 90 K is characterized by a broad maximum in
the magnetic susceptibility followed by a second sharp transition at 65 K (Fig. 35(a)).
The broad maximum in the susceptibility is a
typical signature of short-range magnetic ordering effects preceding the long-range ordering transition at 65 K. The paramagnetic Curie
temperature θP is found to be negative indicating predominant afm exchange interaction.
However, the magnitude of θP is significantly
reduced as compared to these ordering temperatures. This reduction points to competing
exchange interactions most likely due to geometrical frustration in the metal atom triangles
present in the metal atom doublelayers but also
due to possible cancellations of the long-range
oscillatory RKKY (Ruderman-Kittel-KasuyaYosida) interaction. The long-range ordering
transition at 65 K is also visible in the electrical
resistivity as a local maximum while the effect
of the preceding magnetic short-range ordering
on the resistivity is less prominent (Fig. 35(b)).
The temperature dependence of the neutron
powder diffraction of Tb2 C2 I2 as measured
using the diffractometer D20 (ILL, Grenoble) is shown in Fig. 36. This thermodiffractogram also reveals two magnetic transitions
at about 85 K and at 65 K. Below 65 K sharp
additional magnetic Bragg reflections are observed. Between 85 K and 65 K these reflections broaden beyond experimental resolution
and become incommensurate with the underlying nuclear lattice. Above 85 K the magnetic
reflections form a diffuse but structured magnetic background which decays with increasing
temperature. We ascribe this diffuse part to incommensurate magnetic scattering from shortrange ordered areas in the Tb metal atom layers. A detailed quantitative analysis of the diffuse part of the magnetic scattering is currently
underway. Figure 35(c) displays the integrated
intensity around the magnetic Bragg reflection
100 which is the most intense magnetic peak
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observed. A sharp increase of the intensity
at about 60 K and a broader intensity increase
around 90 K parallels the two transitions seen
in the bulk properties.

Figure 36: Thermodiffractogram (false color representation) of 1s-Tb2 C2 I2 taken at the high intensity medium-resolution powder diffractometer D20
(ILL, Grenoble). Yellow and red colors mark zones
of high intensity (coherent nuclear and magnetic
Bragg reflections). Light blue color indicates weak
diffuse magnetic scattering above 85 K. A wavelength of λ = 2.56 Å was used in all measurements.



In a first approach to analyze the afm ordering
processes of Tb2 C2 I2 we determined the magnetic structure at 10 K by profile refinements
of neutron powder diffraction patterns collected

at the diffractometer DMC (PSI, Villingen).
All magnetic Bragg reflections can be indexed
based on the commensurate propagation vector
τ = [0,0,0]. The Shubnikov group is P2m . The
final results of the Rietveld refinement of the
pattern at 10 K are shown in Fig. 37. The magnetic moment amounts to 8.0(1) µB which is
somewhat smaller than the possible maximum
moment (J = 6, gJ = 3/2) of a Tb3 ion (9 µB ).
The Tb moments were found to be aligned in
the ac-plane with a collinear antiferromagnetic
arrangement as shown in Fig. 37. The moments
point along the direction of the C–C dumbbell
in antiparallel orientations.

Figure 37: Magnetic structure of Tb2 C2 I2 as refined
from a diffraction data set collected at 10 K at DMC
(PSI Villigen). Only the magnetic atoms (Tb) are
shown.

In summary, the antiferromagnetic ordering behavior of the layered rare earth (RE = Ce, Nd,
Tb) metal carbide halides RE2 C2 X2 (X = Br, I)
has been investigated, and the magnetic structures have been established from neutron powder diffraction (Tab. 2).

Table 2: Compilation of magnetic parameters of the investigated RE2 C2 X2 . For 3s-Ce2 C2 Br2 magnetic
Bragg reflections could not be observed in the diffraction patterns.

3s-Ce2 C2 Br2
3s-Ce2 C2 I2
3s-Nd2 C2 I2
1s-Tb2 C2 I2

TN [K]

θP [K]

µ sat [µB ]

µ eff [µB ]

13(1)
15(1)
32(1)
65+85

–28(1)
–54(1)
–32(1)
–32(3)

–
1.3(1)
3.4(1)
8.0(1)

2.5(1)
2.6(1)
3.57(5)
9.6(1)

gJ

JJ  1
2.53
2.53
3.62
9.72
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While Ce2 C2 X2 and Nd2 C2 X2 undergo rather
standard transitions to long-range ordered
collinear afm phases, magnetic ordering in
Tb2 C2 I2 takes place in two consecutive steps
from a short-range ordered phase via an incommensurate intermediate phase to a long-range
ordered phase, the properties of which are sim-
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ilar to those of the afm phase seen for Ce2 C2 I2
and Nd2 C2 I2 . Due to the exceptional magnitude
of the Tb moments the short-range order shows
up as sizeable diffuse scattering. The analysis
of the diffuse scattering should allow us to study
in detail the character of the unusual short-range
ordering process in Tb2 C2 I2 .

Ferromagnetism in low-dimensional systems
A. Enders, D. Peterka, D. Repetto, and K. Kern;
P. Gambardella (École Polytechnique Fédérale de Lausanne, Switzerland);
W. Eberhardt (BESSY, Berlin); C. Carbone (CNR Trieste, Italy)
The study of magnetic and electronic properties
in low-dimensional systems, such as clusters,
nanostructures and monolayers, reveals new insight into the basic principles of magnetism. As
the size of a metallic structure decreases, the reduced coordination results in a modified electronic structure by suppressing the hybridization of the d-orbitals with the valence band.
Thus, orbital magnetic moments emerge which
are quenched in the respective bulk structure.
As a consequence, fundamental magnetic properties are found to depend sensitively on the
sample dimensionality. That’s why we study
the magnetic properties of thin films and nanostructures. We learn about the parameters determining the unique magnetic anisotropy found in
low-dimensional systems by probing the dependence of the magnetism on perturbations, such
as the electronic interactions with adsorbates or
temperature changes.

anisotropy. A spin reorientation into the plane
is found for films exceeding the critical thickness of tcrit = 4.3 atomic layers. Measurements
of the magneto-optical Kerr effect on an iron
wedge grown at 120 K on Cu(100) are shown
in Fig. 38. The integral remanent polar Kerr
signal in Fig. 38(d) (red dots) increases linearly
with thickness and vanishes at tcrit . For higher
thickness a remanent in-plane signal is measured (blue solid dots). Laterally resolved images of the magnetic domain state of the sample can be obtained by our in situ Kerr microscope. Such an image taken on a similar iron
wedge around tcrit showing the spin reorientation transition is presented in Fig. 38(a). Domains of perpendicular magnetization are visible as dark/bright contrast in the left part of the
image. No magnetic contrast is visible in the
right part of the image since here the magnetization has switched into the plane.

Switching of the easy axis in fcc-Fe by adsorbates and temperature: The magnetic ground
state in ultrathin films is governed by the electronic properties and the structure of the film
interfaces. As a result, the easy axis of magnetization in thin films may deviate from the
respective bulk material. In ultrathin Fe films
the magnetization is oriented perpendicular to
the film surface due to the dominating surface

We study the competition between the surface anisotropy favoring perpendicular magnetization, and the long-range dipolar interaction favoring in-plane magnetization by probing the susceptibility of the magnetization to
adsorbates. Adsorbates are a powerful tool
since they can alter the electronic structure
of the film in the vicinity of the surface as
well as the interlayer spacing. An example is
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the adsorbate-induced spin reorientation due to
oxygen adsorption. Small oxygen coverages
on Fe strongly alter the magnetic anisotropy.
As can be seen in Fig. 38(b), after exposure to
1.3 Langmuir (L) O2 the reorientation transition
starts to move towards smaller thickness, and
after 1.4 L O2 any perpendicular magnetic contrast has completely disappeared for all thicknesses (Fig. 38(c)).
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ergy at the Fe-vacuum interface. Indeed, a
strong electronic interaction between oxygen
and film was concluded from experimental and
theoretical work. It was found that the density
of states and the spin polarization of Fe near EF
decreases gradually with oxygen coverage. A
charge transfer from iron to oxygen leaving behind Fe states with majority character was suggested. On the other hand, for coverages below
1.6 L the O2p states are spin polarized and show
ferromagnetic coupling with the substrate [Ferro
et al., Surface Science 407, 212 (1998)].

Figure 39: Thermally induced shift of the reorientation transition in a Fe wedge. (a)–(b) tcrit changes
from α to β when raising the temperature from
127 K to 280 K. (c) Cooling back to 127 K shifts tcrit
to γ  α.



Figure 38: (a)–(c) Kerr images on a Fe wedge
grown at 140 K on Cu(001), for different oxygen
coverages. (d) Polar (red) and longitudinal (blue)
MOKE on the same wedge before and after adsorption of 1.4 L O2 .

Subsequent MOKE experiments shown in
Fig. 38(d) as open dots reveal the reorientation
of the easy asis into the film plane. Only a remanent longitudinal signal could be measured
above tFe = 2 ML. We attribute the reorientation of magnetization to an adsorbate-induced
change in the magnetic interface anisotropy en-

Also changing the film temperature causes a
spin reorientation in the fcc-Fe films, as will
be discussed in the following. We performed a
simple experiment on a low-temperature grown
Fe wedge to separate temperature depended reversible and irreversible changes in tcrit using
the Kerr microscope. The remanent polar magnetization of an Fe wedge after a magnetic field
pulse was applied is shown in Fig. 39(a). The
change in color at the crossover from perpendicular magnetization (blue area) to in-plane magnetization (red area) marks the critical thickness α = 4.65 ML of this wedge at the temperature of 127 K, after already being warmed up to
270 K. Annealing this film to Ta = 280 K shifts
59
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the critical thickness towards smaller Fe thickness β = 3.73 ML (Fig. 39(b)). Subsequent cooling of the sample back to 127 K, followed by remagnetization in H = 25 mT brings tcrit back to
a higher film thickness γ = 4.35 ML (Fig. 39(c)),
but the critical thickness as in Fig. 39(a) cannot
be attained. Instead, any further change of temperature between 127 K and 280 K reversibly
switches tcrit between β and γ.
The experiment shows that the easy magnetization axis can be changed by temperature, partly
reversible and partly irreversible. We attribute
the reversible shift of tcrit from β to γ during
cooling from 280 K to 127 K to a temperature
dependence of the surface anisotropy constants,
i.e. KS T . On the other hand we argue that
the difference between tcrit in Fig. 39(a) and (c),
both images have been obtained at T = 127 K,
is a consequence of irreversible changes of the
film structure due to the annealing.
In this picture, thermally activated changes in
the film structure have happened during warming up the film and remain unchanged when
cooling back to 127 K, altering the magnetic
properties irreversibly. Strong support comes
from variable temperature STM experiments
performed in situ on an Fe film of constant
thickness of 3 ML. We find that the island size
increases significantly from  1 nm to  5 nm
when raising the film temperature from tgrowth
to 296 K, reducing the roughness of the film.
The advantage of this experiment is that both
the irreversible magnetic reorientation and the
purely reversible effect can be determined separately as a function of temperature. We deduced
a linear dependence of the surface anisotropy
constant KS T  in the temperature range from
127 K and 300 K. The temperature dependence
of the irreversible shift of tcrit and the island size
are in agreement with current models predicting
an increased surface anisotropy with decreasing
film roughness.
Ferromagnetic coupling in monoatomic Fe
chains: A challenging aim of our current research in magnetism is to explore structures of
still lower dimensionality. Here we demonstrate
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the existence of ferromagnetic order in onedimensional monoatomic Cobalt chains constructed on a Platinum substrate. We exploit
the stepped surface structure of Pt(997) as a
template for the Co growth which preferentially
decorates the step edges forming atomic chains.
The chain width is controlled by the Co coverage. Monoatomic chains, as shown in the STM
image of Fig. 40(a), are obtained by depositing
0.13 monolayers of Co onto the substrate which
is held at 260 K. The magnetism of the Co wires
has been investigated by X-ray magnetic circular dichroism (XMCD) at the European Synchrotron Radiation Facility in Grenoble. The
most remarkable result of the magnetic investigation is the presence of a ferromagnetically
ordered state at a finite temperature of 10 K. At
this temperature well below the blocking temperature TB = 15 K thermal fluctuations of the
magnetic moment of segments of Co atoms, socalled spin blocks, are suppressed, yielding the
remanent magnetization shown by the hysteresis loop in Fig. 40(b) (blue squares).

Figure 40: Structure and magnetism of monoatomic Co chains on the stepped Pt(997) substrate.
The XMCD experiments performed at 10 K reveal
remanent ferromagnetic ordering along the easy axis
which is marked by a blue arrow.

The easy magnetization axis is found to be perpendicular to the chain axis, at +43Æ to the
(111) normal, represented by the blue arrow
in Fig. 40. The magnetic anisotropy energy
(MAE) is 2.0  0.2 meV per atom, a very large
value compared to bulk hcp Co (40 µeV per
atom). The Co chains are characterized by large
localized orbital moments of 0.68  0.05 µB per
atom, an enhancement of about a factor of five
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compared to bulk Co. The larger moments correspondingly result in the large MAE. With the
transition from 1D to a 2D system the magnetic anisotropy is significantly lowered: the
MAE decreases to 0.34 meV per atom for the
bi-atomic chain and is 0.13 meV per atom for
the Co monolayer on Pt(997), accompanied by
a sharp decrease of the orbital magnetization.
As in bulk ferromagnetic systems also the rema-

nent magnetization along a fixed direction in the
Co wires is ascribed to the pinning of the magnetization at anisotropy energy barriers. Warming up the system above TB  15 K leaves the
magnetism of the wires in a superparamagnetic
state. Here, the moments of the spin blocks fluctuate thermally, destroying the long-range ferromagnetic order and thus the remanent magnetization.

Perpendicular magnetic anisotropy of La23 Sr13 MnO3 thin films
grown on CaMnO3 buffered SrTiO3
Z.-H. Wang, G. Cristiani, and H.-U. Habermeier;
Z.-R. Zhang and B.S. Han (IOP, CAS, Beijing, China)
Perovskite-type transition metal oxides with the
general formula ABO3 show a rich variety of
ordering phenomena at the structural and electronic level ranging from piezoelectricity, ferroelectricity to ferromagnetism, antiferromagnetism, and superconductivity. Triggered by
the invention of cuprate high-temperature superconductors the technology to prepare single crystal type thin films of these multicomponent perovskites has been developed to a high
standard. And this technological improvement
opens the possibility to prepare heterostructures
and superlattices composed of different ABO3
oxides, in which the mutual interaction between
layers can be studied and can cause new types
of functional devices.
In this contribution we address the investigation of magnetic anisotropy in perovskite manganite heterostuctures. It is well known that perovskite manganite shows the so-called colossal
magnetoresistance effect (CMR). Studying the
magnetic anisotropy in such films is therefore
of crucial importance for the fabrication of spindependent transport devices or high-density
magnetic recording media. It is worth noting
that the magnetization vector of magnetic thin
films generally lies in the film plane in order

to minimize the magnetostatic energy. Hence,
the perpendicular magnetic anisotropy (PMA)
is not generally achieved and attracts lots of research interests. To date, the PMA in perovskite
manganite thin films is only achieved by growing thin films on LaAlO3 (cubic, a = 0.379 nm)
single crystal substrates by using the interaction
of in-plane compressive epitaxial strain and the
magnetoelastic coupling energy; While in contrast, the films on widely used SrTiO3 (STO,
cubic a = 0.3905 nm) substrates, in which a biaxial tensile stress generally exists, show an
in-plane biaxial magnetic anisotropy. Here, a
novel avenue to the uniaxial PMA is provided
for the ferromagnetic manganite films by using
the conventional STO(100) substrate which is,
however, buffered with another manganite layer
of smaller lattice constant compared with the
top ferromagnetic layer.
For our experiments we have chosen the combination of La23 Sr13 MnO3 (LSMO, 80 nm)/
CaMnO3 (CMO, 20 nm) thin films. LSMO as a
bulk is a ferromagnetic metal, having a pseudocubic lattice constant of 0.388 nm, while
CMO as a bulk is an antiferromagnetic insulator, having a smaller pseudocubic lattice constant of 0.3726 nm. The thin films were grown
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on STO(100) single crystal substrates by pulsed
laser deposition at 750Æ C and in situ annealed at
800Æ C for 30 minutes in flowing oxygen of ambient pressure. The (θ – 2 θ) X-ray diffraction
patterns show only (00l) peaks of the substrate
and film (see inset of Fig. 41). The calculated
plane-to-plane distance, based on the peak at
the right side of the strongest ones from STO,
is rather close to the bulk value of CMO, indicating this reflection is from the CMO layer
in which the strain is almost released. A comparison of the X-ray diffraction patterns of the
CMO buffered and non-buffered 80 nm LSMO
film given in Fig. 41, shows that the LSMO peak
not visible should stay at the position of STO
peak in the CMO buffered film, thus indicating a marked increase of the c-axis parameter
(0.3905 nm) as a consequence of the compressive in-plane strain imposed by the CMO layer.
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with PMA where alternatively up and down
stripe magnetic domains exist. According to
the model by Kooy and Enz, with decreasing
field from the saturated state magnetization reversal occurs suddenly by nucleation of stripe
domains of opposite magnetization at the singularity marked a HN in Fig. 42(a).

Figure 42: In-plane (circles) and out-of-plane
(squares) magnetization hysteresis loops measured
at (a) 5 K and (b) 300 K.

Figure 41: (θ–2θ) X-ray diffraction (XRD) patterns
around the (002) reflection of STO for the LSMO
film on CMO-buffered STO(100), and the single
layer LSMO film on STO(100) (see the context).
The double (002) peaks of STO are from CuKα1 and
Kα2 , respectively. The inset shows the whole range
XRD patterns of the LSMO film on CMO-buffered
STO.

In-plane and out-of-plane hysteresis loops at 5
and 300 K are measured and given in Fig. 42.
As shown in Fig. 42(a) the out-of-plane loop
at 5 K has a shape characteristic for systems
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Upon further reduction of the magnetic field
magnetization reversal continues by domain
wall motion. Consistently, when the field is
applied in the film plane, the hysteresis loop
tells that magnetization rotation dominates the
magnetizing and magnetization reversal process. The hysteresis loop measured at 300 K
(Fig. 42(b)) shows a linear M-H dependence for
the out-of-plane configuration whereas for the
in-plane case a feature of magnetization rotation
still remains. A direct evidence for the PMA is
given in the magnetic force microscopy (MFM)
image scanned by a vertically magnetized tip in
the tapping/interleave lift mode (see Fig. 43).
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field. However, interestingly, no such an inflection point shows in the transverse magnetoresistance. It can be explained that in the latter
measurement the magnetization vector M is always vertical to the current direction during its
rotating from the easy axis (film normal) to the
film plane, whereas it is not the case for the former measurement.

Figure 43: MFM image of the film recorded at
room temperature.

Here, an as-grown sample without any magnetic history has been used and measured at
room temperature. The labyrinthine stripe-type
domain structure with average domain width
of 60 nm represents a typical domain pattern
for the PMA. In order to provide more insight on the strain-induced PMA, the magnetoresistance with the magnetic field (H) applied
in the film plane was measured by standard
four-point probe technique with the current (I)
path along the [100] direction. Both longitudinal (H  I) and transversal (H  I) magnetoresistance were measured. Figure 44 shows the
resistance hysteresis loop (R-H) measured at
5 K.
A marked offset between longitudinal and
transversal resistance is observed which is due
to the conventional anisotropy resistance effect.
All the resistance at high fields causes a linear
decreasing with H even after the magnetization
is saturated, which can be ascribed to a CMR
effect under a suppression of spin fluctuation.
In the longitudinal magnetoresistance, when reversing magnetization in decreasing fields, a
sublinear deviation from the high-field R-H,
linear behavior occurs at an inflection point
well corresponding to the in-plane saturation

Figure 44: R-H hysteresis loop of the film measured
in transverse (H I) and longitudinal (H I) configurations at 5 K. Note that in the former measurement the sublinear deviations from the high-field linear R-H behaviors, indicated by the arrows, make
the curve shape wings-like.





In summary, perpendicular magnetic anisotropy
was successfully obtained in LSMO thin films
grown on CMO buffered STO single crystal
substrates by using the compressive epitaxial
strain due to the lattice mismatch between CMO
and LSMO. This has clearly been demonstrated
by in-plane and out-of-plane magnetic hysteresis loops, magnetic force microscopy investigations and magnetoresistance measurements.
The present study shows a promising way to
modify magnetic anisotropy of perovskite manganites thin films by the introduction of buffer
layers with appropriate crystal structure and lattice parameter.
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Low-dimensional systems
Physics of materials with reduced dimensionality is one of the most fascinating areas in
current solid state research. To intentionally reduce the motion of charge carriers in lowdimensional systems buries a plethora of technological challenges and novel physical phenomena. For a successful research in this field the combination of technological aspects,
structural analysis at an atomic scale in combination with physics experiments is mandatory.
This part addresses some of the activities of the Institute along this line. In the following
aspects of semiconductor quantum dot fabrication, growth studies of quantum dots on an
atomic scale and the opportunity to tune the response speed of ultrafast photodetectors of
self-assembled semiconductor islands are covered. Properties of the two-dimensional electron gas open the possibility of monitoring electron-nuclear spin interactions and allow the
investigation of collective spin excitations. Further contributions deal with the exploration of
the nature and bonding mechanism in coordination compounds at surfaces, tuning photonic
bandgaps and exploring the fundamentals of all-carbon nanotube transistor.

Perfect site-control of self-assembled In(Ga)As semiconductor
quantum dots
H. Heidemeyer, C. Müller, and O.G. Schmidt
The success story of semiconductor technology
relies on the high integration of functional units
on a single chip. As sizes of these units become
smaller and smaller, the desire to exploit selforganization processes grows larger and larger.
However, self-organization tends to produce
random ensembles of nanostructures – seemingly contradicting the underlying principles of
semiconductor technology. Here, we combine
standard semiconductor processing with selforganization to create large dense arrays of perfectly positioned quantum dot heterostructures.
The preparation of the wafers starts with a mesa
structure defined by standard optical lithography and wet chemical etching (Fig. 45(a)). The
sample is then spin coated with e-beam resist
(PMMA, Fig. 45(b)). On top of the mesas, different nano-sized hole patterns with periodicities in the range of 150 nm to 220 nm with dif-
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ferent diameters are exposed by e-beam lithography on an area of 100 100 µm2 (Fig. 45(c)).
The nanostructures are transferred to the substrate by reactive ion etching creating hole
depths of about 28 nm (Fig. 45(d)). After careful wet chemical cleaning, the samples are
ready for further processing in the molecular
beam epitaxy (MBE) machine. Prior to overgrowth a second cleaning step in a vacuum
chamber adjacent to the MBE-growth chamber
is necessary. Here, the residual remains of resist and other contaminations are removed by
irradiation of the sample with atomic hydrogen (Fig. 45(e)). The atomic hydrogen also removes the native oxide, leaving a flat GaAs surface ready for overgrowth. The sample is transferred directly to the growth chamber where
the final epi-layer with quantum dots is grown
(Fig. 45(f)).
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In a first step, the sample is directly overgrown
with Inx Ga1x As on the pre-patterned substrate.
In the next step, a GaAs spacer layer is grown
on top of the first quantum dot layer followed
by a second layer of Inx Ga1x As (Fig. 46).

Figure 45: Process steps of sample preparation; for
details see text.

Figure 46: (a) Single and (b) two-fold stack of
Inx Ga1x As quantum dots (yellow). The strain field
(arrows) in the spacer layer determine the positions
of the quantum dots in the second layer.

Figure 47(a)–(c) shows atomic force microscopy (AFM) scans of different patterns on
the same sample overgrown with 12 monolayers
(ML) of In036 Ga064 As. The pattern induces
the dot formation, because on a flat unpatterned surface next to a patterned field no welldeveloped quantum dots have formed. The periodicity of the pattern influences the dot formation behavior. In the case of a 200 nm
periodicity (Fig. 47(a)) and a hole-diameter of
78 nm in [11̄0] and 95 nm in [110] direction,
closely spaced quantum dots (lateral quantum
dot molecules) have formed at the edge of the
holes, but also structures between the holes
are present. If the periodicity is increased to
220 nm or decreased to 160 nm (Figs. 47(b) and
(c), respectively), an almost perfect long-range
order of the lateral quantum dot molecules is
achieved. From our results it is clear, that an
exact tuning of the pattern periodicity to the
growth conditions is necessary to achieve the
desired positioning of the quantum dots.



Figure 47: 5 5 µm2 atomic force microscopy scan of a single layer of Inx Ga1x As grown on a patterned
sample.
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hole array was rotated by 45Æ with respect to
those shown in Fig. 47. The exact positioning
in the second layer is conserved, because the
strain fields generated by the underlying quantum dots determine the positions of the second
layer dots. No lateral quantum dot molecules
are observed – instead a perfect square array of
single InGaAs quantum dots form on a flat surface.

Figure 48: Perfectly site-controlled formation of
self-assembled InGaAs quantum dots on a patterned
GaAs (001) surface. The defect percentage is less
than 0.23%.

In Fig. 48 an AFM-scan of the surface of a
two-fold stacked quantum dot layer is shown
(Fig. 46(b)). In the first layer, 11 ML of
In03 Ga07 As were deposited, followed by a
spacer of 8 nm GaAs, 3 nm AlGaAs and 2 nm
GaAs. In the second quantum dot layer 12 ML
of In03 Ga07 As were deposited. The patterned

We counted the defects (non or more than
one quantum dot per intentional formation site)
for several 10 10 µm2 AFM-scans, and determined a defect percentage lower than 0.23%,
which is a major improvement compared to earlier works in this field. The combination of the
first quantum dot layer with the spacer layer is
essential to obtain a flat surface decorated with
the quantum dots, which is, in general, the template needed for further semiconductor device
processing.
In conclusion, we have shown, that a precise control of all fabrication parameters allows
the formation of perfectly site-controlled selforganized quantum dots on patterned substrates.
Our results open the path to the reproducible
fabrication of single quantum dot devices as
well as their high integration on a single chip.

Growth and overgrowth of InAs quantum dots
studied at the atomic scale
G. Costantini, C. Manzano, R. Songmuang, O.G. Schmidt, and K. Kern
Self-organized semiconductor quantum dots
(QDs) produced by lattice-mismatched heteroepitaxy are considered a promising system
for many novel electronic technologies and devices such as nanoelectronics, low-threshold
lasers, memory storage, testing paradigms for
quantum computers, etc. A precise control over
dimension and shape of the QDs is of crucial
importance since these morphological charac66

teristics influence the quantum confinement of
the charge carriers and therefore set the optoelectronic properties. But the determination of
the morphology of free-standing QDs alone is
not sufficient, since the process of capping the
QDs with a larger bandgap material is essential
for any device application and can dramatically
change their shape and size. Even by limiting
only to the most studied system, namely InAs
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QDs grown on GaAs(001), a number of different and sometimes contradictory results have
been reported in literature for the QD shapes:
lenses, full or truncated pyramids and a variety of multi-facetted structures. Moreover the
oversimplified assumption that the QDs remain
structurally unchanged during overgrowth is often considered. Therefore we decided to investigate the InAs/GaAs(001) system by means of
in situ scanning tunneling microscopy (STM)
and to use its ultimate spatial resolution in order to clarify some of the open questions.
InAs was deposited by molecular beam epitaxy at an extremely low flux (0.008 monolayers per second [ML/s]) and high substrate
temperature (500Æ C) in order to be as close as
possible to thermodynamic equilibrium conditions. As a matter of fact, being less sensitive to
small variations in the experimental parameters,
these conditions allow a higher degree of reproducibility and transferability of the achieved results. Moreover ‘large’ QDs are produced that
are characterized by light emission wavelengths
close to the technologically relevant 1.3 µm.
The deposition of 1.8 ML InAs results in
two coexisting types of QDs: ‘small’ (height
1.8  0.6 nm, density 71010 cm2 ) and ‘large’
(height 14.4  0.7 nm, density 3109 cm2 )
ones. The former show large variations in
heights and widths and completely disappear
after a 30 s annealing at 500Æ C [Kiravittaya
et al., Physica E 13, 224 (2002)], thus demonstrating that they are not equilibrium structures.
Conversely, the larger QDs remain almost unchanged after the annealing and are characterized by an extremely narrow size distribution.
Despite of their large dimension, these dots are
dislocation-free, as confirmed by good photoluminescence properties and transmission electron microscopy measurements. Figure 49(a) is
a typical high resolution STM topography of a
large QD and shows a truncated-pyramid shape
with an octagonal base elongated along 110.
A closer inspection of such images reveals that
the sides of the QDs are composed of only
two type of facets with rectangular symmetry (110) (Fig. 49(c)) and triangular symmetry
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(111) (Fig. 49(d)) orientations. Moreover the
evaluation of their lattice parameters allows
even the identification of the surface reconstructions which turn out to be (1 1) for (110) and
(2 2) for (111).



Figure 49: (a) 50 50 nm2 STM topography of a
large QD. (b) Theoretical equilibrium shape of
an InAs QD. High resolution views of (c) the
(110) facet (12 12 mm2 ) and (d) the (111) facet
(4 4 nm2 ) of the same island.





The accurate experimental determination of the
morphology of QDs allowed for the first time
a meaningful comparison with recent theoretical predictions for the equilibrium shape of
InAs/GaAs(001) QDs [Pehlke et al., Applied
Physics A 65, 525 (1997)]. M. Scheffler and collaborators have developed an hybrid approach
in which the surface energies are calculated
ab initio by density-functional theory, while the
long-range strain relaxation are determined by
continuum elasticity theory. The striking agreement between experiment and theory can be
verified by comparing Figs. 49(a) and (b). This
agreement extends also to the surface reconstructions of the island facets and, since the theory essentially relies on the hypothesis of thermodynamic equilibrium, it represents a test on
how close the chosen experimental parameters
are to the thermodynamic equilibrium ones.
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Figure 50: (a)–(c) STM images of the QD capping at increasing GaAs coverages. (d) typical 11̄0 scans
through the QD center.

The QDs were overgrown by depositing GaAs
at a flux of 0.08 ML/s and a substrate temperature of 460Æ C. The initial stages of capping (Fig. 50) already demonstrate that crucial
changes in the morphology of the dots take
place. The QDs quickly transform into elongated structures with a principal axis parallel to
11̄0 and their height is considerably reduced
(see Fig. 50(c)).
A quantitative analysis of these transformations
reveals two different regimes (black squares in
Fig. 51): an initial rapid dissolution of the QDs
followed by a slower real capping of the remaining structures with a transition that, for the chosen deposition parameters, takes place at around
4 ML.

Figure 51: QD height during the GaAs capping process. Together with the STM data (black squares)
the results of a second capping series done at higher
flux and analyzed by atomic force microscopy are
presented (red triangles). Inset: model evolution,
see text (GaAs yellow, InAs red).
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These phenomena can be at least qualitatively
understood by supposing that the following
atomic processes take place at the QD surface:
the outmost In atoms first interchange with the
incoming Ga atoms (a highly probable process,
[Muraki et al., Applied Physics Letters 61, 557
(1992)] and then both In and Ga atoms prefer-

entially diffuse out of the dot region because of
energetic reasons (high mismatch with the surrounding environment). The iteration of such
processes, whose net result is the removal of the
outmost InAs layer and the exposing of the next
InAs layer, is clearly a continuous dissolution
of the QD. Moreover the dissolution will be accompanied by the deposition of an Inx Ga1x As
alloy in the region close to the QD and, because of the anisotropic diffusion directions of
the GaAs(001) surface, this will preferentially
happen along 11̄0. A ‘critical’ thickness can
naturally be defined in this model when the decreasing front of the top of the dot meets the
raising front of the lateral shoulders (insets of
Fig. 51). After this thickness is reached, the
number of free In sites at which the intermixing can take place becomes extremely small so
that the dissolution of the InAs core continues
only for a limited time. The removed material
is still accumulated close to the dot center, but
now at a higher position so that shallow ridges
form (e.g. Fig. 50(b)). Thereafter the deposited
Ga atoms do not find any free In site and simply bind with As ones starting a true capping
process.
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A simple one-dimensional quantitative model
for the QD dissolution can be developed based
on this atomic-level picture. By direct comparison of the linescans in Fig. 50(d), it turns
out that the 11̄0 lineshape of the QDs (or
of their remaining parts) can be approximated
by a parabola, i.e., the QD can be described by
y = α x2 + ct where the function c(t) corresponds to the QD height. If we suppose that
each incoming Ga atom removes one In atom,
the number of removed In atoms in the time
interval dt will be equal to the number of deposited Ga atoms during the same time, i.e.

 2 cΩt


ct
dt  2 Φ
α

ct
dt 
α

(16)

where Φ is the Ga flux and Ω is the volume of
the InAs unit cell. As a consequence, the height
decay of the QD obeys to the simple differential equation c t = Φ Ω and therefore is described by the function ct = c0 – Φ Ω t that is

linearly dependent on the amount of deposited
material Φ t. Despite it simplicity, this model
captures the essential features of the QD dissolution process as can be verified by comparing the two curves in Fig. 51. For both of the
capping experiments (GaAs flux of 0.08 ML/s
black squares, GaAs flux of 0.6 ML/s red triangles) the QD height shows a linear decay and
the decay rate is identical, i.e., it depends only
on the amount of deposited material.
The fact that a model that essentially is based
on atomic-scale intermixing and diffusion processes nicely describes the experimental data is
a strong sign that kinetic effects play the determining role during the overgrowth of QDs. This
can be used for steering the final optoelectronic
properties of embedded QDs but it represents
also an indication that the use of sole thermodynamic arguments in the description of the QD
capping process, as is often found in literature,
is not appropriate.

Tunable subpicosecond optoelectronic transduction in superlattices
of self-assembled ErAs nanoislands
M. Griebel, J.H. Smet, J. Kuhl, and K. v. Klitzing;
D.C. Driscoll, C. Kadow, and A.C. Gossard (Materials Department, UCSB)
Semiconductor materials with ultrafast optoelectronic transduction due to fast carrier
trapping enable the fabrication of highfrequency optoelectronic devices with unsurpassed bandwidth. Examples are photomixers and pulse driven dipolar antennas which
are attractive sources of broadly tunable coherent terahertz radiation for use as a local oscillator in submillimeter wave receivers, for
spectroscopy in the THz regime and for tomographic and cellular level imaging. These materials can also be utilized as photoconductive
switches to generate and detect subpicosecond
electrical transients in the response analysis of
high-frequency circuits. Metal-Semiconductor-

Metal (MSM) photodetectors based on these
materials score the highest in terms of response
speed and are considered attractive for front
end receivers in fiber communication, due to
their low capacitance, straightforward coupling
to single mode fibers without compromising
bandwidth and their applicability to monolithic
integration with FET circuits. This broad diversification in use requires materials whose performance can be tailored to the specific needs
of each application. For instance, tunability in
the response speed may help MSM photodetectors to reach a better balance with bandwidth
limitations of adjacent circuitry while retaining
the highest responsivity.
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Here, we investigate a material composed of
equidistant layers of self-assembled ErAs islands incorporated in a high-quality GaAs matrix (ErAs : GaAs) by molecular beam epitaxy.
We demonstrate that the semimetallic ErAs inclusions act as trapping sites with an intrinsic
capture time well below 190 fs. Since the diffusion of a carrier from its point of generation to a contiguous plane of ErAs islands precedes the carrier trapping process itself, the response can be tuned starting from this lower
limit over almost two orders of magnitude by
simply increasing the distance L between adjacent ErAs layers. Concomitantly the dark resistance increases, so that the response speed
can be traded off, if necessary, for improved
dark current. Moreover ErAs : GaAs has excellent surface morphology and is thermally stable up to 700Æ C, making it particularly suitable for integration into complex heterostructures as well as applications demanding high
power handling capabilities like photomixing.
The dark resistance and trap density are independently accessible through the island size
and density, which can be directly controlled
by the growth temperature and the amount of
ErAs deposited. This contrasts with the sensitivity of the microstructure and response time of
low-temperature grown (LTG) GaAs, the most
widely used short lifetime material, on any postgrowth anneal at temperatures above its own
growth temperature.
The ErAs : GaAs superlattices are grown by
molecular beam epitaxy on (100)-oriented
semi-insulating GaAs substrates. After the
growth of a 100 nm GaAs buffer layer, the
superlattice, consisting of an alternating sequence of GaAs with a thickness L and
1.2 monolayers of ErAs, is deposited at a temperature of 530Æ C up to a total thickness between 1.2 µm and 1.8 µm. The GaAs layer
thickness L is varied from 10 to 400 nm across
a set of 9 samples. Under these growth conditions, the nucleation of ErAs on GaAs takes
place in a 3D growth mode driven by surface
chemistry and produces isolated ErAs-islands
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with a size of 1–2 nm and a density of approximately 71012 cm2 . Photoconductive (PC)
switches are formed by patterning a 3 µm broad
gap in the central conductor of a coplanar
waveguide (CPW) made out of a 10 nm Ti adhesion layer and 200 nm Au. A top view as well
as a schematic cross section of the samples are
depicted in the lower insets of Figs. 54 and 55,
respectively.
The ErAs : GaAs based switches exhibit a sublinear power law dependence of the photocurrent Jp ∝ P 073008 , where P is the average incident optical power from a single short laser
pulse train. Potential sources of this non-linear
behavior include screening of the external bias
field, density-dependent capture and recombination times or non-linear response of the electronic circuit itself. The non-linearity can be
exploited to extract the lifetime of the photogenerated mobile charges from autocorrelation
experiments in which the time-averaged photocurrent response to the combined light intensity I t τ of two cross-polarized optical pulses
(pulse duration 160 fs, repetition rate 76 MHz,
center wavelength 800 nm, average power on
the order of 1 mW), one delayed with respect
to the other by a rapid scan (16 Hz) optical delay line, is recorded as a function of the time
delay τ1 . Averaging over several hundred delay
scans provides a high signal to noise ratio. The
scheme of the experimental setup is shown in
Fig. 52.

Figure 52: Optical setup for temporal carrier density autocorrelation measurements.
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A typical experimental trace (red curve in
Fig. 53(a)), recorded for a switch fabricated on
a superlattice with L = 60 nm, reveals a pronounced dip in the region close to the overlap of the two excitation pulses, which can
be attributed to the non-linear dependence of
the photocurrent on the photogenerated carrier
density. Careful examination of the trace on
an expanded time scale (see Fig. 53(b)) clearly
demonstrates however, that the signal comprises two different contributions. For small delay times the dip in the photocurrent associated
with the presence of free carriers is superimposed by a sharp spike whose width follows the
convolution of the two pulses.

Figure 53: Photocurrent autocorrelation measurement on a 60 nm ErAs : GaAs superlattice and influence of the polarization dependent transmission properties of the metal-semiconductor-metal
geometry on the autocorrelation trace. Details are
given in the text.

If the trace is recorded in a single slow scan with
very high time resolution this additional peak
exhibits a strong oscillatory structure with a period corresponding to the laser wavelength (see
Figs. 53(c) and (d)). This peak originates from
the polarization-dependent transmission of the
light pulses through the metal gap in the waveguide structure, which forms the switch. Similar to the situation in wire grid polarizers for
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the far-infrared, field components parallel to
the metallic edges are more strongly attenuated
than perpendicular ones. The electron lifetime
τe is extracted from the data by fitting the experimental curves with the function
2

J τ  J0  Js sech
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 Je exp




τ

τ

e
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Here the first and second term represent the delay independent dark current and the coherent
artifact resulting from the polarization dependent transmission through the metallic gap. The
third term describes the temporal cross correlation of the carrier densities created by the first
and second pulse. J0 , Js , and Je are the amplitudes of the different signal contributions and τ̂s
is the effective width of the time-shifted squared
hyperbolic secant term. The good agreement
between the fit function (dashed curve) and the
experimental data is depicted in Fig. 53(a) for
L = 60 nm. For this sample, the fit yields an
electron lifetime τe = 1.06 ps. In order to emphasize the importance of the second term in
Eq.(17), which may have been overlooked in
part of the literature, Fig. 53(b) shows as the
dashed line exclusively the exponential contribution. Disregard of the coherent artifact would
give rise to severe underestimation of τe .
Figure 54 summarizes results for 9 different superlattice periods L. The electron lifetime can
be tuned from 190 fs to 17 ps merely by changing L from 10 nm to 400 nm, while leaving all
other growth parameters fixed. For lattice periods below 40 nm, the hyperbolic secant term
overwhelms and masks the exponential term.
In this case, we resorted to pulse propagation
along a coplanar stripline to evaluate the electron lifetime. It avoids the undesirable signal contributions from polarization dependent
transmission, but is only applicable for short
lifetimes where the propagation distance can be
kept small to ensure that waveguide dispersion
can be neglected and yet a well separated double peak signal structure is maintained.
71

Selected research reports

Low-dimensional systems

charge carriers along the vertical growth direction z in accordance with Beer’s absorption law:
nz t = 0) = ns expzα. Here, ns is the initial
carrier density at the sample surface and α the
absorption length of ErAs : GaAs. The leading
order terms of a sine expansion yield the following expression for the electron density n̄j t
averaged over superlattice period j:
n̄j t  

4ns

 α 2

2
1  πα
L

L



Figure 54: Lifetime of the photoexcited electrons
τe as a function of the ErAs : GaAs superlattice period L (right axis). The solid line is fit to the data
by the simple carrier diffusion model described in
the text. The upper left inset shows a short distance pulse propagation measurement (red) on a
10 nm ErAs : GaAs superlattice. The lower right inset shows the waveguide geometry for photocurrent
autocorrelation experiments.

Contrary to LTG-GaAs where the trapping centers are homogeneously distributed, the localization of defect sites to periodically spaced
planes in ErAs : GaAs converts the carrier capture of mobile photoexcited charge carriers into
a two-stage process. Diffusion towards a contiguous plane of ErAs islands precedes the
impingement on one of the ErAs inclusions
and the subsequent immobilization. The diffusive force along the growth direction originates mainly from the large density gradient in
the vicinity of these ErAs planes. Note that
drift due to the externally imposed electric field
should proceed mainly in the plane. Under
the assumption of a homogeneous in-plane carrier distribution and instantaneous trapping at
the ErAs layers with an in-plane island separation small in comparison to the superlattice
period, the problem reduces to the solution of
a one-dimensional ambipolar diffusion equation with the boundary conditions njL t = 0
for t  0 (period index j = 0, 1, 2,   ). The incident laser light initially sets up an exponentially decaying distribution of photoexcited
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It decays exponentially with a lifetime equal to
L2 / π2 D , where D is the ambipolar diffusion
constant. A reasonable value of 9.0  0.5 cm2 s
for D is obtained from the fit (solid line) of this
function to the data in Fig. 54. The zero lifetime
predicted by the model as L approaches 0 can be
traced back to the unphysical assumption of instantaneous carrier trapping at the ErAs planes.

Figure 55: Current-voltage characteristics of the
photoconductive switches. (a) Total time averaged
current J under pulsed illumination (average power
of 1.3 mW) and (b) dark current Jd for switches
with L = 10, 20, 40, 60, 100, 200, 300, and 400 nm.
The insets in the upper left corners are magnified
views for subsets of the curves. The lower insets illustrate (a) the free carrier conduction mechanism through the bulk GaAs layers in illuminated
switches and (b) the hopping conductivity and tunnelling mechanisms responsible for current flow in
the non-illuminated switches.
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The dependence of the electron lifetime on
the superlattice period is also reflected in the
magnitude of the DC-photocurrent (Fig. 55(a)).
Current flow proceeds mainly through the bulk
GaAs regions and is roughly proportional to the
electron lifetime extracted from the autocorrelation experiments. In the dark (Fig. 55(b)), current flow is mainly confined to the ErAs island
layers and carried by hopping conduction between neighboring traps. Since the electric field
decays rapidly with distance from the semiconductor crystal surface, only the top ErAs island
layers contribute and their number drops with
increasing lattice period.
Moreover, at the metallic Schottky contacts, the
tunneling probability for injection and collection of charge carriers rapidly diminishes. Both
work together to suppress the dark current with
increasing lattice period, the opposite behavior
in comparison to the photocurrent. A reduction
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of the dark current at the expense of a slower response time can be a valuable trade-off in specific applications.
In conclusion, we have shown, that the confinement of optically inactive ErAs islands, that
act as efficient non-radiative carrier capture
sites, to accurately controllable and periodically
spaced planes enables the engineering of ultrafast materials with unprecedented flexibility for
terahertz applications. Apart from offering a
very wide response-time tunability, they provide substantial reduction of the dark current
for higher response times and overcome some
of the adverse properties of other photoconductors related to reproducibility and thermal stability. Finally it should be mentioned that the
same concept has been applied to the narrower
bandgap In053 Ga047 As-matrix material. The
demonstrated picosecond response times enable
implementation of THz-technology at the important optical communication wavelengths of
1.3 and 1.55 µm.

Electrically monitoring the electron-nuclear spin interactions
in a two-dimensional electron system
J.H. Smet and K. v. Klitzing; W. Wegscheider and G. Abstreiter (TU-München)
By taking advantage of spin-related phase transition physics in a two-dimensional electron
system, we have succeeded in developing a
nuclear magnetometer, an electronic tool for detecting the net average spin of nuclei residing in
the same plane as the electrons. Its utilization
has helped to distill procedures for imprinting
a particular value of net nuclear spin polarization in a reproducible fashion. This systematic
read/write capability has opened up new vistas
for studying the often ignored, but very rich,
electron-nuclear spin interaction physics in a
single layer two-dimensional electron system at
the lowest temperatures and highest static magnetic fields available. The developed methods
can be combined to a spectroscopic tool to de-

tect complex low-energy collective spin excitations in the electronic system, which emerge
by virtue of Coulomb interactions and promote
the exchange of spin angular momentum with
the nuclear spin system [Smet et al. Nature 415,
281 (2002)]. Here, in view of space limitations, we restrict ourselves to a description of
the basic principles behind the nuclear magnetometry and illustrate operation for one specific
example.
The quantization of the electron cyclotron motion in a field B and the Zeeman coupling of B to
the electron spin degree of freedom discretizes
the energy spectrum of a two-dimensional electron system (2DES) into a ladder of spin-split
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Landau levels. Each level is classified by its
orbital radius (n = 0, 1,   ) and spin quantum
number ( ), and possesses a macroscopic degeneracy per unit area d = Bφ0 where φ0 is the
flux quantum. The filling factor ν = n2D d denotes the number of filled Landau levels, with
n2D the electron density. A similar scenario
occurs by virtue of the Coulomb interaction
when all electrons reside in the lowest Landau
level. When it is half filled, composite-fermions
– quasi-particles assembled from one electron
and two flux quanta – make up a metallic state
and a fan of composite-fermion Landau levels
develops away from filling factor ν = 1/2. If
an integer number p of electron Landau levels is filled, the 2DES condenses in an integer
quantum Hall state with its vanishing longitudinal and quantized Hall conductance. Analogously, if an integer number q of compositefermion Landau levels is occupied (equivalent
to fractional fillings of the lowest electron Landau level of the form ν = q2q  1)), the fractional quantum Hall effect ensues.
Whereas the cyclotron energy and Zeeman gap
of electrons both scale linearly with the external magnetic field, for composite-fermions
these energy scales have a disparate functional dependence. The original kinetic energy of the electrons, determined by the GaAs
conduction band mass, has been completely
quenched in the course of applying a magnetic field and the (quantized) kinetic energy of
composite-fermions must be entirely generated
from Coulomb interactions. A straightforward
dimensional analysis then immediately tells that

their cyclotron energy ωc goes up with n2D
or equivalently,
if we stay at a fixed filling fac
tor, with B. The Zeeman energy EZ however
still obeys a linear field dependence and is nonzero even at half-filling where the metallic state
develops. At strong enough fields, all spins will
inevitably be aligned. Only spin-up states of
the composite-fermion Landau levels are occupied and the spin degree of freedom is effectively frozen out. However, by lowering n2D
the Zeeman splitting drops more rapidly than
the composite-fermion cyclotron energy does.
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Some spin-down states become occupied and
spin is turned into an important extra dynamical degree of freedom.
One of the most lucid examples arises at fractional filling 2/3 where two composite-fermion
levels are fully occupied (q = 2). The evolution of the energy spectrum and level occupation is schematically shown in Fig. 56 as the
carrier density is gradually raised while the filling factor is kept fixed at 2/3. At small carrier densities composite-fermions are equally
distributed among the spin-up and spin-down
branch of the lowest composite-fermion Landau level with orbital index n = 0, i.e., 0 
and 0 . The ground state is unpolarized. As
the carrier density – or equivalently the field –
is raised, the spin-up states of the second Landau level 1  become energetically more favorable and the spin-down branch of the lowest
Landau level 0  is emptied.

Figure 56: Evolution of the energy level diagram
with carrier density or applied perpendicular magnetic field at fixed filling factor ν = 2/3, which corresponds to the case of two completely filled composite-fermion levels. EFCF is the chemical potential. The lowest spin-up Landau level (0, ) is chosen
as a reference.

All composite-fermions have their spin aligned
along the external field and the ground state is
fully spin polarized. This ground state spin transition is heralded in transport experiments by
a loss of the quantum Hall effect as shown in
Fig. 57, because the gap at the chemical potential closes as one level overtakes the other. In
the field effect transistor geometry chosen here,
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Figure 57: Device geometry and experimental signature in transport of the ground state spin transition.
(a) The device is a field effect transistor (FET) on the cleaved edge of a GaAs (001) substrate developed at
the Walter Schottky Institute, TU-München. A positive voltage Vg with respect to source and drain induces
the 2DES electrostatically at the GaAs/AlAs-heterointerface. For this geometry, a plateau appears in the
source-drain resistance RSD when the 2DES condenses in a quantum Hall state (or a maximum if it is not
fully developed). A typical trace at a fixed carrier density of n2D = 1.35 1011 cm2 is shown and exhibits
various fractional quantum Hall plateaus or maxima.
(b) Two-dimensional graph of RSD (color) versus carrier density n2D and the inverse filling factor 1/ν in
units of he2 . When following the line of constant filling factor ν = 2/3, the spin transition is signaled by the
brief disappearance of the quantum Hall maximum near n2D 9.4 1010 cm2 . On the right side, several cuts
through the data at fixed density are depicted.



this is reflected as a drastic drop in the sourcedrain resistance. The phase transition is thus
conveniently driven by tuning the carrier density, is detected in an electrical measurement
and takes place at a critical ratio g̃crit of the Zeeman and Coulomb energies EZ EC .
The electrons and nuclear spins in a semiconductor are coupled through the hyperfine interaction. For electrons in the conduction band
described by s-type Bloch functions the contact hyperfine Fermi interaction prevails. It is
composed of two terms. The first allows the simultaneous reversal of a nuclear and an electronic spin while preserving total spin angular momentum and energy. This flip-flop scattering mechanism may either serve as a relaxation channel to equilibrate the nuclear spin degrees of freedom with the lattice, or as a means
of dynamically polarizing and cooling them if
the electronic spin system is first brought out
of equilibrium. The hyperfine interaction also
causes nuclear (BN ) and electronic (Be ) magnetic fields that act respectively on the elec-

tronic and nuclear spins in the presence of nonzero average spin orientation, as manifested
by Overhauser and Knight shifts in their energy spectrum. The hyperfine effective nuclear field BN alters the electronic Zeeman energy EZ ∝ B  BN  (see shifted 0 -level in
Fig. 56) while leaving the quantized kinetic energy of composite-fermions unaffected. It implies that a gradual polarization change of the
nuclear spin system as time progresses relocates
the 2/3-spin transition. Indeed, when taking
into account the influence of BN t, EZ EC is
proportional to B  BN tB12 and the critical ratio g̃crit is exceeded at a time-dependent
external magnetic field B. This shift leaves a
clear fingerprint in the source-drain resistance,
if we choose a working point near the spin transition where a small change in EZ EC induces a
dramatic variation in RSD . This scheme, which
monitors the resistance variation near the 2/3spin transition, may thus serve as a sensitive nuclear magnetometer, an electrical tool to detect
minute changes in the nuclear spin polarization.
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Figure 58: (a) Location of the 2/3-spin transition for two different filling factors νrest = 0.66 (left most color
panel) and 0.9 (right color panel) at which the sample is given the chance to relax. The time sequence for
current (in nA), magnetic field and filling factor (gate voltage) in order to acquire this data is illustrated on
the right. RSD is plotted as a color map. Red corresponds to 1.5 he2 and blue 0.3 he2 . For νrest = 0.66, the
spin transition occurs at 5.1 T, whereas for νrest = 0.90 at 3.8 T (crossing point of dashed lines).
(b) Time development of the source-drain resistance (plotted with the same color scheme) at ν = 0.66 after
initialization of the 2DES at filling νrest = 0.9. The gradual relocation of the spin transition from 3.8 T to
5.1 T is visualized. The required time reveals the interaction strength between the electron and nuclear spin
system.

Techniques geared towards the study of the
electron-nuclear spin interactions comprise two
crucial ingredients: a scheme to detect the degree of nuclear spin polarization, which we concretized above, and an elegant way of disturbing the system reproducibly from its equilibrium or stationary state so as to elicit a timedependent response. The subsequent recovery as a function of time discloses the soughtafter information. Because at these low temperatures the thermal nuclear spin polarization
is substantial, incident rf-radiation, which saturates any one of the allowed transitions between the energy levels of a nuclear isotope,
would in principle do as a stimulus. In practice,
it turns out very cumbersome and a significant
redistribution among levels requires rf-powers,
which substantially load dilution refrigerators
and prevent us from reaching the lowest temperatures. A surprisingly straightforward and
non-invasive approach is uncovered in the experiment of Fig. 58(a). We have put our nuclear magnetometer to work near ν = 2/3 in order to record the variation in the location of the
2/3-spin transition depending on the filling factor νrest at which the 2DES is initially allowed
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to relax. In accordance with our previous exposition, we conclude that a filling factor dependent nuclear spin polarization develops. For
filling factor νrest = 0.9 and 0.65 the final nuclear spin polarization is such that the 2/3-spin
transition would be located at 3.7 T and 4.9 T,
respectively. By equilibrating the 2DES first
at νrest = 0.9, a non-equilibrium emerges when
subsequently setting the filling factor (by adjusting the gate voltage) to ν  2/3. The spin
transition then gradually moves from 3.7 T towards its final state at ν  2/3 of 4.9 T. The recovery progress reveals the interaction rate between electrons and nuclei and is probed by
briefly measuring the source-drain resistance
near νRSD = 0.66 as shown in Fig. 58(b), where
it is most sensitive to the Overhauser shift, i.e.,
the change in the nuclear spin polarization.
This ability to imprint and reproducibly reset a
different degree of nuclear spin polarization at
the touch of a gate voltage is not restricted to
the specific filling factors chosen in the experiment of Fig. 58. In conjunction with our electrical probe for nuclear spin magnetization, it
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holds the prospect for devising an rf-free pendant of the ‘saturation-recovery’ methods commonly employed in conventional or optically
pumped NMR experiments for the systematic
study of spin interactions. The approach has indeed been successfully applied to detect gapless
collective spin-flip excitations, which emerge in
the vicinity of filling factor ν = 1. The versatility of this technique will likely stimulate further
musings as to whether nuclear relaxation signatures will also turn up for a myriad of other elec-
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tronic correlation phenomena of fundamental
significance. It complements traditional as well
as the recently developed all optical forms of
nuclear magnetic resonance. These have either
not been adapted to specific geometries involving large perpendicular magnetic fields and/or
the lowest temperatures or do not yet provide
the sensitivity demanded by single layer systems, which excel by far over multilayer structures in terms of the variety of observable correlated ground states.

Collective character of spin excitations in a system of Mn2 spins
coupled to a two-dimensional electron gas
F.J. Teran, M. Potemski, D.K. Maude, D. Plantier,
and A.K. Hassan (MPI-FKF and CNRS, Grenoble); A. Sachrajda (NRC, Ottawa, Canada);
Z. Wilamowski, J. Jaroszynski, T. Wojtowicz, and G. Karczewski (PAN, Warsaw, Poland)
Although the existence of a ferromagnetic
phase in diluted magnetic semiconductors
(DMS) is experimentally well established, the
physical origin of this phenomenon is far from
being well understood. The RKKY (RudermanKittel-Kasuya-Yosida) approach, which successfully explains the ferromagnetism observed
in magnetic metals, cannot easily be applied to
the case of magnetic semiconductors which are
typically composed of a dilute subsystem of localized magnetic spins and an even more dilute gas of free carriers. On the other hand,
the early Zener model of ferromagnetism driven
by the exchange interaction between free carriers and localized magnetic moments provides
a rough estimate of the observed critical ferromagnetic temperatures in DMS materials. The
Zener model nevertheless neglects important effects related to the character of the ferromagnetic order in these systems, possibly mediated
by the itinerant nature of the free carriers spins.
Here, we report on the investigations of spin
excitations in a model DMS structure, namely
very diluted Mn2 ions coupled to an electron
gas both of which are confined in a CdMnTe
quantum well (QW) structure. An overview of

the relevant spin excitations for the investigated
system can be obtained from Raman scattering
spectra. The measured energies of the excitations, which can be easily identified with the
spin-flip transitions for electrons and Mn2 ions
are shown in Fig. 59.

S ) spin
Figure 59: Electronic (E eS ) and Mn2 (E Mn
excitations measured by Raman shift for the
Cd0998 Mn0002 Te QW sample with ne 1011 cm2 .
The predictions of the conventional mean field approach are shown with the solid and dashed lines.
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The solid and dashed lines calculated within the
mean field approach well describe the measured
excitation energies except in the region around
S
S
 5 T where Ee  E
Mn (Fig. 59).

Figure 60: Measured 230 GHz-EPR resonance positions Bres (2K), Bres (4.2K), for a Cd0998 Mn0002 Te
quantum well (ne = 5.6 1011 cm2 ) in the vicinity of
the expected (anti)crossing of the mean-field electronic and Mn2 spin excitations, can be understood in terms of coupling between these excitations. B0 denotes the expected resonance position
for non-interacting spin subsystems.

A clear indication of the avoided crossing of
electron and Mn2 spin excitation is our key experimental observation. This can be also seen in
our resistively detected EPR (electron paramagnetic resonance) experiments, when probing
the Mn2 excitations in the vicinity of the expected (anti)crossing of the involved spin excitations. In this case the measured position of the
EPR spectrum and its temperature dependence
deviates very much from the behavior expected
for non-interacting excitations. On the other
hand, as shown in Fig. 60, the effect of coupling
between mean-field spin excitations indeed explains our experimental data.
The observed avoided crossing between spin
excitations of 2D electrons and Mn2 ions is
in agreement with recent theoretical predictions
and is a signature of the collective character of
the spin excitations in n-type DMS materials.

Observing and steering the formation of coordination compounds
on surfaces at the single-molecule level
N. Lin, A. Dmitriev, H. Spillmann, J. Weckesser, M. Abel, P. Messina, and K. Kern;
J.V. Barth (École Polytechnique Fédérale de Lausanne)
Towards the end of the 19th century Alfred
Werner formulated the basics of coordination
theory, which describes how a central transition
metal atom interacts with a set of surrounding
molecular ligands. Coordination compounds
continue to be of high scientific interest: they
play an important role in many biological processes and are employed in the synthesis of
novel supramolecular architectures and materials. A rich variety of three-dimensional molecular nanostructures and architectures with welldefined shape and geometry have been obtained
using transition metal centers and concepts
from coordination chemistry. However, efforts
to implement this concept to low-dimensional
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systems are scarce. In order to gain direct insight into the nature of coordination compounds
at surfaces, we have carried out single-molecule
level investigations using scanning tunneling
microscopy (STM) to analyze compound formation and structure, and to develop recipes for
controlled metal-organic assembly.
In our studies both molecular ligands and metal
centers are provided by vacuum deposition of
organic molecules/metals from molecular beam
evaporators onto an atomically clean single
crystal Cu(100) surface, giving precise control
of both absolute and relative concentrations of
the respective constituents.
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Also the substrate temperature is well defined
by a cooling/heating stage to control the reaction kinetics and to achieve thermodynamic
equilibrium. STM characterization was performed in situ under ultra-high vacuum conditions to avoid contaminations.
Dynamics of single chemical reactions and
quantification of reaction kinetics.
When
1,3,5-tricarboxylic acid (tma) molecules are deposited on the substrate held at room temperature, their carboxylic groups are deprotonated.
The resulting reactive molecular ligands readily interact with naturally occurring Cu adatoms
(under the employed conditions there is a gas
of highly mobile Cu adatoms on the surface
which are evaporated from atomic steps). In sequences of STM images the process of individual complexation reactions could be monitored.
Figure 61 shows the displacements and rotations of single molecules and records how a Cu
atom (red dot) is trapped by four tma molecules
and subsequently released again. Thus single events of association and dissociation of
cloverleaf-shaped Cutma4 coordination compounds were directly observed.
From an analysis of STM image sequences
recorded with high scanning velocities (9 seconds per frame) at various temperatures, the
temperature-dependent average lifetime of isolated cloverleaves are determined. The inversion of these values provides the mean dissociation rates. These rates obey an Arrhenius law
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from which an energy barrier of 0.31  0.08 eV
for the dissociation reaction is deduced. Note
that this value is smaller than typical binding
energies of related compounds in the gas phase.
Furthermore it turned out that the lifetime of
the compounds depends crucially on the local
chemical environment. For instance, with two
compounds neighboring each other the average lifetime is typically more than three times
longer than that of an isolated species. This
suggests different reactivity, i.e., two neighboring species are more stable than isolated ones.
Similarly increased lifetimes were observed for
compounds at step edges. Since all measurements were made at the same temperature, this
variation of reactivity is associated with steric
effects depending on the specific local conditions of individual reactions.
It is important to note that the nature of the coordination bond is expected to be modified in
the presence of the electrons from the Cu conduction band. The Cutma4 compound cannot be regarded as an isolated entity as the coordination bonding and the electronic states of
both Cu and tma are affected by the presence of
the metal surface electrons effectively screening charged adsorbates. Thus an isolated deprotonated tma molecule should not be considered
as tmaad 3 , but rather as neutral tma/Cu(100)
configuration. As a consequence the oxidation
state of the Cu in the Cutma4 Cu100 compound cannot be determined unambiguously.

Figure 61: tma-molecules bond in a flat adsorption geometry at a Cu(100) surface are resolved as equilateral
triangles in STM. The sequence of STM images reveals how the thermal motion of molecules at the surface
proceeds. Following rotational motions and displacements a Cu adatom (red dot) is captured whereupon a
cloverleaf-shaped Cutma4 coordination compound evolves (second image for t = 80 s; see also animation
at our homepage http://www.fkf.mpg.de/kern/Res act/supmat 2.html).
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Creating chiral compounds out of achiral
molecules. A chiral object can not be superimposed onto its mirror image. Chirality
is encountered at different levels, from single molecules and supramolecular assemblies to
living organisms. Chiral molecules play an important role in biology and pharmacology. We
succeeded in creating chiral coordination compounds from achiral reactants – iron atoms and
tma molecules. Again the reaction took place
with the constituents adsorbed at the Cu(100)
surface where a cloverleaf-shaped Fetma4
compound evolves. However, a stronger interaction between the central Fe atom and the carboxylato ligands is encountered in this system.
As a consequence there is an increased thermal stability and a more compact compound
structure.

Figure 62: Synthesis of Fetma4 compounds at a
copper substrate. There is a unidentate bonding and
a correlated orientation of the four tma molecules
surrounding the central Fe atom. As a consequence
two mirror-symmetric compounds can be formed,
designated with R and S, i.e., the system is chiral
in two dimensions.

It can be seen in Fig. 62 that in the compound
the tma molecules do not point straight towards
the center Fe. Rather, their triangular envelope
is rotated by 22.5Æ clockwise or counterclockwise with respect to the principal axis of the
compound. This is associated with an unidentate Fe-carboxylate bond, where one of the oxy-
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gen atoms of the carboxylate group involved in
the bonding comes significantly closer to the
central Fe atom than the other. In addition
there is a strict correlation of the rotation in any
given complex. As a result of this symmetrybreaking two distinct compounds exist (labeled
R and S) which cannot be superimposed onto
each other by translation or rotation on the surface. They are mirror-symmetric configurations
with respect to the [011] direction of the substrate and thus represent two Fetma4 enantiomers on Cu(100). This represents the first
observation of a chiral coordination compound
at a surface.
Modular assembly of surface-supported coordination networks. For many applications the
controlled fabrication of metal-organic architectures with specific topologies and a high
structural stability at well-defined substrates is
desirable. We succeeded in developing a new
strategy to fabricate surface-supported coordination networks by modular assembly of 1,2,4benzenetricarboxylic acid molecules (tmla) and
Fe atoms at a surface. The networks are stabilized by relatively strong lateral metal-organic
coordination bonds and consist of regularly
spaced nanocavities of identical size and shape.
The precise control of the concentration ratio
of the components allows for the assembly of
distinct architectures. This approach opens up
new possibilities for the bottom-up fabrication
of low-dimensional functional materials.
In the STM image reproduced in Fig. 63 we
show an example of a regular coordination network assembled at the Cu(100) surface: pairs of
Fe atoms (highlighted by green dots) are linked
to tmla molecules, which gives rise to an extended open network architecture comprising
cavities with a well-defined shape. These cavities have a size of 5 Å 5 Å and are regularly
spaced forming an array with a 10 Å periodicity.
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It is interesting to address the potential functionality of the networks. Firstly, the periodically arranged magnetic atoms which are mediated by organic linkers represent a nanoscale
magnetic system. On the other hand, the welldefined nanocavities may find an application in
selective molecular or ion adsorption. Finally,
the long-range order provides potential templates for three-dimensional molecular architectures, such as nanoporous frameworks.

Figure 63: STM topograph and structure model
showing a regularly ordered metal-organic network
structure comprising nanocavities. Single protrusions (highlighted in green) at the network’s points
of intersection are associated with Fe atoms, laterally coordinated by tmla carboxylato moieties.

These research efforts represent first steps in the
exploration of the nature and bonding mechanisms in coordination compounds at surfaces,
a research field where our current knowledge
is rather limited. In view of the remarkable
structures obtained such as the chiral cloverleaf
compounds and the metal-organic networks, it
is expected that a systematic understanding of
the underlying chemistry and physics will be
of significant value for the deliberate synthesis
of surface-supported functional supramolecular
architectures and nanostructures.

Ultrafast suppression and recovery of a resonant photonic bandgap
J.P. Prineas, J.Y. Zhou, J. Kuhl, H.-U. Habermeier, and F. Schartner;
H.M. Gibbs and G. Khitrova (University of Arizona); S.W. Koch (Philipps Universität Marburg);
A. Knorr (Technische Universität Berlin)
The modification and control of light-matter interactions in nanostructures with periodic modulation of the complex susceptibility has generated new physical insights and potential applications. Prominent examples include normalmode coupling of light and excitons in quantum
wells embedded into microcavities, the Purcell effect in quantum dots embedded into micropillars, and suppressed spontaneous emission as well as waveguiding in photonic crystals
for applications such as quantum gates, largebandwidth light-emitting diodes, thresholdless
diode lasers, and photonic integrated circuits.

A more recent example is the collective response exhibited by periodic quantum wells
coupled by light. For a collection of N quantum wells spaced with Bragg periodicity the radiative decay time of the excitonic polarization
has been shown to vary inversely with the number of quantum wells, due to the formation of
a superradiant mode. In the limit of large N,
the reflection assumes the square profile of a
one-dimensional photonic bandgap, i.e., a dielectric mirror. Unlike the typical passive photonic bandgap structure made from alternating
non-resonant layers, the Bragg-periodic quantum well excitons presented in this work form a
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resonant photonic bandgap. For non-linear interaction of excitons and light, i.e., sufficiently
strong near-resonant pump pulses, the position
and width of the resonant photonic bandgap are
expected to be modulated on the time scale of
the pulse by the ac Stark effect. One can envision using such a structure as a switchable mirror that either reflects or transmits a pulse. Furthermore, due to the complete suppression of
absorption by the fast radiative decay associated
with the superradiant mode, the sample fully recovers after the passage of the pump pulse for
both near-resonant and resonant pumping, making possible a switchable mirror with terahertz
bandwidth. Here we present picosecond partial
suppression and full recovery of the photonic
bandgap formed by an N = 200 Bragg-periodic
quantum well structure.
The N = 200 In004 Ga096 As/GaAs quantum
well sample was grown by molecular beam epitaxy with Bragg periodicity (period half the
resonance wavelength). The measured onedimensional photonic bandgap formed by the
periodicity of the quantum well exciton resonance is shown in Fig. 64 by the stopband in reflection (R), the low absorption (A) as well as
transmission (T). Note there is no difference in
the background index of refraction of the low
indium concentration quantum wells and the
barriers; the photonic bandgap is realized by the
exciton resonance with a greatly increased radiative width. Therefore the non-linear interaction of light and excitonic polarization is translated directly into the bandgap response.
The non-linear response of the resonant
photonic bandgap was investigated at 10 K
using pump-probe spectroscopy with 80 fs,
transform-limited pulses with a sech2 -shape
at 80 MHz from a Ti : Sapphire laser. Probe
pulses were very weak (5 nJ/cm2 ) and spectrally
broad (16.3 meV). Pump pulses, shaped by a
homebuilt pulseshaper in the reflection geometry using microlithographically patterned reflection masks, were spectrally narrow, with an
1.08 meV spectral full-width-at-half-maximum
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(FWHM) and a 1.6 ps temporal FWHM, (timebandwidth product of 0.21), and tunable within
the bandwidth of the probe pulse. Pump and
probe were cross-polarized to eliminate pump
light scattered in the probe direction. The yellow and black lines in Fig. 64 show the pump
and probe spectral profiles with respect to the
photonic bandgap, respectively.

Figure 64: Measured reflection (R, red) and transmission (T, green), and extracted absorption (A,
blue) (A = 1 – R – T) of a weak broadband probe
from the N = 200 Bragg-periodic quantum well sample. Spectra are normalized with the incident probe
spectral profile, indicated as a black line. The
pump-pulse profile is also shown (yellow).

Figure 65 shows the spectrally resolved probe
reflection from the sample 4 ps before and after the pump pulse is incident on the sample,
and at zero delay for the pump pulse positioned
within the lower edge of the photonic bandgap
as in Fig. 64. The photonic bandgap is partially suppressed at zero delay and is subject
to a blue shift. Because the shift of the exciton resonance means that the quantum wells
are no longer exactly Bragg-spaced, coupling to
other eigenmodes begins to occur, evidenced by
the spectral modulation at zero delay in Fig. 65.
Note while the integrated probe is suppressed
by about 10%, portions of the spectrum – in
particular the lower energy edge of the photonic bandgap – show an over 90% reduction of
probe reflection with compared to without the
pump pulse. One can envision using such a nonlinearity to create a mirror that can be switched
on and off with terahertz bandwidth.
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Figure 65: Measured probe spectrum delayed by
–4 ps, 0 ps, and +4 ps with respect to the pump. The
pump is located at the arrow in Fig. 64 with an intensity of 4 µJ/cm2 .

Insight may be gained into the physical mechanisms of the ultrafast response of the photonic bandgap by looking into the theoretical
description of the interaction of ultrashort optical pulses with semiconductors. Theoretical and experimental investigations have found
similarities between simple two-level systems
and semiconductors, but also pronounced differences. In the bandgap structure considered
here, the radiative properties of the bare excitonic resonances are strongly modified and the
response to an external field is dominated by a
collective superradiant mode composed of the
radiation field and the isolated excitonic polarization. This coupled mode exhibits a drastically shortened lifetime (due to the superradiant
coupling) which determines the spectral width
of the photonic bandgap. The measured response is determined by the interaction of this
superradiant mode and the properties of the external light field.
For resonant excitation (external pump pulse
spectrally within the bandgap), it is crucial
that the superradiant mode has a significantly
shorter lifetime than the pulse duration. The
medium response is so much faster than the relatively slow pump pulse that the polarization
and density are in steady state with the pump’s
temporal shape (ultrafast adiabatic following).
Therefore, if the pulse is switched off, density and polarization are switched off as well
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and the photonic bandgap recovers. This is exactly the situation which occurs in Fig. 65. The
blueshift and the bleaching of the resonant photonic bandgap are consistent in this situation
with the ac Stark effect of the material dynamics for cross-polarized pump and probe. However, we note that the dynamics of light and excitonic polarization are strongly coupled leading to the superradiant mode. Thus the understanding of this situation requires the nonperturbative analysis of exciton-light coupling,
i.e., a quantitative description of the ac Stark effect, modified by light propagation effects.
The dynamics are modified for configurations
where the excitation is spectrally detuned from
the superradiant mode. For excitation above
the photonic bandgap, there is sufficient spectral overlap of the pulse with the excitonic continuum which does not – due to its low oscillator strength – couple efficiently to the radiation field. Therefore, the discussion can be
reduced to the description of the material dynamics alone. The excitation of excitonic continuum states results in excitation of electrons
and holes above the bandedge which lose their
phase coherence due to non-radiative interactions like Coulomb scattering. These processes
are not reversible during the switch off of the
optical pulse and the sample takes nanoseconds
to recover.
In conclusion, we have shown that the resonant
active bandgap formed by radiatively-coupled,
Bragg-spaced quantum wells can be switched
with a low intensity ps pump pulse near the edge
of the photonic bandgap. Due to the superradiant decay associated with the photonic bandgap,
absorption and accumulation of free carriers is
fully suppressed for resonant or near-resonant
pumping by the accelerated decay of the superradiant mode of the light-coupled quantum
wells. A mirror that can be switched on and
off at a bandwidth limited only by the width of
the pump-pulse and the photonic bandgap and
which reveals ultrafast recovery with potential
terahertz rates has been demonstrated.
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Low-dimensional systems

All-carbon transistors
P.-W. Chiu, U. Dettlaff, M. Kaempgen, and S. Roth
Quite soon after the discovery of the nanotubes
in 1991, several groups started to build transistors based on these novel structures. The conventional way of preparing nanotube transistors is to deposit lithographic metal leads onto
the oxide layer of a silicon chip, which serve
as source and drain contacts, to deposit carbon
nanotubes over these leads, and to use the doped
silicon substrate as a gate contact. By applying
a voltage between silicon gate and the nanotube
the conductivity of the nanotube can be modulated by up to 5 orders of magnitude. The
on-off ratio of these transistors is very large,
but the gain is small (below 1) because of the
large distance between the gate and the nanotube (thickness of the oxide layer up to 1 micrometer). Recently, the group of Cees Dekker in
Delft has prepared carbon nanotube transistors
with a gain of about 10. In this case the gate
was a lithographic aluminum strip, the dielectric an aluminum oxide layer, and the nanotube
was placed on the top of the oxide.

Although these devices are based on carbon
nanotubes, they are not truly nanoscale because
the structure is determined by the size of the
lithographic leads, which are by far larger than
the nanotubes. We have prepared carbon nanotubes transistors, which are really nanosized,
and where both the conducting channel and the
gate are made of nanotubes.

Figure 67: Output characteristics of all-carbon transistor: Current through channel tube as a function of
bias between source and drain for several voltages
applied to the carbon gate.

Figure 66: AFM-image of nanotube ‘T’-junction as
all-carbon transistor.
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To this end, we have chemically formed nanotubes ‘T’-junctions by wet chemical methods
and adsorbed these ‘T’-junctions on silicon
chips. Afterwards we have contacted the three
terminals of the ‘T’ by e-beam lithographic
gold leads. Figure 66 shows an AFM-image
(atomic force microscope) of such as structure
and a schematic of what we think happens in
our chemical treatment. The linker between
the conducting channel and the gate consists
of an amino bi-functionalized aliphatic chain,
which forms covalent bonds to the nanotubes
and which replaces the oxide layer of conventional field effect transistors.

Low-dimensional systems

The ‘spare’ electrodes E3 and E5 allow us to investigate the channel and gate tubes separately.
Similarly, we can use the doped silicon substrate as back gate for diagnostic purposes.
Figure 67 shows the output characteristics of
the all-carbon transistor for different gate voltages. We see, that a gate voltage of a fraction of a mV only, creates a large change in
the output characteristics. The analysis shows
that gain values of more than 100 can be obtained. Further, we find that the behavior of that
transistor cannot be explained in terms of conventional field effect transistors, but that elec-
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tromechanical effects should also be taken into
account. (We have encountered such electromechanical effects during our previous work on
nanotube actuators): Applying a gate voltage
does not only change the potential at the active
channel, it also leads to a deformation of the
gate nanotube, which pushes against the channel and changes the electronic structure there.
One of the messages of these investigations is
that on a nanoscale (and in all types of molecular electronics) conformational effects are at
least as important as changes of the electrostatic
potential.
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Dynamics, transport, reactivity and aging
The dynamical behavior of solids close and far away from thermodynamic equilibrium is in
the focus of several projects: Local vibrations and phonons are investigated and their relation
to other properties such as superconductivity and ionic (proton and lithium ion) conductivity
is studied. This even allowed the development of new materials for applications, e.g. in fuel
cell technology. Structural relaxations for non-equilibrium structures (e.g. glasses) is simulated and insight into the elementary reaction processes taking place in solid / gas interfaces
has been gained by a phenomenological approach.

Phonon inelastic X-ray scattering in cesium under pressure
I. Loa, K. Kunc, and K. Syassen; M. Krisch, A. Mermet, and M. Hanfland (ESRF, Grenoble)
The alkali metals, usually considered to be
‘simple’ metals, have attracted considerable attention in recent years because of their surprisingly complex structural behavior at high pressures [For a summary see Syassen, Simple metals
at high pressures, ‘Enrico Fermi’ Course CXLVII,
Eds. R.J. Hemley et al., IOP Press Amsterdam
(2002) pp. 251–273]. The structural instabil-

ities lead to the question of related anomalies in the lattice dynamics. There are hardly
any experimental data available on the phonon
properties of compressed alkali metals. Recent progress in synchrotron inelastic X-ray
scattering (IXS) has made possible the measurement of phonon dispersions throughout the
Brillouin zone from 100 µm size samples pressurized in a diamond anvil cell (DAC). Here,
we present results of high-pressure IXS experiments on the low-pressure bcc and highpressure fcc phases of Cs. Our study was partly
motivated by recent predictions of small or negative mode Grüneisen parameters in fcc-Cs and
related anomalies in its thermodynamic properties [Christensen et al., Physical Review B 61,
3764 (2000); Xie et al., Physical Review B 62, 3624
(2000); Kong et al., Journal of Physics: Condensed
Matter 12, 8973 (2000)].
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The IXS experiments were performed at beamline ID28 of the ESRF Grenoble. The incident beam was monochromatized by a premonochromator and a plane Si-crystal working in backscattering geometry at the 9 9 9 reflection (E = 17.794 keV). The X-ray beam was
focused onto the Cs sample in a DAC with
a 250 60 µm2 spot size. The scattered photons were analyzed by a spherically-bent highresolution Si analyzer giving an overall spectral
resolution of 2.7 meV (∆EE  1.7107 ). Single crystals of bcc and fcc Cs were grown inside
the DAC. Crystals were oriented such that scattering by longitudinal acoustic (LA) phonons at
the Brillouin zone boundary was possible, e.g.,
at the H-point of bcc-Cs and X-point of fcc-Cs.
Figure 68 shows representative IXS spectra of
Cs in the bcc and fcc phases. The spectra exhibit well-defined Stokes- and anti-Stokes
features of the LA zone-boundary phonons.
It should be noted that the ambient-pressure
phonon energy of  4 meV ( 30 cm1 ) is
rather small, which made the experiment quite
challenging. A very low intensity of the central line from elastic scattering indicates good
crystallinity of the Cs sample in most of the experimental runs.
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Figure 68: Selected IXS spectra for scattering by
zone-boundary LA(H) and LA(X) phonons of bccand fcc-Cs at different pressures. Spectra have been
fitted by Lorentzians convoluted with the instrumental function (solid lines).

Figure 69: Measured zone-boundary phonon frequencies of bcc- and fcc-Cs plotted as a function of
atom density.

The dependencies of the phonon energies on
density are depicted in Fig. 69. In the bcc phase,
the phonon frequency initially increases with
density as expected, but the slope approaches
zero near the bcc–fcc transition. In the fcc
phase, the LA-100 phonon frequency is independent of density (or pressure) within the experimental uncertainty.

the generalized-gradient approximation (GGA).
Both approximations yield similar results, as
shown in Fig. 70.

Our experiments have been complemented by
 = 100
first-principles calculations of the LA Q
phonon frequencies as a function of pressure.
The frequencies were calculated in the frozenphonon approach within the density-functional
theory (DFT) using a plane-wave basis, pseudopotentials, and the projector-augmentedwave (PAW) method as implemented in the
VASP codes. The calculations were performed
in the local density approximation (LDA) and in

The observed decrease of the mode Grüneisen
parameter γ in bcc-Cs is well reproduced. In
fcc-Cs, γ changes sign, but, on the whole, varies
very little with increasing compression. The
overall agreement with the experimental pressure shifts is quite good, except that the absolute values of the calculated harmonic frequencies are  5–10% larger than the experimental results. This difference between measured and calculated harmonic frequencies is
not related to anharmonicity. It may result from
a temperature-dependent change in the relative
occupation of 6s- and 5d-like states near the
Fermi level.
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The main conclusion from the IXS studies presented here is that the high-symmetry bcc and
fcc phases of Cs exhibit anomalies in the pressure dependence of their dynamical properties.
The effect is quite pronounced in the fcc stability regime. This points to related anomalies in
the macroscopic thermodynamic properties of
fcc-Cs. It remains to be seen whether the results for Cs represent a characteristic behavior
of the bcc and fcc phases of the other alkali metals. This aspect is of particular interest in the
context of pressure-induced superconductivity
in light alkalis [Christensen et al., Physical Review Letters 86, 1861 (2001); Shimizu et al., Nature
Figure 70: Calculated harmonic LA phonon frequencies (T = 0 K) of Cs at the H- (bcc) and X- (fcc)
points as a function of atom density.

419, 597 (2002); Struzhkin et al., Science 298, 5596
(2002)].

Dynamical hydrogen bonding: A clue to the understanding
of proton transport
A. Fuchs, K.-D. Kreuer, W. Münch, J. Maier, A. Noda, M. Schuster, and U. Traub;
W.H. Meyer, G. Scharfenberger, and M.F. Schuster (MPI for Polymer Research, Mainz)
Proton conductivity is observed in materials as
diverse as oxides, oxo-acids, acidic salts, hydrates or polymers. Although hydrogen bonding is a common feature of all these materials,
its role for proton transport is not fully understood. For most proton conductors, the infrared
spectrum in the OH or NH stretching regime
indicates very strong hydrogen bonding which
may provide a path for proton transfer. But
this elementary reaction is just one ingredient of
long-range proton transport which also requires
reorganization of the hydrogen bonded structure by bond breaking and forming processes.
At a first view, hydrogen bonding may be assumed to be ambivalent with respect to the rates
of both process. In particular, it was not clear
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how a strongly hydrogen bonded structure can
reorganize at sufficiently high rates to allow for
the observed high proton mobilities.
We have investigated this apparently conflicting
situation for different families of compounds.
Referring to two distinctly different examples
as master cases, the role of hydrogen bonding in the proton conduction mechanism of
perovskite-type oxides and organic polymers
will be described in the following.
Proton conduction in oxides: Protonic defects
in oxides are hydroxide ions residing on regular
oxygen sites. In the perovskite structure these
hydroxide ions may form eight equivalent hydrogen bonds with their next nearest oxygen
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neighbors (Fig. 71). The long-range diffusion of
such defects comprises its rotational diffusion
and proton transfer towards a neighboring oxide
ion, i.e., only the proton shows long-range diffusion while the oxygens reside on their crystallographic positions. Experimentally and by
quantum MD-simulations rotational diffusion
has been shown to be fast with low activation barriers suggesting that the proton transfer reaction is the rate limiting step in the considered perovskites (e.g. BaCeO3 , BaZrO3 ,
SrTiO3 ). The strong red shifted OH-stretching
absorptions in the IR-spectra indicate strong
hydrogen bond interactions although the structural oxygen separation is generally larger than
290 pm. Strong hydrogen bonds may only be
formed for significantly lower separations, and
the free energy the system gains by hydrogen
bond formation is, therefore, competing with
the free energy required for the necessary lattice adaptation.
A re-analysis of a quantum MD-simulation of a
protonic defect in cubic BaCeO3 demonstrates
that these two free energy contributions are almost balanced for a wide range of oxygen separations (approximately 250–300 pm). Thus,
short oxygen separations, which favor proton
transfer, and large oxygen separations, which
allow rapid bond breaking, correspond to similar free energies of the entire system and, therefore, have similar probabilities of occurring. Indeed, the simulation finds the protonic defect to
form short but transient hydrogen bonds with all
eight nearest oxygen neighbors (Fig. 71).
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Figure 71: Protonic defect within its reaction cage
in a perovskite-type oxide including the eight equivalent hydrogen bonds (see text).

In the time-averaged picture seen in diffraction
experiments, this leads only to a slight reduction
of the structural OH/O-separations, but in most
instant configurations one of the eight OH/Oseparations is reduced to about 280 pm as a result of hydrogen bonding. Although the hydrogen bond interaction has a stabilizing effect of
about 0.5 eV on this configuration, the bond is a
‘dynamical hydrogen bond’ with extended bond
length variations. This leads to configurations,
where the protonic defect behaves almost like
a free OH with small OH-stretching amplitudes
compared to the extended stretching vibrations
in the hydrogen bonded state (Fig. 72).

Figure 72: O/H-separation as a function of time as obtained by a quantum MD-simulation of protonic
defects in BaCeO3 .
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Proton conduction in fully polymeric system:
As opposed to such hydrogen bonded point defects in oxides, extended ‘dynamically disordered hydrogen bonded networks’ are found in
hierarchic polymer structures, in which excess
protons are solvated by heterocycles, such as
imidazole, pyrazole or benzimidazole. Such
heterocycles have similar transport properties as
water at a given temperature relative to the respective melting point, i.e., the transport properties of imidazole at 120Æ C are similar to those
of water at room temperature.

Figure 73: Imidazole aggregation and formation of
a ‘dynamical hydrogen bonded network’ in Imi-2
(ethyleneoxide chain terminated by imidazole).
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When a protonic defect (doubly protonated imidazole) is formed by self-dissociation, the hydrogen bonded structure around this defect actually contracts. Long-range proton transport
then occurs by proton transfers within this contracted part of the structure and bond breaking and forming processes which take place in
the losely bonded outer part of this hydrogen
bonded complex. Just like in the case of the
mobility of protonic defects in water (Zundelion, Eigen-ion), both elementary reactions are
highly coupled, and the contaction propagates
together with the protonic charge. When such
hetrocycles are tethered in an appropriate way
to soft side chains linked to a polymer network,
they still aggregate to form a ‘dynamical hydrogen bond network’ with high proton mobility, although they have become a constituent of
the polymer architecture (Fig. 73). The fact that
this conductivity does not depend on the presence of water or any other low molecular weight
solvent, makes this observation relevant for the
development of materials for fuel cell separators. The building motif is actually related to
the histidine parts of polypeptides, which are
frequently involved in the formation of proton
conducting channels of biological systems.

High lithium ionic conductivity in the lithium halide hydrates
Li3x OHx Cl and Li3x OHx Br at ambient temperatures
G. Schwering, A. Hönnerscheid, L. van Wüllen, and M. Jansen
The ever increasing demand for high performance lightweight batteries for mobile microelectronic devices in health care and communication has triggered a wealth of studies on
lithium solid state ionic conductors. Possible
advantages over the current liquid electrolyte
technology include increased mechanical resistance, thermal stability and environmental compatibility. Electrolyte materials with promising
property profiles should provide a high defect
concentration. Apart from crystalline materials
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particularly ion conducting glasses, composites
and electrolytes based on salts solved in solid
polymers have been the subject of numerous recent studies.
The perovskite structure type ABO3 offers
many possible routes to ion conducting materials. Apart from the formation of vacancies, this structure type provides the pathways necessary for ionic transport. In the
La23x Li3x TiO3 family (0.04  x  0.14), the
A site is occupied by lanthanum and lithium
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ions; the lanthanum ions stabilize the structure, whereas the lithium ions constitute the mobile species. The room temperature conductivity in this system has been determined as
high as 103 Ω1 cm1 . A different approach
utilizes the oxide ions (Wyckoff position 3d)
as the transported species. Important examples include the cobaltites and ferrites MFeO3
(M = Sr, La) proposed as potential ion conducting cathode material electrolytes in fuel cells.

Figure 74: Crystal structure of LiCl H2 O, viewed
along [001].

All studied substances, from the hypothetic oxide-halides ‘Li3 OX’ to the hydrates
LiX  H2 O, adopt the anti-perovskite structure
with lithium cations, occupying the 3d position, as the ion conducting species. The lithium
halide hydroxides have previously been studied in our Institute by Hartwig, Rabenau and
Weppner [Journal of the Less-Common Metals, 78,
227 (1981)]. Although not stable against lithium
and consequently only of limited applicability
in real battery systems, the studied samples are
ideal model systems to study the effect of a fine
tuning of the defect concentration (via Li doping) on the room temperature ionic conductivity
in anti-perovskite structures.
LiCl  H2 O and LiBr  H2 O (see Tab. 3) crystallize orthorhombically in an anti-perovskite superstructure with doubled lattice constants com-
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pared to the primitive cubic cell. In LiCl  H2 O
the water molecules are static and the lithium
sublattice is ordered. No phase transition
occurs on heating until it decomposes near
100Æ C. LiBr  H2 O adopts the same ordering
below 33Æ C. Above this temperature the compound is cubic with rotationally disordered water molecules and disordered lithium cations.
Table 3: Observed phase transitions for the compounds synthesized in the systems Li3x OHn Cl and
Li3x OHx Br.
Compound

Phases and transitions

Li217 OH083 Cl

tetragonal
 cubic at –60Æ C

Li2 OHCl

orthorhombic
 cubic at 35Æ C

Li116 OH184 Cl

cubic
(no effect in DSC and X-ray)

LiCl  H2 O

tetragonal
(no effect in DSC and X-ray)

Li2 OHBr

cubic
(no effect in DSC and X-ray)

Li104 OH196 Br

cubic
(no effect in X-ray, but small
peak in DSC at 34Æ C)

LiBr  H2 O

orthorhombic
 cubic at 33Æ C

Li2 OHCl shows a similar behavior to
LiBr  H2 O. It exhibits a phase transition from
orthorhombic to cubic at nearly the same temperature, but the superstructure is different compared to LiBr  H2 O. From X-ray and DSC
measurements of Li2 OHBr no phase transition can be observed down to –50Æ C. It is cubic
over the whole temperature range.
Lithium doping of the stoichiometric phases
LiBr  H2 O and Li2 OHCl leads to a complete suppression of the phase transitions. Both
compounds remain cubic at room temperature and below. From X-ray diffraction patterns at temperatures around –70Æ C a partial
phase transition to an orthorhombic phase is
91
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observed for Li104 OH196 Br and to a tetragonal phase for Li217 OH083 Cl. Doping of
LiCl  H2 O induces a transformation to a cubic
phase Li116 OH184 Cl.
The observed phase transitions are directly
related to the lithium ionic motion and hydroxide (OH ) and water (OH2 ) dynamics.
The phase transition from the non-cubic to
the cubic phases in the case of Li2 OHCl
and LiBr  H2 O manifests itself in a sharp increase of the ionic conductivity (Fig. 75), which
is notably high (104 Ω1 cm1 ) already at
50Æ C. In the corresponding non-cubic phases
the ionic conductivity drops below detectability
( 108 Ω1 cm1 ). In the doped, cubic samples the good ionic conductivity is extended to
ambient temperatures and below.
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Solid state NMR was employed as an independent tool to monitor lithium mobility and OH
and OH2 rotation in the studied samples. The
line widths of the central 7 Li resonance exhibit
a drastic decrease from  6–12 kHz in the noncubic phases down to 800–1000 Hz for the cubic phases (Fig. 76).

Figure 76: 7 Li NMR line width (FWHH: full width
at half height) of the central (m = 1/2 m = –1/2)
transition for (a) Li3x OHn Cl and (b) Li3x OHn Br
as a function of temperature.



Figure 75: Temperature dependence of the ac conductivity of (a) Li3x OHn Cl and (b) Li3x OHn Br
recorded using gold electrodes in the frequency
range of 5 Hz to 13 MHz. Lower limit of working
range is 108 Ω1 cm1 . Lines are guide to the eye
only.
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For most of the studied samples, this decrease in line width extends over a temperature range from approximately –40Æ C (chlorides) or –20Æ C (bromides) to 40Æ C. Li2 OHCl
and LiBr  H2 O, whose ionic conductivity increases rapidly above approximately 35Æ C, exhibit a much more abrupt change in the line
width at the phase transition temperature. Temperature dependent static 1 H NMR spectra were
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recorded for LiBr  H2 O and Li104 OH196 Br
as representatives for samples with sharp and
smooth phase transitions.
In Fig. 77, the
1
line widths of the H NMR resonances of
LiBr  H2 O and Li104 OH196 Br are plotted
as a function of inverse temperature. As
for the 7 Li data the line width (ca. 70 kHz
at 0Æ C) drastically decreases upon transformation into the cubic phase (line width ca.
20 kHz). Li104 OH196 Br shows a similar behavior, however, the transition is extended over
a much wider temperature range.

Figure 77: Line width of the 1 H NMR signal
in LiBr H2 O and Li104 OH196 Br as a function
of temperature. Diamonds: LiBr H2 O; circles:
Li104 OH196 Br. Lines are guide to the eye only.

The dynamics and related phase transitions in
the studied samples can be explained by the following simple model. In the hypothetical parent
compound Li3 OX, all lithium positions are occupied. The replacement of lithium ions by protons (forming OH or OH2 groups) produces
defect sites within the structure. In LiX  H2 O
and Li2 OHX, only 13 respectively 23 of the
lithium positions are occupied. The charge balancing OH and OH2 units are ‘freely’ rotating
in the cubic phases as concluded from 1 H NMR
experiments. This rotation is possible as long as
the lithium ions are mobile. At the temperature
at which the lithium hopping is not activated
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any longer, the OH and OH2 group rotation is
frozen in synchronously with the reduction of
the lithium mobility.
The static OH and OH2 groups constitute a
blocking of lithium defect sites via electrostatic interaction, so that the two processes
(lithium motion and OH /OH2 group rotation)
are strongly correlated as it is well known for
the ‘rotor phases’ (e.g. high-temperature phases
of Li2 SO4 and Na3 PO4 ).
The fact that the metrics of the crystals change
from cubic to lower symmetry indicates an ordering of the lithium ions in accordance with
the single crystal XRD data. If the lithium
cations would adopt a statistical distribution,
there would be no physical reason for a ac ratio deviating from unity. In this vein, the
phase transition from non-cubic to cubic is a
mere consequence of the onset of lithium and
OH /OH2 motion.
The abruptness of the observed phase transitions for the Li2 OHCl and the LiBr  H2 O indicates a transition of first order. In the phases
with a lithium content deviating from integer
values the observed transitions into the noncubic phases with decreasing temperatures extend over an increased temperature scale. The
presence of additional lithium cations is obviously impeding the lithium ordering and hence
the transition into the non-cubic phase. Consequently, the ionic conductivity is maintained
down to lower temperatures until the lithium
motion freezes. No lithium ordering can be
observed, the lithium ions are distributed randomly in these cases.
The strong response of the lithium and
OH /OH2 and hence of the structure upon
lithium doping levels as low as 0.04 as observed
in Li104 OH196 Br has to be emphasized. This
highlights the potential of the anti-perovskite
structure as a basis for ionic conductors with
tunable properties.
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How is oxygen incorporated into oxides?
A mechanistic study of the surface reaction on Fe-doped SrTiO3
R. Merkle and J. Maier
The stoichiometry change of an ionic crystal by
dissolution of a gaseous component is probably the simplest solid state reaction. Using an
otherwise well-understood model material we
accomplished to qualitatively and quantitatively
describe this process starting from gas-diffusion
up to the transport within the solid bulk. The
central question was the clarification of the surface reaction steps ranging from gas adsorption to transport in the subsurface through steps
like dissociation and ionization. The understanding of the surface reaction kinetics is also
of increased technical relevance, owing to current efforts to decrease operation temperature as
well as particle size in various electrochemical
devices.

change of the oxygen partial pressure pO2 can
be monitored directly. In contrast to fluid phase
kinetics, we cannot vary the concentrations of
all possibly involved educts (including the point
defects) independently, but are mostly restricted
to variations of the pO2 .

The high chemical capacity for oxygen incorporation into Fe-doped SrTiO3 results from the
substitution of Fe on Ti sites. The iron is present
to a large amount as Fe3 (mainly charge compensated by oxygen vacancies V
O ) and allows thus the oxygen uptake accompanied by
a simultaneous change of its oxidation state to
Fe4 . With in situ optical spectroscopy on single crystalline samples, the increase of a characteristic Fe4 absorption band and thus the
progress of the oxygen incorporation upon a

We can quantitatively describe the relaxation
from small deviations from equilibrium in terms
of effective rate constants for chemical relaxation and tracer exchange. While the observed
pO2 dependence from these experiments already allows to systematically narrow down the
number of possible mechanisms, more information is necessary to elucidate this complex reaction sequence (see Figs. 78, 79). In the course
of the oxygen incorporation reaction, negative
charge is transferred to the involved intermediate oxygen species, and at some instant the O–O
bond must be broken. While some intermedi
ate species such as O
2 and the O radical are
well established in the literature, a deeper understanding of the mechanism, e.g., the nature
of the rate determining step (rds), has still to be
developed. Therefore, initial reaction rates from
large pO2 changes were studied to investigate
the forward and backward reaction selectively.

Figure 78: Intermediate species and reaction steps
in the course of the oxygen incorporation reaction.

Figure 79: Levels of adsorbed oxygen species in the
band scheme of SrTiO3 .
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This allows us to answer two key questions:


Does the rds of the oxygen incorporation contain adsorbed molecular oxygen species or only
atomic species? This question can by addressed
by quantitatively analyzing the initial reaction
rates for a set of experiments comprising pO2
changes, which all start at the same initial pO2
and lead to various final pO2 values. These experimental data indicate that molecular oxygen
species are involved in the rds. Consequently,
the incorporation of atomic species O from
the surface into the bulk (step 4 in Fig. 80) cannot be rate determining. The participation of
molecular oxygen species in the rds originates
either from the energetic requirements for the
O–O bond dissociation, or from a slow preceding charge transfer.
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conduction electrons are involved before or in
the rds even in this electron-poor oxide, and not
after the rds. The lower the temperature, the
more pronounced is the effect of UV light (see
Fig. 81), reaching an acceleration by two orders
of magnitude at 550Æ C. The observed linear increase of the initial incorporation rate with UV
irradiation intensity as well as the temperature
dependence show that one electron is involved
before/in the rds. A consideration of the energy
levels of the adsorbed oxygen species (Fig. 79)
indicates that this conduction electron is consumed for the occupation of the high-lying O22
level (step 2). All the other charges are transferred by hole formation (steps 1 and 4).

Figure 81: Temperature dependence of initial oxygen incorporation rates with and without UV irradiation.
Figure 80: Mechanistic details of the oxygen incorporation reaction.


How do the necessary charge transfers take
place – by electron consumption or by the formation of holes (or trapped holes = Fe4 )? In
the case of Fe-doped SrTiO3 , in situ UV irradiation opens a further possibility to gain insight into the reaction mechanism of the oxygen incorporation. As the material is electronpoor due to the acceptor doping, the photogenerated electron-hole pairs enhance the conduction electron concentration significantly but do
not increase the hole concentration notably. The
in situ UV irradiation selectively increases the
rate of the oxygen incorporation, leaving the excorporation rate unchanged. This indicates that

The sum of all these observations enables us
to propose a mechanism of the oxygen incorporation as illustrated in Fig. 80: the rds is either the formation of O22 by consumption of
one electron (step 2), or the dissociation of the
formed O22 (step 3), which cannot be distinguished further with the applied methods. In
this way a comprehensive and detailed understanding of the oxygen incorporation mechanism for a large bandgap oxide became possible. Applying phenomenological kinetics, distinct conclusions about the nature as well as
the reaction rates of the involved species can
be drawn, which are complementary to spectroscopic studies focusing on the characterization
of intermediates.
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Glass transition, aging, and the energy landscape
of amorphous Si3 B3 N7
A. Hannemann, J.C. Schön, and M. Jansen; P. Sibani (University of Odense)
Amorphous nitridic ceramics containing both
silicon and boron such as a-SiBN3 C or aSi3 B3 N7 constitute one of the most exciting
new classes of high-temperature materials (e.g.
MPG-Jahrbuch 2000). E.g. under standard conditions a-SiBN3 C is thermally stable and amorphous up to  2100 K, possesses excellent mechanical and elastic properties, e.g. a high
bulk modulus of ca. 200–300 GPa, and is stable against oxidation in O2 -atmosphere up to
1700 K. These compounds appear to form covalent networks with a homogeneous distribution
of the cations at least down to a scale of 1 nm
and pose many fascinating questions regarding
their structure and physical properties.
Besides being fascinating from a materials science point of view, these ceramics also serve
as a new class of amorphous materials that are
considerably more complex than the LennardJones and soft-sphere glasses, or silica SiO2 ,
which have served as the testing ground for theories and models of the amorphous state. One
important difference is the route followed to
generate the amorphous state: Typically, the
amorphous solid is a glass that has been created by rapid cooling from the melt; in contrast,
these nitrides are synthesized via the sol-gel
process. This leads to a number of questions:
Would one be able to produce these nitrides via
the glass route, too? And can we observe typical behavior predicted for glassy systems such
as a transition from ergodic to non-ergodic behavior with decreasing temperature, i.e. from a
state of thermodynamic equilibrium where the
computation of physical properties via an ensemble and a time average produces the same
results to a state where this no longer applies
and the (thermal) history of the material is relevant?
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In particular, it is expected that in the nonergodic low-temperature regime, the so-called
aging occurs, where the outcome of measurements depends on the time tw a system has been
aging, i.e. has been evolving while experiencing constant (external) thermodynamic conditions. Aging is a reflection of the fact that, while
at temperatures below the ergodic–non-ergodic
transition the system continues to relax, this relaxation does not take place ‘exponentially fast’
with a time constant τrelax (as one commonly
finds for small departures from thermodynamic
equilibrium), but proceeds much more slowly
according to a power law or even logarithmic in
time. As a consequence, after having relaxed
for a certain waiting time tw , the system appears to show equilibrium-like behavior when
subsequently being observed for times tobs  tw .
However, ever-growing deviations from equilibrium are found once the observation time exceeds the waiting time, tobs  tw .
Mathematically, this is seen in the fact that
different prescriptions how to measure susceptibilities (such as the specific heat, the compressibility, or the magnetic susceptibility), i.e.
via the derivative of thermodynamic quantities
(such as the energy, the volume, or the magnetization, respectively) and via the fluctuation
of these quantities around their time average
(i.e. the correlations among them), no longer
agree. Thus, the susceptibilities computed via
the fluctuation-route now depend on two times:
the waiting time and the observation time. For
perfect aging, the two-time susceptibility agrees
with the equilibrium value for tobs  tw , and
for longer times, it decays towards zero. Of
course, any type of two-time correlations of
thermodynamic quantities will show an analogous waiting-time dependence.

Dynamics, transport, reactivity and aging

Experimentally, studying aging in structural
glasses is a very difficult task in the first place,
and the very high thermal stability of the nitridic
ceramic pose additional problems in this particular system. Thus, theoretical investigations using computer simulations offer the best way to
address the issues of aging and the existence of
a glass transition [Schön et al., cond-mat/0212279;
Hannemann et al., cond-mat / 0212245]. For these
simulations, we have chosen a-Si3 B3 N7 as the
representative system, having the advantage of
being ‘only’ a ternary system, and furthermore
possessing a well-defined composition. Using
a specially designed empirical potential from
the literature [Gastreich et al., Physical Review
B 62 3117, (2000)], we performed large sets of
constant temperature Monte Carlo simulations
of length 106 cycles, for systems of 700 and
1100 atoms in a periodically repeated simulations cell.
In order to study the ergodic–non-ergodic transitions, we computed the specific heat CV using
three different procedures. First, we replicated
the definition of CV as the derivative of the
average energy with respect to temperature,
a T  = ∂ E ∂T. Secondly, we emulated a
CV
step experiment where the system ages for a
waiting time tw at temperature T and reaches
quasi-equilibrium. Next, the temperature is
raised/lowered by a small amount ∆T, and we
calculate the average of the energy at T  δT
over the observation time tobs  tw . This then
yields the specific heat,
b T  =  E T  ∆T   E T  ∆T 2∆T.
CV
Finally we computed the specific heat
c T  =  E2   E 2 k T 2 from energy flucCV
t
B
t
tuations in the time interval tw  tw  tobs  for
a range of observation times tobs , with both
tobs  tw and tobs  tw .
As shown in Fig. 82, the above prescriptions
yield, as expected, almost identical results in
the ergodic dynamical regime for high temperatures, but differ markedly at low temperatures.
a and C b show no
For low temperatures, both CV
V
c
tobs -dependence, while CV changes from quasiequilibrium to off-equilibrium behavior when
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tobs exceeds tw (inset in Fig. 82). In general,
b , which mimics a short exthe procedure for CV
periment performed after some relatively long
equilibration time tw , yields the most reliable
‘realistic’ value for the specific heat for all temperatures.

Figure 82: Transition from equilibrium to nonequilibrium behavior around Tc 2000 K in
abc
a-Si3 B3 N7 , using the specific heats CV
computed in three different fashions as indicator.
a T  = ∂ E ∂T was calculated as the derivaCV
tive of the energy with respect to temperature,
b T  =  E T  ∆T 
ET ∆T  2∆T was deCV
rived from a heating computer experiment, and
c T  =  E 2
E 2t kB T 2 was computed via the
CV
t
fluctuations around the average energy. Clearly,
these methods yield different results for T  2000 K.
(Note that in the Monte Carlo simulations, the contribution of the kinetic energy to the specific heat
kin = 3/2 k . Thus, only the
per atom is trivial, CV
B
contribution due to the potential energy is shown.)
c on observation time t
Inset: Dependence of CV
obs
and waiting time tw : tw = 104 , tobs = 104 , 105 . For
T  3000 K the values agree, but for T  2000 K, we
c is similar to Cb , while for
find that, for tobs tw , CV
V
c strongly deviates from the equilibrium
tobs  tw , CV
value (note the different y-scale in the inset).





  
   



This difference in the values for CV shows that
below Tc  2000 K ergodicity is broken. In the
temperature range 2000–3000 K, we also observe a distinct broad peak in the specific heat,
very similar to the one commonly found in the
experiment during the glass transition. And this
transition shows further features of a classical
glass transition. Below Tc , the mean squared
displacement (MSD) of the atoms is no longer
97
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proportional to time, the diffusion coefficients
rapidly drop to zero (a fit to mode coupling
theory yield TMCT  2100 K), and we observe
a structural freezing-in: The survival times of
the B–N and Si–N bonds of the network increase exponentially below Tc . Thus, we predict
that a-Si3 B3 N7 should exhibit a glass transition
around a temperature Tc  2000 K.

Dynamics, transport, reactivity and aging

to possess complex multi-minima energy landscapes, the study of the energy landscape of
a-Si3 B3 N7 provides an opportunity to place
this work into the general context of studies
of complex systems in general and glasses in
particular.

The fact that, for temperatures below Tc , the dec from the equilibrium value is a
viation of CV
function of the waiting time tw and the observation time tobs , suggests that aging should occur
in this system, too. To explore this question,
we calculated the normalized two-time energyenergy average
φtw  tobs ; T 



EtwEtw  tobsens
EtwEtwens

as function of temperature T and waiting time
tw , where the subscript ‘ens’ denotes an average over all (up to 100) trajectories.
We find that for T  Tc , the two-point correlation function φtw  tobs ; T  always remains very
close to the equilibrium value 1, no matter
how large tobs is compared to tw . In the nonequilibrium regime φtw  tobs ; T  still equals 1
for tobs  tw , but is seen to deviate strongly from
its equilibrium value for tobs  tw . This aging
behavior in the glassy phase is shown in Fig. 83
for T = 1250 K, and for three different waiting
times tw = 103 , 104 , 105 . The closely related
two-time autocorrelation function

Etw Etw  tobsens 
Etwens Etw  tobsens CVtw tobs; T kBT 2
σ2E tw  tobs ; T 

(proportional to the two-time specific heat), also
exhibits the expected aging behavior, i.e. a
marked decrease to zero from an almost constant value (∝ CV tw ) once tobs exceeds tw .
Finally, one would like to correlate this aging behavior with the properties of the underlying energy landscape of the system. Since
other simpler systems (such as Lennard-Jones
glasses or spin glasses) that exhibit ergodic–
non-ergodic transitions and aging are found
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Figure 83: Aging in a-Si3 B3 N7 at a temperature
T = 1250 K below the glass transition temperature
Tc 2000 K. The two-time energy-energy averages
φtw  tobs ; T   Etw Etw  tobs  ens  Etw Etw  ens
are shown as function of the observation time tobs
after the system had been allowed to evolve at constant temperature for waiting times tw = 103 , 104 ,
105 . For tobs  tw , φ equals the equilibrium value
φeq = 1, while for tobs  tw , a growing deviation from
equilibrium is observed.





 



Of special interest for understanding the relaxation behavior is the question, how the average energy (of an ensemble of trajectories),
Et; T ens , decreases with time t during a
constant temperature simulation, and also the
closely related issue of the average energy of
the local minima that lie ‘below’ the trajectories, Et; T  xmin ens . In the non-ergodic
regime, both Et; T ens and Et; T  xmin ens
(Fig. 84) slowly decrease logarithmically with
time, where the fastest decrease actually occurs just below the glass transition temperature.
This result is very satisfactory, since one can
show that such a decrease in Et; T ens yields
exactly the behavior of φtw  tobs ; T  shown in
Fig. 83.

Dynamics, transport, reactivity and aging

Figure 84: Exploration of the energy landscape
of a-Si3 B3 N7 accessible at temperatures T = 750 K,
1250 K, 1500 K, 1750 K below the glass transition
temperature. The time dependence of the average
energies Et; T  xmin  ens of the minima xmin that
lie ‘below’ the trajectories is shown. The depth
of the minima increases logarithmically in time.
This result agrees with the aging behavior seen in
the energy-energy correlation function in Fig. 83:
‘Progress’ along the trajectories occurs only on logarithmic time scales, i.e., after the system has evolved
for a time tw , further marked changes only occur when the time scale for trmw increases by an
order of magnitude. Thus, for observation times
tobs tw , the system does not change much in the
time interval tw  tw  tobs , and appears to be in
(quasi-)equilibrium.
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Furthermore, the logarithmic decrease in
Et; T  xmin ens agrees nicely with the one observed for the much simpler Lennard-Jones
glasses. This similarity between these two
rather different classes of amorphous systems
is very encouraging in regard to the transfer of
models of energy landscapes and of the dynamics in such complex systems. Going beyond the
realm of physics and chemistry, the fact that
we found that the fastest decrease in the energy of the accessible minima with simulation
time took place just below the transition temperature Tc agrees well with the finding that reaching the deepest local minima in many multiminima optimization problems is achieved by
spending most of the search time in the temperature interval slightly below the ergodic–nonergodic transition temperature. Thus, there exists great practical interest in the transfer of
such landscape information to the field of global
optimization, where stochastic algorithms inspired by physical relaxation processes, such as
the many variants of simulated annealing, have
been applied to many problems over the past
twenty years [Salamon et al., Fact, Conjectures,
and Improvements for Simulated Annealing, SIAM,
2002].
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Synthesis and structure
Long standing traditions of the Institute’s research are the synthesis of new compounds and
the determination of their structures. Apart from bulk structures this also comprises an
increasing interest in the structure of interfaces. A common aspect of the diverse activities
is the attempt to identify physico-chemical rationals explaining the empirical findings. In
the following section we even report on one project, where the synthesis was successfully
combined with a crystallographic rational using Hartree-Fock calculations as a tool. Of
course synthesis (e.g. of single crystals) is also an indispensable service for other activities
of the Institute, e.g. in the fields of superconductivity and magnetic order.

First synthesis of Na3 N based on rational synthesis planning concepts
D. Fischer, Ž. Čančarević, J.C. Schön, and M. Jansen
Understanding which compounds are capable
of existence in a given chemical system, is a
central goal of solid state chemistry. While
the successful synthesis of these, perhaps even
metastable, compounds is the final touchstone, theoretical investigations play an everincreasing role, predicting not-yet synthesized
compounds, suggesting phase transitions, and
yielding hints at possible synthesis routes. The
key for this enterprise is the exploration of the
energy landscapes of solids, which commonly
exhibit a multitude of local minima and a highly
complex barrier structure.
Since a full exploration of such a landscape using ab initio energies is not yet feasible, we have
developed a stepping stone approach. First, we
perform a global investigation of the configuration space, in order to determine possible structure candidates for the chemical system of interest, where the energy function is being approximated by an empirical two-body potential.
Here, we use simulated annealing as the global
optimization procedure, starting from random
atomic arrangements in large simulation cells
at gaseous densities. During this optimization,
both atomic coordinates and cell parameters are
modified and optimized. After analyzing the
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barrier structure of the system and the stability
of these candidates, we perform local optimizations on ab initio basis. Since the ab initio program we use, CRYSTAL98, does not possess
an appropriate local optimizations routine, we
have developed a semi-heuristic control algorithm that allows us to optimize both atom coordinates and cell parameters, and furthermore to
perform some fine-tuning of the basis sets employed.
One class of systems that we have investigated
in some detail [Jansen et al., Zeitschrift für anorganische und allgemeine Chemie 624, 533 (1998)]

are the alkali metal nitrides, M3 N. These have
evoked much fascination over the past seventy
years, since they exhibit one of the most striking
breaks of the homology principle: While Li3 N
can be synthesized from the elements, none of
the other nitrides had been found. Our investigation of the energy landscapes of these nitrides
resulted in several dozens of very distinct structure candidates ranging from structures with
six-fold coordinated nitrogen (anti-ReO3 -type)
over the Li3 N- and Li3 P-type (6+2- and 11fold coordination) to the 8+6-coordination in
the Li3 Bi-type.

Synthesis and structure
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Figure 85: Results of the refinement optimization of selected structure candidates for Na3 N at Hartree-Fock
level as function of volume.

Figure 85 presents a part of the tree-graphrepresentation of the landscape of Na3 N, while
Fig. 86 shows the results of the ab initio optimizations for four of the structure candidates.
While Na3 N might not be thermodynamically
stable against dissociation into N2 and metallic
sodium, trying to synthesize one of these candidates clearly constitutes a reasonable goal for a
solid state chemist.

Figure 86: Structure candidates for Na3 N determined by global optimization, together with the barrier structure depicted as a tree graph.

Since our theoretical approach does not yet
yield feasible synthesis routes via traditional
methods as part of the landscape exploration,
we decided to move the mountain of solid state
synthesis as close as possible to the prophet
of structure prediction by implementing the
global optimization approach ‘in reality’. Thus,
we have developed a vapor deposition system
[Fischer et al., Journal of the American Chemical Society 124, 3488 (2002)], where the desired

components are first vaporized separately to
form atomic species in an ultra-high vacuum
(UHV) chamber (Fig. 87). These gas species
are then deposited simultaneously in a statistical distribution on a substrate. The evaporation sources are resistance-heated effusion cells
and an electron beam evaporator together with
a microwave plasma source for the dissociation/activation of the gases employed. One can
mount a maximum number of five sources under an angle of 22Æ or 45Æ normal to the substrate. The substrate resides on a sample holder,
the temperature of which can be adjusted between 77 K and 600 K. The sample holder is
part of a moveable transfer system, which is
101
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connected to the preparation chamber by a lock
chamber. In this way, a transfer of the samples
from the preparation chamber to, for example, a
diffractometer is possible while preserving both
the cooling and the vacuum. In addition to the
control of the various sources the atmosphere in
the chamber during the deposition is monitored
using a mass spectrometer. The system possesses cryo-pumps, which create a basic pressure of 108 mbar, and allow pressures during
processing in the range of 3–6105 mbar. Furthermore, it is possible to fill the evaporation
sources with air- and humidity-sensitive substances through a transfer box.

Synthesis and structure

slowly heating the sample to room temperature,
reaction/crystallization occur. The diffraction
pattern observed is, considering the temperatures employed, surprisingly well-resolved, and
can clearly be assigned to the high-temperature
phase of AgNO3 . If silver and oxygen are deposited in an analogous fashion on a sapphire
substrate at room temperature, immediately a
reaction to AgO occurs. However, in this instance the intensities of the Bragg reflections
are strongly affected by the preferred orientations of the crystallites [Fischer et al., Journal of
the American Chemical Society 124, 3488 (2002)].

Figure 88: X-ray powder diffraction patterns of the
educt mixture consisting of Ag, N, and O at 77 K
(blue curve) and the reaction products after heating to room temperature (black), together with computed intensities for high-temperature AgNO3 (red).
Figure 87: UHV-set up for the synthesis of solids
from atomically disperse educt mixtures (preparation chamber including lock to the movable transfer
system). 1: Sample holder with sapphire substrate,
integrated heating, and feed for LN2 , 2: electron
beam evaporator, 3: effusion cell, 4: MW-plasma
source, 5: gate valve to the cryo-pumps, 6: transfer
box with gate valve.

We have checked the applicability of the basic concept and the functioning of the set-up
in a number of case studies. From among
these investigations, the results for the systems
Ag/N/O, Ag/O, and Na/N are presented. In the
first case, silver was deposited simultaneously
with nitrogen and oxygen on a sapphire substrate cooled to 77 K. The educt mixture at this
temperature is X-ray amorphous (Fig. 88). On
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Similarly, in the case of sodium and nitrogen
[Fischer et al., Angewandte Chemie International
Edition 41, 1755 (2002)] the components were

transferred to the gas phase and simultaneously
deposited in a random distribution on a cooled
(77 K) sapphire substrate. After heating to room
temperature, the diffraction pattern shown in
Fig. 89 was collected. This result demonstrates
that the route outlined above has enabled us
to synthesize the compound Na3 N for the first
time. Its structure can clearly be assigned to the
anti-ReO3 -type, which is one of the candidates
observed in the theoretical investigation of the
landscape of Na3 N. We note that it is not the
one with lowest energy, however, it is the candidate with the lowest density by far.

Synthesis and structure

Figure 89: Powder diffraction patterns for Na3 N
(Rietveld refinement) and structure candidate
(anti-ReO3 -type).

This apparent contradiction – at the low temperatures where the synthesis took place, one
would expect the one with the lowest energy,
i.e., the Li3 P-type, to be favored! – is resolved
by realizing that the route to the final compound
went via the amorphous state, which typically
has a lower density than the crystalline one, and
is closely related to the melt which only exists at high temperatures, of course. Thus, the
synthesis starts in a state analogous to a hightemperature phase, and it is not unreasonable
that the first crystalline phase encountered is the
one with the lowest density, i.e., the ReO3 -type,
in accordance with Ostwald’s rule. Since further annealing of the compound at slightly elevated temperatures (360 K) led to dissociation,
the thermodynamically more stable modifications Li3 N- and Li3 P-type will probably only be
accessible via the high-pressure route.
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Concerning the novel synthesis approach presented here, one should surely highlight the unrivaled low thermal activation needed to transform the solid mixture of educts by a solid
state reaction into highly crystallized products.
Another remarkable fact is the straightforwardness, which is manifest in the synthesis of, for
example, AgNO3 from the elements, compared
with the traditional synthesis of AgNO3 (synthesis of ammonia, Ostwald-method for the production of nitric acid, dissolution of silver in nitric acid, crystallization). In particular the examples of AgO and Na3 N demonstrate the potential of the method for the synthesis of thermally extremely labile metastable compounds.
Up to now, AgO has only been accessible by
precipitation from aqueous solution, or by electrocrystallization. Of note is that Na3 N decomposes already at 360 K, and thus is unlikely to
be accessible by conventional solid-state synthesis. A crucial element for the ease with
which the solid-state reactions described were
able to proceed even below room temperature
is definitely the extremely homogeneous and
smooth distribution of the reactants in the initial
mixture. The transport distances have been reduced to atomic length scales, and thus the notorious difficulties of a long-range transport of
material in the solid can be circumvented. As
a consequence, one can now perform chemical
reactions in the solid phase under thermal conditions that are similarly mild as those usually
employed in solution chemistry.
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Bulk moduli and high-pressure crystal structures of the mixed valent
compound Pb3 O4 determined by X-ray powder diffraction
R.E. Dinnebier; S. Carlson (MAX-lab, Lund); M. Hanfland (ESRF, Grenoble); M. Jansen
In chemical compounds exhibiting significant
covalent bonding contributions, ‘lone’, i.e.,
non-bonding, electron pairs can be strongly
stereochemically active. Generally they are regarded as pseudo-ligands that are able to replace one or more of the regular ligands in a
given coordination sphere. The resulting stereochemical implications have been discussed in
depth, and the model derived has also been applied to extended solids. In parallel to the strong
geometric effects, also the physical properties
are affected. The anisotropic local environments of those atoms bearing a ‘lone-pair’ in
their valence shells frequently induce the formation of acentric or even polar crystal structures, leading to the known consequences for
the dielectric properties. Since the structures
formed are rather open, and cations with ‘lonepairs’ exhibit high polarizabilities, such compounds showing lone-pair related structural features should be highly susceptible to undergo
pressure induced phase transitions. Geometric
and electronic structures of solids are strongly
correlated. Thus, at a transformation to a reorganized structure of higher density one would
expect significant consequences also for the
electronic structure.
Several different scenarios can be imagined:
(1) The ‘lone-pair’ could be forced into a pure
s-type state, removing all anisotropies in the coordination sphere. (2) The valence band (in
most instances also including the non-bonding
electron pair) and the conduction band will
broaden or even overlap, leading to semiconducting or metallic behavior, respectively. (3)
In case of mixed valent representatives the
originally localized lone-pair might delocalize,
making the valence states of the respective
metal ions indiscernible and producing a partially filled band at the Fermi level, again leading to metallic behavior. Recently, the latter situation has attracted high attention, in the con104

text of trying to understand superconductivity
observed in oxides containing metal ions featuring ‘lone-pairs’. The theoretical models suggest
that superconductivity in such compounds may
be induced by applying high external pressure.
In the context of the above considerations the
industrially important mixed valent lead tetroxide Pb3 O4 (minium) appeared to be a good candidate for probing such an approach.
Minium is considered a member of the Spinel
group of oxide minerals although the crystal structures are quite different. In minium,
the lead occurs in two different valence states
4 Pb2 2 O4 , where the free electron pair
Pb
of Pb2 can be considered as an additional
ligand causing severe distortions of the coordination polyhedra. Minium is a semiconductor with a bandgap of 2.1(1) eV which has been
confirmed experimentally (reflectance and photovoltaic technique) and also theoretically (augmented spherical wave method). At room temperature, minium crystallizes in space group
P42 / mbc. Upon cooling a displazive phase
transition at 270 K towards an orthorhombic
phase (space group Pbam) was found, while
upon heating, minium undergoes two additional
ferroelectric, respective ferroelastic displazive
phase transitions from to non-centrosymmetric
orthorhombic, at 195 K to non-centrosymmetric
tetragonal and finally at 225 K to P42 / mbc.
In this work, we have investigated the pressure
dependence of the crystal structure of Pb3 O4
which we consider a prerequisite for future investigations of the transport properties of Pb3 O4
under lasting pressure or possible quenched
high-pressure modifications. For this purpose,
in situ X-ray powder diffraction measurements
were performed at room temperature and elevated pressures at room temperature at beamline ID9 of the European Synchrotron Radiation
Facility (ESRF) using a diamond anvil cell.
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Figure 90: Data reduction and integration of Debye-Scherrer rings for Pb3 O4 at 7.9 GPa.

Diffracted intensities were recorded with a
Marresearch Mar345 online image plate system
in the pressure range from 0.06 to 41.05 GPa
(Figs. 90 and 91). The dependence of the scattering profile on pressure gives evidence for two
second order phase transitions (Fig. 91).

Figure 91: Scattered X-ray intensity of Pb3 O4 as
a function of diffraction angle 2 Θ and pressure
(non-linear pressure scale from scan number 0 at
0 GPa to scan number 32 at 41.05 GPa). The wavelength was λ = 0.41594 Å. Phases identified are in
order of increasing pressure:
(I) P42 / mbc (0  P 0.12 GPa),
(II) Pbam (0.3 P 5.54 GPa),
(III) Pbam (c = c/2) (6.59 P 41.05 GPa).


 

 

The phase with tetragonal symmetry (P42 /mbc)
(phase I) which is stable at ambient conditions is retained up to at least 0.11 GPa. A
transition into a phase with orthorhombic symmetry (Pbam) (phase II) is observed to occur between 0.11 GPa and 0.3 GPa which is
stable to at least 5.54 GPa. Between 5.54
and 6.58 GPa a second phase transition occurs
to another orthorhombic phase (Pbam; halved
c-axis) (phase III) which stays stable until at
least 41.05 GPa (Fig. 92). The quality of the
powder patterns of phases I and II was sufficient to extract lattice parameters and to verify
the crystal structures via Rietveld refinement.
All powder patterns of phase III (Fig. 92) contained sufficiently resolved diffraction peaks to
allow for ab initio crystal structure determination using direct methods in combination with
difference-Fourier analyses.
X-ray scattering on Pb3 O4 has provided the lattice parameters and unit cell volume as a function of pressure (Fig. 93). The volume V decreases by 32% at 41 GPa, indicating a very
soft and highly compressible material. The volume / pressure relation represents the equation
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Figure 92: Rietveld plot of the high-pressure
phase III of Pb3 O4 in Pbam at P = 13.2 GPa as a
function of diffraction angle 2 Θ. The wavelength
was λ = 0.41594 Å. The higher angle part starting at
10.0Æ 2 Θ is enlarged by a factor of 4. The R-values
are R-p = 2.5%, R-wp = 3.8%, and R-F2 = 9.3%.

of state (EoS) which was described by the Vinet
EoS which is believed to yield more accurate
parameters for highly compressible materials.
Two dashed lines drawn through the volume
data in Fig. 93 represent the fitted Vinet EoS.
The bulk modulus of phase II in comparison to
the corresponding values of phase III is about
4.7 times lower indicating a much higher com-
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pressibility. This behavior can be related to
packing effects of the Pb2 polyhedra at low
pressure due to a change in space requirement
of the free electron pair. According to a hard
sphere model, the space filling at ambient conditions (phase I) is only 44.2%, which is far
away from a closed packed structure, and it
increases rapidly until the stable high-pressure
phase III (60% at 13.3 GPa) is reached. The
pressure dependence of the lattice parameters
shows a distinct anisotropy, which reflects the
space requirements of the free electron pair of
Pb2 .
From the Rietveld refinements of the powder
patterns of phases I and II at high pressure
it can be concluded that they are isostructural
to their counterparts at low temperature. In
particular the high-quality of the powder patterns of the previously unknown phase III of
minium permitted high-quality Rietveld refinements and therefore allowed the accurate determination of structural parameters in dependence on pressure.

Figure 93: Dependence of the lattice parameters, volume, and relative volume of Pb3 O4 on pressure in the
range of 0–41.05 GPa. The high-pressure phase transition between the two orthorhombic phases (II, III)
at approximately 6 GPa is marked by a vertical dashed line. For better comparison, the c-axis of phase III
is doubled. The dashed fitted lines correspond to least squares fits of Vinet equations of state for the two
orthorhombic phases (II, III).
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The basic crystal packing of phases I/II is still
preserved in phase III of minium (Figs. 94, 95).
Phase III forms in the moment as the external
pressure is strong enough to flatten the Pb2 –
tetrahedral (phase I) resp, orthorhombic bisphenoids (phase II) to rectangular sheets, making the two different Pb2 sites crystallographically indistinguishable again, leading to an unexpected increase of symmetry at higher pressure. The main difference of the crystal structure of minium at pressures above 6.58 GPa is
the increase of the coordination number of Pb2
from 4 to 6+1, forming distorted Pb2 O7 trigonal prisms with a pyramidal vertex on one of the
rectangular planes (Fig. 94). The packing may
be viewed as a strongly distorted hexagonal
closed packing (hcp) arrangement leading to the
formula (Pb4 ¾3 )VI (Pb22 ¾6 )IV O4 . The resulting crystal structure is of Sr2 PbO4 aristotype.
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Sr2 O7 polyhedra. This can be explained by
sterical requirements of the lone pair of lead
(II). Whereas the long metal-oxygen bond in the
Sr2 O7 polyhedron connects the oxygen atom
at the pyramidal vertex with the central cation
(2.99 Å), it is an oxygen atom at the roof of
the trigonal prism in case of Pb2 O7 polyhedron (2.95 Å) (Fig. 94). The small deviations of
the central cations from the centers of gravity of
the capped trigonal prism is basically identical
(0.25–0.30 Å) for both compounds.

Figure 96: Isosurface of the electron localization function (ELF = 0.385) for Pb3 O4 at 13.3 GPa
(phase III).

Figure 94: Regular Pb4 O6 octahedron (left) and
irregular Pb2 O61 capped trigonal prism (right) in
Pb3 O4 at 13.3 GPa (phase III).

Figure 95: Ball and stick model of the crystal structure of Pb3 O4 at 13.3 GPa (phase III) in a projection
along c-axis. The Pb4 O6 octahedra are shown.

Small differences between the crystal structures
of Pb2 PbO4 (phase III) and Sr2 PbO4 are due to
different distortions of the Pb2 O7 respectively

This structural relationship is clearly indicating that the stereochemical needs of Pb2 under high pressure are similar to those of Sr2 .
Thus the response of the electronic structure to
the external pressure follows scenario (1), as
outlined in the introduction, and the lone pair
has adopted an almost pure s-type which is further supported by the similarity of the Sr2 O61
and Pb2 O61 coordination polyhedra. Furthermore, the volume increment per oxygen atom
for Pb3 O4 at 13.3 GPa is close to the values
found for Sr2 PbO4 exhibiting no lone pair, and
is significantly lower than that of Pb3 O4 at ambient conditions and of β-PbO. Whereas in case
of Pb3 O4 (phase I) the packing densities are
close to that of β-Pb2 O (41%) due to the sterical requirements of the lone pairs, the packing densities for β-Pb4 O2 , Sr2 PbO4 and Pb3 O4
(phase III at 13.3 GPa) are with 60 to 62% typical for close packed structures, showing no
signs of stereocative lone pairs. The remaining
lone pair of Pb3 O4 at 13.3 GPa is visualized by
the isosurface of the electron localization function (Fig. 96).
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Ln13 Br18 B3 (Ln = Gd, Tb) – a compound containing
a combination of discrete and condensed clusters
O. Oeckler, L. Kienle, Hj. Mattausch, V. Duppel, R. Eger, and A. Simon
Metal-rich ternary halides of rare earth metals
form a large group of compounds. The wealth
of structures is understood within the concept
of condensed clusters. As a rule, the cluster
units of the valence electron poor rare earth
metals need stabilization by interstitial (endohedral) atoms. While several types of clusters
are observed, octahedral units of metal atoms
condensed through edges dominate. The structural systematics range from compounds with
discrete clusters to those with chains and layers
to those with three-dimensional networks.

atomic positions are partially occupied and/or
characterized by highly anisotropic displacement parameters. A reasonable chemical interpretation is not obvious.

Here we report on a structure of a reduced rare
earth metal halide that is the first to contain
both discrete clusters and chains. This combination is found in the compounds Ln13 Br18 B3
(Ln = Gd, Tb), which is prepared from mixtures
of LnBr3 , Ln, and B at approximately 1000Æ C.
They form pillar-shaped, dark golden crystals.
Single crystal X-ray diagrams are characterized
by sharp Bragg reflections besides pronounced
diffuse scattering arranged in the form of rods
along the c -direction as shown in Fig. 97(a).
This indicates a disordered stacking of ordered
layers. The average structure was solved on the
basis of Bragg intensities only, and the refinement in the orthorhombic space group Immm
converged to R-values below 0.03. Figure 98(a)
depicts the structure in a projection along [100],
the disorder is not obvious because it only affects the site occupation factors of some of
the atoms. The structure consists of a honeycomb packing of well-ordered, single chains of
trans edge-sharing Ln6 octahedra centered by B
atoms and surrounded by Br atoms (Fig. 98(b)).
The channels between these single chains are
filled by double chains (Fig. 98(a)). These reflect a superposition structure: Some of the
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Figure 97: X-ray diffraction patterns of the 0.5kl
section of reciprocal space: (a) experiment (calculated from a series of imaging plate exposures);
(b) simulated on the basis of a supercell model,
which approximates statistical disorder of the ordered layers.

Synthesis and structure

Selected research reports

other in an irregular way. This statistical arrangement is the origin of the diffuse scattering
shown in Fig. 97. A calculated diffraction pattern based on perfectly ordered clusters within
layers parallel (001) and assuming stochastic
disorder along [001] in the stacking of such layers in a suitable supercell mimics the intensity
distribution of the diffuse scattering very well
(Fig. 97(b)).

Figure 98: Crystal structure of Ln13 Br18 B3 (Ln:
red, Br: green, B: yellow): (a) projection along
[100] (the unit cell and layer-like structure are indicated, the honeycomb arrangement of single chains
is highlighted by broken lines), Ln positions that are
partially (50%) occupied in the average structure are
depicted in pale red, pale green symbolizes a 1:1
mixture of Br and B; (b) single chains of Ln6 B octahedra surrounded by Br atoms; (c) regular stacking of Ln10 B2 units along [100] within the ordered
layers (appears as a double chain with partially occupied positions in the average structure).

The disorder problem could be solved by means
of high resolution transmission electron microscopy (HRTEM). A HRTEM image taken
along the [110] zone axis (Fig. 99) clearly
shows the nature of the disorder. First, the
double chain resolves into a regular stacking
of Ln10 B2 units formed by edge-sharing Ln6 B
octahedra surrounded by Br atoms as depicted
in Fig. 98(c). The image simulation based on
this model is in good agreement with observation (inset in Fig. 99). Second, the stacks of
well-ordered clusters are shifted relative to each

Figure 99: HRTEM micrograph (zone axis [110]):
the ellipsoidal marks highlight the positions of the
disordered layers; inset: image simulation (defocus
-45 nm, thickness 3.5 nm) based on the 2 2 2 supercell mentioned with Fig. 97(b).



The real structure of Ln13 Br18 B3 (Ln = Gd, Tb)
corresponds to the earlier mentioned honeycomb packing of single chains of condensed
Ln6 B units surrounded by Br as in the M6 X12
cluster.
The channels in the honeycomb
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are filled with Ln10 B2 Br18 clusters. According to the Zintl-Klemm concept, the formal
charge balance corresponds to the formula
5
 The excess of electrons
Ln313 Br
18 B3  e6 .
leads to metallic properties as verified by conductivity measurements.
The disorder can be explained as due to electrostatic reasons. The chain octahedra adopt
positions around x = 0, 1, 2, ... (layer 1) and
x = 1/2, 3/2, 5/2, ... (layer 2) in adjacent layers. The number of Ln10 B2 double octahedra
is half that of chain octahedra, hence the double octahedra lie either in x = 1/2, 5/2, 9/2, ... or
x = 3/2, 7/2, 11/2, ... in layer 1 and either in
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x = 0, 2, 4, ... or x = 1, 3, 5, ... in layer 2. Electrostatic repulsion maximizes the distances between clusters and lead to a strict alternation
of x = 1/2, 5/2, 9/2, ... and x = 3/2, 7/2, 11/2, ...,
respectively, for neighboring rows of double
octahedra within the strongly interconnected
layer 1, i.e., along [010]. With respect to the restriction on layer 1, there is no energetic difference in placing the clusters in layer 2 into positions either x = 0, 2, 4, ... or x = 1, 3, 5, ..., resulting in the observed disorder phenomenon. The
origin of this disorder is therefore due to frustration, somehow similar to the fundamental phenomenon of frustrated antiferromagnetism in a
triangular Ising net.

Atomic structure of SiC surfaces and its relevance for
technological application
U. Starke; J. Bernhard, M. Franke, J. Schardt, A. Seubert, and K. Heinz (Universität Erlangen)
High power, high frequency and high temperature device applications have made silicon carbide an interesting wide-bandgap semiconductor. However, the quality of SiC material available is still hampering an industrial application.
This holds for the growth of substrate material
as well as for the deposition of epitaxial metal
films for Schottky contacts or oxides of sufficiently low interface trap density for the generation of MOS devices. These problems are
ultimately related to the ability to control and
understand the atomic structure of surfaces and
interfaces of SiC.
On SiC(0001) which is the most widely used
SiC surface in electronics, several stable surface
phases exist, distinguished by the stoichiometry
of the surface region. These phases include Si
enriched, carbonized and oxide covered structures. On the Si rich side of the phase diagram
on SiC(0001) a (3 3) phase represents the first
ordered phase. It is prepared in ultra-high vacuum (UHV) by annealing at 800–850Æ C un110

der simultaneous Si deposition. In this phase
the surface is covered by excess Si as indicated by Auger electron spectroscopy (AES)
and X-ray photoelectron spectroscopy (XPS)
whereby clear evidence for Si–Si bonds are observed.
From scanning tunneling microscopy (STM)
and low-energy electron diffraction (LEED)
holography the existence of a single adatom
per unit cell in a three-fold bonding coordination can be deduced [Reuter et al., Physical
Review Letters 79, 4818 (1997)]. Parallel efforts of a quantitative LEED structure determination and ab initio calculation using density functional theory (DFT) corroborated these
experimental findings and resolved the remainder of the reconstruction geometry [Starke et al.,
Physical Review Letters 80, 758 (1998)]. As shown
in Fig. 100, in addition to the adatom and its
three next neighbors the surface is covered by
a Si adlayer that in turn is covering the topmost
SiC substrate bilayer.

Synthesis and structure
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The SiC crystal can be constructed by stacking
hexagonal bilayers on top of each other. The
crystal structure is determined by the mutual
in-plane orientation of adjacent bilayers. Different stacking sequences lead to different socalled polytypes, of which a large number exists (Fig. 101(c) displays the 4H-SiC with a rotation after every two bilayers). This polytypism imposes a severe problem to single crystal growth. However, the high degree of bond
saturation present in the (3 3) reconstruction
provides a very effective passivation of the surface which explains the good homoepitaxial
growth possible under Si rich growth conditions in chemical vapor deposition (CVD) and
molecular beam epitaxy (MBE): A successful
growth process in this manner requires the substrate to be cut slightly tilted with respect to
the basal plane, i.e. in a so-called off-axis orientation. On such a substrate with the (3 3)
phase present (as observed during MBE growth



Figure 100: (3 3)-SiC(0001): (a) Top view: Lateral relaxations within the silicon adlayer are indicated with respect to the ideal positions in the topmost SiC bilayer. (b) Side view along [112̄0] direction. Red and blue atoms as revealed by LEED
holography.

A strong rotation (‘twist’) of 9Æ  2Æ within the
adlayer (Fig. 100(a)) is observed which results
in displacements of up to 0.74 Å. As a consequence the epitaxial mismatch of the Si adlayer to the SiC substrate is relieved and the interatomic distances within the adlayer are between 2.31 Å and 2.35 Å close to the value of
2.35 Å for an ideal Si–Si bond length. In addition as shown in Fig. 100(b) all atoms are situated in a single layer being three-fold coordinated to their Si neighbors with 120Æ bond angles and one-fold coordinated to the Si atoms of
the substrate bilayer. Thus, these Si atoms are
effectively sp2 -hybridized and their four bonds
fully saturated. The only and single remaining
dangling bond per unit cell is located at the Si
adatom.

[Tanaka et al., Applied Physics Letters 65, 2851
(1994)]) the surface passivation leads to a high

mobility of incoming particles such that they
can diffuse along the terraces and attach themselves to a step. The new material continues
the periodic structure of the bilayer and thus reproduces the stacking sequence of the substrate
which is exposed and interrupted at the steps.
Thus, by allowing for a step flow growth mode
the (3 3) phase facilitates a homo-polytype epitaxy.

 

Figure 101: ( 3
3)R30Æ phase on SiC(0001)
with the adatom marked in light blue: (a) Side view
projection along the [112̄0] direction. (b) Top view.
(c) Bulk structure of 4H-SiC. The stacking sequence
is indicated by the black bond train.
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Annealing
the (3 3) phase in UHV leads to a


3)R30Æ phase. This phase represents
( 3
a simple reconstruction with a Si adatom on
top of the SiC substrate in a so-called T4 position, i.e. three-fold coordinated to the topmost Si atoms and on top of a carbon atom in
the next layer (see Fig. 101(a) and (b) for a side
and top view of this structure). A surprising
concomitant of this reconstruction is the delicate dependence of the substrate bilayer stacking on the chemical environment during preparation which we explain for the example 4HSiC (Fig. 101(c)): While heating a chemically
prepared sample leads to a bulk truncated substrate layer sequence with the two topmost bilayers in the same orientation, the Si rich preparation conditions represented by annealing the
(3 3) phase result in a surface slab of three bilayers in the same orientation which breaks the
4H-SiC bulk symmetry.
From morphology changes observed in STM
we deduce that strong material transport leads
to this addition of an additional bilayer in the
same orientation on top of the regular zigzig-zag-zag stacking in the bulk [Starke et al.,
Physical Review Letters 82, 2107 (1999)]. Oxygen adsorption/desorption cycles lead to the reversed situation with again two identically oriented bilayers which indicates that the bilayer
rearrangement is strongly sensitive to the chemical environment.
A well ordered oxide termination can be prepared on SiC by a thermal hydrogen treatment
under atmospheric pressure. Hydrogen serves
as an etching agent to generate a flat SiC surface. The outermost layer of this native SiC surface apparently gets oxidized, presumably by
residual oxygen present during or after the reaction. Brought into UHV without
further
treat

3)R30Æ
ment, the surface displays a ( 3
LEED pattern with bright and sharp spots and
practically no background on surfaces of both
polarities, i.e. SiC(0001) and SiC(0001̄). (Note,
that the spot intensities
are markedly different


from the above ( 3
3)R30Æ phase, indicating a completely different surface structure.)
112
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About one monolayer of oxygen is present in
these phases as determined by AES which also
indicates a SiO2 -type bonding in this layer. The
atomic arrangement was determined by LEED
structure analyses as a silicon oxide monolayer
above an otherwise bulk-truncated crystal.

 

Figure 102: ( 3
3)R30Æ -silicate adlayer on
SiC: (a) Top view showing the honeycomb-type arrangement with Si–O–Si bonds. (dark shaded area
3)R30Æ
indicates the (1 1), light shaded the ( 3
unit cell). (b) Side view projection along the [011̄0]
direction for SiC(0001̄). (c) Equivalent side view
of the oxide structure on SiC(0001), where linear
Si–O–Si bonds connect the silicate layer and the SiC
substrate.



 

As shown in Fig. 102(a) the layer consists of
a honeycomb-like
arranged
sublayer of two


Si atoms per ( 3
3)R30Æ unit cell connected by an overlayer of two-fold coordinated
oxygen atoms. This layer which resembles
a silicate-like structure, is directly connected
to the topmost SiC bilayer by a Si–C bond
(panel (b)) on SiC(0001̄) while on SiC(0001)
a linear Si–O–Si bridge mediates the contact
(panel (c)) [Bernhardt et al., Applied Physics
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Letters 74,
1084
(1999)]. The lateral unit vector



3)R30Æ periodic lattice matches

of the ( 3
that of bulk SiO2 within 95%. The only difference between the silicate monolayers on SiC
and the bulk structure of a high temperature
SiO2 phase known as β-tridymite is the position of the Si atoms. In the bulk structure a silicate layer consists of three sublayers with the Si
atoms alternatingly positioned below and above
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the oxygen atoms. Hypothetically, the silicate adlayer found on SiC can be transformed
into this structure simply by shifting one of the
two Si atoms in the unit cell upwards into this
upper
Si sublayer position. In that way the


( 3
3)R30Æ silicate layer may be a useful
seed for further growth of oxide films and help
to improve the performance of SiC-MOS structures.

Interface Structure of B2-FeSi on Si(111)
U. Starke; S. Walter, F. Blobner, M. Krause, S. Müller, and K. Heinz (Universität Erlangen)
The growth of iron silicide on a silicon substrate
is of considerable technological interest, since
– dependent on structure and composition – it
can be metallic, semiconducting or ferromagnetic. With these versatile properties, iron silicide offers a large variety of potential applications when integrated into silicon based devices.
Yet, it appears that the structure of a thin silicide film can be different from the stable bulk
structure of the corresponding chemical composition. E.g. for 1:1 stoichiometry in the bulk
phase diagram ε-FeSi is found which has the
rather complex B20-structure (Strukturbericht
nomenclature). In contrast, in ultrathin films
growth in CsCl-type structure (B2) is formed.
Although B2-FeSi is not stable as bulk structure, it grows as film of high-quality on Si(111)
[von Känel et al., Physical Review B 45, 13807
(1992)] due to a lattice mismatch of only 1.5%.

Since B2-FeSi is metallic, films on Si are good
candidates for Schottky junctions. However, the
structure of the interface, which plays a crucial
role for such devices, is largely unknown until
now. In the present paper, the atomic structure
and energetics of the B2-FeSi/Si(111) interface
are investigated using quantitative low-energy
electron diffraction (LEED) [Heinz, Reports on
Progress in Physics 58, 637 (1995)], and densityfunctional theory (DFT) calculations [Kresse et
al., Computational Materials Science 6, 15 (1996)].

The silicide films were prepared by deposition
of Fe onto Si(111) and subsequent annealing in
ultra-high vacuum (UHV). The film quality was
controlled through both the quality of the LEED
pattern and the film morphology as imaged
by scanning tunneling microscopy (STM). Figure 103(a) displays the image of a film resulting
from the initial deposition of 2.6  0.25 ML Fe
(1 monolayer (ML) Fe corresponds to 1 Fe atom
per top substrate layer Si atom) and subsequent
annealing. Obviously, there is layer-by-layer
growth leading to a distribution of domains with
two different heights (according to the average
coverage being between 2 and 3 silicide layers, i.e. 2 and 3 pairs of Fe and Si layers).
A quantitative evaluation using a Gaussian fit
of the histogram shown in Fig. 103(b) confirms
the formation of steps of approximately 1.7 Å
height. Since the layer spacing in B2-FeSi(111)
is just about half this value (0.8 Å), obviously
only double steps exist, i.e. the surface must be
terminated by either Si or Fe.
Integration of the two Gaussian peaks yields
that 40  15% of the substrate is covered by the
thinner film domain equivalent to an initial Fe
coverage of 2.4  0.15 ML which largely agrees
with the less accurate estimation via the quartz
balance. The sharp (1 1) LEED pattern observed (Fig. 103(c)) indicates, that for film, interface and substrate the lateral unit cell has the
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Figure 103: (a) STM image for (on average) 2.4 silicide layers exhibiting domains of two different heights.
In the inset (Utip = –1.0 V) atomic resolution is provided with the real space unit cell highlighted. (b) STM
histogram of (a) and its evaluation retrieving both the step height and the domain weights. The smooth
curves represent Gaussian fits. (c) LEED pattern of the same state of the film at 90 eV.

same size and shape, since they are all probed
by the LEED electrons at this film thickness.
From the atomically resolved STM image in the
inset of Fig. 103(a) the atomic distances are determined as  3.8 Å in accordance to the Si lattice parameter.

Figure 104: Side view of the atomic arrangements for the different possible configurations of the
B2-FeSi/Si(111) interface. Dark spheres represent
iron atoms, light spheres silicon atoms. Short bond
sticks indicate two bonds directed by 60Æ into and
out-of-plane.

Six different atomic configurations at the interface were considered as feasible models. As
shown in Fig. 104, they can be classified by (i)
the coordination of the Fe atom nearest to the
interface and (ii) the stacking sequence of the
114

silicide layers relative to the substrate. The coordination of Fe can be 5-, 7- or 8-fold. The
stacking sequence at the interface can be unfaulted (A-type) or faulted (B-type) so that the
unit cell of the silicide is oriented like that of Si
or rotated by 180Æ , respectively. Accordingly,
the notations A5, B5, A7, B7, A8 and B8 are
commonly used to describe the different scenarios at the interface.
In the quantitative LEED analysis the bestfit quality can be achieved for the B8type interface configuration (Pendry R-factor
RP = 0.159). Yet, the next best interface type
(B5) with RP = 0.180 is not outside the limits
of statistical errors, i.e., it cannot be excluded
safely by LEED. This is due to the fact that
the only qualitative difference of the B5- and
B8-type interface is the missing Si layer between the lowest Fe layer and the Si substrate
(Fig. 104). As Si is a considerably weaker scatterer than Fe and as the layer’s contribution is
weakened by electron attenuation, only moderate differences can be expected for the diffraction intensities of the two models. Nevertheless, the B8-type interface provides the best fit
and (except for B5) all other configurations can
be ruled out. The preference for a B8-type interface is also found in the energy minimization
calculations – and incidently, here the next best
interface configuration is A8 while the B5 interface can be ruled out. LEED on the other hand
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eliminates A8, so that the collaboration of the
two methods clearly identifies B8 as the true
configuration. Table 4 lists the R-factors and
interface energies for ∆µSi = 0 for all six models considered. It should be noted that even for
∆µSi = ∆HFeSi the B5 model can be savely ruled
out [Walter et al., Journal of Physics: Condensed
Matter, submitted].
Table 4: Best-fit Pendry R-factors RP from LEED
and interface energies (for ∆µSi = 0) from DFT
[eV/unit cell] for the different models tested.

Model

A5

B5

A7

B7

A8

B8

RP

0.237

0.180

0.209

0.206

0.221

0.159

EInt

1.78

1.82

1.09

1.11

0.70

0.63

With this interface model the film thickness
of the two domains found in the STM corresponds to 5 and 7 atomic layers, respectively.
The LEED intensities calculated for the two domains were combined for the structure analysis, whereby the layer spacings were optimized
independently for both domains. DFT calculations were carried out also for 5 and 7 atomic
layer films. The layer spacings are listed in detail in Fig. 105(b) according to the nomenclature in panel (a). The substantial relaxations at
the film surfaces and at the interface detected by
both DFT and LEED agree rather well. Noteworthy, the relaxations are very different for
the 5 and 7 layer domains. Already the second spacing above the interface (dI2 ) differs by
0.2 Å. This reflects the mutual influence of surface and interface in the ultrathin films. However, a comparison to a superlattice calculation
with a thick film (Fig. 105(b)) reveals, that already the interface of the 7 atomic layer domain (3 ML Fe) is very similar to a deeply burried interface. Each near interface spacing of
the 7 layer film is closer to the related superlattice spacing than to the corresponding 5 layer
value. This indicates that the decay length of
the mutual interplay between surface and interface as carried by the strong covalent bonding in
the material is of the order of about five atomic
layer spacings.

Figure 105: (a) Best-fit model for a B2-FeSi film
containing 7 atomic layers (3 ML Fe) in B8 interface structure. (b) layer spacings for 5 and 7 atomic
layer models from LEED and DFT as well as a thick
film (DFT).

Accordingly, LEED which is typically viewed
as a surface technique can be used for quantitative interface analysis on an atomic level,
when homogeneous films can be prepared thin
enough. The good agreement between LEED
and DFT as well as the excellent LEED fit quality prove, that the silicide film can be grown
with a well defined and sharp interface and so
Schottky junction devices seem feasible with
this material system.
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In situ observation of ferroelastic detwinning of YBa2 Cu3 O7δ
single crystals grown by flux
C.T. Lin and A. Kulakov
The transition of the ferroelastic tetragonal
to the orthorhombic (denoted as T–O henceforth) phase in the high-Tc superconductor
YBa2 Cu3 O7δ (YBCO) on cooling is normally
accompanied by the spontaneous occurrence of
twin domains which appear to compensate the
internal strains. These twin domains give rise
to sharp, contrasted images in polarizing microscopes as well as in electron microscopes. Their
presence in the superconducting, orthorhombic YBCO phase still poses a problem in obtaining a clear resolution of the a-b anisotropy
of physical properties. In recent years there
have extensive investigations to characterize the
microstructures and to understand their possible influence on the superconducting properties.
We deal here with the use of high-temperature
optical microscope for in situ observation of
the ferroelastic domain switching during the T–
O phase transformation in YBCO by applying
uniaxial pressure as well as by quenching its
high-temperature tetragonal phase without subjecting them to stress.
Single crystals were grown from a highly concentrated flux containing 15% YBa2 Cu3 O7δ
and 85% Ba3 Cu7 O10 in a zirconia crucible.
The growth apparatus and procedures are illustrated in Fig. 106(a). A Ni rod cold finger
was mounted above the melt to create a sharp
temperature gradient (Fig. 106(b)), which is the
main driving force for growing crystals in the
solid-melt interface. During growth the crucible
was rotated at 20 rpm to obtain a uniform temperature distribution and melt mixing. Because
incongruent and incomplete melts contain various dispersed droplets, inclusions and impurities together with the YBCO phase, a large
number of nucleation centers are always present
during the cooling procedure of crystal growth.
By the use of a temperature oscillation method,
the number of nucleation centers can be reduced
considerably.
116

Figure 106: Schematic illustration for the YBCO
single crystal growth by flux. (a) Growth apparatus.
(b) Sharp temperature gradient created in the growth
interface by cold finger. (c) Temperature oscillation method applied to reduce the number of nuclei.
(d) Free-standing crystals obtained by separating
residual melt, which is sucked by porous brick.
(e) Typical single crystals of YBCO.
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The temperature oscillations as shown in
Fig. 106(c), in particular, allow small crystallites to remelt and give the large crystals more
space and nutrient supply for their own growth.
This has resulted in large crystals being successfully obtained from the melt surface. The
most suitable temperature for crystal growth
was found to be in the range between 972Æ C
and 960Æ C. When cooling terminated at this
temperature range, the residual flux was poured
into a porous brick by tipping the crucible
over. This separation technique showed that the
flux was absorbed by the brick and left crystals free standing and without contamination
on the crystal surface, as shown in Fig. 106(d).
The crystals so obtained are as large as several
square centimeters and over 2 mm thick. Some
typical crystals are shown in Fig. 106(e).
The structure of the crystals as they are grown
at above 960Æ C is tetragonal. If they are cooled
slowly through the T–O transition temperature
in the presence of oxygen, these crystals undergo a structural transformation to the orthorhombic phase. In the orthorhombic phase,
twins are generally formed due to the nonuniform stress fields present across the crystal
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on cooling to room temperature. Therefore asgrown crystals are nearly always found to be
orthorhombic with a (110) [11̄0] twinned structure, which is readily observed under polarized
microscope. This ferroelastic material allows
the transformation from one orientation to another during the application of a mechanical
stress. For the YBCO phase the two orientation
states differ not only in slight atomic shifts of
 0.04 Å of the Cu sites but also in the oxygen
ordering. To change the orientation variants,
oxygen must diffuse  3 Å for YBCO and the
ferroelastic switching can be expected to proceed with appropriate mechanical loading and
thermal treatment.
The effectiveness of detwinning apparatus that
was established by direct in situ observation of
the twin motion procedure is schematically illustrated in Fig. 107. A square-shaped crystal
was placed between two quartz plates with the
stress being applied along the [100] direction.
The temperature of the crystal was raised at a
constant stress of about 2.5107 Nm2 and the
domain pattern controlled visually in situ using
a high-temperature optical microscope.

Figure 107: Schematic diagram of the in situ observation technique for the detwinning of YBCO single
crystals.
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homogenize by means of lateral wall movements. The image of the twin domains shows
a decreasing color contrast following successive heat treatments to higher temperatures at
350Æ C and 450Æ C, respectively, suggesting that
the twin density is decreasing and the crystal remains orthorhombic with a large, single domain
after detwinning.
Instead of applying a uniaxial pressure, removal
of twins was carried out by quenching specimens above the T–O transition temperature.
The technique provided a means of maintaining an oxygen partial pressure which was advantageous in retaining the oxygen content of
the crystal despite the high-temperature treatment. Twin-free crystals could be obtained with
tetragonal phase. The as-grown sample was
fully oxygenated and then heated up to 400Æ ,
650Æ , 800Æ and 930Æ C for 5 minutes, respectively, and followed by rapid quenching in Ar.

Figure 108: Polarizing optical micrographs showing gradual changes in the twin domain structure
of a pure YBCO single crystal by the application
of stress of 2.5 107 Nm2 parallel [100] and heating at: (a) as-grown state, (b) 250Æ C for 30 min.,
(c) 350Æ C for 30 min, and (d) 450Æ C for overnight,
respectively.

Polarized optical images of an as-grown YBCO
single crystal before and after successive heat
treatments are shown in Figs. 108(a)–(d), respectively. At 250Æ C the crystal started to
118

The polarized optical images of the quenched
specimen show similar decreasing color contrast with heating temperatures, referred to
Figs. 108(a)–(d). The twin density is either decreasing while the crystal remains orthorhombic or volume of the crystal increases becoming tetragonal phase in the twin boundary regions. At the final heating treatment of 800Æ C
and 930Æ C the whole crystal has a uniform color
indicating a nearly full conversion to the tetragonal phase. The tetragonal phase in this case is
always accompanied by the presence of a tweed
structure, which was needed to relieve the internal strain. The tweed structure is considered as
a transitional phase during the T–O phase transformation, in which small O-structure domains
are phase-separated in the crystal from T-phase
domains. These ‘tweed’ phases are so small that
they do not give rise to sharp O-phase diffraction spots.
We believe that, depending on the macroscopic
level of this strain, the crystal will either adopt
an orthorhombic twin phase or a tetragonal
tweed phase which consists of a quasi-periodic
structural modulation with a length scale of several hundred Ångstrom.
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Figure 109: TEM micrographs of pure YBCO as viewed down the c-axis of the crystal. (a) Quenching
at 650Æ C for 5 min., showing the co-existence of orthorhombic twin phase and tetragonal tweed phase.
(b) Quenching at 800Æ C for 5 min, showing tweed structure.

Evidence of the transitional phase (or coexistence of the orthorhombic twin and tetragonal tweed phases) was obtained by the TEM
wrinkle-like pattern in the crystal after quenching at 650Æ C, as shown in Fig. 109(a). In general, the equilibrium structure for pure YBCO
is the orthorhombic twin phase. However by
quenching from a high temperature, the unequilibrium state of tetragonal phase may be captured. The combined evidence of X-ray diffraction, electron microscopy, ACS and EPMA
oxygen analysis suggests the presence of a new
phase with a macroscopically tetragonal structure. Further evidence of such a tweed tetragonal structure has been obtained by electron microscopy. Figure 109(b) shows unbiguously this
structure fully heat-treated at 800Æ C.

In situ observation of the detwinning process of
YBCO single crystals was carried out using two
techniques: The first one relies on the thermomechanical treatment under a uniform compressive stress parallel to the a/b-direction, and the
second relies on retaining oxygen in the tetragonal phase by heating the fully oxygenated orthorhombic phase to above the T–O transition
temperature for a short period in an Ar environment, followed by rapid quenching to room
temperature. Both orthorhombic and macroscopically tetragonal structures of YBCO are
obtained which are twin-free and superconducting. The availability of twin-free YBCO should
promote a quantifiable study of the anisotropy
of its physical properties.
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