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In this report we intend to give an impression of the manifold scientific activities at
the Max-Planck-Institut für Festkörperforschung during the year 2006. In the first part,
we present some highlights of the scientific accomplishments in our Departments and
Scientific Service Groups. The second part contains a complete list of publications as well
as other useful information on our Institute. More details can be found on our web page
‘www.fkf.mpg.de’.
This year we had the pleasure to welcome Markus Lippitz. He holds a Junior Professorship
at the University of Stuttgart and leads an independent research group working on ultrafast
charge dynamics of electronic materials at our Institute.
We thank all the members of the Institute for their hard work and dedication. It is thanks to
their efforts and performance that the Institute has been able to maintain its high standard
of research.
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P.A. van Aken and G. Schütz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

Supramolecular intercluster compounds consisting of gold clusters and polyoxometalates
M. Schulz-Dobrick and M. Jansen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

Bonding in solids
Anionic late transition metals as p-elements
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General information on Abteilungen and Scientific Service Groups

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 nonmetals 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-gel process, synthesis under high pressure, via an rf-furnace, at
low temperatures in liquid ammonia, by electrochemical methods, or by low-temperature 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, 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 long-term goal of the department is to increase the predictability of solid state chemistry, i.e.,
to predict the existence of not-yet synthesized compounds, calculate their properties, and finally
provide prescriptions for their synthesis. This work involves both theoretical and synthetic aspects.
On the theoretical side, structure candidates are determined by studying the energy landscapes of
chemical systems using global exploration techniques, while on the preparative side kinetically
controlled types of reactions that allow low-temperature synthesis of (possibly metastable) compounds are being developed. [47,53]
LHS: When simultaneously evaporating graphite and a metal in an rf-furnace (shown), endohedral fullerenes can be
synthesized in relatively high yields. RHS: Synthesis at high oxygen pressures produces novel materials with interesting
electronic, chemical and physical properties. Compounds such as Ag13 OSO6 (shown) are characterized using various
spectroscopic, physical and diffractive methods.

M AIER’s department is concerned with physical chemistry of the solid state,
more specifically with chemical thermodynamics and transport properties.
Emphasis is laid on ion conductors (such as inorganic or organic proton, metal
ion and oxygen ion conductors) and mixed conductors (typically perovskites).
As local chemical excitations (point defects) are responsible for ion transport and
simultaneously represent the decisive acid-base active centers, a major theme
of the department is the understanding of mass and charge transport, chemical
reactivities and catalytic activities in relation to defect chemistry. This includes experiments (in
particular electrochemical studies) as well as theory (in particular phenomenological modelling),
and comprises investigations of elementary processes but also of overall system properties. In this
context, interfaces and nanosystems are to the fore.
Since electrochemical investigation immediately affects the coupling of chemical and electrical
phenomena, the research is directed towards both basic solid state problems and the technology of
energy and information conversion or storage (fuel cells, lithium-batteries, chemical sensors).
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Conceptually speaking, we want to address the following questions: Can we – given the materials,
the control parameters and the driving force – understand or even predict concentrations, mobilities
and reactivities of ionic charge carriers? How do these properties change at interfaces and in
confined systems? What are the basic mechanisms of ion transport and ion transfer? How can
we use this fundamental knowledge to develop at will materials for given (or novel) applications?
[85,88,90]
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.

S IMON’s department emphasizes the investigation of metal-metal bonding with
main group, d- and f-metals. The purpose of the work is on one side the development of structural concepts (e.g. condensed cluster concept) and on the other
side the search for new materials, their phase relationships and relations between
structure, chemical bonding and properties.
Targets are metal-rich compounds of transition metals, particularly oxides and
halides, reduced rare earth metal halides, hydride, carbide, boride, boride
carbide, aluminide and silicide halides of the rare earth metals, alkali and alkaline earth metal
suboxides and subnitrides. 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 in a flat band–steep band scenario. New colossal magnetoresistance materials result from an interplay of d- and f-electrons.
Other fields of interest are structures of molecular crystals, in particular, in situ grown crystals of
gases and liquids. Experimental techniques like diffractometry with X-rays and neutrons, X-ray
photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), high-resolution
transmission electron microscopy (HRTEM) and measurements of magnetic susceptibility as well
as electrical transport properties are used. [40,57]
Ba14 CaN6 Na14 – subnanodispersed salt in a metal.
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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 hightemperature superconductivity. Experimental techniques being used include
elastic and inelastic neutron scattering, normal and anomalous X-ray scattering, Raman scattering off and in resonance, spectral ellipsometry (including
synchrotron radiation as a source), and infrared, Raman, and X-ray measurements under 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 operates a high-magnetic field facility for X-ray scattering at the National Synchrotron
Light Source (NSLS) at Brookhaven National Lab (USA). At the ANKA synchrotron in Karlsruhe,
the group also operates Fourier ellipsometers for the far infrared spectral range. Close collaborations also exist with the theory and chemistry departments at the MPI-FKF; with the Crystal
Growth Service Group where large, high-quality single crystals of oxide compounds are prepared
with optical furnaces, and with the Technology Service Group that prepares state-of-the-art oxide
heterostructures and superlattices. [66,96]
Investigation of a mosaic of crystals of a high-temperature superconductor with neutron beams (yellow). Neutrons
are elementary particles that generate a magnetic field through their internal rotation (‘spin’), similar to a tiny bar
magnet. When a neutron beam falls onto a magnetic material, the neutron spin is flipped and the beam is deflected.
In experiments with neutron beams, Max Planck scientists are studying an unusual, fluctuating magnetic order in hightemperature superconductors that could be of central importance for an explanation of this phenomenon.

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 ultrathin 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 manipulate and assemble nanoobjects are
developed. Of particular interest are: 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.
[23,27,30]
The scanning tunneling microscope image shows a silver dendrite grown at 130 K on a platinum (111) surface.
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The electronic properties of heterostructures, quantum wells, superlattices and
carbon based quantum structures (graphene, nanotubes), in particular the
influence of quantum phenomena on the transport and optical response are
the main topics in VON K LITZING’s department. Optical and transport measurements in magnetic fields up to B = 21.5 Tesla and temperatures down to
10 mK combined with TEM/scanning probe techniques are used to characterize the systems. Picosecond sampling techniques are developed for ultrafast
time-resolved measurements on nanodevices. The quantum Hall effect is studied by analyzing
time-resolved transport, edge channels, the behavior of composite fermions and the response on
microwave radiation and surface acoustic waves. Electron-phonon interactions in low-dimensional
systems and the phonon transmission through interfaces are investigated with ballistic phonon
techniques. Time-resolved photoconductivity, luminescence, and Raman measurements in magnetic fields are methods of characterizing the low-dimensional electronic systems. A strong current
interest is the preparation of nanostructures either by self-organized growth or by lithographic and
synthetic routes. Coupled two- and zero-dimensional electronic systems are produced by highly
specialized molecular beam epitaxy growth and by electron beam lithography.
Phenomena like electron drag, exciton condensation, Kondo resonance, Coulomb blockade,
ballistic transport, commensurability phenomena in periodically modulated two-dimensional
systems and the interaction between electron and nuclear spins are investigated. The detection
and generation of terahertz radiation using low-dimensional electron systems is one of the new
research activities. [13,36,92]
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.
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Theory
The electronic structure plays a key role in determining transport, magnetic, optical, and bonding properties of solids. The members of Abteilung A NDERSEN
study the electronic structure of both weakly and strongly correlated materials,
where the dominating energy of the electrons is the kinetic and Coulomb energy,
respectively.
The work on weakly correlated systems is based on the density functional
formalism, whereby an important aspect is the development of efficient methods
for solving the corresponding equations, such as the NMTO method. For strongly correlated
systems, an essential aim is to introduce chemical realism into the description also of these
materials by developing realistic model Hamiltonians, e.g., by using down-folding in the NMTO
method. The model Hamiltonians have been solved in the static and dynamical mean-field approximations, often in together with Karsten Held and collaborators from Metzner’s department. Of particular interest has been metal-insulator transitions in transition metal oxides, as well as magnetic,
optical, and dynamical properties studied experimentally in Keimer’s department.
Another focus of the department is the interaction between electrons and nuclei, the electronphonon interaction, which is important for superconductivity and other transport properties of
many metals. Materials of particular interest has been MgB2 and ‘other’ intercalated graphites,
studied together with the Chemistry Service Group, transition metal compounds, high-Tc cuprates,
and fullerides. [60,73]
One of the three congruent t2g NMTO Wannier-like orbitals for V2 O3 . Lobes of opposite signs are respectively red
and blue.

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 degrees of freedom on electronic
properties, via Jahn-Teller distortion and electron-phonon interaction. Besides bulk properties of
one-, two- and three-dimensional systems also problems with a mesoscopic length scale such as
quantum dots and inhomogeneous quantum wires are being studied. 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. [63,69,77]
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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Independent Junior Research Group
Research in the O RGANIC E LECTRONICS Group (Klauk) focuses on the
development of materials and manufacturing processes for the fabrication of
high-performance organic electronic devices. Particular emphasis is on the
advancement of organic thin-film transistors. Unlike transistors based on
inorganic semiconductors, such as silicon, organic transistors can be created
at or near room temperature and thus on a variety of unconventional substrates,
including glass, plastics and even paper. This allows, for example, the implementation of mechanically flexible large-area sensors for the spatially resolved detection of
chemical, biological, thermal or mechanical inputs.
Other applications include flexible information displays in which organic transistors are needed for
the pixel drive, row select and column decoder circuits. In a broader sense we pursue the design
and application of a wide range of advanced functional organic materials for electronic, microelectro-mechanical or nanoscale devices and circuits, and to study condensed matter physics
in organic materials. One example are self-assembled monolayers. Although the spontaneous
self-assembly of aliphatic molecules on solid surfaces was first described more than 60 years
ago, the tailoring of the electrical properties of molecular monolayers and their use in functional
electronic devices remain virtually unexplored. Scientific work in organic electronics is highly
interdisciplinary and involves the design, synthesis and processing of materials, the development
of fabrication processes, device and circuit design, manufacturing, and characterization. [33]
n-Octadecylphosphonic acid C18 H37 POOH2 forms dense, insulating monolayers on natively oxidized metal substrates, such as aluminum. As a high-capacitance gate dielectric, these monolayers allow organic transistors and largescale digital circuits (background) to operate with low voltage (1.5 V) and low power (1 nW per gate).

Scientific Service Groups
The C HEMICAL S ERVICE G ROUP (Kremer) develops techniques and maintains
experimental facilities in order to perform physical measurements to support
all experimental groups of the Institute with the characterization of electrical,
thermal and magnetic properties of new compounds and samples. Our mission
requires a great versatility of the supported experimental methods including
the development and cultivation, e.g. of experimental techniques to perform
measurements on chemically highly sensitive and reactive small samples under
inert gas conditions. Presently available are two commercial SQUID magnetometers, home-built
ac-susceptometers, dc- and ac-electrical resistivity setups and calorimeters in a broad range of
temperature and magnetic fields. Materials currently under investigation are novel superconductors (rare earth carbides and carbide halides, intercalated graphite, magnesium diboride), new
or unusual magnetoresistive materials (rare earth halides and hydride halides), low-dimensional
and frustrated magnetic systems and systems with unusual magnetic ground states (spin-Peierls
systems, frustrated quantum chain systems). [71]
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.
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The C OMPUTER S ERVICE G ROUP (Burkhardt) runs the Institute’s central mail,
print, software, backup and web servers, as well as the nine servers providing
department specific services. To fight the increasing number of SPAM mails the
Institute’s mailserver now supports Greylisting. All servers use the Linux
operating system. A Fibre Channel based Storage Area Network (SAN) allows
to add additional storage when needed without service interrupt. Backup remains
based on Tivoli Storage Manager (TSM); currently the total backup data volume
is about 22 Tbyte. The servers were  99.98% online despite difficult power and AC conditions
caused by the renovation and modernization of the 2E server room throughout 2006. This translates to total fileserver downtimes below 40 minutes in 2006.
In the last five years the group integrated more than 600 new PCs into the network, bringing the
estimated total number to more than 1000 PCs used as desktops and for data acquisition purposes.
Of these about seventy percent run Windows and thirty percent run the Linux operating system.
In 2006 the IBM Bladecenter System has been extended to 128 JS20 PowerBlades (256 CPUs)
and 30 HS20/LS20 Intel/AMD blades (60 CPUs). It remains the main computational resource for
the theory oriented groups. The machine runs under the SuSE Linux Enterprise Server operating
system, but it is source code compatible to the AIX machines IBM p655 (32 POWER4 CPUs) and
IBM SP (60 POWER3 CPUs ). To the users of the theory groups the Power based systems all look
alike as they use the same set of compilers, libraries and batch systems, for the Intel based systems
the applications were ported using the Intel and Portland compilers.
Five rack mounted Linux clusters with a total of 152 Intel Xeon (IBM xSeries 335) and 54 AMD
Athlon CPUs (FSC hpcline) provide additional cost effective computational resources for the
Jansen, Maier and Metzner departments.
View inside the Tape library of the DV-FKF. Every night the data of 120 computers in the Institute is backed up. At
the moment the total TSM backup and archive volume amounts to 22 Terabytes.

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 solution. 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. The floating zone furnaces are used predominantly to grow large single crystals of transition metal oxides for neutron and optical spectroscopy. Typical examples are superconducting oxides Bi2 Sr2 Can1 Cun O24nδ , REBa2 Cu3 O7δ ,
RE2x Mx CuO4 , (RE = rare earth), and cobaltite’s Nax CoO2 . 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. Recent highlights are the successful growth of high quality Nax CoO2
(x = 0.32–1.00) single crystals and their hydrated phases Nax CoO2 yH2 O, a strongly correlated
electron system; RuSr2 GdCu2 O8 single crystals exhibiting both coexisting magnetically ordered
and high-temperature superconducting states; sizable crystals of YBa2 Cu4 O8 , an underdoped hightemperature superconductor without oxygen defects, by a novel flux method at ambient conditions;
large crystals of the ionic conductors LiFePO4 with Mg, Or, Si, and Al substitution; and large crystals of Sr CaFeO3δ , a family of compounds exhibiting unusual magnetoresistance effects. [43]
A view of the inside chamber of the four ellipsoidal infrared image (TSFZ) furnace.
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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.
Advantage is taken of recent developments in diamond anvil cell techniques, including progress in analytical methods that utilize synchrotron X-ray radiation
(diffraction as well as inelastic scattering), synchrotron infrared radiation, and
laboratory-based low-temperature optical spectroscopy.
The subjects of interest range from improving the understanding of chemical bonding and phase
formation at high densities to illuminating the interplay between subtle changes in crystal structure,
electron delocalization, magnetism, and superconductivity in correlated electron systems of different dimensionality. In terms of materials, the interest in covalently bonded semiconductors and
nanostructures continues, while the ’simple’ alkali metals have attracted attention due to their
surprisingly complex structural and electronic behavior at high density.
The main focus, though, is on the physics of transition metal compounds with metal ions in high
oxidation states, i.e. systems being located close to the insulator–metal borderline and undergoing
pressure-driven Mott-like delocalization transitions.
Schematic view of a diamond window high-pressure cell.

The C ENTRAL I NFORMATION S ERVICE (Marx/Schier) for the institutes of the
Chemical Physical Technical (CPT) Section of the Max Planck Society is located
at the Max Planck Institute for Solid State Research in Stuttgart. The CPT
Information Service is accessible for all scientists within the entire society and
provides support in all demands of scientific information.
The service has access to many commercial databases and patent files not
included in the range of end user databases and should be contacted, if searches
in the available databases are not sufficient. Professional searches in chemistry, materials science,
and physics are performed in the various files offered by STN International. In particular, the files
of the Chemical Abstracts Service in conjunction with the STN search system enable sophisticated searches regarding compounds, reactions, and spectra. New analyze tools allow establishing
research field statistics.
Beside the databases, covering general disciplines like chemistry and physics, there are many
databases for specific research fields like materials science, engineering, and environmental
sciences. In addition, factual databases enable searching numerical data like chemical and physical
properties of compounds and various national and international patent files are available. Furthermore, the service offers support concerning research evaluation based on citation data, including
citation statistics with respect to scientists or research institutes for the demands of research evaluation. Finally, the service offers help and training for searching end user databases like SciFinder,
INSPEC, and Web of Science.
The archives of science are rapidly growing: one of the about 30 million substances registered in the compound file
of the American Chemical Abstracts Service. Powerful databases and search systems have become indispensable tools
in processing the actual information flood in science.
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I NTERFACE A NALYSIS S ERVICE G ROUP (Starke) investigates the atomic and
electronic structure of solid-solid 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 multicomponent chamber containing high-resolution 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 ultrathin 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. [18,20]
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).

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 and InGaAs 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
heterostructures. We are particularly interested in controlling the spatial position of self-assembled nanostructures. For this purpose we grow quantum dots on lithographically
pattered substrates, and investigate an atomic-layer precise in situ etching technique based on
AsBr3 . 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. Another subject is the
formation of free-standing semiconductor nanotubes. The preparation is controlled by selective
under-etching of strained epitaxial semiconductor bilayers. [49]
Atoms impinge, diffuse and nucleate on the surface of a heated crystalline substrate under ultrahigh vacuum
conditions. This process is called molecular beam epitaxy.
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The O PTICS AND S PECTROSCOPY 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 K and 300 K. Recently, the sample characterization techniques have been extended by standard
Raman spectroscopy.
The primary research subject of the ultrafast optics lab are time-resolved studies of ultrafast optical
and electrical phenomena in solids. Several pico- and femtosecond laser systems including devices
for the generation of sub-10 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. Time-resolved photoluminescence, pump-probe experiments, degenerate four-wavemixing and coherent Raman techniques are employed to investigate the coherent and incoherent
relaxation dynamics of excitons, free carriers (electrons and holes) and phonons as well as carrier
transport phenomena. Materials preferentially under investigation are III-V and II-VI semiconductors, in particular low-dimensional systems (quantum wells, quantum wires, and quantum dots).
The variation of the relaxation processes and times as a function of the dimensionality of the carrier
system are a central topic of the research. Besides studies on semiconductors, investigations of the
linear and nonlinear optical properties of metallic photonic crystal structures have become a major
research field of the group.
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, electrical and terahertz pulses. [104]
Optical parametric amplifier generating tunable femtosecond pulses for coherent semiconductor spectroscopy.

The T ECHNOLOGY S ERVICE G ROUP (Habermeier) offers service work in the
fields of thin film preparation, microlithography and fabrication of contacts to
semiconductors and ceramic materials. The experimental facilities include highvacuum evaporation and sputtering (dc, rf and reactive) techniques. Additionally, pulsed laser deposition systems are installed to prepare thin films with complex chemical composition such as high-temperature superconductors (HTS),
perovskites with colossal magnetoresistance (CMR) and other functional oxide
ceramics. Dry etching techniques complement the spectrum of experimental techniques available.
The research activities are closely related to the service tasks. Thin film deposition of doped Mott
insulators such as HTS and CMR materials play a central role. The main focus of interest is the
study of interface related phenomena in complex oxides such as epitaxial strain in functional ceramics, mesoscopic phase separation and electronic and magnetic interactions at HTS-CMR interfaces as well. Additionally, the preparation and investigation of magnetic and superconducting
oxide superlattices (manganites, ruthenates and cuprates) and their mutual electronic interaction
as well as the study of special oxide heterostructures are designed for polarized spin injection,
exchange bias effects and magnetic flux-line pinning phenomena are of central interest. [81]
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 cooperation in the field of
nonroutine 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. [100]
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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Low dimensional systems
The development of new material phases with intriguing characteristics is often based on the
restriction to lower dimensionality where new properties emerge, different from those in threedimensional bulk samples. One prominent example in the Institute is the creation of twodimensional electron systems for the investigation of quantum phenomena in magnetic fields.
The first contribution reports, how optical spectroscopy in such systems is facilitated by inducing density modulations by surface acoustic waves. Molecular adsorption on metal surfaces can
lead to anisotropic supramolecular networks. The reaction and organometallic interlinking of the
molecules with the metal substrates are investigated in the second contribution. Finally, self-aligned
Si nanowires on an anisotropically oriented SiC surface lead to one-dimensional electron confinement in an ordered array and might be used as template with all kinds of prospective applications.

Ultrahigh-frequency surface acoustic waves for large wavevector
spectroscopy of correlated two-dimensional electrons
I.V. Kukushkin, J.H. Smet and K. von Klitzing; W. Wegscheider (Universität Regensburg);
V.I. Fal’ko (University of Lancaster)
Many ground states of the two-dimensional
electron system (2DES) exposed to a perpendicular magnetic field are governed by Coulomb
interactions. Fractional quantum Hall states, the
composite fermion Fermi sea and the Wigner
crystal are well-known examples. Electronelectron interactions also manifest in the dispersion of excitations of the 2DES such as
magnetoplasmons and spin-waves. It is desirable to investigate such correlated ground
states and excitations with optical detection
schemes in view of their sensitivity. However,
the Kohn and Larmor theorems must first be
outwitted. According to Kohn’s theorem, homogenous electromagnetic radiation incident
on any translationally invariant system can only
couple to the center-of-mass coordinate. Hence,
phenomena originating from Coulomb interactions remain hidden for optical transitions with
zero transferred momentum. A prominent example is the cyclotron resonance of composite
fermions, which remains invisible in a conven-

tional microwave absorption experiment. Analogously, Larmor’s theorem dictates that in a
system with rotational invariance in spin space
Coulomb interactions do not contribute to the
energy of zero momentum spin excitations. An
elegant way to overcome these limitations for
optical studies consists in the creation of a periodic density modulation or some other means to
modulate the dielectric constant, so that the incident radiation is perceived as inhomogeneous
by the 2D electrons. Optical transitions at the
non-zero wavevector defined by the modulation
can then be triggered and may contain information on Coulomb correlations which are difficult
to access otherwise.
Previously, metallic gratings have been deposited on top of the 2DES to impose a periodic
modulation and this approach was used to study
the interaction contributions to the electron cyclotron resonance and the magnetoplasmon dispersion. However, these gratings cover the area
exposed to optical radiation and restrict the
13
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minimum modulation period as the incident radiation should be allowed to penetrate. Interactions usually start to dominate at wavelengths
comparable to the mean inter-particle distance.
Hence, for the typical densities in 2DES the
most interesting range of momenta corresponds
to k  108 m1 , but is inaccessible in metallic grating based experiments. Here, we have
developed a technique based on the generation of ultrahigh-frequency (up to 48 GHz) surface acoustic waves (SAWs), which enables finite wavevector spectroscopy up to 108 m1 .
We have applied it to investigate the dispersion
of the composite fermion cyclotron resonance
mode as well as the electron spin resonance at
large wavenumbers.
A schematic of the experimental arrangement is
shown in Fig. 1(a) [1]. The mesa of the 2DES is
composed of a narrow active region and terminates on either side in a wider section where a
metallic interdigital transducer with a periodicity pSAW varying from 320 to 120 nm has been
patterned. This transducer is capable of generating SAWs with wavelength pSAW due to the
piezoelectric properties of the GaAs substrate.
The propagating SAWs are accompanied by an
electric field penetrating down to the 2DES.
It serves as a slowly traveling (at the speed
of sound equal to υSAW = 2850 m/s in GaAs)
weak periodical potential superimposed on the
electronic system and allows a transfer of momentum kSAW = 2π pSAW of 2–5.2107 m1 . The
high-frequency signal (9 to 24 GHz for these
values of pSAW ) to drive the transducer is inserted in the cryostat with a coaxial line which
is connected to the electrodes (marked 1 and
2 in Fig. 1(a)) via a properly terminated coplanar waveguide. To boost the range of accessible transferred momenta by a factor of two (up
to 1.1108 m1 ) also a contactless approach to
drive a transducer at double the frequency was
exploited. These experiments with unbonded
transducers were performed by placing the circuit board holding the sample near the end of a
microwave waveguide. In this waveguide setup
the electric field of the microwave is screened
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by the metallic fingers of the transducer. It results in a periodic spatial modulation of the
electric field with a period equal to the distance
between the nearest fingers pSAW /2 rather than
the transducer period pSAW itself.

Figure 1: (a) Experimental configuration and sample geometry. The high-frequency signal driving the
left transducer as well as the microwaves (see later in
text) irradiating the sample are inserted with coaxial
lines. The optical fiber excites the active region with
laser light and also collects the luminescence signal. (b) The left panel depicts a typical luminescence
spectrum measured at a density of 3.3109 cm2 and
0.4 K. The red curve is the differential spectrum obtained at the resonance frequency of the transducer
with a period of 160 nm. Right panel: absorption intensity (defined in the text) as a function of the SAW
frequency fSAW .

Low dimensional systems

Using SAWs to break translational invariance
offers many advantages over metallic gratings:
It is noninvasive, since the transducers are patterned far away from the active area. A metallic layer does not mask part of the 2D electrons
underneath, which enhances the signal in optical experiments. Moreover, metal in the active device area screens the Coulomb interaction and curtails its range to the distance separating the 2D electrons from the surface. Surface metal would thereby potentially modify
the physics under study. The modulation amplitude is tunable by applying different power levels to the transducers. Finally, the modulation
period is determined by the SAW wavelength
which in principle can be very small. To proof
the presence of SAWs, the conventional electronic approach using a second transducer as
a detecting element fails rapidly with increasing frequency. Here, optical detection relying
on SAW induced modifications in the luminescence spectrum of the 2D electrons is used instead. It provides much larger sensitivities at
frequencies exceeding 10 GHz as it avoids the
inefficient conversion and the losses associated
with propagating the detected signal on coaxial lines before amplification at room temperature. A luminescence spectrum of a sample with
a 160 nm transducer is plotted in Fig. 1(b) (left
panel) as example and is obtained by exciting
the active region with 750 nm laser light using a
glass fiber. In the absence of SAWs, it exhibits
two lines due to the recombination of free excitons and free 2D electrons. When applying
18 GHz to the transducer, a SAW is resonantly
excited and a strong modification of the luminescence takes place.
Exciton polarization and electron-hole separation in the electric field of the SAW weaken
the excitonic line and favor recombination from
the 2D channel. These changes in the spectrum are highlighted by building a differential
spectrum (red line in Fig. 1(b), left panel). The
integral of the absolute value of this differential spectrum across the recorded spectral range
may serve as a measure of the absorption amplitude. By plotting this absorption amplitude as a
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function of the frequency applied to the transducer, the resonant character comes out clearly
(Fig. 1(b), right panel). A response occurs only
in a very narrow frequency range from 17.8
to 18.1 GHz with a well-defined maximum at
fres = 17.93 GHz = vSAW /pSAW and confirms the
presence of SAWs in the illuminated region of
the sample.
We illustrate the power of combining luminescence experiments with SAWs by studying the
electron spin resonance (ESR) of 2D electrons
at large wavevectors [2]. ESR has been previously investigated in microwave absorption experiments and temperature-dependent transport
studies. The microwave experiments obtain a
g -factor close to –0.44 corresponding to the
bare Zeeman energy of bulk GaAs, no matter
the degree of spin polarization of the electronic
system. In contrast, transport studies yield a
strong filling factor dependent enhancement of
g . The enhancement can be as large as a factor
10–20 at filling ν = 1 when all electron spins are
aligned. It has been accounted for by exchange
interaction, which strongly oscillates with ν as
its magnitude depends on the net electron spin
polarization. The disparity between these two
experiments can readily be understood by considering the wavenumber at which the two experiments probe the spin flip excitations. The
microwaves couple to the center of mass motion
and probe the properties of spin flip excitations
in the limit k  0 where their energy is immune
to Coulomb interaction. For transport to take
place in thermal activation studies, charge separation between the electron promoted to the opposite spin branch of the same Landau level and
the hole it leaves behind is required and such
investigations address the k  ∞ limit where
the exchange interaction fully contributes. Despite general consensus on this theoretical explanation, no experimental attempts have been
undertaken to measure the dispersion of spin
excitations away from the two extremes k  0
and k  ∞ in view of the dearth of appropriate techniques to generate external excitations
with large k. Here, SAWs in conjunction with
luminescence measurements have allowed us to
15
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fill this gap. Luminescence spectra are recorded
in the absence and presence of SAWs. Under
resonant conditions between the SAW and the
ESR transition, a redistribution of the electron
population between the spin-up and spin-down
electron levels occurs and produces a non-zero
absorption amplitude. ESR was studied in this
manner for filling factors 0  ν  3 and carrier
densities from 3109 to 1.61011 cm2 . Figure 2
summarizes the extracted values of g for two
different wavevectors and SAW frequencies. As
anticipated, g is significantly enhanced at odd
filling factors, while close to filling factor 2
(where the 2D system is unpolarized) we recover the g -factor of bulk GaAs. The enhancement is larger at larger wavevectors conform
to the k2 -dependence of the exchange contribution predicted by theory. However, a more detailed comparison with a mean field theory including the bare Coulomb interaction reveals a
large discrepancy with the spin excitation energy obtained in experiment. The discrepancy
can be mended only partially by invoking strong
2D screening of the Coulomb interaction, even
though this screening should not apply in this
filling factor regime.

Figure 2: Effective g -factor of the spin-wave as a
function of filling factor ν for 18 GHz and 12 GHz
surface acoustic waves (square and circles). Symbols refer to experimental data points whereas lines
represent theoretical calculations assuming either
the bare Coulomb interaction (solid lines) or a 2D
screened interaction (dotted lines). The blue color
refers to the 12 GHz results, and red to the 18 GHz
data.
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An important extension of our SAW-luminescence technique is the ability to irradiate the active sample region with a microwave of tunable
frequency. To this end, a second HF signal with
a frequency fcr ranging from 0.01–50 GHz is inserted with a second coaxial cable and coplanar
waveguide. The central conductor is connected
to electrode 4 of the remaining transducer in
Fig. 1(a), while the other electrode of this transducer (3) is left floating. Ground is shared with
electrode 1 of the transducer generating SAWs
on the opposite side of the sample and hence
electrodes 1 and 3 effectively compose a dipole
antenna irradiating the central region of the
sample. This arrangement enables a continuous
sweep of the frequency fcr . It has been exploited
to investigate the dispersion of the composite
fermion cyclotron resonance mode. The matrix
element (MCRCF ) for the composite fermion
cyclotron transition vanishes in the limit k  0
in accordance with Kohn’s theorem and is proportional to ∝ k2 . Hence, on its own the incident
radiation at frequency fcr is unable to trigger the
composite fermion cyclotron resonance mode.
The concomitant presence of a propagating
SAW with frequency fSAW is crucial to fix the
non-zero wavevector kSAW at which the radiation fcr can couple to the cyclotron mode.
At resonance, heating of the 2D electron system modifies the luminescence spectrum and
again appears in the previously defined absorption quantity. Figure 3(a) compares spectra
obtained at different values of B near ν = 1/2
for a fixed kSAW = 3.9107 m (fSAW = 18 GHz).
The absorption peaks have a width of approximately 10–15 GHz. Their position is governed
by the B field, which simply reflects the dependence of the composite fermion cyclotron
gap on the effective field Beff = B – 2 n φ0 seen
by the composite fermions. Here, n is the density and φ0 the flux quantum. This gap vanishes
at half filling (8.95 T). The magnetic field dependence of the resonances is summarized in
Fig. 3(b) for two distinct values of kSAW and the
electron density. The resonant microwave frequency closely obeys a linear dependence on
the effective field: fcr ∝ Beff . Cyclotron mass
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values can be extracted by fitting the relation
2πfcr = eBeff / mCF to the data and are included
on the graphs.

Figure 3: (a) Absorption spectra measured for different B-fields in the vicinity of filling ν = 1/2 for
fSAW = 18 GHz, a density of 1.091011 cm2 and
T = 0.4 K. (b) B-field dependence of the composite
fermion cyclotron resonance mode for two values
of the wavevector, kSAW = 10.5107 m1 (black symbols) and 3.9107 m1 (blue symbols), and two electron densities n.

The following conclusions are drawn: (i) In
the experiments there is no sign of a logarithmic divergence of the mass at low frequencies
due to long wavelength fluctuations in the gauge
field as it has been predicted in the theory. Presumably lower fcr and fSAW would be required
to enter this regime. (ii) At fixed kSAW , the
mass drops with decreasing density. This behavior is anticipated from dimensional analy-
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sis of the Coulomb interaction responsible for
the existence of composite fermions. (iii) For
a fixed electron density, the composite fermion
cyclotron gap is also a function of the wavevector. For instance, the cyclotron gap is reduced
by approximately a factor 1.6 when kSAW is
changed from 3.9107 m1 to 10.5105 m1 at
a density of 1.091011 cm2 . Compiling data at
all accessible values of kSAW reveals a clear negative dispersion. This contrasts with the positive dispersion of the cyclotron resonance excitation of electrons. In general, the dispersion of
neutral excitations in the quantum Hall regime
is due to electron-electron interaction and the
amplitude of the dispersion provides a measure
of the interaction strength. For electrons, the
positive dispersion at small k originates from a
plasmon contribution to the cyclotron resonance
mode and manifests the long range character of
the Coulomb interaction. The negative dispersion of the composite fermion cyclotron resonance mode may serve as a measure of residual interactions among composite fermions and
suggests the predominance of short range interaction. This negative dispersion is also reminiscent of the dispersion with roton minima for
k  0 of the excitations of fractional quantum
Hall states.
In conclusion, by combining the virtues of
SAWs to impose a periodic modulation potential and luminescence a very versatile technique
has been developed to investigate the rich set of
excitations and ground states of 2D electrons in
a magnetic field up to large wavevectors.
[1] Kukushkin, I.V., J.H. Smet, L. Höppel, U. Waizmann,
M. Riek, W. Wegscheider and K. von Klitzing.
Applied Physics Letters 85, 4526–4528 (2004).
[2] Kukushkin, I.V., J.H. Smet, D.S. Lyne Abergel,
V.I. Fal’ko, W. Wegscheider and K. von Klitzing.
Physical Review Letters 96, 126807 (2006).
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Ordering and reaction of trimesic acid on Cu(110)
R. Chopra, C. Virojanadara, G. Costantini, U. Starke and K. Kern
The self-organization of molecules on surfaces
promises a pathway towards the generation of
functional nanostructures that may be used for
nanoscale devices, optoelectronics or chemical
sensors. Recent interest has been sparked in particular in the use of carboxylic acid groups for
creating supramolecular structures. The molecular interaction with substrate atoms on the surface controls the resulting structure and thus
its physical properties. To understand the reactions involved on a nanometer length scale,
the arrangement of the molecules on the surface and the interactions between functional
groups and the substrate atoms were investigated in a fundamental study. The work presented here was carried out in the context of
a larger project to study the growth of an organic layer of trimesic acid (TMA) in ultrahigh vacuum by depositing it on a metallic surface, namely on Cu(110) [1]. TMA contains
three carboxylic acid groups ordered in a flat
triangular arrangement around a central phenyl
ring. The ordering behavior of the molecules on
the surface was investigated using low-energy
electron diffraction (LEED). The detailed bond
configuration was determined using X-ray photoelectron spectroscopy (XPS) by the analysis
of chemical shifts in core level photoelectron
emission spectra.
After deposition of TMA on Cu(110) below
room temperature (RT) no ordered phases can
be observed in LEED. At higher temperatures
the gradual appearance of long-range order can
be detected. Two different coverage regimes can
be distinguished. RT deposition of a TMA film
in the low-coverage regime (ca. 0.3 ML) leads
to the development of streaky diffraction lines
at 1/5 positions in the direction of the long reciprocal unit vector (arrows in Fig. 4(a)) which
corresponds to a 5-fold periodicity in the 11̄0
crystal direction. If this film is annealed the
LEED pattern is practically unchanged. Still,
18

within the 5-fold streaks, no perpendicular periodicity can be seen. Instead, the positions of intensity maxima within the streaks (indicated by
the red ellipse) vary as typical for a disordered
arrangement due to multiple (dynamic) scattering. Only at higher coverage a well-defined
3-fold periodicity develops in 0 0 1-direction
and a (53) LEED pattern appears as depicted
by the red spot markings in Fig. 4(b). This situation (ca. 0.5 ML TMA) corresponds to saturation of the low-coverage phase. A different surface phase develops at higher coverages with
saturation at about 1 ML TMA. Yet here, annealing to ca. 500 K is necessary to achieve a
well-ordered structure which has a (44) periodicity (cf. Fig. 4(c)).

Figure 4: LEED patterns for TMA on Cu(110): (a)
0.3 ML TMA deposited at RT. The 5-fold periodicity
along the 11̄0 direction is indicated by red arrows,
the substrate spots by blue circles (electron energy
58 eV). The red ellipse depicts the broad intensity
along the 1/5 streaks. (b) Close to saturation coverage (ca. 0.5 ML TMA) for the low-coverage phase
(122 eV) with full 53 periodicity (red circles). (c)
Full surface coverage (ca. 1 ML TMA) with 44 periodicity (red circles) corresponding to the high coverage phase (84 eV).

The reaction of the TMA molecules with the
surface during deposition and annealing was determined by a line shape analysis [2] of the
C1s, O1s and Cu2p32 core level photoemission
spectra. Figure 5(a) shows the C1s core level
(blue curve) after deposition of ca. 0.3 ML at
about 100 K. It depicts in a strong contribution
at about 284.5 eV the 6 carbon atoms of the
phenyl ring. Consistently with about half the intensity a broad feature represents the 3 carbon
atoms of the carboxylic groups.
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This at once shows that the carbon frame of
the molecule stays intact. The broad feature
spans the energy range of contributions of both
carboxylic acid and carboxylate (i.e. dehydrogenated acid) groups. Yet, due to the low coverage and corresponding low intensity a precise
peak assignment is better comprehended using
the data for high coverage deposition shown in
panel (c). From their, the binding energies of
the two carboxy species are about 289.4 eV and
287.8 eV, respectively, in accordance with earlier work [3]. Figure 5(a) also displays the C1s
core level emission after warming up the sample to RT (black curve) and depicts a gradual
dehydrogenation of the carboxylic acid groups
during this process.
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present. Carboxylic acid species are already absent. The O1s spectrum after RT deposition
contains only the component at 531 eV that
apparently also represents the development of
carboxylate-copper bonds. Annealing to higher
temperature leaves the spectra unchanged indicating the absence of further reactions in accordance with the LEED observations.

The O1s emission is displayed in Fig. 5(b) for
the cold sample (blue curve). It comprises a
peak at about 531 eV and a broad shoulder
at higher binding energies (red arrow). Upon
warm up to RT the broad shoulder is reduced
in intensity (black curve). According to earlier
work [4] the broad shoulder contains both hydroxyl (–OH) and carbonyl (=O) type oxygen
atoms, whereas the peak position should correspond to dehydrogenated carboxylate groups
[4]. In the low-temperature case at least some
of the molecules may be H-bonded according
to scanning tunneling microscopy [1]. However,
from the Cu2p32 core level spectra, the immediate development of a COO–Cu complex appears more likely: At lower binding energies
(931.1 eV) a surface shifted component can be
seen which is already present on the clean surface.
TMA deposition, even at 100 K as shown here
(Fig. 5(g)), leads to the evolution of an additional species at higher binding energy (red
color, 933.2 eV) that is attributed to a Cu–O
environment [5]. As noted, warming up a lowtemperature TMA film leads to a dehydrogenation of the carboxylic groups. Deposition right
at RT leads to the same situation with the
same phenyl and carboxylate carbon species

Figure 5: XPS spectra with fitted components for
TMA on Cu(110): (a) C1s spectra (ca. 0.3 ML) after
deposition at 100 K (blue curve) and after warming
up to RT (black curve), (b) corresponding O1s spectra. (c) C1s spectrum and (d) O1s spectrum for 1 ML
after RT deposition and (e), (f) upon annealing at
500 K. (g) Cu2p32 spectrum after 100 K deposition
of 0.3 ML, (h) after RT deposition of 1 ML and (i)
upon annealing at 500 K. Intensities are normalized
to peak maximum.
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In contrast to the low-coverage TMA phase, in
the saturation coverage phase annealing above
RT not only influences the ordering behavior (cf. LEED) but also the molecular structure as seen in XPS. Figure 5 shows core level
spectra for 1 ML TMA on Cu(110) after RT
deposition ((c),(d),(h)) and upon annealing to
500 K ((e),(f),(i)). The carbon frame of the
molecule again stays intact as seen from the
C1s spectra. Yet, after deposition, two contributions at higher binding energies (289.4 eV and
287.8 eV) are present representing both COOH
and COO , respectively (panel (c)). This together with the previous XPS data for the (53)
phase suggests that up to the low-coverage
phase’ saturation at 0.53 ML the acid groups
dehydrogenate and form carboxyl-copper complexes. At higher coverages the extra molecules
adsorb more or less intact at RT. The situation
changes upon annealing. Now, the layer contains exclusively carboxylate groups as seen by
the disappearance of the 289.4 eV component in
the C1s spectrum in Fig. 5(e). The O1s spectra
in panel (d) and (f) show the reduction of the
C=O and C–OH components around 532.5 eV
during the annealing process in favor of an predominant presence of the low-binding energy
carboxylate species (530.9 eV). A detailed inspection of the Cu2p32 spectra corroborates

that at RT the TMA molecules deposited in excess of 0.53 ML do not react with the Cu substrate. The chemically shifted Cu–O component (red color) has a similar binding energy
(panel (h)) as in the low-coverage phase (panel
(g)). However, upon annealing (panel i) the shift
is increased from 1.4 eV to 2.0 eV. This larger
shift could be explained by a higher oxygen coordination of the Cu adatoms in the high coverage phase that was found in a theoretical analysis [1] (two carboxylate groups bound to one
Cu adatom).

[1] Classen, T., M. Lingenfelder, Y. Wang, R. Chopra,
C. Virojanadara, U. Starke, G. Costantini, K. Kern,
G. Fratesi, S. Fabis, S. Gironcoli, S. Baroni, S. Haq
and R. Raval. to published in Journal of Physical
Chemistry.
[2] Mahowald, P.H., D.J. Friedman, G.P. Carey,
K.A. Bertness and J.J. Yeah. Journal of Vacuum
Science & Technology A 5, 2982–2985 (1987).
[3] Immaraporn, B., P. Ye and A. Gellman. The Journal
of Physical Chemistry B 108, 3504–3511 (2004).
[4] Dmitriev, A., H. Spillmann, S. Stepanow,
T. Strunskus, C. Wöll, A.P. Seitsonen,
M. Lingenfelder, N. Lin, J.V. Barth and K. Kern.
ChemPhysChem 7, 2197–2204 (2006).
[5] Usuki, U. Vacuum 41, 1683–1685 (1990).

Si nanowires and one-dimensional electron confinement
on the 4H-SiC(11̄02) surface
C. Virojanadara, M. Hetzel and U. Starke
Silicon carbide is a wide bandgap semiconductor with good material properties for electronic devices operable under extreme conditions. In context with SiC material growth along
the c-axis considerable work has been performed on the structure of its basal plane surfaces [1]. Due to the polytypism of SiC, its
surfaces also promise a good perspective for
an intrinsic development of nanostructures. Especially the latter aspect has created a strong
20

complementary interest in SiC surfaces. Various reconstruction phases on SiC surfaces exhibit strong Coulomb interaction between dangling bonds leading to electron correlation effects [2]. Such effects might be pushed forward
towards low-dimensional surface electron systems, if strongly anisotropic atomic arrangements can be achieved. A promising candidate
in this respect is the 4H-SiC11̄02 surface,
since already in bulk-truncated geometry it con-
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sists of alternating stripes of different bond
configuration with a nanometer periodicity [3].
The present study takes on a detailed investigation of the electronic and atomic properties of
this surface using low-energy electron diffraction (LEED), scanning tunneling microscopy
(STM), core level photoelectron spectroscopy
(PES) and ultraviolet PES (UPS) of the valence
band.

Figure 6: (a) LEED pattern for 4H-SiC11̄02
after hydrogen etching with (11) unit cell indicated (green) and (b) after Si deposition and annealing to ca. 850Æ C showing (21) periodicity
(blue), enlarged in the lower left inset. (c) STM
micrograph (10 nm10 nm size, FFT-filtered) of the
4H-SiC11̄02-(21) phase with –1.5 V tip bias
(upper inset: –1.5 V raw data, lower inset: –2 V
filtered). (d) Si 2p core level photoemission spectrum with fitted components, photon energy: 330 eV.
Binding energy given relative to SiC bulk component.

The samples were cut from n-type 4H-SiC and
polished on their 11̄02 orientated surfaces,
and subsequently hydrogen etched in a chemical vapor deposition (CVD) reactor at 1500Æ C
in order to remove the polishing damage. This
procedure ensures the presence of large, atomically flat terraces [3]. After introduction into
ultrahigh vacuum (UHV) a sharp (11) LEED
pattern can be observed, cf. Fig. 6(a), how-
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ever, with considerable background due to ambient contamination from the sample transport
in air. By in situ annealing, oxides and hydrocarbons can be removed from the surface
[3]. The surfaces were then prepared by Si
deposition and annealing at different substrate
temperatures which results in the development
of several well-ordered surface phases ((21),
c(22) and (11)) depending on the annealing
temperature [4]. Figure 6(b) shows the LEED
pattern of a Si rich phase with a well-ordered
(21) periodicity. The reciprocal unit cell is
indicated in blue in comparison to the green
(11) cell (see also enlarged inset). The structural and electronic properties of this phase are
discussed in the present report.
Real space analysis with STM reveals the presence of adatoms in the periodicity of the (21)
unit cell as shown in Fig. 6(c) with a similar
appearance for two different tip voltages (cf.
lower inset). They form long, defect-free atomic
chains along the 1̄1̄20 direction of the crystal with an interatomic distance of 6.16 Å and
a mutual separation of 1.14 nm in 1̄101 direction. Structural information was obtained
from core level PES experiments at the MAX
synchrotron radiation laboratory together with
a line shape analysis of the spectra. The Si 2p
core level spectra reveal the presence of two
different surface species in addition to the bulk
SiC component. From photon energy dependent
measurements, the thickness of the topmost Si
layer could be evaluated to  3 Å. So, apparently, since no extra carbon component was detected in the C 1s spectra, the atomic chains
consist of Si adatoms that in turn are situated
on top of a Si adlayer [5].
A set of valence band spectra recorded using
a photon energy of 65 eV display a clean surface before and after Si deposition as shown
in Fig. 7(a). After the preparation of the (21)
phase the valence band spectrum shows a
prominent state located at a binding energy of
about 0.8 eV below the Fermi level. This state
has no dispersion with changing photon energy,
and is therefore identified as a surface state.
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Selected research reports

Low dimensional systems

surface. The results are displayed in Fig. 7(b)
and (c) for the 1̄1̄20 and 1̄101 directions, respectively. A small dispersion of 0.2 eV can be
seen varying with the angle along the 1̄1̄20
direction. However, the peak energy of the
state remains fixed for the 1̄101 direction [5].
This result represents a one-dimensional electronic surface state on the (21) reconstructed
surface in the electronic gap, where the electrons are confined within but delocalized along
the atomic chains observed in STM along the
1̄1̄20 direction.
In conclusion, a one-dimensional behavior of a
surface state band on the (21) 4H-SiC11̄02
surface was found. Atomic rows are observed
in STM topography with a separation between
the rows corresponding to the size of the unit
cell. In this way, the surface represents an array of self-aligned ordered nanowires with electronic states confined in one dimension. These
wires can be synthesized simply by adsorbed Si
atoms. The self-assembled nanowire array may
be further utilized as a template for synthesizing
metallic or molecular chain structures on top of
a large bandgap semiconductor with all kinds of
prospective applications.

Figure 7: Electronic properties of the (21) phase
on 4H-SiC11̄02, (a) valence band spectra for a
fresh sample after annealing and for the (21) phase
(photon energy of 65 eV). (b) and (c) surface state
dispersion along the 1̄1̄20 and 1̄101 directions,
respectively (photon energy of 40.8 eV). Inset shows
a schematic drawing of the (21) surface Brillouin
zone.

Further investigation of this surface state using
angle resolved UPS with He II radiation (photon energy 40.8 eV) was performed to investigate the dispersion of this state parallel to the
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A rich pool of fundamental studies and device applications in the Institute are triggered by the
nanoscale control of carbon containing and organic based materials. The large area covered by
the activities using these carbon based materials is emphasized by the wide spread topics of the
selected reports. The dynamic process of chiral recognition is understood on an atomic scale by
time-resolved real-space observation of the mutual conformational adjustments of individual chiral
molecules and their stereoselective attachment to chains. The local electronic properties of carbon
nanotubes can be related to mechanical pressure due to mutual interlinking. Using a dielectric layer
based on a self-assembled molecular monolayer a prototype nanoscale electronic carbon nanotube
device can be prepared. Using the same type of dielectric, low-power organic semiconductor
circuits have been generated. The successful preparation of truly two-dimensional graphene layers
opens up pathways to new quantum phenomena and has triggered further activities in the Institute.

Dynamic induced fit in the chiral recognition of adsorbed
diphenylalanine
M. Lingenfelder, G. Costantini and K. Kern;
L. Colombi Ciacchi (University of Cambridge, and Fraunhofer IWM, Freiburg);
G. Tomba and A. De Vita (King’s College London, and INFM-DEMOCRITOS, Trieste)
Specific molecular recognition depends on the
precisely defined arrangement of atoms in complementary structures interacting by short range
forces. The mutual interactions between complementary molecules can result in their recognition even if their static molecular structure is
not optimized for specific binding. This mechanism of dynamic induced fit introduced by
Pauling [1] and developed by Koshland for enzymatic activity [2] is today the generally accepted picture in biomolecular recognition processes. Dynamic mutual conformational adjustments should also be important in chiral recognition, i.e. the discrimination of stereoisomeric
molecules. However, no experimental studies
have so far addressed the issue of tracking the
conformational dynamics of interacting enantiomers on the single-molecule level, and chiral
recognition is still very often discussed within
the static three-point model [3] adapted from
Fischer’s lock-and-key picture. We have chosen
individual diphenylalanine molecules adsorbed

on a Cu(110) surfaces as a model system for investigating the chiral recognition process at the
single-molecule level.
The room temperature co-deposition of
two enantiomeric forms of diphenylalanine
(L–Phe–L–Phe and D–Phe–D–Phe, Fig. 8(a))
on the Cu(110) surface (Fig. 8(b)) results in
both single molecule adsorption and supramolecular organization in the form of homochiral chains (Fig. 8(c)). Each single molecule is
characterized by two bright protrusions corresponding to the electron-rich phenyl rings
and by a central dimmer part associated with
the peptide backbone (scanning tunneling microscopy (STM) image in Fig. 8(d)). As also
observed on enantiopure-covered surfaces, the
main axis through the center of the two phenyl
rings of single L–Phe–L–Phe molecules is rotated 34Æ clockwise from the [11̄0] substrate
direction, while for D–Phe–D–Phe it is rotated
34Æ counter clockwise (Fig. 8(d)).
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Figure 8: (a) Schematic drawing of L–Phe–L-Phe and D–Phe–D–Phe molecules. (b) Ball model of the
Cu(110) surface. (c) STM image (3634 nm) of co-adsorbed L–Phe–L–Phe and D–Phe–D–Phe on Cu(110)
at room temperature. (d) STM image (8.36.4 nm) of individual diphenylalanine molecules showing that
the two enantiomers are mutual mirror reflections with respect to the [11̄0] plane.

The two enantiomers are mirror images with respect to the (11̄0) plane and cannot be superimposed onto each other by rotation or translation. This evident chirality of the absorbed
molecules indicates that their stereogenic centers are involved in the molecule-surface interaction. The system shows also supramolecular chirality which results from the stereoselective self-assembly of two or more dipeptides in homochiral chains (Fig. 8(c)). The main
molecular axis of the single molecules rotates
by a further 40Æ upon assembly, and is thus
oriented at 74Æ from the [11̄0] direction for
the L–Phe–L–Phe chains and at –74Æ for the
D–Phe–D–Phe ones. Stable heterochiral chains
are never observed.
Further insight into the molecular configurations and binding modes is obtained via first
principles (FP) and classical molecular dynamics (MD) modeling. Classical MD simulations
at room temperature in gas phase indicate that
the L–Phe–L–Phe molecular conformation with
the carboxylic and the amino groups located on
the same side with respect to the main molecular axis (conformer C) is more stable than
the other possible conformation, where the two
functional groups point in opposite directions
(conformer S).
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In a density functional theory (DFT) simulation,
the isolated dipeptide adsorbed on the Cu(110)
surface in the C conformation binds to the surface via the nitrogen atom of the amino group,
one oxygen of the carboxyl group, and the oxygen of the carbonyl group (Figs. 9(a) and (c)).
In the optimized molecular geometry the angle
between the molecular axis and the [11̄0] direction is 30Æ , in good agreement with the measured value (Fig. 9(e)).
While our results indicate that the isolated
molecule adsorbs in the C conformation, we
note that only the S adsorption geometry with
the amino and carboxyl groups pointing to
opposite sides is compatible with the headto-tail bonding necessary to form the observed supramolecular chains. We thus performed DFT simulations in which periodically
repeated L–Phe–L–Phe S conformers are adsorbed on the Cu(110) surface. In the minimum energy structure the molecular axis forms
a  74Æ angle with the [11̄0] surface direction
(Figs. 9(b) and 9(d)), matching the experimental value (Fig. 9(f)). For the molecules inside
a chain, the calculations predict a zwitterionic
charging state which was confirmed by X-ray
photoemission spectroscopy measurements.
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A detailed analysis of the structural models
also reveals that the rotation of the molecular axis observed by STM after the assembly is only the most evident consequence of
a more complex conformational rearrangement
of the dipeptide molecules. Namely, to form
supramolecular chains the monomers need to
switch from the C to the S conformation. This
process involves a rotation of the inherently
planar peptide backbone, so that the initially
upright NH group (Fig. 9(a)) flattens down towards the substrate. A direct experimental evidence of this conformational change is given
by high-resolution STM images. Statistics over
more than 100 molecules shows that the peptide
backbone of isolated molecules appears almost
twice as high (height = 96  8 pm, Figs. 9(e) and
(g)) as the backbone of molecules arranged in
chains (height = 55  6 pm Figs. 9(f) and 9(h)).

Figure 9: (a) and (c): Minimum energy structures
of an isolated L–Phe–L–Phe dipeptide adsorbed on
Cu(110) obtained in DFT simulations. The carboxylic and the amino groups are located on the
same side with respect to the molecular main axis
(conformer C). (b) and (d): Adsorption geometry
of L–Phe–L–Phe dipeptides organized in homochiral chains. The carboxylic and the amino groups are
located on opposite sides with respect to the molecular axis (conformer S). (e) and (f): High-resolution
STM images of an isolated L–Phe–L–Phe molecule
and of L–Phe–L–Phe molecules in a chain, respectively. (g) and (h): Corresponding height line scans
through the main molecular axes.

As a consequence, the main intermolecular interaction is a strong electrostatic bond between
the COO group of one molecule and the NH
3
group of the adjacent one.

To attain a more detailed dynamic description of the chiral recognition phenomenon we
have tracked with STM the conformation and
orientation changes that two D–Phe–D–Phe
molecules undergo while they approach and attempt to assemble. The observed formation path
of a homochiral pair is displayed in Figs. 10a
to 10h. A quantitative representation of the relative molecular motion is obtained by plotting the distance between the uppermost phenyl
rings of each molecule as a function of the
elapsed time (graph in Fig. 10). The full process
starts with two isolated molecules of D chirality (Fig. 10a). After meeting, they experience a
first change in the adsorption geometry forming
an initial pair (Fig. 10b). This complex is not in
the optimal configuration, and undergoes several further rearrangements (Figs. 10b to 10g)
until the final state corresponding to the stable
pair is reached (Figs. 10g and h).
A careful analysis of the STM measurements
reveals that the central core becomes dimmer
whenever the molecules adopt the –74Æ orientation. This indicates that the rotation of the main
molecular axis is always associated with a C to
S conformational switch.
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Figure 10: Formation path of a homochiral pair of
D–Phe–D–Phe molecules (in red circles). The final
pair stays stable without further breaking or reorganization (frames g to h).

Figure 11: Evolution of the interacting heterochiral
L–D pair (L in green circles, D in red circles). The
corresponding graphs illustrate the relative molecular motion for the full process.

A further analysis of the full STM sequence
confirms that these conformational changes are
induced by the mutual intermolecular interaction since they occur only when two molecules
are close enough to each other.

from reaching the optimal position for forming
a stable electrostatic bond.

To investigate the stereoselectivity of the recognition process, the dynamics of the interaction between two molecules with opposite
chirality (a L–Phe–L-Phe and a D–Phe–D–Phe
molecule) has been recorded as well, and is
shown in Fig. 11. The distance between the two
enantiomers is, on average, much larger than
in the case of homochiral molecules and undergoes more pronounced oscillations (graph in
Fig. 11). Moreover, no stable pair structure is
reached but only metastable heterochiral pairs
form temporarily (Figs. 11a’, 11c’, 11d’). In
these structures the two molecules assume the
+74Æ and –74Æ orientations (for L–Phe–L–Phe
and D–Phe–D–Phe, respectively) and the dimmer appearance of the peptide backbone indicates once again a C to S conformational
switch between the two conformers as the result of their mutual intermolecular interactions.
However, the different chirality of the two
stereoisomers prevents their functional groups
26

In conclusion, our results show that chiral
recognition is a dynamic process, which involves mutually induced conformational adjustments. A general theory of biological specificity based on the conformational flexibility
of interacting molecules for the expression of
molecular complementarity was formulated by
Pauling in the 30’s and 40’s of the last century. Koshland later coined the term ‘induced
fit’ [2] to describe the dynamic recognition process in enzymatic reactions. Only recently attempts were made to implement a dynamic picture of enantioselective molecular interactions
to account for possible mutual conformational
adjustments [3]. Our experiments constitute the
first single molecule illustration of this dynamic
recognition picture.
[1] Pauling, L. Chemistry and Industry Supplement 1,
1–4 (1948).
[2] Koshland, D.E. Proceedings of the National
Academy of Sciences 44, 98–104 (1958).
[3] Booth, T.D., D. Wahnon and I.W. Wainer. Chirality 9,
96–98 (1997).
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Local pressure-induced metallization of a semiconducting
carbon nanotube in a crossed junction
L. Vitali, M. Burghard, P. Wahl, M.A. Schneider and K. Kern
The electronic properties of carbon nanotubes
can be tuned in a well-defined and spatially
controllable manner by inducing conformational changes. Obstacles like steps in the substrates, electrode lines or other nanotubes introduce deformations like bends or kinks which
can result in a local modification of the electronic properties. Controlling these nanomechanical interactions to tailor nanodevices requires, however, a detailed microscopic understanding of mechanical contacts. Experimentally, this can be addressed by scanning tunneling microscopy mapping with atomic resolution the electronic and vibrational response
to mechanical distortions via elastic and inelastic tunneling spectroscopy. Here, we report on
the local changes in the electronic and phonon
density of states simultaneously determined in
an individual semiconducting single wall carbon nanotube (SWCNT) by its bending over a
thin SWCNT bundle. These density of states are
found to react very sensitively to local tube deformations. Most remarkably, we demonstrate a
local metallization of the semiconducting nanotube at the crossing point.
In our experiments SWCNTs deposited on
Au/mica substrates are studied at 6 K in ultrahigh vacuum (UHV). The local electronic density of states and a topographic image of a semiconducting (9,2) nanotube crossing a nanotube
bundle of 14 Å apparent height are depicted in
Fig. 12(a) and 12(b). The line profile, traced in
Fig. 12(c), indicates that the tube does not follow closely the contour of the bundle below.
Three regions can be distinguished along the
tube: in region (I) the tube lies directly on the
gold surface, while in region (II) it is lifted from
the substrate and suspended between the Au
surface and the SWCNT bundle.

Figure 12: (a) Local electronic density of states of a
(9,2) carbon nanotube crossing a bundle, as revealed
by elastic scanning tunneling spectroscopy. (b) Topographic STM image of the corresponding nanotube. (c) Schematic description of the tube and the
corresponding contact potential. The line on top of
the nanotube is the measured line profile along the
tube axis.

Finally, in region (III) the tube starts to bend
over the bundle. Within region (III), which contains the intersection point between the (9,2)
tube and the bundle, a striking enhancement of
the conductivity at the Fermi level is recognized
in the color scale map (Fig. 12(a)). This indi27
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cates that the nanotube assumes a metallic character in this region. The initial semiconducting
character of the (9,2) tube is restored shortly
after the crossing point demonstrating the very
local character of the metallization [1].
In the suspended region (II), the van Hove singularities in the valence and conduction bands
experience a shift of approximately 60 meV towards higher energy with respect to their position in region (I). This results from a modified contact potential at the interface in this
region. The charge transfer across the metaltube interface caused by the difference in workfunction leads to the displacement of the nanotube bands towards higher energies. In the suspended segment, the screening effect of the
image-charges in the metallic layer is weakened
leading to an apparent excess charge on the
nanotube (Fig. 12(c)). This increases the contact
potential at the interface ∆ = ∆ + δ and shifts the
bands further towards higher energies (see inset
in Fig. 12(c)).
This effect can be addressed in analogy to double barrier tunneling junctions considering the
capacitive coupling of the substrate-nanotubetip system in the suspended region. Using the
relation ∆V = ∆Q/CTS where ∆V is the voltage
shift, ∆Q the fractional charge at the interface
and CTS the tube-substrate capacitance, the unscreened charge can be estimated from the measured shift of the valence band singularity. For
the capacitance C, we apply the model of a
finite wire of length L at a distance z from
a conducting plate C = 2πε0 εrL /ln4zd. Considering the measured energy shift, an averaged tube-substrate distance of 1 nm, the reduced screening is associated with an additional
charge of 0.08 holes on the suspended tube
segment. The reduced screening of the imagecharge can be estimated as an additional 26%
of the total charge transferred at the interface.
This result suggests that the contact potential at
the tube-metal interface is determined not only
by the difference in the work functions, but also
significantly influenced by the image-charge.
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Figure 13: Local vibrational density of states of
the (9,2) carbon nanotube crossing a bundle as revealed by inelastic scanning tunneling spectroscopy.
The region of the G-band (a) and the radial breathing mode (b) are displayed; the dotted line in
(b) is a guide to the eye. (c) Corresponding STM
topography.

The behavior of the most prominent phonon
modes, namely the radial breathing mode
(RBM) and the G-band are apparent from the
corresponding IETS maps along the tube axis
(Fig. 13). In view of the low sensitivity of the
G-band and of the RBM to charge doping, it
is not expected that the small additional charge
in the tube segment of region (II) ( 1104
holes per carbon atom) shifts these modes significantly. The G-band, which consists of longitudinal and tangential modes, occurs in region (I) between 190 and 200 meV (Fig. 13(a)).
Within region (II), the energy position of the
longitudinal modes stays constant while a gradual decrease of the intensity of the tangential
displacements is observed. The RBM occurs
on the metal substrate at an energy of 32 meV
(see Fig. 13(b)), in good accordance to the value
expected for the (9,2). Within region (II), the
RBM experiences a slight downshift by about
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1.5 meV as compared to region (I). This downshift can be attributed to the reduced interaction forces with the substrate as a result of lifting the tube. This is well-documented in nanotube bundles, where van-der-Waals interactions
cause stiffening of the RBM. Although the vander-Waals interaction of the tube with the surface is not isotropic as in a nanotube bundle, the
experimentally observed decrease in the RBM
energy of 1.5 meV upon entering region (II) is
largely consistent with the estimated value of
1.9 meV.
At the crossing region, the forces attracting the
tube to the substrate result in a large local pressure. This leads to the formation of an elliptical tube cross section as can be seen from the
line profile (Fig. 12(c)) where the total height
of the nanotube-bundle system is reduced by
35%. It is then worth noting that an elliptical tube cross section with axis ratio 0.65, implies that at the crossing point the (9,2) tube
has a short axis length comparable to the theoretically predicted 4.6 Å necessary to induce a
semiconductor-metal transition. The compressibility of the tube bundle provides an estimate of
the pressure P imposed at the crossing junction
through the infinitesimal relation dP = –dV/VB,
where V is the volume and B the bulk modulus. To first approximation, from a bulk modulus of 35 GPa the pressure necessary to obtain a volume reduction of 35% is estimated
to 15 GPa. The strong deformation of the nanotube at the crossing junction is reflected in the
behavior of the phonon density of states in
region (III), where the G-band is completely
suppressed (Fig. 13(a)). This observation agrees
well with results from high-pressure Raman
studies [2], which demonstrated a strong attenuation of the G-band above 10 GPa and its complete vanishing at 20 GPa as a consequence of
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the strong radial compression of the SWCNTs.
The energy of the RBM rises to the value
of 37 meV at the crossing point (Fig. 13(b))
and quickly restores afterwards [1]. The observed energy variation of the RBM mode is
lower then is expected from Raman investigation. However, the present study addresses effective pressures well above 2 GPa, which represents the maximum that could so far be investigated by Raman spectroscopy due to the
loss of the resonance enhancement. Hence, it
cannot be excluded that the energy vs. pressure dependence of the RBM would assume a
significantly weaker slope in the high-pressure
regime, or that the non-hydrostatic pressure affects the RBM in a different manner.
In conclusion, the combination of elastic and
inelastic scanning tunneling spectroscopy techniques has revealed a correlation between
changes of the local electron and phonon density of states of a semiconducting SWCNT, induced by the bending of the tube over a thin
nanotube bundle. In the suspended tube region,
the observed shift of the valence band towards
the Fermi energy has been attributed to an effective hole doping resulting from reduced screening of the charge accumulation layer by the
metal substrate. At the crossing point, the tube
achieves a metallic character which has been attributed to the strong local radial compression.
This is corroborated by the observed increase in
the RBM energy as well as the complete disappearance of the G-band in this tube region.

[1] Vitali, L., M. Burghard, P. Wahl, M.A. Schneider and
K. Kern. Physical Review Letters 96, 086804 (2006).
[2] Loa, I. Journal of Raman Spectroscopy 34, 611–627
(2003).
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High-performance single-walled carbon nanotube transistors
on self-assembled organic monolayer gate dielectric
R.T. Weitz, H. Klauk, U. Zschieschang, M. Burghard and K. Kern
During the past few years, single-walled carbon
nanotubes (SWCNTs) have emerged as highly
promising components of nanoscale electrical
devices. In particular, SWCNT-based field effect transistors (FETs) have attracted strong interest due to their excellent device characteristics. Such devices are usually implemented
using a conventional three-terminal configuration comprising source (S) and drain (D) contacts, plus an electrically insulated gate (G)
to tune the electrostatic potential of the nanotube. Crucial factors that govern the device
performance are the chemical nature, structural integrity and thickness of the gate dielectric. In the most widely used configuration,
a highly doped silicon substrate covered with
thermally grown SiO2 (typical thickness 100–
200 nm; growth temperature  700Æ C) serves as
a macroscopic back-gate [1]. Increased capacitive coupling could be achieved with the aid
of alternative gate dielectrics of ultrathin thickness (e.g., Al2 O3 ) or high dielectric permittivity (e.g., ZrO2 ), mostly in top gate geometry.
While the corresponding FETs exhibit a high
transconductance and carrier mobility, they often suffer from pronounced hysteresis in the
transfer characteristic.
In order to obtain SWCNT-FETs with improved
properties, we explored devices incorporating
an organic gate dielectric comprised of a 2 nm
thick self-assembled monolayer (SAM) formed
on a SiSiO2 substrate (4 nm oxide thickness),
with the silicon substrate serving as back gate
(Fig. 14) [2]. The SiO2 layer is created in a single process step via a brief oxygen plasma treatment, which is required to create an appropriate density of hydroxyl groups for subsequent
assembly of the SAM. The SAM is constituted
from specifically tailored silane molecules that
expose a phenyl ring at their ends. This type of
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SAM had already proven as an effective gate dielectric within low-voltage, high-mobility pentacene organic thin-film transistors. Owing to
their low formation temperature of less than
200Æ C, SAM gate dielectrics are in general
compatible with unconventional substrates such
as metallized plastic foils, thus enabling electronics on flexible substrates.

Figure 14: AFM image of a SWCNT-FET device.
The 4 nm thick SiO2 layer on top of the p -doped
silicon wafer (light grey) is shown in dark grey.
Four AuPd electrode lines are deposited onto the
self-assembled monolayer (SAM) formed on the
SiO2 surface. An ultrathin layer of titanium (0.3 nm
thickness) on top of the SAM enables spin coating of
the e-beam resist. The SWCNT in the AFM image
has been colored to enhance its visibility (arrow).
The scale bar is 200 nm. Inset: Chemical structure
of the silane molecule constituting the SAM.

Characterization of the SAM by ellipsometry
revealed a thickness of  4 nm for the plasmagenerated SiO2 coating of the silicon substrate.
Compared with silicon dioxide formed by thermal oxidation above 700Æ C, the present room
temperature plasma-grown SiO2 is of lower
quality, but this drawback is compensated by
the extraordinary insulating capability of the
SAM. Although the SAM adds only  2 nm
to the total dielectric thickness, it was found
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to reduce the leakage current by more than
three orders of magnitude from 104 A/cm2
to 107 A/cm2 (measured at a gate field of
2 MV/cm). For a thin (6 nm), low-temperature
processed (200Æ C), large-area dielectric this
value represents an exceptionally small current
density. The strongly hydrophobic character of
the SAM-modified surface made it necessary
to evaporate a 0.3 nm thick layer of titanium
onto the samples to enable spin-coating of the
e-beam resist (PMMA). Due to oxidation of the
titanium upon air contact and the small layer
thickness, it does not contribute to the electrical conduction between source and drain, as has
been confirmed by electrical measurement.
To implement the nanotubes, commercially
available SWCNTs were dispersed in an aqueous surfactant solution, purified by centrifugation and deposited onto the Ti-coated substrate.
Source and drain contacts were then fabricated
on top of the SWCNTs by standard e-beam
lithography. Electrodes with a separation of
200 nm were formed through thermal evaporation of 0.3 nm Ti/15 nm AuPd (60/40). All electrical measurements on the finalized SWCNTFETs were performed at room temperature in
air.
The SWCNT-FETs obtained in this manner
exhibit an unprecedented combination of excellent performance parameters. First of all,
the output characteristic of an exemplary device displays p-type behavior (Fig. 15(a)), a
common feature of SWCNT-FETs unless subjected to further treatments. The drain current vs. drain-source voltage dependence resembles that of conventional p-type semiconductor FETs (MOSFETs), including saturation
of the drain current at higher Vds . For the displayed device, saturation is observed at a drainsource voltage of approximately –0.3 V and a
gate-source voltage of –1.5 V. From the transfer
characteristic, shown in Fig. 15(b), a transconductance gm = dId /dVgs of about 20 µS is determined at Vds = –1 V. This value is among the
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highest so far reported for SWCNT-FETs, testifying a strong gate coupling and high carrier (field effect) mobility. In addition, the large
ON/OFF drain current ratio of about 105 (at
Vds = –1 V) is remarkable in view of the small
thickness of the gate dielectric and theoretical
predictions on drain voltage scaling in SWCNTFETs. Moreover, evaluation of the subthreshold swing S = [dVgs /d(logIds )] in the subthreshold region using the model for MOSFETs yields
the value of 60 mV/decade, which is close to
the theoretical limit at room temperature. Such
a low value has not been previously reported for
non-doped SWCNT-FETs with low operating
voltages, and its realization within the present
devices is notable considering that no attempts
were made to reduce the contact resistance and
that a global back gate is utilized.

Figure 15: (a) Output characteristic of a FET device comprising a SAM based-gate dielectric and an
individual semiconducting SWCNT as conducting
channel. (b) Transfer characteristic of the same device. All measurements were performed under ambient conditions using a gate voltage sweep rate of
150 mV/s.
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The transfer characteristics of the investigated
devices (Fig. 15(b)) disclose a hysteresis, a
common phenomenon to SWCNT-FETs. It has
been ascribed to traps located within the bulk
SiO2 gate insulator or near the nanotube/SiO2
interface, which get filled with electrons from
the nanotube channel upon sweeping to more
positive gate voltages. Accordingly, the present
devices show forward-type hysteresis, similar
to other SWCNT-FETs. Its magnitude depends
on temperature as well as the Vgs sweep rate
and range, whereas it is only weakly affected by
Vds . One finds a room temperature hysteresis of
900 mV when the gate voltage is swept between
1.5 and –1.5 V at a rate of 7.5 mV/s. Upon increasing the sweep rate to 350 mV/s, the hysteresis decreases down to 100 mV.
Hysteresis in SWCNT-FETs has previously
been considered mostly from the viewpoint of
potential memory applications. However, efficient FET operation requires the absence of
hysteresis. Some of the SAM-based SWCNTFETs exhibit essentially no hysteresis even
when the CNT channel is exposed to air
(Fig. 16). So far, the hysteresis could only be
eliminated by working with a liquid gate or via
protection of the nanotube from air by inorganic atomic layer deposition dielectrics. The
weak hysteresis in the present SWCNT-FETs
can be attributed to two major factors. A first
contribution may arise from the low operation
voltage enabled by the strong gate coupling.
Secondly, the hydrophobic nature of the SAMmodified dielectric surface is expected to reduce the amount of adsorbed water. Surface

32

Carbon and organic materials

water is well-documented to enhance hysteretic
behavior in nanotube FETs, which has been explained by its ability to assist charge trapping.

Figure 16: Transfer curve of a SWCNT-FET recorded at a drain-source voltage of –1 V (using a
gate voltage sweep rate of 210 mV/s). The device
displays only negligible hysteresis under ambient
conditions.

The strong gate coupling achieved in the nanotube FETs through integration of an ultrathin
organic self-assembled monolayer as a highquality gate dielectric provides a highly versatile basis for further development of the transistors. Most importantly, the fabrication of SAMincorporating FETs comprising larger ensembles of SWCNTs on flexible polymer substrates
is currently under investigation.
[1] Avouris, P., J. Appenzeller, R. Martel and S.J. Wind.
Proceedings of the IEEE 91, 1772–1784 (2003).
[2] Weitz, R.T., U. Zschieschang, F. Effenberger,
H. Klauk, M. Burghard and K. Kern. Nano Letters 7,
22–27 (2007).
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Low-power organic integrated circuits
H. Klauk and U. Zschieschang
Thin-film transistors (TFTs) and circuits based
on conjugated organic semiconductors are potentially useful for applications that require
electronic functionality with low or medium
complexity distributed over large areas on unconventional substrates, such as glass or flexible plastic. Generally these are applications in
which the use of single crystal silicon integrated
circuits is technically or economically not feasible. Examples include flexible displays and
large-area sensor networks [1].
Among the obstacles that have impeded the
commercialization of organic electronics are
the voltage and power requirements of conventional organic transistors and circuits. The gatesource voltage VGS required to induce a charge
density Q in the channel of a field-effect transistor is determined by the gate dielectric capacitance C: VGS = Q/C = Qt/εε0 , where t and
ε are the thickness and permittivity of the dielectric. Thus the operating voltage of a transistor scales with the gate dielectric thickness.
In the past, organic transistors often used sputtered inorganic oxides or spin-coated polymers
as the gate dielectric, but these films tend to
have large leakage currents when the thickness
is reduced below about 100 nm. Consequently,
organic transistors typically require voltages of
20 V or more – too large for applications in
which devices are powered by small batteries.
A promising path to low-voltage organic TFTs
is the use of gate dielectrics based on molecular self-assembled monolayers (SAMs) [2,3].
These ultrathin ( 3 nm) dielectrics form spontaneously by the covalent bonding of long-chain
hydrocarbons with reactive head groups to solid
substrates bearing a sufficient density of suitable grafting sites. Molecular self-assembly is
initiated either in the gas phase or in solution
and has the ability to provide densely packed,

highly ordered organic monolayer films with
excellent chemical inertness and mechanical robustness.
Our SAM dielectrics provide a capacitance of
0.7 µF/cm2 and thus allow organic transistors
and circuits to operate with voltages between
1.5 and 3 V. Perhaps more importantly, the leakage currents through these ultrathin dielectrics
are very small, about (5  1)108 Acm2 at a
voltage of 2 V and (6  1)107 Acm2 at 3 V.
For comparison, state-of-the-art low-power silicon transistors at the 90 nm technology node
with an equivalent oxide thickness of 2.2 nm
and a dielectric capacitance of 1.5 µFcm2 typically have gate current densities of about
103 Acm2 .
Implementing low-power circuits requires the
use of p-channel and n-channel transistors in a
complementary logic. In a complementary gate,
only half of the transistors are conducting in either of the two steady states, while the other
transistors are non-conducting. Therefore static
currents in complementary circuits are close to
zero and power is dissipated only during signal
switching.
To prepare p-channel and n-channel organic
TFTs and complementary circuits with SAM
gate dielectric on glass or flexible polymeric
substrates we have developed a 5-level shadowmask process. Aluminum is used for the gate
electrodes, and gold for the source and drain
contacts. Commercially available pentacene
and hexadecafluoro copper phthalocyanine
(F16 CuPc) are used as the semiconductors for
the p-channel and n-channel transistors, respectively. The maximum process temperature is
90Æ C. With the exception of the SAM growth
this is an all-dry manufacturing process that
avoids the use of toxic or environmentally problematic solvents.
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Figure 17: Current-voltage characteristics of a p-channel pentacene TFT (top; inset: photograph of the
transistor) and of an n-channel F16 CuPc TFT (bottom), both with an ultrathin SAM gate dielectric.

Figure 17 shows the electrical characteristics of
a p-channel pentacene TFT and an n-channel
F16 CuPc TFT both with a SAM gate dielectric. The pentacene TFT has a channel length of
30 µm, a channel width of 100 µm, a carrier mobility of 0.6 cm2 Vs, a subthreshold swing of
100 mV/decade, an on/off current ratio of 107 ,
and a maximum gate current of 15 pA.
The F16 CuPc TFT has a channel length of
30 µm, a channel width of 1000 µm, a mobility of 0.02 cm2 Vs, a subthreshold swing of
160 mV/decade, an on/off ratio of 105 , and a
maximum gate current of 15 pA. Note that for
both TFTs the gate current is smaller than the

34

drain current by five orders of magnitude, confirming the high quality of the molecular gate
dielectric.
Figure 18 shows the results of a statistical
analysis carried out on an array of 50 pentacene
TFTs with a channel length of 30 µm and a
channel width of 100 µm. All 50 TFTs are functional, with maximum gate currents (measured
at a gate-source voltage of –3 V) between 18
and 41 pA for all 50 devices and an average carrier mobility of 0.39 cm2 Vs. This confirms the
high yield and good uniformity of the SAM gate
dielectric process.
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Figure 18: Statistical analysis of the electrical characteristics of 50 pentacene TFTs with a channel length of
30 µm and a channel width of 100 µm. The measured drain current and gate current vs. gate-source voltage
curves were overlaid to illustrate the statistical variation in the TFT characteristics.

Using p-channel pentacene and n-channel
F16 CuPc TFT with SAM gate dielectric we
have fabricated the first low-voltage organic
complementary circuits. Our inverters show
sharp switching with rail-to-rail output swings,
large signal gain ( 100), and negligible hysteresis for supply voltages as low as 1.5 V (see

Fig. 19(a)). The complementary 2-input NAND
gates also show the correct logic function. The
static currents in our complementary circuits
are very small, always below 100 pA. Thus,
the static power dissipation is less than 1 nW
per logic gate, making these the first truly lowpower organic circuits.

Figure 19: (a) Transfer characteristics of a low-voltage, low-power organic complementary inverter.
(b) Output signal and signal delay as a function of TFT channel length and supply voltage for a five-stage
organic complementary ring oscillator.
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Complementary 5-stage ring oscillators show
stable oscillations for supply voltages as low
as 1.5 V, the lowest operating voltage reported
for an organic circuit. The circuits oscillate
with rail-to-rail output voltage and signal delays as low as 1.4 msec per stage; see Fig. 19(b).
Improvements in circuit speed are expected by
employing air-stable n-channel organic semiconductors with mobilities similar to pentacene
and TFTs with smaller critical dimensions.

[1] Klauk, H. (Editor). Organic Electronics.
Wiley-VCH, Weinheim (2006).
[2] Halik, M., H. Klauk, U. Zschieschang, G. Schmid,
C. Dehm, M. Schütz, S. Maisch, F. Effenberger,
M. Brunnbauer and F. Stellacci. Nature 431,
963–966 (2004).
[3] Weitz, R.T., U. Zschieschang, F. Effenberger,
H. Klauk, M. Burghard and K. Kern. Nano Letters 7,
22–27 (2007).

Graphene
S. Roth, J.C. Meyer, D. Obergfell, M. Haluska, G. Ulbricht, T. Lohmann, J.H. Smet
and K. von Klitzing
Graphene refers to a monolayer of graphite, a
single one-atom thick sheet of carbon atoms
arranged in a honeycomb lattice. As such it
forms the two-dimensional building block for
carbon materials of every other dimensionality. For decades it was presumed that the planar structure of a single graphene sheet might
make it thermodynamically unstable when not
binding it chemically to a substrate. This presumption was put to rest (to some extent, see
below) very recently by researches at the university of Manchester [1]. They succeeded in
isolating a single graphene sheet with a size
of a few microns with an astonishingly simple
micro-mechanical cleavage method on a conducting silicon substrate covered with a thermal
oxide.
The ability to fabricate graphene opens many
exciting possibilities. Graphene is the first
strictly two-dimensional (2D) material. Both
hole and electron conduction can be induced
through the field effect by applying a voltage to the doped silicon substrate, which acts
as a backgate. The mobility for both charge
carrier species is nearly identical and can exceed 104 cm2 Vs at room temperature. It shares
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many of the attractions of carbon nanotubes
such as strength and high sustainable current
densities, while avoiding some of their drawbacks: The two-dimensional structure allows
for device patterning. The conduction and valence band touch at singular points in the
Brioullin zone and are cone shaped. Hence,
charge carriers possess a linear dispersion identical to that described by the massless Dirac
equation with an effective ‘speed of light’
which equals 1/300 of the true speed of light.
This unusual dispersion makes graphene into a
laboratory test bed for such fundamental predictions of quantum electrodynamics as the
Zitterbewegung, Klein oscillations, . . . . It also
produces striking differences in the Hall conductance compared with conventional 2DESs,
namely half-integer quantum Hall plateaus:
σxy = 4 (n+1/2) he2 . The factor of 4 arises from
spin and valley degeneracies. Based on theory,
this anomalous Hall quantization is expected to
disappear in bi- or multilayers of graphene and
hence has been used to identify graphene monolayers from thicker samples. An example of one
of our Hall resistance measurements is depicted
in Fig. 20.
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Figure 20: Transport measurements on a graphene
flake. The longitudinal and Hall resistances are plotted as a function of the backgate voltage at a fixed
magnetic field of 7 T and at a temperature of 1.4 K.
A salient feature of this monolayer of carbon is the
unusual sequence of plateaus in the Hall resistance
in units of he2 : –1/10,–1/6,–1/2,1/2,1/6,1/10. . . .
The inset shows an AFM image of the graphene
flake and the e-beam patterned leads.

Benefiting from previous work on nanotubes,
we were able to go beyond the straightforward
fabrication of graphene monolayers and we prepared free-standing graphene membranes by
depositing a metallic scaffold and subsequently
etching away the silicon substrate. An example is depicted in Fig. 21(a). These freestanding structures are ideally suited for TEM studies. TEM is uniquely destined to distinguish between monolayer graphene and thicker samples
and, hence, to confirm the correlation between
the unorthodox Hall quantization and monolayer thickness. By analyzing nanobeam electron diffraction patterns as a function of incidence angle, the whole 3D reciprocal space
can be probed. Figure 21(b) shows examples of
diffraction patterns at three different angles on
the monolayer graphene membrane. As anticipated, there are two dominant reflections corresponding to periodicities of 2.13 Å and 1.23 Å,
and weak higher-order peaks. The key for the
identification of monolayer graphene is that its
reciprocal space has only the zero-order Laue
zone and, therefore, no dimming of the diffraction peaks should occur at any angle, in contrast
to the behavior of crystal lattices extended in the
third dimension.
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Figure 21: (a) From top to bottom: Bright field
TEM image of a suspended graphene membrane. Its
central part is monolayer graphene. The top inset depicts the metallic scaffold. TEM images of folded
edges from monolayer and bilayer graphene. The
scale corresponds to 2 nm. (b) Electron diffraction
patterns from a graphene monolayer under incidence
angles of 00 , 14Æ , 26Æ respectively. The tilt axis is
horizontal. Note that peaks become broader with increasing tilt and this effect is most pronounced further away from the tilt axis. (c) A flat graphene
crystal in real space and the corresponding reciprocal space. The reciprocal space for a flat sheet consists of a set of rods directed perpendicular to the
reciprocal lattice of graphene (black hexagon). (d)
The same for corrugated graphene. For the corrugated sheet, a superposition of the diffracting beams
from microscopic flat areas effectively turns the rods
into cone-shaped volumes so that diffraction spots
become blurred at large angles (indicated by the dotted lines in the bottom panel). Diffraction patterns
obtained at different tilt angles allow to estimate the
graphene roughness.

Indeed, the full 3D Fourier transform of a flat
graphene crystal consists of a set of rods perpendicular to the plane of the reciprocal hexagonal lattice (Fig. 21(c)). Each diffraction pattern
is then a two-dimensional slice (given by a section of the Ewald sphere) through this 3D space.
The intensity of diffraction peaks should vary
without any singularities (monotonically) with
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changing tilt angle and the hexagonal symmetry is preserved for any tilt. This is exactly the
behavior observed experimentally. The total intensity for diffraction peaks (01̄10) and (12̄10)
shows an overall weak drop with increasing angle but no clear minima develop at any angle for the monolayer graphene. Conversely,
for bilayer graphene membranes, prepared with
the same procedures, the total intensities vary
so strongly that the same peaks become completely suppressed at some angles and the underlying sixfold symmetry remains undisturbed
only for normal incidence. The weak monotonic variation of diffraction intensities with
tilt angle is thus a signature specific to monolayer graphene and unambiguously identifies
the monolayer nature.
Notwithstanding the overall agreement between
the observed diffraction patterns with numerical simulations for a perfect 2D graphene sheet,
there is one feature in experiment that strongly
disagrees with these simulations and, more generally, with the standard diffraction behavior in
3D crystals. The diffraction peaks in Fig. 21(b)
become broader with increasing tilt angle and
this blurring is much stronger for those peaks
that are further away from the tilt axis. This
broadening becomes notably weaker in bilayer
samples and completely disappears for multilayer graphene. From a theory point of view,
the broadening is unexpected. Thermal vibrations for instance can only reduce the intensity of diffraction peaks (Debye-Waller factor),
but do not lead to their broadening. The observed broadening signals that graphene sheets
are not perfectly flat within the submicrometer area probed by the electron beam. The increasing broadening of diffraction peaks without changes in their total intensity implies that
the rods wander around their average direction.
This corresponds to a slightly uneven sheet so
that the diffraction pattern effectively comes
from an ensemble of small flat 2D crystallites
with different orientations with respect to the
average plane. A more detailed analysis reveals
a linear dependence of the peak widths with
increasing tilt angle in quantitative agreement
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with simulations for a corrugated graphene
sheet. The slope provides a direct measure of
the membrane’s roughness. For different monolayer membranes, the surface normal deviated
from its mean direction on average by  5Æ .
For bilayer membranes, this value was found to
be about 2Æ . We note that the diffraction peaks
broaden isotropically. This means that the surface normal in real space wanders in all directions, and the observed waviness is omnidirectional.
Whether a strictly two-dimensional (2D) crystal can exist was first raised theoretically more
than 70 years ago by Peierls and Landau. In the
standard harmonic approximation, thermal fluctuations should destroy long-range order, resulting in melting of a 2D lattice at any finite temperature. Importantly, numerous experiments on thin films have been in accord with the
theory, showing that below a certain thickness,
typically of dozens of atomic layers, the films
become thermodynamically unstable (segregate
into islands or decompose) unless they constitute an inherent part of a three-dimensional
(3D) system (such as being grown on top of a
bulk crystal with a matching lattice). However,
although the theory does not allow perfect crystals in 2D space, it does not forbid nearly perfect 2D crystals in 3D space. The observed microscopic corrugations due to plastic deformations of 2D graphene in the third dimension provides an elegant way out and reconciles existing
theory with experiment.

Figure 22: Raman spectra in the vicinity of the D’
line for monolayer and bilayer graphene as well as
bulk graphite (HOPG).
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Even though TEM studies provide unambiguous identification of monolayer graphene, both
sample processing as well as the measurements require considerable sophistication. Experiments which correlate Raman data to transport as well as TEM data have unveiled Raman
as a rapid, non-invasive method to determine
the number of layers in a flake. The clearest
fingerprint in Raman of the layer thickness is
found in the lineshape of the second order of the
zone boundary phonons, hereafter referred to as
D’. An example of Raman spectra on graphene
mono- and multilayers is shown in Fig. 22. The
D’ of monolayer graphene for instance can be
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fit to a single Lorentzian, whereas for bilayer
graphene an additional shoulder structure appears and two Lorentzians are needed. Raman
has crystallized as a powerful, high-throughput
identification tool. It is non-destructive and requires no additional processing so that flakes,
once identified as being a monolayer, can subsequently be used for the myriad outstanding
experiments in this emerging research area.

[1] Novoselov, K.S., A.K. Geim, S.V. Morozov, D. Jiang,
Y. Zhang, S.V. Dubonos, I.V. Grigorieva and
A.A. Firsov. Science 306, 666–669 (2004).
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Synthesis of complex compounds
The synthesis of new compounds possessing a special challenge in solid state research, especially
for gaining new insights of structure property relationships. The new ternary intermetallic phase
Li13 Na29 Ba19 contains Li26 clusters formed from four interpenetrating Li13 icosahedra, a building unit well-known from γ-brass. Such anti-Mackay-type Li26 clusters have been predicted to be
stable in the gas phase and to form before converging to the bulk bcc structure of metallic lithium.
Studies of the ternary system Li–Ba–N have led to the discovery of Li80 Ba39 N9 , the first subnitride
in which both the mono- and divalent metal atoms are bonded to the N atoms.
Large crystals of the superconducting phase YBa2 Cu4 O8 with a Tc of 80 K have been grown at ambient pressure using a conventional flux method. YBa2 Cu4 O8 is free from oxygen vacancies and
might therefore be a candidate to replace the famous YBa2 Cu3 O7δ in technological applications.
The syntheses of compounds such as TbO2 or AgPb2 O5 by electrocrystallization exhibit potentials
and limitations of this method avoiding thermal activation.
The roll-up of alternating layers of single-crystalline inorganic semiconductor heterostructures and
functional layers (organic or metal) in a radial geometry to hybrid short-period heterostructures has
led a new class of hybrid radial superlattices. In the last chapter new hybrid materials consisting of
Keggin type clusters α-PW12 O3 and Au9 clusters embedded into an organic skin of triphenylphosphine units in a 1:1 ratio are presented. The view of compounds as supramolecular intercluster
compounds appears promising for the development of a versatile approach to new, well-defined
nanostructured materials.

New intermetallic phase and subnitride with Ba, Li, Na
V. Smetana, V. Babizhetskyy, G.V. Vajenine and A. Simon
In recent years numerous metal-rich nitrides of
alkaline-earth metals, particularly of Ba in combination with Na, have been discovered [1].
Extending this chemistry to the heavier homologues of Na proved unsuccessful; however, Li
emerged as the most promising candidate for a
further development of this area, as we found
several new subnitride phases in presence of
this element.
A detailed knowledge of the relevant intermetallic systems is needed to open up this
field of research. Two binary compounds in the
Na–Ba system (Na2 Ba and NaBa) and one compound in the Li–Ba system (BaLi4 ) are known.
In contrast, no miscibility exists in the solidstate Li–Na system. Ternary compounds were
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previously unknown in the Na–Li–Ba system as
well. Herein, we report the first such compound,
together with a first Li–Ba subnitride.
Li13 Na29 Ba19 formed from the elements at
670 K crystallizes in a new structure type of
cubic symmetry [2]. The main feature of this
structure is a Li26 cluster formed from four interpenetrating icosahedra (Fig. 23). In that cluster, a central Li4 tetrahedron is capped by 4,
6, and 43 Li atoms above its faces, edges,
and vertices, respectively. Such anti-Mackaytype Li26 clusters have been predicted to be stable in the gas phase, and isostructural Ar26 and
Ba26 species have been postulated on the basis
of the cluster distribution in mass spectra of the
gaseous elements.

Synthesis of complex compounds
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Figure 23: (a) ‘Tetraederstern’ (TS) and (b) icosahedral (I) fragments of the Li26 cluster (c) in Li13 Na29 Ba19 .

In the solid state, the M26 cluster of γ-brass
(Cu5 Zn8 ) is well-known, however, it is composed of at least two different atoms types.
Similarly, the M26 cluster of Ag4 Li9 contains
both Ag and Li atoms. To our knowledge,
Li13 Na29 Ba19 is the first example of a solid with
homoatomic M26 clusters.
The 4 + 4 atoms at the center of the Li26 cluster define what is known as a tetrahedron star
(TS; Fig. 23(a)). Additional capping of the TS
by 6 Li atoms and 4 Li3 triangles results in
four interpenetrating centered Li13 icosahedra,
(I; Fig. 23(b)). The structures of numerous crystalline and quasicrystalline intermetallic phases
can be systematized on the basis of TS and I.
Icosahedral Li13 fragments are found in the binary compound BaLi4 , where they share faces
to form infinite chains. Distorted I surround Na
atoms in the structures of Na2 Ba and NaBa.
The TS is composed of 5, and I of 20 (slightly
distorted) face-sharing tetrahedra. This type
of close packing of tetrahedra in intermetallic structures was recognized by Frank and
Kasper early on. Their approach can also be
used to describe the local environment of the
Na and Ba atoms in Li13 Na29 Ba19 . While the
Na atoms are icosahedrally coordinated, larger
Frank-Kasper-type polyhedra with 15–17 vertices surround the Ba atoms. In the crystal structure of Li13 Na29 Ba19 , the Na and Ba
atoms lie between the Li26 clusters, which
form a face-centered cubic array (A sites).
All of the octahedral (O sites) and half of
the tetrahedral (T sites) voids are filled by

BaBa4 Na12 polyhedra, as in the LiAlSi structure type, corresponding to a filled zinc blende
or rock salt structure. The resulting formulaO
T
tion of Li26 A
4 BaBa4 Na12 4 BaBa4 Na12 4 
Li13 Na12 Ba5 accounts for only 5 of 19 Ba and
12 of 29 Na atoms per formula unit. The remaining Na and Ba atoms fill the rest of space in
the unit cell, resulting in a polytetrahedral packing.
The Li26 clusters are surrounded by a larger
cage of 28 Ba atoms, which consists of 16 triangles and 12 pentagons. All of the pentagons are
capped from the inside by peripheral Li atoms
of the Li26 cluster and from the outside by Na
atoms. These capping Na and Li atoms form the
only Li–Na contact in the structure, in which the
remaining Li and Na atoms are completely separated, consistent with the immiscibility of the
two elements in solid state.
The question remains whether the Li26 clusters in Li13 Na29 Ba19 represent the upper limit
of icosahedron-based Li clusters. In principle, polytetrahedral packing could be continued to yield larger anti-Mackay-type clusters,
such as Li45 comprising 13 interpenetrating
Li13 icosahedra, analogous to the M45 clusters in Mg2 Al5 Cu6 and Mg2 Zn11 . According
to calculations for gas-phase Li clusters, structural strain increases with cluster size, such that
Mackay-type icosahedral clusters, followed by
fcc-based face centered clusters are predicted to
form before converging to the bulk bcc structure
of metallic lithium.
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Figure 24: Structural fragments in (a) Li80 Ba39 N9 :Li17 cluster, (b) Ba4 tetrahedron, (c) Ba6 N octahedron,
and (d) Ba5 N6 cluster.

Single crystals of the first Li–Ba subnitride
Li80 Ba39 N9 were obtained from Ba, BaN3 2 ,
and Li in closed Ta containers at 670 K followed by slow cooling to room temperature [3].
Its crystal structure is best described as a packing of four different fragments. Again centered
Li13 icosahedra with additional lithium atoms
present the backbone of the structure, forming an fcc-type arrangement (A sites, Fig. 24(a),
and Fig. 25). Half of the tetrahedral voids in
the A packing are filled by Ba4 tetrahedra
(B sites, Fig. 24(b)), so that the AB packing
corresponds to the zinc blende structure type.
The remaining tetrahedral voids in the A packing are filled in an ordered way by subnitride clusters Ba6 N (C sites, Fig. 24(c)) and
Ba5 N6 (D sites, Fig. 24(d)). So, the overall
composition can be written as A8 B8 C6 D2 

Li160 Ba4 8 Ba6 N6 Ba5 N6 2 
 Li80 Ba39 N9 .
The packing of the four fragments can also be
regarded as an ordered variant of the fluorite
structure type. The Ba–Li framework exhibits
interatomic distances as in the related intermetallic phases.
Isolated octahedral Ba6 N units in Li80 Ba39 N9
are very similar to those in Na16 Ba6 N. In contrast, the Ba5 N6 unit is observed for the first
time. Here, the central barium atom is surrounded by an octahedron of nitrogen atoms,
which is, in turn, capped on every second face
by four additional barium atoms in a tetrahedral fashion (Fig. 24(d)). Since each of the
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six nitrogen atoms has close contacts to two
lithium atoms of the neighboring lithium clusters, the overall composition of this novel subnitride cluster may be written as Li12 Ba5 N6 .

Figure 25: Location of Ba4 (B), Ba6 N (C), and
Ba5 N6 (D) fragments in the crystal structure of
Li80 Ba39 N9 . The tetragonal unit cell is outlined.
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Thus, Li80 Ba39 N9 is the first example of a subnitride with nitrogen atoms bonded to both alkali and alkaline earth metal atoms. None of
the previously known Na–Ba based subnitrides
contain a Na–N bonding contact. The only
examples of bonding between the nonmetal
atoms and metal atoms of two different types
in subnitrides or suboxides are Nan Ba14 CaN6 ,
Sr048 Ba052 N, and Rb259 Cs837 O3 , however,
featuring the same valency. Li80 Ba39 N9 is the
first example of a metal-rich nitride in which
both the mono- and divalent metal atoms are
bonded to the nitrogen atoms. Both new metal-
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rich phases involving Li and Ba, the intermetallic compound Li13 Na29 Ba19 and the subnitride
Li80 Ba39 N9 , appear to represent just a tip of an
iceberg, with more compounds to follow.
[1] Simon, A. In: Molecular Clusters of the Main Group
Elements. M. Driess, N. Nöth (Eds.), Wiley-VCH,
Weinheim 2004, pp. 246–266.
[2] Smetana, V., V. Babizhetskyy, G. Vajenine and
A. Simon. Angewandte Chemie International Edition
45, 6051–6053 (2006).
[3] Smetana, V., V. Babizhetskyy, G. Vajenine and
A. Simon. Inorganic Chemistry 45, 10786–10789
(2006).

Ambient pressure growth of superconducting YBa2 Cu4 O8
single crystals using KOH flux
Y.T. Song, J.B. Peng, G.L. Sun and C.T. Lin
YBa2 Cu4 O8 (Y-124) is a stoichiometric oxide
superconductor with a critical temperature of
Tc  80 K [1]. Unlike YBa2 Cu3 O7δ (Y-123),
this compound is free from oxygen vacancy
or twin formation and does not have any microscopic disorder in the crystal. Doping with
Ca raises its Tc to 90 K [2]. The compound
is a promising superconductor for technological application. Up to now single crystals have
not been grown without using a specialized apparatus with an extremely high oxygen pressure of up to 3000 bar and a temperature over
1100Æ C due to the limited range of reaction kinetics of the compound. This fact has delayed
the progress in the study on its physical properties and potential applications. We present here
a simple growth method using KOH as flux
that acts effectively for obtaining high-quality
single crystals in air/oxygen at temperatures as
low as 550Æ C. As-grown crystals can readily
be separated from the flux and exhibit a perfect orthorhombic morphology with sizes up to
0.70.40.2 mm3 . Our results are reproducible
and suggest that the crystals can be grown using
a conventional flux method under ambient condition.

Source material was obtained either from Y-124
ceramic powders synthesized at ambient condition or from conventionally prepared polycrystalline Y-123 mixed with CuO in a molar ratio
of 1:1. Y-124 powder samples were synthesized
using YNO3 3 6H2 O (99.9%), BaNO3 2
(99.95%), CuNO3 2 2.5H2 O (99.99%) in a
molar ratio of 1:2:4. The mixtures were ground
and loaded in an Al2 O3 crucible, sintered at
800Æ C for 100 h with several intermediate
grindings.
The sintered powders were then identified by
X-ray diffraction (XRD) to confirm that a pure
phase of Y-124 was obtained. The growth of
Y-124 single crystals was performed in a box
furnace in either air or flowing oxygen. Usually 8 g of source materials mixed with KOH
flux were loaded in an alumina crucible. A lid
was used to cover the crucible for preventing
the evaporation loss of flux during heating. The
sample was then kept at a maximum temperature between 550 and 790Æ C for 4 hours, then
slowly cooled to 450Æ C and finally fast cooled
to room temperature.
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Table 1: The conditions and results of YBa2 Cu4 O8 (Y-124) single crystal growth in KOH flux.
Sample
Source material
KOH
No.
(synthesized powders) (wt%)

Soaking
temperature
[Æ C]

Ambient
condition

Cooling rate
[Æ C/h]

Results

A

Y-124

30

750

O2 flowing

8

no crystals

B

Y-124

40

750

O2 flowing

8

small crystals

C

Y-124

45–65

750

O2 flowing

8

good crystals

D

Y-123:CuO (1:1)

50

550–650

air

5–8

small crystals,
Y2 Cu2 O5

E

Y-123:CuO (1:1)

55–70

700–750

air

5–8

best crystals

F

Y-123:CuO (1:1)

60–70

790

air

1–2

small crystals,
CuO

G

Y-123:CuO (1:1)

80–90

750

air

2–5

CuO

In order to estimate the optimal ratio of flux
to Y-124 powder, we examined mixtures with
various weight ratios, ranging from 30–90wt%.
No crystals were obtained from charges with
30 wt% flux. Small crystals could be grown
from flux ratios of 40 or 50 wt%. The majority phase of CuO was crystallized at 80–
90 wt%. The best Y-124 crystals were obtained
from 55–70 wt%. Table 1 summarizes the results obtained from our experiments with various growth conditions. We also tried to estimate
the optimal cooling rate. Among various rates
investigated at 55–70 wt% flux ratio the best result is found for  5Æ C/h. Any lower cooling
rates lead to a long growth period and thus cause
more flux loss from evaporation. This leads to
small Y-124 crystals, and similar for the cooling rate of  5Æ C/h. To optimize growth condition, however, soaking temperature, flux ratio
and cooling rate must be taken into account together.
The melting behavior of the mixtures of Y-124
and KOH was investigated by TG-DTA (thermogravimetric and differential thermal analysis) measurements and observed in a ventilated system. As shown in Fig. 26, an endothermic peak with onset temperature T = 136Æ C on
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the DTA curve corresponds to the KOH dehydration, indicating a 1% loss by TG. The
weight loss from 200 to 400Æ C is assumed to be
the thermal reaction of KOH  K2 O + H2 O.
During the reaction process, the endothermic
peaks at 237 and 386Æ C correspond to the KOH
partially and completely melting, respectively.

Figure 26: Temperature dependence of the thermal
behavior of Y-124 as measured with TG-DTA in
60 wt% KOH.

The peak at 494Æ C is attributed to the starting melt of Y-124 powder in KOH. The broad
exothermic peak between 550 and 800Æ C corresponds to the formation of Y-124 crystals, as
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confirmed by the XRD patterns and in agreement with our solubility measurement. This reveals that the Y-124 crystal can form at an equilibrium temperature as low as 550Æ C. The further weight loss down to 85% (TG) with increasing temperature up to 850Æ C indicates the
continuing evaporation of KOH. No crystals
were observed to form over 850Æ C. Therefore, it
is useful to add a lid on the crucible for preventing the flux from a fast loss and enhance the reaction time to expect large crystals. Large crystals were grown using a lid-crucible and 60 wt%
flux at a cooling rate  5Æ C/h, as given by the
example of No. E in Table 1.

Figure 27: (a) As-grown single crystals, (b) typical crystal samples under a polarized optical microscope showing YBa2 Cu4 O8 (left) with twin-free
faces and YBa2 Cu3 O7δ (right) with heavily
twinned faces along the (110) and (11̄0) directions.

As-grown crystals were readily separated from
the flux using methanol and rinsed with an ultrasonic cleaner Black and shiny Y-124 crystals
with orthorhombic morphology were found to
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crowd on the bottom of the Al2 O3 crucible, as
shown in Fig. 27(a). The size of the crystals is
measured to be 0.50.30.2 mm3 , some being as large as 0.70.40.2 mm3 . These crystals are twin-free and the c-axis is normal to the
platelet. Figure 27(b) shows a typical twin-free
Y-124 single crystal as compared with a heavily twinned Y-123 caused by the release of oxygen during the T–O (tetragonal-orthorhombic)
phase transformation.
The as-grown crystals were characterized by
XRD and energy dispersive X-ray analysis
(EDX). The analysis of the X-ray diffraction
pattern indicates that all peaks can be identified in the space group Ammm. The lattice parameters were determined to be: a = 3.8449 Å,
b = 3.8840 Å, c = 27.2608 Å, in agreement with
the orthorhombic cell parameters reported previously. EDX analysis shows a stoichiometric
composition of Y:Ba:Cu=1:2:4, and no K contamination from flux or Al from crucible were
detected within the error range of  1 at%.
In addition, Y1x Cax Ba2 Cu4 O8 single crystals
with different Ca doping levels have been also
successfully grown by this method. The various Ca contents (x = 0.02, 0.04, 0.09, 0.12, 0.14
and 0.16) resulted from the initially added Ca
concentrations of 0.012, 0.024, 0.071, 0.100,
0.240 and 0.300, respectively. The segregation
coefficient of Ca in Y1x Cax Ba2 Cu4 O8 is estimated to be  0.9, which is the slope of the
linear relationship between Csi = nCa /(nCa + ny ),
where Cs and Ci represent the atomic concentration of Ca as fraction of total Ca and Y present
in the crystal and melt, respectively, n denotes
atomic concentration of the element. Notice that
x = 0.16 is the highest Ca content incorporated
in the crystal.
The superconductivity of the pure and doped
single crystals of Y1x Cax Ba2 Cu4 O8 was characterized by ac susceptibility measurements as
shown in Fig. 28. A sharp transition temperature
Tc occurs at 82.9 K for the pure Y-124 (x = 0).
Y-124 is a stoichiometric compound with stable
oxygen but its doping state corresponds to the
under-doped regime.
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was rather broad when the crystals were contaminated with Al3 from the alumina crucible reacted with self-flux of BaO–CuO at
high growth temperature of 1100Æ C and high
oxygen pressure of 600 bar. The superconducting volume fraction (Vol% = Magnet moment [emu] / m[g] B[Gauss]  4π ρ[g/cm3 ]) of
our crystal samples is estimated to be as high
as 80%. All the characterization results indicate
the high quality of the single crystals obtained
in the KOH flux at low temperature.

Figure 28: AC susceptibility of Y1x Cax Ba2 Cu4 O8
single crystals measured in 10 Oe after zero field
cooling. Inset is the Tc value changes for the various concentration of Ca in the crystals.

Therefore, an increase in Tc is expected with
the introduction of holes by Ca doping. Indeed, the Tc increases from 84.6, 88.7, 90.5,
to 91.0 K with increasing Ca doping contents
of the x = 0.02, 0.04, 0.09, and 0.12, respectively. The maximum Tc = 91.0 K was found for
x = 0.12, indicating optimal doping in agreement with a previous report [2]. The Tc drops
slightly to 90.7 and 90.8 K for the higher
doping of x = 0.14 and 0.16, suggesting that
the samples are then in a slightly over-doped
regime. Comparing to the very broad transition Tc for both pure and doped ceramic samples reported previously, our crystals show
a sharper transition with a width ∆Tc  4 K.
The Tc decreased and the transition width
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Our study pointed out an important result that
a new flux method has been developed to grow
Y-124 single crystals and any specialized apparatus with high oxygen pressure and high temperature is no longer needed. KOH is a suitable candidate serving as the flux to enhance
the reaction kinetics of the compound under
ambient condition for successful growth of the
crystals at the lower crystallizing temperature
between 550 and 800Æ C. The quality of the
crystals obtained by this new method is higher
than for those from the high-pressure and hightemperature technique. The crystals are easy to
grow with this simple method and allow to produce many microscopic probes for achieving a
more accurate study of electronic and magnetic
anisotropies and a better understanding of this
interesting superconducting compound.
[1] Zandbergen, H.W., R. Gronsky, K. Wang and
G. Thomas. Nature 331, 596–599 (1988).
[2] Miyatake, T., S. Gotoh, N. Koshizuka and S. Tanaka.
Nature 341, 41–42 (1989).
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Electrochemical synthesis of solids
C.P.M. Oberndorfer, M. Malchus, S. Vensky, R.E. Dinnebier and M. Jansen
The synthesis of metastable compounds poses
a special challenge in solid state chemistry,
since they are usually not accessible by conventional ‘heat and beat’ procedures. At high
temperatures, which are needed to increase diffusion and thus accelerate reactivity and crystallization, metastable products often transform
into the thermodynamically stable modifications. One of the alternative techniques that
avoid thermal activation, is the electrochemical
synthesis of solids.
The most simple setup for electrocrystallization
consists of a liquid electrolyte in which two inert electrodes are immersed. On applying voltage or current, electrochemical reactions take
place at both electrodes. At the working electrode (here: the anode), oxidation of some dissolved species occurs and the product grows on
the anode as a solid. This inhomogeneous reaction path allows to effectively avoid thermal
activation. The oxidation potential of the anode can be tuned and e.g. oxides are formed
at temperatures far below their decomposition
point without applying elevated oxygen partial pressures. Moreover crystallization is enhanced due to the easy diffusion through the
liquid phase to the electrode and can be controlled by the applied current. As an additional
benefit, impurities, which may appear due to
an oxidizing chemical in a conventional reaction, can be avoided. These advantages are paid
for by a huge set of experimental parameters
that need to be optimized, ranging from the
choice of starting materials and their concentrations over the setup of the electrochemical
cell and the applied voltage to the properties of
the electrolyte. For example, the latter one can
be crucial for the success of an electrosynthesis. Although water is ubiquitous as solvent and
exhibits good properties such as electrochemical stability, alkali hydroxide melts can be superior as electrolytes in certain aspects. They
combine conductivity with basicity, necessary
to dissolve even weakly amphoteric hydroxides

and therefore permit the electrodeposition of
highly oxidized rare earth compounds, such as
PrO2 and TbO2x [1]. These compounds are obtained by electrolysis of KOH melts containing PrNO3 3 , or TbNO3 3 , at about 200Æ C,
whereas standard procedures result in powdery
products of PrO2 and require pressures of about
200 atm and temperatures of 350Æ C.

Figure 29: X-ray diffraction pattern of a TbO185
crystal. Inset: Electrode with product of electrosynthesis (right) and crystal of TbO2x (left).

Therefore all characterizations of these materials known so far had been performed by
TEM or powder diffraction. Electrolysis, however, yielded single crystals, and PrO2 has been
thoroughly characterized by powder and single
crystal diffraction. The oxygen content has been
checked by determining the magnetic moment,
proving Pr to be completely transferred into the
oxidation state +IV (µ = 2.49 µB ). For the corresponding Terbium compounds, a similar procedure results in fluorite related defect structures of Tb oxide. Thermogravimetric and magnetometric investigations of products of syntheses for different reaction parameters show
an oxygen deficiency in the range of TbO181
to TbO195 . X-ray diffraction patterns of crystals show complex supercells which can be attributed to two individual phases combined in
one crystal, an orthorhombic and a monoclinic
structure, which are both related to the fluorite
type (Fig. 29).
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Not in all cases it is possible to synthesize
well-crystallized products. In particular, if the
material exhibits no electrical conductivity, an
insulating layer is formed, further reaction is
prevented and controlled crystal growth becomes impossible. However, the formation of
peroxodicarbonates shows, that even in this
case metastable products are accessible [2].
Electrolysis of saturated alkali carbonate solutions at a temperature of –20Æ C with a high
current density results in the formation of fine
bluish powders. The carbonate anion is oxidized and precipitated at these reaction conditions. In competition to this reaction, oxygen is
evolved, This is clearly visible by the formation of gas bubbles at the anode, which ‘clean’
the electrode and thus prevent any formation
of a non-conducting layer. The alkali peroxodicarbonate collects as a solid on the separated
anolyte part of the electrochemical cell. Using modern methods of powder diffraction and
spectroscopy, it was possible to fully characterize the rubidium and potassium peroxodicarbonate. Vibrational spectroscopy convincingly
supported the existence of peroxo functions,
and structure determination was possible by the
use of synchrotron radiation. Summarizing the
results, the peroxodicarbonate anion C2 O26 can
be considered as the product of an oxidative
coupling of two carbonate groups bridged by an
O–O bond (Fig. 30).

Figure 30: Rietveld plot of potassium peroxodicarbonate and structure of the C2 O26 anion. Inset:
bluish powder obtained by electrosynthesis.
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Its constitution in the Rb and K compound is
identical, but a different dihedral angle between
the CO3 groups was observed. The thermal stability of these compounds was investigated by
thermal analysis, which showed that decomposition happens already at room temperature associated with a loss of oxygen. This definitely
requires a low-temperature route for synthesis,
and so far electrochemical formation is the only
feasible way to produce those compounds.
A third example is the electrochemical formation of Ag5 Pb2 O6 [3]. First single crystal structure analysis was accomplished for samples obtained by autoclave techniques. The discovery that this compound is superconducting triggered the need for an easy production of this
ternary oxide, but all syntheses known were
either complicated or took place close to the
decomposition temperature of the product. We
have found an access to this compound via
electrochemical techniques. The electrolyte employed is a highly concentrated KOH solution
containing PbO2 , which is moderately heated in
order to partially dissolve the lead oxide to form
hexahydroxoplumbate anions. While Pt serves
as counter electrode, silver metal forms a crystalline layer of Ag5 Pb2 O6 upon anodic oxidation and long time electrolysis even leads to a
quantitative conversion. This is an unconventional electrosynthesis, because, in general, participation of the electrode in the electrochemical reaction is strictly avoided by the use of inert
noble metal electrodes. In this case the product
formation is completely controlled by oxidation
of Ag, and PbOH26 reacts at the liquid/solid
interface.
Two ways for the transport of silver ions to the
phase boundary can be conceived: one possibility is the diffusion through small cracks in the
surface and the second is the diffusion through
the bulk solid. An analysis of the morphology
of the product lends support to the second alternative, since all crystallites are oriented perpendicular to the c-axis of this compound crystallizing in a trigonal structure.
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containing PbOH26 and the solid electrolyte
Ag5 Pb2 O6 . This gives rise to an orientation
of the crystallites due to preferred transport of
Ag perpendicular [001] (Fig. 31).

Figure 31: Scheme for the formation of oriented
crystallites of Ag5 Pb2 O6 . Inset: REM picture of a
product layer grown on a silver electrode.

Ionic transport was separately confirmed by silver ion conductivity measurements on polycrystalline samples, and the transport appears
predominantly between the PbO3 layers in the
crystal structure, which are staggered along the
c-axis. Therefore, the product is formed at the
point of contact between a liquid electrolyte

One should note that this technique is not as
versatile as one would desire, because the experimental boundaries are rather limiting. Each
synthetical problem must be individually optimized, and success depends on the proper
choice of a huge number of different parameters and experimental setups, illustrated by the
variety of the examples presented.

[1] Malchus, M. and M. Jansen. Solid State Sciences 2,
65–70 (2000).
[2] Dinnebier, R.E., S. Vensky, P.W. Stephens and
M. Jansen. Angewandte Chemie International
Edition 41, 1922–1924 (2002).
[3] Oberndorfer, C.P.M. and M. Jansen. Zeitschrift für
anorganische und allgemeine Chemie 633, 172–175
(2007).

Hybrid radial superlattices
Ch. Deneke, U. Zschieschang H. Klauk and O.G. Schmidt;
W. Sigle, U. Eigenthaler, M. Hirscher, P.A. van Aken and G. Schütz (MPI für Metallforschung)
Planar superlattice heterostructures have attracted overwhelming interest in both fundamental as well as application related research
over many decades. The great success of this
technology relies on the ability to repetitively
grow ultrathin pseudomorphic layers and heterostructure interfaces with atomic layer precision. Still, the fabrication of planar superlattices is heavily limited in material combinations, mainly due to the necessity to transfer
the crystalline information from every layer to
the next. More recently, we have developed a
new class of hybrid radial superlattices (RSL)
realized by the roll-up of strained layer systems
[1]. Here, we create semiconductor/organic as
well as semiconductor/metal superlattices by

rolling up a strained semiconductor bilayer followed by a functional layer. The roll-up procedure enables us to compose alternating layers of single-crystalline inorganic semiconductor heterostructures (In(Al)GaAs/GaAs) and the
functional layer (thiolate self-assembled monolayer (SAM) or metal) in a radial geometry. Cross-sections of such RSLs are carefully
prepared by focused ion beam (FIB) etching
and polishing [2]. This refined technique enables us to study the structure and geometry
of well-selected RSLs in unprecedented detail.
High-resolution (HR) and analytical transmission electron microscopy (TEM) reveal tightly
wound RSLs with precisely controllable layer
thicknesses and chemical compositions.
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For the semiconductor/organic radial superlattices, a monolayer of 1-hexadecanethiol was
self-assembled on the GaAs surface of an epitaxial 2 nm In033 Ga067 As / 4.5 nm GaAs bilayer, which in turn was grown on top of a
20 nm AlAs sacrificial layer on a GaAs (001)
substrate. The InGaAs/GaAs/SAM trilayer was
then released from the substrate by selectively
etching away the AlAs with HF ( 3 vol%).
The HF gained access to the sacrificial buffer
through openings in the sample surface created
by fine scratches. Due to the inherent strain, the
released bilayer together with the SAM rolls up
into a nanotube (Fig. 32(a)).

Figure 32: (a) Schematic illustration of the layer
structure and the roll-up process. (b) Scanning electron microscopy image of a rolled-up radial superlattice with an inner diameter of 360 nm. (c)
Brightfield transmission electron microscopy image
of a radial superlattice cross-section. A black square
marks the area of the TEM image presented in
Fig. 33. The arrow points at the edge of the underetched sacrificial buffer layer. (SEM image by Carl
Zeiss, Oberkochen; FIB preparation and TEM were
performed by FIE, Eindhoven.)

To fabricate semiconductor/metal hybrid structures, a 3 nm In02 Al02 Ga06 /As / 3 nm GaAs bilayer was grown by molecular beam epitaxy on
top of a 10 nm to 20 nm thick AlAs sacrificial
layer on a GaAs (001) substrate. A nominally
7 nm thick Cr film was deposited afterwards by
thermal evaporation. The semiconductor/metal

50

Synthesis of complex compounds

layers were processed by standard optical
lithography or mechanical scratching. Subsequently, the layers were released by removing
the AlAs layer with diluted HF (3.1 vol% to
8.3 vol%). From the obtained rolled-up nanostructures thin lamellas were prepared by FIB
etching and investigated by (HR)TEM. During
TEM, chemical analysis of the tube wall (EDX:
energy dispersive X-ray, and EELS: electron
energy loss spectroscopy) was carried out.
Figure 32(b) displays a scanning electron microscopy (SEM) image of a typical rolledup nanotube. The tube has an inner diameter of about 360 nm and rolled up over a distance of 16 µm. SEM clearly resolves nine outer
windings, which appear closely attached to
each other. A brightfield cross-sectional TEM
overview image of a similar nanotube with an
inner diameter of 375 nm is shown in Fig. 32(c).
The tube is surrounded by outer and inner metal
regions, which protected the tube during sample preparation. To ensure that some part of the
sample is thin enough for high-resolution TEM,
the specimen was thinned inhomogeneously until the lower part of the tube was completely
removed by FIB etching. Between the metal
material, eleven tightly rolled-up windings are
clearly visible. The tube wall comprises alternating dark and bright regions. The dark regions are typically assigned to crystalline material, whereas the bright region is usually assumed to consist of non-crystalline matter. The
radial superlattice is still attached to the substrate at the top of the back-etched buffer layer
(see arrow in Fig. 32(c)). This observation confirms that the position of the radial superlattice
can be controlled by lithography and appropriate underetching times.
Figure 33(a) shows a high-resolution TEM
magnification of the area marked by the small
rectangle in the lower part of Fig. 32(c). The
TEM image confirms the existence of a crystal
lattice in the dark regions of the tube wall.
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in the crystalline regions. The inferred thickness of the thiolate monolayer of about 2 nm
is in excellent agreement with the length of
the 1-hexadecanethiol molecule (2.1 nm, calculated using CS Chem 3D Pro, version 7.0) and
a chain tilt angle of 16Æ reported for methylterminated alkanethiolate monolayers on GaAs
prepared from solution. The measured 5.5 nm
thickness of the rolled-up InGaAs/GaAs bilayer
perfectly agrees with the thickness of the bilayer in the unrolled area of the same sample. This observation implies that practically no
crystalline material is consumed during formation of the RSL interfaces, in contrast to previous reports, where the semiconductor was not
passivated by any organic layers [1,3]. The inset in Fig. 33(a) presents the two-dimensional
Fast Fourier Transformation (FFT) of the highresolution TEM image, revealing the four-fold
symmetry axis along the 010-zone axis,
which was also identified in the diffraction pattern of the reference structure (not shown). The
FFT confirms that the zinc blende lattice of the
epitaxial layer remains unaffected by the roll-up
process.

Figure 33: (a) High-resolution TEM image of
the wall of the radial superlattice. The crystalline
(non-crystalline) layer has a thickness of 5.5 nm
(2 nm). The inset shows the Fourier Transformation of the image. (b) Chemical analysis across
the wall of a radial superlattice. The inset shows
a high-angular darkfield STEM image of the investigated layers. The black curve is the intensity
along the line marked in the inset. Chemical analysis (EDX and EELS) was performed along the white
line for Ga, In, As, O and C. Besides the experimental data (dotted lines), the nominal expected intensities of the elements are indicated (solid lines). (FIB
preparation, EDX, EELS and TEM were performed
by FIE, Eindhoven.)

The bright regions show no clear lattice image
as expected for the thiolate monolayer, because
it lacks a perfect translation symmetry. The appearance of lattice fringes at some positions in
the non-crystalline layer is attributed to information delocalization of the zinc blende lattice

Since imaging tends to contaminate the samples with carbon, chemical analysis was performed on a second prepared cross-section of a
similar structure. The inset of Fig. 33(b) shows
a high-angular darkfield (DF) scanning TEM
(STEM) image of the radial superlattice, where
the white line marks the path of the step-wise
chemical analysis (60 steps with 1 nm step
width). Energy-dispersive X-ray analysis was
performed for Ga, In, As, and O. The carbon content was deduced from electron energy loss spectra obtained at the same position.
The measured normalized concentrations for
the five elements are displayed as scatter plots
in Fig. 33(b). The intensity modulation of the
STEM image allows accurate correlation with
the EDX and EELS scans through the radial superlattice.
From the sample growth and the measured layer
thicknesses, we know the nominal structure and
chemical composition of the superlattice. We
plot the expected chemical concentrations of
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Ga, In, As, O, and C in the corresponding line
scan panels of Fig. 33(b). The measured normalized concentrations of In, Ga and As represent the semiconductor layers within the radial superlattice. The maximum concentrations
for these three elements are found in the bright
regions of the darkfield STEM image (corresponding to the dark regions in the brightfield TEM image). The measured concentrations of In, Ga, and As follow the nominal profiles (within measurement accuracy) over five
periods. The experimental values significantly
diverge from the nominal ones only at the outerand innermost regions of the radial superlattice,
where the structure was affected by oxidation
and delamination.
The oxygen concentration across the tube wall
remains nearly constant featuring no significant
increase in the semiconductor nor in the organic
layer. We explain the finite oxygen background
level by a thin oxide layer that has formed
on the top and bottom of the specimen during sample transportation from the FIB machine
to the TEM. It is remarkable that the organic
layers are practically free from any oxide. A
tiny increase of oxygen is only faintly visible
at some interface positions, where the SAM attaches to the next InGaAs/GaAs winding during
the roll-up process. We are therefore confident
that contaminations within the radial superlattice are hardly present and practically do not occur during the fabrication process of the RSLs.
The normalized carbon concentration profile
deduced from EELS shows modulations consistent with the intensity modulation of the STEM
image. Carbon is only found at positions where
the SAM is expected to be located. Together
with the oxygen signal, we can safely say that
the non-crystalline part is a pure hydrocarbon
layer and does not consist of any amorphous
oxide as reported previously for rolled-up nanotubes without the SAM.
As a second example of a hybrid semiconductor
superlattice we prepared a InAlGaAs/GaAs/Cr
structure. Figure 34 shows the obtained EDX
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spectra for Ga, As, Cr and O as well as the obtained EEL spectra for Cr and O (upper right inset). The upper left inset in Fig. 34 shows a DFSTEM image of the investigated superlattice
where 13 periods of the superlattice can clearly
be identified. Furthermore, the material contrast
allows for clear observation of the semiconductor layer, the metal layer, and the Cr/InAlGaAs
interface. We observe also 13 distinct periods in
the EDX analysis of the superlattice along the
white line marked in the inset. The Cr signal
counter-oscillates with the signal obtained from
the Ga and As. The slight difference in the slope
of the Ga rise and fall compared to the As signal indicates the position of the Al and In in the
bilayer.

Figure 34: The chemical analysis of a 13 period
InAlGaAs/GaAs/Cr superlattice. The semiconductor is oxide-free, whereas the Cr layer shows a
clear indication of oxidation. The upper left inset
shows the DF-STEM image of the layer stack and
the line along which EDX and EELS analysis was
performed. The Cr/InAlGaAs interface is clearly
visible in this image. The right inset shows the
high-resolution EEL signal for Cr and O.

In the EDX analysis the O signal correlates with
the Cr signal with a slight shift towards the
Cr/InAlGaAs interface. To further investigate
the interfaces of the metal with the semiconductor layers, EELS was carried out over three
periods of the superlattice (right inset in Fig. 34;
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note that the scan was performed in the opposite
direction to the EDX scan). In the EEL spectra
the oxide peak is clearly split into two separate
peaks confirming the existence of two separate
oxide layers as suggested by the HR-TEM and
STEM images (not shown).
In conclusion, we have created various multiperiod semiconductor hybrid radial superlattices by the roll-up of highly strained functionalized multilayers. Detailed cross-sectional
TEM and chemical analysis shows that the radial superlattices consist of alternating crystalline semiconductor and functional layers.
Since a strained crystalline layer can be com-

bined deliberately with arbitrary combinations
of organic or inorganic materials, our radial superlattices define a class of hybrid short-period
heterostructures, which can be integrated on a
single chip by standard lithographic techniques.

[1] Deneke, Ch., N.-Y. Jin-Phillipp, I. Loa and
O.G. Schmidt. Applied Physics Letters 84,
4475–4477 (2004).
[2] Deneke, Ch. and O.G. Schmidt. Applied Physics
Letters 89, 123121 (2006).
[3] Krause, B., C. Mocuta, T.H. Metzger, Ch. Deneke
and O.G. Schmidt. Physics Review Letters 96,
165502 (2006).

Supramolecular intercluster compounds consisting of gold clusters
and polyoxometalates
M. Schulz-Dobrick and M. Jansen
Supramolecular chemistry aims to organize
molecular building blocks by means of noncovalent interactions into complex arrangements. Efforts to synthesize suitable building
blocks, to develop methods for their assembly and to understand the underlying fundamental principles are currently undertaken for
all length scales – ranging from molecules to
nano-, meso- and macroscopic compounds. In
particular, nanoscopic self-assembly is envisioned to be the alternative to lithographic techniques for future electronic or optical devices.
Via the assembly of different building blocks
into superlattices, materials can be obtained
that exhibit new properties due to cooperative
effects. However, the quality of the arrangements depends on the uniformity of the building blocks, which is a prerequisite for a low
defect density and a large domain size. Otherwise, the resulting violations of translational
symmetry on the atomic scale would undermine
at least some of the enthusiastic expectations
connected to the properties of nanostructured

matter. Furthermore, such defects would thwart
structure determinations with atomic resolution,
which is crucial for a detailed understanding
of structure-directing forces and the resulting
physical properties. Commonly, this condition
is well-fulfilled for a molecular assembly but
not for the assembly of nanoparticles, which exhibit an intrinsic size distribution.
Our approach for overcoming these limitations
is based on generating assemblies of different,
well-defined, inorganic building blocks with diameters d 1 nm. The variety of inorganic clusters that have been studied in the past is large,
and clusters of several nanometers in size have
been uniformly synthesized and crystallized.
But, surprisingly, the field of compounds consisting of different inorganic clusters is almost
unexplored. Unlike binary nanoparticle superlattices, it should be possible to grow such intercluster compounds as single crystals with
high translational order, such that details of the
supramolecular arrangements can be elucidated
by X-ray diffraction.
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Figure 35: (a) Structure of the ‘crown-shaped’, and (b) the ‘butterfly-shaped’ isomer of Au9 PPh3 38 .
(c) Structure of the Keggin anion α-PW12 O340 in polyhedral representation.

We started to explore this new field of intercluster compounds by identifying suitable
building blocks and establishing methods for
their crystallization. We found that it is possible to form such compounds from cationic gold
clusters, e.g. Au9 PR3 3 or Au8 PR3 2 and
various anionic polyoxometalates. These kinds
of building-blocks are particularly suitable as
their size, shape, charge or ligand periphery
can be varied through synthesis conditions.
The first example to be presented is the compound Au9 PPh3 8 PW12 O40 , which consists
of Au9 PPh3 3 clusters and Keggin anions αPW12 O340 (Fig. 35) [1]. Single crystals suitable
for X-ray diffraction of this compound can be
grown by interdiffusion of separate solutions of
the respective building blocks. Depending on
the solvent combinations, two types of crystals
can be selectively obtained: orange, tetragonal needles (compound 1) and greenish-black,
monoclinic prisms (compound 2). Both compounds contain Au9 PPh3 3 and α-PW12 O340
in a 1:1 ratio, but differ in the Au9 skeletal isomer, the packing type and the amount
of included solvent molecules. The gold cluster in 1 resembles a centered crown geometry
with eight Au atoms surrounding a central Au
atom (Fig. 35(a)), whereas the cluster in 2 has
a ‘butterfly-shaped’ geometry, Fig. 35(b). Notably, Au–Au bonds as short as 266 pm occur
in such clusters, which is distinctly shorter than
the 288 pm in elemental gold.
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The overall packing of 1 can be derived from the
CsCl structure-type (Fig. 36(a)). Both the gold
cluster and the Keggin anion are coordinated
by each other in form of distorted cubes. The
distortion originates mainly from the slightly
toroidal shape of the gold clusters. The gold
clusters are in close contact with each other,
with the shortest intermolecular H–H distances
being smaller than 270 pm. The Keggin anions fit very well into the cubic voids, which
can be rationalized by arguing that the effective radii ratio of the building-blocks is close to
the theoretical value of touching spheres (0.73).
Therefore, the structure is relatively densely
packed with the solvent accessible volume being 11.5% (calculated for a probe radius of
120 pm). In contrast to 1, the packing of 2
can be derived from the NaCl structure-type
(Fig. 36(b)). The effective van-der-Waals diameter of the ‘butterfly-shaped’ Au9 PPh3 8 3
isomer can be estimated to be about 1650 pm
to 1750 pm. Thus, in case of a regular closepacking of touching hard spheres with this diameter, the octahedral voids can contain spheres
with a diameter not greater than about 700 pm.
The diameter of the Keggin anion (1050 pm to
1350 pm) is significantly larger than this value,
which has several consequences. First, in the
cubic close-packing, only 8 of the 12 neighboring gold clusters are in close contact to the central gold cluster.
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Figure 36: (a) View of the crystal structure of 1 along [001]. The Keggin anions are located at z = 0 and the
gold clusters at z = 0.42 and z = 0.58, respectively. (b) Similarity of the packing of 2 to the NaCl structure
type: the gold clusters are packed face-centered cubic and the Keggin anions (violet spheres) occupy the
octahedral voids.

The center-to-center distances in the distorted
cuboctahedron vary from 1680 pm to 2108 pm.
Furthermore, the misfit of the Keggin anions
leads to substantial voids. The solvent accessible volume was calculated to be 19.6%, and
about 6 solvent molecules (DMF or acetone)
per formula unit are included in the crystal
structure.
It is an interesting question, why the packing
of the second structure the NaCl structure-type
is according to, although the CsCl structuretype seems to be more effective from geometric considerations. A possible reason could
be the higher coordination of the gold clusters to other gold clusters which is accompanied by numerous energetically favorable
C-H/π interactions between the slightly polarized aromatic protons and the π-electron density of the phenyl groups in the periphery of
the clusters. A similar situation was observed
in Au9 PPh3 8 2 V10 O28 H3 2 (compound 3), in
which a second type of weak intermolecular
interaction plays a decisive, structure-directing
role [2]. The prominent motif in this crystal
structure is the dimerization of the decavanadates V10 O28 H3 by all of their acidic protons
forming a six-fold hydrogen bond (Fig. 37(a)).
These V10 2 dimers are packed like in the

hexagonal close packing, but with the shortest O    O distances between different dimers
being larger than 1.0 nm. Consequently, the
V10 2 are in close contact to gold clusters exclusively. These Au9 PPh3 38 clusters, which
are in the ‘butterfly-shaped’ conformation, occupy all octahedral and half of the tetrahedral
voids in this hexagonal close packing. In this arrangement, every gold cluster is in close contact
to 8 additional gold clusters via several C-H/π
interactions.
A projection of the crystal structure of 3 is
shown in Fig. 37(b). In this compound the decisive influence of weak, supramolecular interactions is evident. Instead of forming a ‘simple’ ionic packing, a structure with enhanced
proximity of equally charged building blocks is
preferred, which is energetically compensated
by hydrogen bonds and C-H/π interactions, respectively. This compound exhibits a high solvent accessible volume of 25.6%. The solvent
molecules are filling three-dimensionally connected channels and are rapidly lost upon removal of the crystals from the mother liquid
leading to a loss of crystallinity. We have encountered this problem of high solvent contents
in several other related compounds.
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Figure 37: (a) Structure of the decavanadate dimer. Oxygen atoms marked with blue carry a proton giving
rise to the 6-fold hydrogen bond. (b) View of the crystal structure of 3 along [001] with the decavanadate
dimers shown in polyhedral representation.

We have shown that it is possible to synthesize compounds consisting of different, welldefined, inorganic clusters with diameters larger
than 1 nm in macroscopic amounts and to determine their crystal structure with atomic precision. Detailed analysis of the crystal structures
revealed a decisive influence of intermolecular
interactions such as hydrogen bonding, π- or
van-der-Waals interactions, although the ionic
energy can be expected to provide the highest contribution to the lattice energy. Therefore,
we have introduced the term supramolecular intercluster compounds (SICC) for such materials. We think that this may become a versa-

56

tile approach to new, well-defined, nanostructured materials. Currently, we are modifying
the building blocks in order to study the underlying principles of such supramolecular structures and their formation in more detail and look
for materials that exhibit cooperative physical
properties.

[1] Schulz-Dobrick, M. and M. Jansen. European
Journal of Inorganic Chemistry 2006, 4498–4502
(2006).
[2] Schulz-Dobrick, M. and M. Jansen. Inorganic
Chemistry 46, 4380–4382 (2007).
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Bonding in solids
A main area of research in the Institute is the understanding of bonding in newly synthesized
materials and in complex solids in general. The electron counting scheme in a solid is essential for
the derived oxidation state of the atoms. In the first contribution in this section it is pointed out that
this sometimes has to be modified to properly include orbital energy differences. This is illustrated
by the example of the calculated electronic structures of some late transition metal compounds. The
new developments in the electronic structure theory have made it possible to extract the essential
orbitals and energetics for understanding the bonding and the physics of well-known as well as
new materials. This is demonstrated by the calculation of the bandstructure filtering in graphite
and the Wannier orbitals in some new superconducting intercalated graphites. The Hartree-Fock
approximation shares some similarity with the dynamical mean field theory in the intermediate
to strong coupling limit. That this similarity cannot be extended to excited states properties is
demonstrated in the last contribution in this section.

Anionic late transition metals as p-elements
J. Köhler, M.-H. Whangbo and C. Lee
Despite its highly qualitative nature the concept
of oxidation state developed nearly two centuries ago has remained useful, largely because
it enables one to predict the major orbital characters of the important bands around the Fermi
level for a given compound. The oxidation state
of an atom in a compound is determined by
counting the valence electrons of the constituent
atoms using a set of commonly accepted rules.
This electron counting is most straightforward
for two limiting cases of binary compounds,
i.e., ionic and covalent compounds. For a compound containing several elements with a range
of similar electronegativities, the assignment of
oxidation states can be subject to some arbitrariness. To correctly predict the nature of the frontier energy levels in such a case, it is necessary
to employ a modified electron counting scheme
that takes orbital energy differences into consideration.

Intermetallic compounds containing electropositive atoms (e.g., alkaline, alkaline earth or rare
earth elements) exhibit both covalent and ionic
components. In contrast to main group atoms,
transition metal elements have rarely been considered to form anions not even late transition metals such as Au and Pt although their
electronegativities are only slightly lower than
that of iodine. Exceptions are the transparent
compounds CsAu and Cs2 Pt for which a description with ionic species Cs and Au and
Cs and Pt2 ions, respectively, is commonly
accepted [1]. In the recently discovered compounds PtIn7 F13 and PtIn6 GeO4 2 O containing PtIn6 10 metallo-complexes with strongly
covalent Pt-In bonds [2] the oxidation state of
Pt is also most likely –2. In such a cluster
cation the nd and (n+1)s orbitals of the transition metal act as a reservoir for holding 10 + 2
electrons, and its bonding with the surrounding
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main group ligands leading to the frontier energy levels takes place primarily by use of the
(n+1)p orbitals, so that the transition metal behaves like a main group element. Our search
for further examples of transition metal anions
has led us to intermetallic compounds containing both electropositive atoms (e.g., alkaline
earth and rare earth elements) and late transition metal elements.

Figure 38: (a) Perspective view of the crystal structure of La2 M2 In (M = Ge, Pt, Cu) and (b) projection
view of an M2 In layer along [001]. Yellow circles
represent La, red circles M and blue circles In atoms.

Here we discuss results of our electronic bandstructure calculations for three isostructural intermetallic compounds La2 Ge2 In, La2 Pt2 In and
La2 Cu2 In. The crystal structure of La2 M2 In
(M = Pt, Cu, Ge) has layers of composition
M2 In that alternate with layers of La atoms, see
Fig. 38(a). In each M2 In layer, the In atoms
form a nearly ideal square lattice with every In4
‘square’ containing one M–M dimer unit. The
M–M distance of La2 M2 In is slightly longer
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than that of elemental M, i.e., Pt–Pt = 2.85
vs. 2.775 Å, Cu–Cu = 2.59 vs. 2.556 Å, and
Ge–Ge = 2.54 vs. 2.450 Å.
In La2 Ge2 In, La2 Pt2 In and La2 Cu2 In, the La
5d-, 6s- and 6p-orbital contributions below the
Fermi level are substantial, see Fig. 39(a)–(c).
However, their major contributions lie above
and La is the least electronegative element.
This gives rise to the oxidation state La3 and
hence the electron counting M2 In6 (M = Ge,
Pt, Cu). For all three cases the energy regions
of the valence 5s- and 5p-orbital contributions
of In are well separated, so that there is no
5s/5p-orbital hybridization of In. The energy regions of the valence s-orbital contributions of
M (= Ge, Pt, Cu) lie significantly lower in energy than the p-orbital contributions, and thus
there is also no ns/np-orbital hybridization of
M in La2 M2 In. The Pt 5d-orbital contributions
occur largely between –4.0 and –1.5 eV, and
the Cu 3d-orbital contributions between –5.2
and –3.5 eV. The nd-block bands of La2 M2 In
(M = Pt, Cu) are completely filled and occur
in between the (n+1)s- and (n+1)p-block bands
(n = 3 and 5 for Cu and Pt, respectively). The
highest occupied bands of La2 M2 In (M = Pt,
Cu) are the (n+1)p-block bands of M and the
5p-block bands of In, both of which are partially
filled. Since the (n+1)s- and nd-block bands
of M are completely filled while the (n+1)pblock bands of M are partially filled, the oxidation state of the transition metal M in La2 M2 In
(M = Pt, Cu) is negative.

Figure 39: Partial DOS plots calculated with the LMTO method for (a) La2 Ge2 In, (b) La2 Pt2 In and
(c) La2 Cu2 In (red: s-orbital contributions, green: p-orbital contributions, and black: d-orbital contributions).
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In essence, this means that the valence atomic
orbital energies of the transition metal M in
La2 M2 In (M = Pt, Cu) increase in the order,
(n+1) s  n d  (n+1) p.
This is the sequence found for an isolated transition metal atom of oxidation state 0. In describing the electronic structures of transition
metal compounds with main group elements,
however, the commonly found orbital sequence
is
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atom of La2 Ge2 In has the oxidation state 0 and
hence the electron configuration 5s2 5p1 . As
already pointed out, the (n+1)s- and nd-block
bands of La2 M2 In (M = Pt, Cu) are completely
filled. To form a Pt–Pt σ single bond using a 6porbital, each Pt should have the electron configuration 6s2 5d10 6p1 and hence exist as a
Pt3 anion.

n d  (n+1) s  (n+1) p.
In general, increasing (decreasing) the number of electrons around a system increases (decreases) the extent of electron-electron repulsion and hence raises (lowers) the energies of all
the orbitals of the system. However, a more contracted orbital such as the nd-orbital of a transition metal is more contracted than its (n+1)sorbital. Thus, unless the atoms surrounding a
transition metal lead to strongly preferential
orbital interactions with the nd-, (n+1)s-, or
(n+1)p-orbital, the nd orbital is lowered below
the (n+1)s-orbital when the oxidation state of a
transition metal is positive, while the nd-orbital
is raised above the (n+1)s-orbital when the oxidation state of a transition metal is zero or is
negative, as illustrated in Fig. 40. In cases when
the oxidation state of a transition metal is positive, this effect also explains why the energy
difference between the nd- and (n+1)s-levels of
a transition metal atom decreases on going from
the left to the right of the periodic table.
It is important to have simple pictures of bonding that capture the essence of the electronic
structures of La2 M2 In (M = Ge, Pt, Cu). The
M–M bond of La2 M2 In (M = Ge, Pt, Cu) can
be regarded as a single bond. Since there is
no s/p-orbital hybridization of M, the M–M single bond is a σ-bond formed between the two
p-orbitals of M pointed to each other. To form
such a σ-bond, each Ge should have the electron
configuration 4s2 4p5 and exist as a Ge3 anion. Namely, each Ge–Ge dimer of La2 Ge2 In
exists as a Zintl anion [Ge–Ge]6 so that the In

Figure 40: Schematic illustration of how the nd-,
(n+1)s-, and (n+1)p-orbital sequence of a transition
metal element varies as a function of its oxidation
state.

Therefore, each Pt–Pt dimer of La2 Pt2 In exists
as a Zintl anion [Pt–Pt]6 so that the In atom
of La2 Pt2 In has the oxidation state 0. To form
a Cu–Cu σ single bond using a 4p-orbital, each
Cu should also have the electron configuration
4s2 3d 10 4p1 and be present as a Cu2 anion. Therefore, each Cu–Cu dimer of La2 Cu2 In
exists as a Zintl anion [Cu–Cu]4 so that the In
atom of La2 Cu2 In has the oxidation state –2 and
hence the electron configuration 5s2 5p3 .
In the energy region below the Fermi level
where La2 M2 In has strong orbital contributions
from M, the La 5d-, 6s-, and 6p-orbital contributions are substantial and so are the In 5porbital contributions. This means that there is
a stabilization of the Zintl anions by M–La
and M–In bonding interactions. As an important
consequence the transition metal anion cannot
carry a magnetic moment because its d-block
levels are completely filled.
In summary, our work shows that the transition
metal atoms in La2 Pt2 In and La2 Cu2 In exist as
Zintl anions [Pt–Pt]6 and [Cu–Cu]4 , respectively, and clarifies why the orbital sequence
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of a transition metal element switches from
nd  (n+1)s  (n+1)p to (n+1)s  nd  (n+1)p
depending on its oxidation state [3]. For a large
number of intermetallic compounds containing
late 3d–5d transition metal atoms, the nature
of their frontier orbitals and hence their electronic properties can be easily understood once
it is recognized that the transition metal atoms
in such compounds can be regarded as anions
with bonding characteristics similar to those of
the late 4th –6th row main group elements.
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anorganische und allgemeine Chemie 627, 144–150
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Picking bands and bonds in graphite and intercalated graphite
O.K. Andersen, E. Zurek, L. Boeri and O. Jepsen; G.B. Bachelet (University of Rome, Italy);
M. Giantomassi (University of Louvain, Belgium)
The third-generation Muffin-Tin Orbital (MTO)
method allows for massive downfolding of the
orbitals and subsequent removal of their energy
dependence. This results in a minimal basis set
of Nth -order MTOs (NMTOs). Such a set spans
the solutions of Schrödinger’s equation with energy ε, with an error proportional to ε – E0 
ε – E1  ... ε – EN , where E0  E1  EN is a
chosen energy mesh [1].
In order to pick a particular set of bands,
the NMTO set must contain as many orbitals
as there are bands to be picked, and the orbitals must be chosen with appropriate characters. For an isolated set of bands, such
an NMTO set converges to the exact Hilbert
space as the energy mesh spans the bandwidth
finer and finer (N  ∞). After symmetrical orthonormalization, such a truly minimal NMTO
set therefore constitutes a set of atom-centered
Wannier functions. The NMTO downfolding
method thus allows for direct generation – as
opposed to projection – of Wannier functions.
Figure 41 gives examples for graphite [2]. The
black bandstructure is the one calculated with
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a complete basis set, consisting of the C s, p,
and d NMTOs with the three energies (N = 2)
indicated in black in the top picture. The top
right orbital shows the downfolded C pz NMTO
obtained by downfolding all partial waves except C pz , and using an energy mesh (red) in the
range of the C 2 pz bands. The basis set consisting of this pz orbital placed on any C-site, yields
the top red bands. These are indistinguishable
from the correct, black bands except where additional bands cross. The C pz NMTO is localized by the requirement that its pz character vanishes on all other C-sites.
The two middle pictures demonstrate that we
can also pick merely the π-bonding or the π antibonding bands. In these cases, the basis consists of a C pz NMTO on every second site; the
pz waves on the neighboring three sites are now
downfolded, and depending on whether the energy mesh is chosen in the region of the π- or the
π -bands, the method picks the orbital which
bonds or anti-bonds to its neighbors. The bottom picture shows one of the three sp2 σ-bond
orbitals and the corresponding three σ-bands.
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calculations essentially proved that the mechanism is the electron-phonon interaction with
λ = 0.8 contributed mainly by the carbon outof-plane buckling modes with ω  60 meV and
low-lying Ca in-plane modes with ω  10 meV.
The in-plane Ca-mode in CaC6 softens further
with hydrostatic pressure and causes Tc to increase, and that is the reason for the structural phase transition at 8 GPa [3]. Moreover,
specific-heat measurements were obtained and
found to be consistent with the electron-phonon
scenario, although a few questions remain to be
answered.

Figure 41: Black: Bandstructure of graphite (two
staggered graphene sheets per cell). Red: Bands obtained using downfolded NMTOs. The latter are
32
shown as contours, χr =  c aB , with red/blue
labelling the sign.

The Wannier-like representation of a few relevant orbitals is useful for understanding the
electron-interaction in solids. For example, intercalated graphites with doping into the bottom of the π -band (see middle Fig. 41) have
long been known to superconduct, but merely
below  1 K. Doping into the strong σ-bonds
made a difference, as demonstrated previously
for MgB2 . Recently it turned out that heavy
electron doping into the ubiquitous inter-layer
band, which coexists with the anti-bonding π band, increases Tc reaching 6.5 K and 11.5 K
for respectively YbC6 and CaC6 with 4 + 13 valence electrons per carbon. Density-functional

Figure 42: Top left: Bandstructure of CaC6 . The
red (blue) fatness is proportional to the C 2 pz (inter-layer) character. Top right: The same, but for C6 ,
without Ca intercalation. Bottom: NMTO Wannier
function contour for the lowest inter-layer band for
CaC6 (left) and for C6 (right). The C-sites are indicated by little green spheres and inter-layer sites by
large purple spheres. See also caption to Fig. 41.

61

Selected research reports

The top left-hand side of Fig. 42 shows our
LDA bandstructure of CaC6 with C 2 pz character in red (π- and π -bands) and inter-layer
– including Ca – characters in blue. The occupied, black bands are the carbon sp2 -bonding
σ-bands. The top right-hand side of the figure
shows the same for pure cubic graphite, with
the lattice constants of CaC6 , and folded into
1/3 the graphite Brillouin zone. We see that Ca
merely shifts the lowest inter-layer band – and
also, but to a lesser extent the π-band – down
towards the bonding σ-bands.
The NMTO Wannier functions for the lowest
inter-layer band in CaC6 and C6 are shown in
the bottom part of the figure. The C-sites are
little green spheres and inter-layer sites larger
purple spheres. The set of Wannier functions,
χr  T, centered on all Ca-sites, i.e., with T
on every third inter-layer site, spans the lowest
of the three s-like inter-layer bands. The function in CaC6 is seen to be very similar to the
one in C6 , except that it has a hole in the middle, which is caused by Ca 3d3z2 1 character,
and on the neighboring graphene sheets it has
C π-character anti-bonding to it. The latter is
due to the hybridization with the π-band being stronger in CaC6 than in C6 , because Ca
has pushed the inter-layer and π-bands closer
together. The similarity of the Wannier functions supports the notion of a generic inter-layer
band.
The inter-layer band hardly hybridizes with the
π -bands because the inter-layer Wannier func-
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tion has nearly axial symmetry, while the π wavefunctions consist of C 2 pz orbitals with the
sign alternating between nearest C neighbors.
Buckling displacements of the graphene sheets,
or in-plane displacements of Ca will, however,
cause a strong coupling between the inter-layer
and π -bands, and this is the origin of the superconductivity.
Our linear-response calculations show that the
mere presence of electrons in the inter-layer
band together with the C buckling mode can
give λ  1. This hints that superconductivity with Tc ² 10 K in heavily electron-doped
graphenes is common and should be looked for
e.g. in multi-walled carbon nanotubes [4].
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Dynamical mean field theory for Mott antiferromagnets
A. Toschi, G. Sangiovanni, K. Held and O. Gunnarsson; E. Koch (IFF, Jülich);
M. Capone and C. Castellani (Università ‘La Sapienza’, Roma)
Since the early nineties, dynamical mean field
theory (DMFT) represents a powerful tool for
studying the complex physics of strongly correlated electron systems in a non-perturbative
way. A particular success was the description
of the Mott-Hubbard metal-insulator transition
(MIT). Often, systems in the proximity of a
MIT also show an instability towards antiferromagnetic (AF) long-range order, as is, e.g.,
the case for the one-band Hubbard model and
V2 O3 . However, few DMFT studies have been
performed hitherto which analyze the properties
of this AF state and the evolution from a (weakcoupling) Slater to a (strong-coupling) Mott antiferromagnet. The lack of interest most likely
originates in the following consideration: In the
case of a spontaneous symmetry breaking at intermediate or strong coupling, the description
of the ground state obtained in DMFT is not
so different from the static Hartree-Fock (HF)
one, as a result of the large value of the order parameter. Similar considerations have also
been invoked for justifying the treatment of
the electron-electron interaction at the HartreeFock level to go beyond the local density approximation (LDA) for realistic bandstructure
calculation in the strong-coupling limit (i.e., the
LDA+U method [1]).

i and niσ = c†iσ ciσ , we find TN ∝ J = 4t2 U in
DMFT for large U, which is much smaller than
the corresponding HF value (TN  U).
The DMFT analysis of a Mott antiferromagnet, therefore, appears to be less trivial than one
might expect. With the aim of gaining a deeper
insight into this problem, we have performed
[2] a detailed DMFT study of the AF phase in
the half-filled Hubbard model with semicircular
density of states, and compared the results with
the HF solution.
As far as we analyze the behavior of static (e.g.,
frequency integrated) quantities at temperature
T = 0, an almost perfect identity between the HF
and the DMFT results is found in the large U
limit: The values of the (staggered) magnetization m computed in HF and DMFT (see inset in Fig. 43) become indistinguishable when
U  1.5 W, where W is the bandwidth, and the
very same happens for other static quantities,
e.g., the kinetic energy, double occupancies,
etc. This result is not surprising at all, since
it just reflects that at large U the ground state
described by HF and DMFT is essentially the
same (and very close to the Néel state).

On the other hand, there is no reason to expect the same ‘similarity’ between the DMFT
and the HF description also holds for the excited states. In fact, a signal for discrepancies
in the excitation spectrum could be recognized
by looking at the HF and DMFT predictions for
the Néel temperature TN in the strong-coupling
limit: If we consider the case of the half-filled
Hubbard model
H  t

∑

ijσ

c†iσ cjσ  Hc  U ∑ ni ni

(1)

i

where t is the hopping amplitude, U is the
Coulomb repulsion, ciσ (c†iσ ) are annihilation
(creation) operators for spin σ electrons on site

Figure 43: Evolution of the DMFT spectrum of the
lower Hubbard band with U. In contrast to HF (grey
lines), the DMFT spectra show several spin polaron
peaks at larger U, whereas the magnetization (inset)
is virtually the same.
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Much less obvious results are found, however,
when one analyzes the spectral function, which
corresponds to one-particle excitations. In the
main panel of Fig. 43, the spectral functions
computed by HF and DMFT are shown for
different values of U from weak- to strongcoupling: While at small U the two spectra still
display some similarity, as the first (i.e., rightmost) peak in the DMFT spectra resembles the
Slater peak of the HF solution, at intermediate and large U the spectra become completely
different. Specifically, the DMFT spectrum displays a well-defined multi peak structure, which
is roughly centered at the position of the single
HF peak. As a result, (i) the first peak in the
DMFT spectrum is strongly renormalized w.r.t.
the HF one (its weight Z being of order J W, instead of 1), and (ii) the spectral gap is reduced
from U to roughly U – W.
The numerical evidence of this multi peak structure appears very robust, since positions and
weights of the peaks remain stable when the
number of bath-electrons in the Lanczos-DMFT
algorithm is increased up to 24. The peculiar
shape of the DMFT spectrum suggests an interpretation in term of spin polaron processes,
which can be fully understood via the comparison with the problem of one hole in the t–J
model. As it is well-known, for U  ∞ the halffilled Hubbard model can be mapped exactly
onto the t–J model, with J = 4t2 U. On the other
hand, the DMFT solution for one hole in the t–J
model has been obtained analytically in Ref.[3].
This result allows us to gain a deeper insight
into the physics the AF phase of the Hubbard
model as well.
The comparison between the DMFT spectrum
of the (lower) Hubbard band and that of the
corresponding t–J model is shown in Fig. 44,
pointing out an evident similarity between the
two cases: The shape of the multi peak structure is almost the same, and the slight differences in the peak positions (and weights, not
shown) scale as 1/U 2 . This is connected with
processes in the Hubbard model, which are beyond the mapping onto the t–J model. The observed multi peak structures share, therefore,
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the same physical origin as in the t–J model.
They stem from processes in which one hole
moves along n = 1,2,3  sites, disordering the
Néel background this way (as shown in Fig. 45).
This is equivalent to the spectrum of a particle
moving in a linear spatial potential V n ∝ nJ.
One notes, however, that in the case of the
Hubbard spectrum, the effect of extra terms beyond the mapping onto the t–J problem is reflected in a broadening of the peak width: While
in the DMFT solution for the t–J model they
are completely dispersionless, in the case of
the Hubbard model they acquire a finite width
∝ 1/U 2 (see inset of Fig. 44).

Figure 44: Comparison of the DMFT spectrum for
the Hubbard model (red) with that of the t–J model
in infinite dimensions (blue) [3]. Note that, if the
Lorentzian broadening is reduced, the t–J spectrum
becomes dispersionless, while the Hubbard peaks
display an intrinsic width (see inset, where the case
of the right-most peak is shown).

Interpreting the multi peak structure of the spectrum in the Mott-AF phase in terms of this spin
polaron processes allows us also to better understand the differences with the HF description.
Although both in HF and DMFT the ground
state of a strongly coupled AF is nothing more
than the classical Néel state (as marked by the
equal predictions for the static quantities), the
excited states are completely different: In the
HF description one hole moves in a static (i.e.,
completely rigid) background of the Néel spin,
so that the hole motion to the neighbor site costs

Bonding in solids

necessarily an energy  U. Such limitation is
not present in the DMFT description, where
processes of hole-hopping site-by-site (Fig. 45)
are possible, being associated with an energy
gain of order W, which is reflected also in the
mentioned shrinking of the spectral gap from U
to U – W.

Figure 45: Contrary to HF, in DMFT a many-body
movement of the hole site-by-site is possible, without the cost of an energy  U. Such movement
along n sites creates a path of  n misaligned spins
(light blue ellipse), which is the origin of the spin
polaron peaks.

In conclusion, our analysis demonstrates that in
the case of a Mott antiferromagnet, although
DMFT does not add anything to the HF approximation for the description of static ground
state properties, the radically different treatment
of the excited states unveils big qualitative differences in the spectral function, which cannot
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be accounted for properly by simply renormalizing the value of U. This should be kept in
mind when calculating spectra with the LDA+U
method. The DMFT calculation, on the other
hand, has been applied successfully for explaining the main features of the spectral weight
distribution in the case of the AF phase of Cr
doped V2 O3 [2]. However, a multi peak structure could not be resolved in the photoemission
experiments [2] so far. On the theoretical side, it
is still unclear at present, whether the multi peak
structure survives at finite temperatures and if
non-local correlations beyond DMFT are taken
into account. These questions are presently under investigation.

[1] Anisimov, V.I., J. Zaanen and O.K. Andersen.
Physical Review B 44, 943–954 (1991).
[2] Sangiovanni, G., A. Toschi, E. Koch, K. Held,
M. Capone, C. Castellani, O. Gunnarsson, S.-K. Mo,
J.W. Allen, H.-D. Kim, A. Sekiyama, A. Yamasaki,
S. Suga and P. Metcalf. Physical Review B 73,
205121 (2006).
[3] Strack, R. and D. Vollhardt. Physical Review B 46,
13852–13861 (1992).
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Superconductivity and magnetism
The study of superconducting and magnetic materials continues to be one of the focal points of
research in the Institute. From the first discovery of high-Tc superconductivity in the copper-oxides,
the role of magnetic excitations on superconductivity has been vividly discussed. First in this section, another aspect of magnetic interaction was explored, namely the interaction over an interface
between a high-Tc superconductor (HTS) and a ferromagnetic manganite. It was shown that intriguing insights could be obtained by combining different spectroscopies with in-depth theoretical
analysis. Progress has also been made in understanding the magnetic dynamics of bulk HTS such
as YBa2 Cu3 O7 (YBCO). Even though the structural orthorhombicity and therefore the electronic
anisotropy in YBCO is small, the t–J model calculations show that this anisotropy can be considerably enhanced, as seen in neutron scattering experiments, by interaction enhanced d-wave Fermi
surface deformations.
Kim et al. studied the physical properties of some new superconducting Ca and Y intercalated
graphites. These intercalates seem to be conventional BCS superconductors, although with some
unusual physical properties. The local density approximation (LDA) calculated Fermi surfaces of
the copper oxide HTS has so far been in remarkably good agreement with experiments. It was
therefore surprising that this was not the case for a newly synthesized four layer copper oxide
material. This was explained as owing to the overscreening of the electrons in the LDA.
The magnetic and orbital order in transition metal oxides with partly filled degenerate orbitals is
frequently complementary to each other, i.e., alternating orbitals promote ferromagnetism while
occupation of similar orbitals stabilizes antiferromagnetism. These well-established rules were
recently generalized to dynamical spin-orbital correlations which include (orbital singlet/spin
triplet) and (orbital triplet/spin singlet) local configurations. A breakthrough in the epitaxial growth
of well-characterized sodium cobaltates with as well as without water was achieved. This promises
new and high quality measurements of the physical properties of these interesting and complex
materials.

Magnetism at the interface between ferromagnetic and
superconducting oxides
J. Chakhalian, J. Strempfer, G. Khaliullin, C. Bernhard, G. Cristiani, H.-U. Habermeier and
B. Keimer; J.W. Freeland and G. Srajer (Argonne National Laboratory, USA);
J.C. Cezar (ESRF, France); T. Charlton and R. Dalgliesh (ISIS Facility, UK)
Carefully controlled interfaces between two
materials can give rise to novel physical
phenomena and functionalities not exhibited
by either of the constituent materials alone.
Prominent examples include the quantum Hall
effect in semiconductor heterostructures and the
‘giant magnetoresistance’ effect in superlattices
of elemental metals. Modern synthesis methods have yielded high-quality heterostructures
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of oxide materials with competing quantum
many-body states. This opens up entirely new
perspectives for the exploration of correlationdriven interface phenomena.
In order to elucidate the competition between
superconductivity and ferromagnetism at oxide
interfaces, our Technology Service Group
has synthesized superlattices of ferromagnetic
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La1x Cax MnO3 (LCMO) and superconducting
YBa2 Cu3 O6x (YBCO). Neutron reflectivity
analysis [1] has demonstrated the superb quality
of these samples: The average interface roughness of a superlattice of 1 cm2 cross-sectional
area directly extracted from the reflectivity profiles was determined as 5 Å, that is, about half
the size of a YBCO unit cell.
These samples were characterized by infrared
ellipsometry, a probe of the charge transport
properties that avoids common problems related to electrical contacts. The measurements
revealed that the superlattices became insulating below a critical thickness of the constituent layers. This can be attributed in part
to charge transfer across the interface. However, control experiments in which paramagnetic LaNiO3 replaced LCMO did not show this
‘proximity-induced metal-insulator transition’.
This suggested a prominent role of magnetism
in the charge transport of LCMO–YBCO superlattices.
As the valence electrons in both cuprates and
manganates are subject to strong magnetic
interactions, the magnetization at the interface
is expected to have a profound influence on the
charge transport in these systems, yet very little is known about the interfacial magnetization profile. We have shown that the combination of two experimental methods, neutron reflectometry and X-ray magnetic circular dichroism (XMCD), an element-specific probe, yields
a detailed microscopic picture of the magnetization profile both parallel and perpendicular
to the superlattice plane [2]. Specifically, the
data revealed a sizable ferromagnetic polarization extending about 20 Å into the YBCO layers, oriented antiparallel to the ferromagnetic
magnetization of LCMO (Fig. 46).

Figure 46: XMCD signals obtained from the corelevel absorption spectra for Cu and Mn. The antiparallel coupling between Cu and Mn magnetic moments is apparent from the data.

This observation has interesting implications
for the electronic structure at the interface. In
order to appreciate these implications, it is instructive to consider a local-moment picture for
the magnetism on copper. At first sight, the antiferromagnetic sign of the coupling across the
interface appears to be inconsistent with the
Goodenough-Kanamori-Anderson rules for exchange interactions in oxides. The atomic arrangement at the interface known from prior
electron diffraction work (Fig. 47) shows that
this coupling is mediated by a 180Æ Mn–O–Cu
exchange path bridging the interface. While the
conduction electrons in bulk YBCO reside in
the d-orbital of x2 – y2 symmetry, the ground
state of bulk ferromagnetic metallic LCMO is
believed to be an orbitally disordered state with
fluctuating occupancy of x2 – y2 and 3z2 – r2 orbitals. If this electronic structure were maintained at the interface, the dominant contribution to the Mn–O–Cu superexchange interaction would be provided by Cu x2 – y2 electrons hopping into the partially occupied Mn3
3z2 – r2 orbital. The intra-atomic Hund’s rule
interaction on a Cu site in the intermediate
state then necessarily results in a ferromagnetic
superexchange interaction, in contrast to the experimental observation.
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action is consistent with our experimental data
[2]. With the single, plausible assumption of a
dominant occupation of the Mn x2 – y2 orbital
at the interface, we thus obtain a quantitatively
consistent description of interfacial magnetism
in the superlattice.

Figure 47: The atomic stacking sequence at the
YBCO/LCMO interface. The red arrows depict the
Mn magnetic moments, whereas the white arrows
mark a possible arrangement of the induced magnetic moments on Cu.

The observed antiferromagnetic coupling therefore implies that the orbital occupation on one
or both sides of the interface is different from
the bulk. On the YBCO side, occupation of
the x2 – y2 orbital is expected to be maintained
because of the robust crystal field and strong
covalent bonding in the copper oxide layers.
On the LCMO side, on the other hand, the
planar electrostatic environment of Mn ions at
the interface is quite different from that in the
three-dimensional bulk lattice structure. This
situation can easily lead to a polarization of
the orbital ‘liquid’. In analogy to layered manganates, one expects the x2 – y2 orbital to be
preferentially occupied. The dominant superexchange interaction in this case is mediated
by Cu 3z2 – r2 electrons hopping into the empty
Mn3 3z2 – r2 orbital. The Hund’s rule interaction in the intermediate state then leads to an
antiferromagnetic coupling, as observed. A theoretical estimate of the strength of this inter-
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Figure 48: Maps of the off-specular neutron scattering intensity around the principal Bragg reflection of
a YBCO–LCMO superlattice, above and below the
superconducting transition temperature of the constituent YBCO layers.

Finally, off-specular neutron reflectometry experiments revealed that a new, coherent magnetic superstructure forms upon cooling below the superconducting transition temperature (Fig. 48). The data are indicative of a
domain structure with a periodicity of several
micrometers. While the origin of this superstructure is currently unknown, it is likely comprised of magnetic domain walls in LCMO and
Abrikosov vortices in YBCO.
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We have thus demonstrated that the combination of neutron reflectometry, spectral ellipsometry, and XMCD methods, in conjunction with
in-depth theoretical analysis, offers intriguing
insights into the spin and orbital polarization,
as well as the interplay between competing order parameters at oxide interfaces. In addition
to studying the properties of cuprate-manganate
superlattices in more detail, we are currently using similar methods to investigate the microscopic properties of other orbitally polarizable
transition metal oxides including ruthenates, titanates, and vanadates. In analogy to semicon-

ductor physics, there is clearly a tremendous
potential for new physics at oxide interfaces,
which we are just beginning to explore.

[1] Stahn, J., J. Chakhalian, Ch. Niedermayer,
J. Hoppler, T. Gutberlet, J. Voigt, F. Treubel,
H.-U. Habermeier, G. Cristiani, B. Keimer and
C. Bernhard. Physical Review B 71, 140509(R)
(2005).
[2] Chakhalian, J., J.W. Freeland, G. Srajer, J. Strempfer,
G. Khaliullin, J.C. Cezar, T. Charlton, R. Dalgliesh,
C. Bernhard, G. Cristiani, H.-U. Habermeier and
B. Keimer. Nature Physics 2, 244–248 (2006).

In-plane anisotropy of magnetic excitations in YBCO
H. Yamase and W. Metzner
The dynamical structure of magnetic excitations has played a crucial role in the research
on high-temperature superconductors from the
very beginning. Nevertheless, thanks to improvements in resolution and sample preparation techniques, the discovery of novel features
in neutron scattering experiments has not yet
stopped. Recently, Hinkov et al. [1] obtained
high quality neutron scattering data for fully untwinned YBa2 Cu3 Oy (YBCO), which revealed
a pronounced in-plane anisotropy in the pattern of magnetic excitations. This is remarkable,
since the copper oxide planes in YBCO exhibit
only a weak structural orthorhombicity, and the
influence of the copper oxide chains on the electronic structure of the planes is also rather weak.
Pronounced in-plane anisotropies are expected within the spin-charge stripe scenario,
where one assumes that holes align in onedimensional arrays between undoped antiferromagnetic domains. In a static stripe picture,
one would even obtain one-dimensional features in the magnetic response, such as incommensurate peaks with a preferred orientation

of the wavevector [2]. This is not observed in
YBCO, but one may argue that fluctuations of
stripes lead to a two-dimensional yet strongly
anisotropic pattern.
Alternatively, the observed in-plane anisotropy
can be explained very naturally by an enhancement of the weak bandstructure anisotropy due
to an incipient d-wave Pomeranchuk instability
[3]. From a Fermi liquid perspective such an instability is driven by forward scattering interactions and favors an orthorhombic deformation
of the Fermi surface. The two most frequently
studied electronic models for high-temperature
superconductors, the two-dimensional Hubbard
and t–J model, are indeed close to a d-wave
Pomeranchuk instability, although the latter has
to compete with other instabilities, especially dwave superconductivity.
To substantiate the idea of a Pomeranchuk
based mechanism for the observed in-plane
anisotropy, we have performed a comprehensive analysis of the dynamical magnetic susceptibility χq ω for the two-dimensional t–J
model [3].
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Figure 49: Momentum space maps of the spectral weight of dynamical magnetic excitations as obtained
from a bilayer t–J model calculation with parameters appropriate for YBCO. All results are for the odd
channel. The temperature is far below the pairing temperature. Energies ω are chosen at various values
ω  ωres
Q . The slight in-plane anisotropy imposed by the orthorhombic structure is enhanced by correlation
effects.

The calculations were done within the slaveboson mean-field approximation allowing for dwave pairing. The bilayer structure of YBCO
was taken into account by solving the model on
a lattice consisting of two square lattice sheets
coupled by a transverse hopping amplitude. The
small in-plane anisotropy of the LDA bandstructure was modelled by a small anisotropy of
the hopping amplitudes, such as tx = t (1+α/2),
ty = t (1–α/2) for the nearest neighbor hopping
in x- and y-direction, respectively. Model parameters appropriate for YBCO were taken
from bandstructure calculations and experimental values from the literature.
The results obtained for χq ω share many
salient features with the experimental observations for YBCO. In the d-wave pairing state,
the strongest spectral weight appears in the odd
channel (transverse momentum qz = π) at the
in-plane nesting momentum q = Q π π and
the so-called resonance peak energy ω = ωres
Q .
the
resonance
peak
spreads
into
For ω  ωres
Q
a diamond-shaped shell around Q in q space,
as seen in Fig. 49. This feature is due to
a collective mode, namely a bound state of
particle-hole excitations. Close to the resonance energy, the incommensurate (IC) signals at q = π π  η and π  η π tend to be
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stronger than the diagonal incommensurate signals (DIC) at π  η  π  η , especially for a
large hole density δ. For ω ωres
Q the IC signals completely disappear and the weight remains large only around the DIC positions. The
IC and DIC signals appear only in the d-wave
pairing state, not in the normal state (at higher
temperatures).
The expected enhancement of the in-plane
anisotropy of magnetic excitations due to interaction enhanced d-wave Fermi surface deformations is confirmed by the t–J model calculations. The effect is particularly pronounced
at low doping and relatively high temperature. At low temperatures the tendency to a
Pomeranchuk instability is suppressed by the
pairing gap, but the in-plane anisotropy is still
enhanced considerably by correlations, as can
be seen in Fig. 49.
[1] Hinkov, V., S. Pailhès, P. Bourges, Y. Sidis, A. Ivanov,
A. Kulakov, C.T. Lin, D.P. Chen, C. Bernhard and
B. Keimer. Nature 430, 650–654 (2004).
[2] Tranquada, J.M., B.J. Sternlieb, J.D. Axe,
Y. Nakamura and S. Uchida. Nature 375, 561–563
(1995).
[3] Yamase, H. and W. Metzner. Physical Review B 73,
214517 (2006).
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Superconductivity in alkaline-earths intercalated graphite
J.S. Kim, L. Boeri and R.K. Kremer; J.R. O’Brien (Quantum Design, San Diego, USA);
F.S. Razavi (Brock University, St. Catherines, Canada)
The recent discovery of superconductivity in
Ca- and Yb-intercalated graphite has refocused
considerable interest onto graphite intercalated
compounds (GICs). The superconducting transition temperatures Tc in Ca and Yb GICs, CaC6
and YbC6 , amount to  11.5 and 6.5 K, respectively (Fig. 50), significantly higher than those
of the alkali-metal intercalated graphite phases
studied in the 1980’s. Similar to the 40 K superconductor MgB2 where the hexagonal B sheets
are intercalated with Mg, the alkaline-earths
atoms in CaC6 and YbC6 are sandwiched by the
honeycomb graphene layers (Fig. 50). The intercalated metal ions act as donors and transfer
charge into the host graphene layers, resulting
in partially filled graphene bands.

Figure 50: (left) Crystal structure of CaC6 and
(right) in-plane electrical resistivity and magnetic
susceptibility (inset) of CaC6 .

Apart from the significant enhancement of Tc as
compared to alkali-metal systems of the 1980’s,
two other aspects immediately attracted attention: In case of YbC6 it was initially speculated
that 4f-electrons may play a role and that superconductivity might be mediated by valence
fluctuation. This possibility, however, could be
ruled out and it was found that Yb, like Ca, is
divalent and the f-electrons provide no essential
contributions to the electronic structure at EF .

Figure 51: (a) Temperature dependence of the specific heat of CaC6 at µ0 H = 0 and 1 T. The inset shows the temperature dependence of ∆CP /T =
CP /T(µ0 H = 0) – CP /T(µ0 = 1 T). The (red) solid line
is the best fit assuming an isotropic s-wave BCS
gap. (b) Magnetic field dependence of the heat capacity for CaC6 . The numbers next to the data correspond to the applied magnetic field (kOe) along
 for H  c estimated
the c-axis. The inset shows Hc2
from specific heat () and susceptibility (Æ). The
(blue) dashed line demonstrates the WerthammerHelfand-Hohenberg prediction, and the (red) solid
line is a linear fit for the low magnetic field data
(µ0 H  0.1 T).
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The second interesting aspect concerned the
role of the so-called ‘inter-layer band’, i.e.
a three-dimensional nearly-free electron band
emerging from electrons localized in the intercalant plane, and its relation to superconductivity together with the conjecture of an unconventional electronic pairing mechanism involving
excitons. This conjecture was questioned based
on the results of the first heat capacity study on
CaC6 carried out in Stuttgart [1]. It clearly resolved the anomaly at Tc and proved the bulk
nature of the superconductivity (Fig. 51).

In addition, the analysis of the temperature and
the magnetic field dependence of heat capacity of CaC6 strongly evidence a fully gapped,
intermediate-coupled, phonon-mediated superconductor without essential contributions from
alternative pairing mechanisms.

Figure 52: (a) Temperature dependence of the susceptibility for CaC6 (sample S1) at different pressures. The numbers next to the data and in the
bracket corresponds to the applied pressure (kbar)
and the sequential order of the measurement runs. Tc
is determined as the temperature where the extrapolation of the steepest slope of χT  intersects the
extrapolation of the normal state χT  to lower temperatures. (b) Pressure dependence of Tc for three
CaC6 samples. The filled and open symbols are data
taken at increasing and decreasing pressure, respectively. The dashed lines are guides to the eyes. The
inset shows the relative change of Tc with pressure.

Figure 53: (a) Temperature dependence of the ac
susceptibility of SrC6 for various magnetic fields
(as indicated) perpendicular to the c-axis. (b) Hc2
for H  ab-plane and H  c-axis. The WerthammerHelfand-Hohenberg predictions for both field directions are shown as (red) solid lines. (c) Temperature
dependence of ∆Cp T = Cp (H=0)/T – Cp (500 Oe)/T.
The (blue) dashed and (red) solid lines are the BCS
curve and the best fit according to the α-model, respectively. The inset shows the temperature dependence of Cp at H = 0 and 500 Oe. The solid (black)
line through the data points for H = 500 Oe is a fit to
a polynomial.
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The degree of filling of the inter-layer bands,
crucial for the conjectured acoustic plasmon
pairing mechanism, depends not only on the
charge transfer from the intercalant, but also on
the separation of the graphene sheets. By applying hydrostatic pressure the graphite layer
spacing, and hence the energy of the inter-layer
bands, can be continuously tuned without affecting the chemical composition. On the other
hand, a comparison of the pressure dependence
of Tc with the results of first-principles calculations of the electronic and vibrational properties of the GICs could support or rule out the
hypothesis of an e-ph mediated coupling mechanism.
The effect of pressure on Tc of CaC6 has been
investigated up to  16 kbar. Tc is found to increase under pressure with a large relative ratio ∆Tc Tc of  +0.4 (Fig. 52). First-principles
calculations carried out in the department Andersen show that the positive effect of pressure on Tc can be explained within the scope
of electron-phonon theory due to the presence
of a soft phonon branch associated to in-plane
vibrations of the Ca atoms [2].
Another way to modify the relevant phonon
modes is to vary the intercalant species and re-

Selected research reports

place Ca with other alkaline-earths such as Sr
or Ba. Mazin pointed out that for CaC6 and
YbC6 the square root of the mass ratio of the
intercalants is only 15% larger than the ratio of
their Tc ’s. Thus, according to this ‘isotope’ effect argument other alkaline-earths GICs may
as well be superconducting. In fact, subsequent
ab-initio calculations by Calandra et al. suggested superconductivity for SrC6 and BaC6 .
Lately, we prepared high-quality samples of
SrC6 and BaC6 and found superconductivity
in SrC6 at Tc = 1.65(6) K by susceptibility and
specific heat measurements but no indication
of superconductivity in BaC6 down to  0.3 K
(Fig. 53). The superconducting properties of
SrC6 as well as the results of our ab-initio calculations clearly demonstrate that SrC6 can serve
as a reference system to better understand the
unconventional nature of superconductivity in
CaC6 [3].
[1] Kim, J.S., R.K. Kremer, L. Boeri and F.S. Razavi.
Physical Review Letters 96, 217002 (2006).
[2] Kim, J.S., L. Boeri, R.K. Kremer and F.S. Razavi.
Physical Review B 74, 214513 (2006).
[3] Kim, J.S., L. Boeri, J.R. O’Brien, F.S. Razavi and
R.K. Kremer. in preparation.

Insights from angle-resolved photoemission spectroscopy of an
undoped four-layered two-gap high-Tc superconductor
W. Xie, O. Jepsen and O.K. Andersen; Y. Chen and Z.X. Shen (Stanford University, USA)
Despite 20 years intensive research, hightemperature superconductivity in the cuprates
has not been understood. Much insight has been
gained through discoveries of new cuprates
and refinements of experimental techniques.
An example is the discovery [1] of an undoped 4-layered cuprate with apical fluorine,
Ba2 Ca3 Cu4 O8 F2 (F0234, Fig. 54), which is not
a Mott insulator, but a 60 K HTSC with two
gaps and an anomalous Fermi surface [2].

Since Cu has the nominal configuration d 9 ,
F0234 was expected to be a Mott insulator, but
turned out to be a 60 K superconductor. ARPES
shows that the undoped material has a FS consisting of electron and hole-doped (pairs of)
sheets whose average volume equals half the
Brillouin zone. In Fig. 55 we show the two FS
sheets resolved by ARPES. Both are (π,π) centered and large with areas 1  p with p  0.2.
The larger one is hole-doped or p-like and the
smaller one is electron-doped or n-like.
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Figure 54: (a) The crystal structure of Ba2 Ca3 Cu4 O8 F2 is body-centered tetragonal. There are four CuO2
superconducting layers (SCL) in the unit cell separated by Ba–F charge reservoir layer (CRL). OP: Outer
CuO2 layers; IP: Inner CuO2 layers. (b) Laue pattern of the sample shows the tetragonal symmetry without
superstructure. (c) LEED pattern on the cleaved surface after ARPES measurement confirms no surface
reconstruction. (d) Tc vs. F-substitution ratio with SQUID measurement of the measured sample (inset).

It was, furthermore, discovered that the superconducting gap on the smaller, electron-doped
sheet is twice the gap on the larger, hole doped
sheet. Taken together with the fact that 20%
hole doping F2  (F06 O04 2 maximizes Tc to
105 K, these findings are inconsistent with the
generic-phase-diagram picture, which would
predict the larger sheet to have the larger gap.
More surprisingly, the calculated LDA (GGA)
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Fermi surfaces fails to reproduce the large splitting along the nodal direction found in ARPES.
Four Fermi surface sheets predicted by the
LDA are nearly degenerated along nodal directions, but split along anti-nodal directions due to
the inter-layer hopping which is about 0.25 eV
(Fig. 56). It seems to be the first example of
a known HTSC, whose experimental FS disagrees significantly with the LDA.
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Figure 55: FS for F0234. Blue color: ARPES [2].
The width reflects the experimental error bar. The
smaller (larger) sheet is the n(p)-sheet. Open dots:
Calculations. Top right: LDA. Remaining three
quarters:  LDA+U . Bottom right: Flat CuO2 layers and 2% F–O exchange treated in the VCA. Indistinguishable from this FS are the ones calculated
with no F–O exchange, but with oxygen in the oor i-layers dimpled outwards by 0.07 Å. See Fig. 57.
The n(p)-sheet resides on the i(o)-layers. εF is adjusted such the FS fits along the nodal line whereby
n = 0.19 and p = 0.12. Bottom left: Dimpling as before, but with the vertical Ba and F positions adjusted such as to give the best agreement with the
ARPES FS: zBa – zCuo is decreased from 2.0 to 1.7 Å
and zF – zCuo is decreased from 2.4 to 2.1 Å. εF is
adjusted as before, whereby n = 0.18 and p = 0.21.
Top left: As before, but with O in the o- (or i-) layers dimpled inwards by 0.10 Å. Now, the n(p)-sheet
resides on the o(i)-layers. zBa – zCuo = 1.6 Å and
zF – zCuo = 2.0 Å. εF is adjusted as before, whereby
n = 0.15 and p = 0.18. Note that inter-sheet splittings
in k-space are enhanced near the saddlepoints in the
bandstructure.

For multilayer cuprates, the crystallographically inequivalent CuO2 layers may develop
charge imbalance, whereby the bands would
split by a ‘crystal field’. The electrostatic potential between the i- and o-layers is about 0.4 eV
according to ARPES, corresponding to 0.01 additional charge in the i-layers. To obtain agreement with ARPES, the LDA (GGA) ‘crystalfield’ splitting, 0.024 eV (0.034 eV), must be
enhanced by a factor of 10.
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Figure 56: LDA bandstructure for the experimental
lattice constant. Four nearly generated Cu 3dx2 y2
–O 2pxy anti-bonding bands cross the Fermi level.
Red highlighted bands are apical F p-bands.

Figure 57: Layer-averaged potentials calculated
with  LDA+U for dimplings of  0.1 Å of the inner (left) and outer (right) layer-oxygens. This potential is the calculated Cu and O core levels, lined
up on the layer which is not dimpled, and normalized to zero at the Ca mirror plane (m).

To get the 0.01 additional charge in the i-layers,
crystallographically it is possible that layer oxygen is exchanged with fluorine. Our calculations show that not only the virtual-crystal approximation but also supercells, LDA do reproduce the ARPES FS for 12.5% oxygen substitution. However, since the position of F 2p level
is below that of O such impurities in the CuO2
layers are very efficient in breaking dx2 y2 -wave
pairs: For an allowed Tc suppression of 10%,
the F–O exchange cannot exceed 0.001.
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inwards 0.1 Å, we also obtain the proper splitting. In contrast to the dimpling outwards, now
the n-sheets are on the o-layers and unsplit,
whereas the p-sheets are on the i-layers and split
by the hopping between them.

Figure 58: Total energy as a function of the Ramanactive dimpling displacements calculated with
LDA+U; see Fig. 57.

QMC calculations for a t1u -band Hubbard
model for C60 have revealed that the RPA describes metallic screening well for U W º 2,
but that once U W  3, electronic correlations
reduce the screening by an order of magnitude
[3]. This seems to be the problem with the LDA
when applied to F0234, which is even nearly
2D.
In order to reduce the LDA over-screening, we
perform  LDA+U  calculations. It was found
that 2% F substitution is needed to create the
observed crystal-field splitting. This rules out
F–O exchange as an explanation for the anomalous ARPES FS.
From LDA+U total-energy calculations, we
find that the oxygen in the o-layers dimple outwards by 0.07 Å, which is one third of the wellknown dimple in YBa2 Cu3 O7 (Fig. 58). The
dimple induces a potential shift between the
i- and o-layers, of 0.4 eV which agrees with
the ARPES FS. Essentially the same FS could
be obtained by dimpling the i-layers outwards.
If – in disagreement with the total-energy results – we dimple the o-layers or the i-layers
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In summary we have shown how undoped
Ba2 Ca3 Cu4 O8 F2 manages to self-dope: By a
dimpling distortion which is screened out
poorly due to strong electronic correlations.
This sets up an 0.4 eV difference in Madelungpotential between the o- and i-layers, and that
causes the FS to split along the nodal direction. The large Madelung-potential difference
prevents interband scattering, and that seems to
be the reason why two SC gaps survives. Since
the dimpling is outwards according to our total energy calculation, the p-sheets is located on
the o-layers, next to the BaF-blocks where impurity are ubiquitous. This suggests that the gap
on p-sheets is small because it is suppressed by
impurity scattering, while the n-sheets is protect by Madelung-potential. This would be consistent with the observation that for hole-doped
multilayer cuprates Tc max correlated positively
with the largest sheet-value of t t [4].
[1] Iyo, A., M. Hirai, K. Tokiwa, T. Watanabe and
Y. Tanaka. Physica C 392–396, 140–144 (2003);
Iyo, A., M. Hirai, K. Tokiwa, T. Watanabe and
Y. Tanaka. Superconductor Science and Technology
17, 143–147 (2004).
[2] Chen, Y., A. Iyo, W. Yang, X. Zhou, D. Lu, H. Eisaki,
T.P. Devereaux, Z. Hussain and Z.-X. Shen. Physical
Review Letters 97, 236401 (2006).
[3] Koch, E., O. Gunnarsson and R.M. Martin. Physical
Review Letters 83, 620–623 (1999).
[4] Pavarini, E., I. Dasgupta, T. Saha-Dasgupta,
O. Jepsen and O.K. Andersen. Physical Review
Letters 87, 047003 (2001).
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Spin-orbital entanglement and violation of the
Goodenough-Kanamori rules
A.M. Oleś, P. Horsch and G. Khaliullin;
L.F. Feiner (Utrecht University and Philips Research Labs)
Recent neutron experiments have revealed puzzling dimerization in the intermediate temperature antiferromagnetic (AF) phase of YVO3
[1]. Such an exotic type of order occurs in the
C-type (C-AF) phase shown schematically in
Fig. 59(a), with coexisting AF and ferromagnetic (FM) interactions along different cubic
directions. This discovery suggests that orbital
fluctuations rather than orbital order play a fundamental role and determine the properties of
cubic vanadates. In the present project we follow this route and highlight the situations in
which well-known concepts which have their
roots in classical mean field states break down,
and have to be replaced by a quantum scenario.
Since the 1960’s the magnetism of correlated
Mott insulators like transition metal oxides has
been understood by means of the GoodenoughKanamori (GK) rules. They originate from a
mean field (MF) picture and predict that the superexchange interaction between two magnetic
ions with degenerate orbitals is strongly AF because of the Pauli principle if the overlap between the occupied orbitals is large, whereas
it is weakly ferromagnetic (FM) due to Hund’s
exchange JH when the overlap is weak or virtually disappears. This means that spin order and
orbital order are complementary – ferro orbital
(FO) order supports AF order, while alternating orbital (AO) order supports FM spin order.
Among numerous examples of this behavior we
would like to focus on the AF phases realized in
cubic vanadates, including YVO3 [1], which are
the subject of intense research in recent years.
While xy- (c-) orbitals of V3 ions are occupied,
the second electron of d2 ionic configuration
may occupy either yz- (a-) or zx- (b-) orbital.
Depending on whether these orbitals follow FO
or AO order along the c-axis, the magnetic correlations are there either AF or FM, explaining

the origin of the two observed types of AF order: C-AF and G-AF phase (with AF spin order
along all three cubic directions), both shown in
Fig. 59.

Figure 59: Goodenough-Kanamori rules on the example of two AF phases observed in cubic vanadates, with complementary magnetic and orbital order in the ac-plane: (a) C-AF spin order accompanied by G-AO order; and (b) G-AF spin order accompanied by C-AO order. Arrows indicate spin order, while squares stand for two active t2g orbitals,
a and b. Both spins and orbitals alternate along
b-direction (not shown).

The GK rules have been extremely successful
in explaining the magnetic structure in a wide
range of materials. For instance, in LaMnO3
the GK rules are well followed: AO (FO) order
in ab-planes (along c-axis) is accompanied by
FM (AF) spin order. Recent analysis has shown
that the magnetic properties and the temperature variation of the optical spectral weights can
be well explained when the spin and orbital operators are decoupled from each other in the
MF approach [2]. However, the present analysis
shows that the GK rules and such a MF procedure work well only when the orbital occupa77
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tion is static. Particularly in t2g systems, when
the Jahn-Teller coupling of degenerate orbitals
to the lattice is rather weak, the relevant a- and
b-orbitals in the C-AF phase of Fig. 59(a) fluctuate along c-axis and the conditions to apply
the GK rules may not be met. Indeed, the magnetic and optical properties of LaVO3 cannot
be explained using the MF approximation [2].
Instead, orbital fluctuations can indeed lead to
novel phenomena [3], and explain the experimental observations for the C-AF phase with
dimerized structure of the exchange constants
in YVO3 [1].
When orbital degrees of freedom are active,
they appear on equal footing with spin operators
in the relevant spin-orbital superexchange models [2]. The theoretical analysis of such models usually involves some type of MF approximation which assumes that the orbital operators
can be decoupled from the spin ones. Although
one might think that such a separation is always
justified for two types of commuting operators,
this expectation turns out to be incorrect when
orbital fluctuations are large and spin and orbital correlations in the ground state are entangled. Perhaps the simplest model which illustrates the origin of spin-orbital entanglement is
the one-dimensional (1D) SU(2)SU(2) model
with spin Si and pseudospin Ti operators (here
we consider S = 1/2 and T = 1/2),





HJ  p  J ∑ Si  Si1  p
i



Ti  Ti1  p 

(2)

where a quantum phase transition between
high-spin and high-orbital (pseudospin) state to
spin-orbital singlet state occurs with increasing parameter p (qualitatively it plays here a
similar role to Hund’s exchange in the realistic model of Ref.[3]). One finds that the ground
state energy E0 is reproduced by the MF value
EMF , calculated by decoupling spin and orbital
operators at each bond, only when these operators become independent from each other and
disentangle in the high-spin and high-orbital
states for p  –0.25, while the MF approximation breaks down in the regime of singlet states
when p  –0.25 (Fig. 60(a)).
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Figure 60: Signatures of entangled spin and orbital operators in the SU(2) SU(2) model (Eq.(2))
obtained by exact diagonalization of a 1D N = 8
site chain with PBC: (a) the exact ground state energy E0 (diamonds), and mean field energy EMF
(squares) per bond; (b) intersite spin correlations
Sij = Si Sj (circles), and composite spin-orbital correlations Cij , see Eq.(4) (crosses); here orbital correlations Tij = Ti Tj are degenerate with spin ones.

We found as a convenient measure of the spinorbital entanglement in the ground state the
composite spin-orbital correlation function [4],
Cij 

  

Si  Sj 
Ti  Tj 
    


(3)

Si  Sj Ti  Tj 2S 
2

defined for a bond ij. When Cij = 0, the spin
and orbital operators are disentangled and may
be factorized, while if Cij  0 – spin and orbital operators are entangled and MF approximation is not justified. Indeed, one finds that at
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p = 0.25 (SU(4) symmetric point) Cij  –0.259
for an N = 8 site chain with periodic boundary conditions (PBC), and the entanglement is
somewhat enhanced to Cij = –0.267 at p = 0.75
(Fig. 60(b)), when the exact ground state is doubly degenerate and consists of alternating spin
singlets (S = 0) and orbital singlets (T = 0) on
even/odd (or odd/even) bonds.
Qualitatively, the situation is similar in realistic spin-orbital models which describe the lowenergy physics of strongly correlated electrons
in transition metal oxides. These models depend on Hund’s exchange η (some examples
were given in Ref.[2]), and have the generic
form

HJ η  J ∑
γ

∑

ijγ







Si  Sj  S2 Jˆγ  K̂ γ 
ij
ij

(4)

Here γ = a,b,c labels the cubic axes, and
J = 2t2 / U stands for the superexchange interaction. In a Mott (or charge-transfer) insulator the
form of Eq.(4) follows from charge excitations
between transition metal ions in the dn configuration with spin S (d1 and S = 1/2 for Ti3 ions
in cubic titanates, d2 and S = 1 for V3 ions in
γ 
cubic vanadates). The orbital operators Jˆij and

γ

K̂ij depend on the ratio η = JH U of Hund’s
exchange JH to the intraorbital Coulomb element U, which determines the multiplet structure of the spectra obtained by virtual din djn 
din1 djn1 charge excitations (more details about
the structure of HJ η are given for instance in
Ref.[2]).

We have solved t2g models for d1 and d2 configurations on four-site chains oriented along
the c-axis using PBC, and we have found that
nontrivial spin-orbital dynamics strongly influences the intersite correlations. In the titanate
d1 case one recovers the SU(4) model [with
p = 0.25 in Eq.(2)] in the limit of η = 0, with
spin-orbital entanglement confirmed by large
negative value of the spin-orbital correlation
function Cij = –0.25 (Fig. 61(a)). At finite η the
SU(4) degeneracy of all intersite correlations is

removed and one finds Tij  Cij  Sij  0 (with
Sij = Si Sj  and Tij = Ti Tj ), as long as the spin
singlet (S = 0) ground state persists, i.e., for
η º 0.21 (S = 1/2). In this regime the GK rules,
which imply that the signs of Sij and Tij should
be different (spin and orbital correlations are
complementary), are violated. Instead, by analyzing the values of the intersite correlations
one finds that the ground state wavefunction
for each bond ij is close to a total singlet,
equivalent to a linear combination of (spin singlet/orbital triplet) and (spin triplet/orbital singlet) states. The vanadate d2 model behaves in
a similar way, with all three Sij , Tij and Cij correlations being negative in the spin-singlet (S = 0)
regime of fluctuating a- and b-orbitals obtained
for η º 0.07 (S = 1), see Fig. 61(b). Therefore,
the composite spin-orbital correlations are here
finite (Cij  0), spin and orbital variables are entangled, and the MF factorization of the ground
state fails.
To provide further evidence that the GK rules do
not directly apply to t2g systems we compare the
γ
spin exchange constants, Jij Ĵij  obtained
by taking an expectation value over the orbital
variables following the MF approach, with the
actual values of intersite spin correlations Sij .
Such a factorization of spin and orbital operators is usually assumed [2] to derive magnetic
exchange constants from Eq.(4), needed to analyze neutron experiments. One finds that formally FM exchange interaction (Jij  0) in the
orbital-disordered phase (Figs. 61(c) and 61(d))
is in fact accompanied by AF spin correlations
(Sij  0), so Jij Sij  0 and the ground state energy is enhanced [4]. In contrast, similar analysis performed for the spin-orbital model with eg
orbital degrees of freedom derived for d9 ions
gave Jij Sij  0 and no violation of the GK rules
[4]. This remarkable difference between t2g and
eg systems follows from composite spin-orbital
fluctuations, which are responsible for ‘dynamγ
ical’ exchange constants Ĵij in the former case.
They exhibit large fluctuations around the averγ 
age value, measured by δJ = Ĵij 2   Jij2 12 .
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Figure 61: Left: intersite spin Sij = Si Sj (grey), orbital Tij = Ti Tj (yellow), and composite spin-orbital
Cij Eq.(4) (crosses) correlations for increasing Hund’s exchange ηS along c-axis. Right: the corresponding

γ

spin exchange constants Jij = Ĵij , as obtained for N = 4 site spin-orbital chain (Eq.(4)) with PBC for:
(a),(c) d1 - (titanate, S = 1/2) model, and (b),(d) d2 - (vanadate, S = 1) model. In the shaded areas the spin
correlations Sij have the same sign as the exchange constant Jij , so the energy is not gained and the classical
Goodenough-Kanamori rule is violated.

As an illustrative example, we give here the
values found in the d1 and d2 model at η = 0.
While the average spin exchange constant is
small in both cases (Jij  0 for d1 , Jij  –0.04
γ 
for d2 ), Ĵij fluctuates widely over both positive and negative values. In the d1 case the fluctuations between (S = 0/T = 1) and (S = 1/T = 0)
bond states are so large that δJ = 1! They survive even quite far from the high-symmetry
SU(4) point (at η  0.1), and stabilize spinorbital singlet phase in a broad regime of η.
Also in the d2 model the orbital bond correlations change dynamically from singlet to
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triplet, resulting in δJ  Jij , with δJ = 14 1 
1
2Tij + 2 2 12  0.25, while these fluctuations
are small for the eg d 9 -model.
We emphasize that composite spin-orbital fluctuations which occur in spin-orbital entangled
states for realistic parameters determine the behavior of titanates and vanadates. For instance,
such composite spin-orbital fluctuations determine the temperature dependence of the optical spectral weights in LaVO3 and trigger spinorbital dimerization in the C-AF phase of YVO3
in the intermediate temperature regime.
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Summarizing, in correlated insulators with
partly filled t2g shells, orbitals and spins are entangled, and average spin and orbital correlations are typically in conflict with the (static)
GK rules. These rules should then instead be
understood in terms of dynamical spin and orbital correlations that are complementary to
each other, and both configurations – (orbital
singlet/spin triplet) and (orbital triplet/spin singlet) – are entangled in the ground state. It
remains both an experimental and theoretical
challenge to investigate the consequences of
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spin-orbital entanglement in other transition
metal oxides.
[1] Ulrich, C., G. Khaliullin, J. Sirker, M. Reehuis,
M. Ohl, S. Miyasaka, Y. Tokura and B. Keimer.
Physical Review Letters 91, 257202 (2003).
[2] Oleś A.M., G. Khaliullin, P. Horsch and L.F. Feiner.
Physical Review B 72, 214431 (2005).
[3] Horsch, P., G. Khaliullin and A.M. Oleś. Physical
Review Letters 91, 257203 (2003).
[4] Oleś, A.M., P. Horsch, L.F. Feiner and G. Khaliullin.
Physical Review Letters 96, 147205 (2006).

Superconductivity in epitaxial thin films of Nax CoO2 yH2 O
Y. Krockenberger, I. Fritsch, G. Cristiani, H.-U. Habermeier, Li Yu, C. Bernhard and B. Keimer;
L. Alff (Technical University of Darmstadt)
The observation of high thermoelectric power
in the layered transition metal oxide Nax CoO2
as well as superconductivity in its water intercalated form Nax CoO2 yH2 O [1] has caused a
tremendous upsurge of scientific interest due to
its similarities and its differences to the copper based high-temperature superconductors.
Like the cuprates, the phase diagram of sodium
cobaltate encompasses several competing electronic phases [2], and there are many indications that the superconducting state is unconventional. However, while high-quality thin
films of high-temperature superconductors have
allowed a large variety of phase-sensitive experiments to explore the symmetry of the superconducting order parameter, corresponding
studies have so far not proven possible for
water-intercalated sodium cobaltate, due to the
lack of superconducting thin films. Two years
after the discovery, we report the first fabrication of single-phase superconducting epitaxial thin films of Na03 CoO2 1.3H2 O. This opens
new avenues for experimental research exploring the superconducting state and the phase diagram of this novel material.

Superconductivity in Nax CoO2 yH2 O is a
property of the cobalt oxide planes. While
in high-temperature superconductors the twodimensional character of the corresponding
copper oxide planes is stabilized by the intrinsically strongly anisotropic crystal structure,
in Nax CoO2 a complicated water intercalation
process is needed to amplify this anisotropy
and induce superconductivity. Thin-film deposition techniques offer the possibility to synthesize high-quality samples, and can overcome some problems inherent to bulk sample synthesis (e.g. Na distribution homogeneity, lack of impurity phases such as CoO and
Co3 O4 ). Recently, epitaxial growth of highquality, ‘dry’ Nax CoO2 films by pulsed laser deposition on SrTiO3 substrates has been reported
(see Annual Report 2004). In these thin films,
phase purity was established within the detection limits of X-ray diffraction in four-circle geometry, and optically flat surfaces are obtained
making these films suitable for spectroscopic
ellipsometry. As a further milestone, we now
report the fabrication of superconducting thin
films of Nax CoO2 yH2 O.
81
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The control and the determination of the
sodium contents are essential to the growth
of Nax CoO2 . Methods used for bulk synthesis
such as inductively coupled plasma – atomic
emission spectroscopy (ICP-AES) can not be
applied to thin films, because the material quantity to be probed is generally too low. However, it is well-known that for doped oxide materials the lattice parameters depend strongly on
the doping level. For Nax CoO2 , the in-plane lattice constant a shows almost no dependence on
doping, but doping does have a significant effect on the c-axis parameter (see Fig. 62). With
increasing Na content, positive charge accumulates between the CoO2 layers, and as a result,
the c-axis shrinks. The linear decrease of the caxis lattice parameter with increased doping is
a useful and accurate, albeit indirect, tool to determine the sodium contents of Nax CoO2 .
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on SrTiO3 (001) substrates in a first step.
For obtaining films at the desired composition
x = 0.3, it is vital to provide a strong oxidizing agent to deintercalate Na ions. In principle, this can be accomplished by the standard Br2 –CH3 CN-solution method, which is
also used for bulk synthesis. However, we have
found that NO2 –BF4 is superior to the conventional method, as Br is avoided and the
deintercalation time scale is considerably accelerated. The decisive step is the intercalation of water into the thin films. In contrast
to bulk materials, single-phase thin films cannot be simply immersed into water, because the
thin films tend to peel off the substrate. Only
a much milder method allows the successful
fabrication of superconducting thin films. Oxygen flow with 100% humidity supplied by a
H2 O or D2 O bath at a well-defined temperature
(19Æ C) is provided to the sample over several
days (96 h). In contrast to alternative preparation routes, this method also yields a clean and
smooth surface, which is a necessary prerequisite for meaningful surface-sensitive measurements. X-ray diffraction clearly confirms the
synthesis of correctly water-intercalated sodium
cobaltate Nax CoO2 yH2 O epitaxial thin films
with the desired doping level x = 0.3 and water
content y = 1.3 (see Fig. 63).

Figure 62: Lattice parameters from literature for independently refined diffraction and ICP-AES measurements for different Na content x in Nax CoO2 .
Between x = 0.85 and 0.95 there is a symmetry
change of the crystal structure from point group 194
to 165. In the doping range from x = 0.25 to x = 0.85
the c-axis parameter varies linearly with doping. The
a-axis parameter varies only about 20 pm throughout the whole doping range.

In order to obtain superconducting Nax CoO2 
yH2 O thin films, it is necessary to intercalate water into samples with doping levels of
about x = 0.3. This goal can be achieved by
preparing Nax CoO2 thin films with x  0.6
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Figure 63: X-ray diffraction pattern for epitaxial
Na03 CoO2 (top) and Na03 Ca02 1.3yH2 O (bottom)
on SrTiO3 (001). Impurity phases are below the detection limit.
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Figure 64: Resistivity vs. temperature for an epitaxial Nax CoO2 1.3yD2 O thin film on SrTiO3 (001).
In the inset superconducting quantum interference
device (SQUID) magnetization measurement shows
unambiguously the flux expulsion effect at the critical temperature of about 4.2 K.

The water-intercalated Nax CoO2 yD2 O thin
films indeed show superconductivity for x = 0.3
and y = 1.3 with Tc about 4.2 K (see Fig. 64).
The relatively sharp superconducting transition
with a width of 1.5 K in the resistivity vs. temperature curve confirms the high quality of the
thin films. Above the critical temperature, the
thin films show metallic behaviour up to room
temperature with almost linear slope, similar to
the high-temperature superconductors.
As a first flavor of the experimental possibilities which are opened through the achievement of these high quality Nax CoO2 thin films
we present in Fig. 65 the results of a series
of water-free samples that cover a wide range
of doping from 0.31  x  0.84 derived from
spectroscopic ellipsometry measurements using the ANKA synchrotron light source at
Forschungszentrum Karlsruhe (the contributions of the SrTiO3 or the LaAlO3 substrates
are subtracted). Displayed are the real parts
of the optical conductivity, σ1 = ω/4πε2 and
of the dielectric function, ε1 , as measured at
T = 10 K. The inset displays the evolution of
the corresponding squared plasma frequency,
ω2plD = 4π n/m , with n the carrier density and
m their effective mass, that has been deduced
with a Drude-Lorentz fitting function.
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The free carrier response evidently exhibits a
very strong and characteristic variation as a
function of Na content. It has fairly sharp maxima near x = 1/3 and 2/3 that are separated by a
deep minimum near x = 1/2. It has indeed previously been noted that the range of x = 1/2 separates two metallic regions with high conductivity for x  0.5 and x  0.5. Notably, a correspondingly rapid variation in the far infrared
(FIR) electronic response was not observed in
previous optical measurements on single crystals. This suggests that the films can offer significant advantages concerning the homogeneity (especially concerning the Na content) and
the surface quality that is critical for optical
measurements. The high structural quality and
homogeneity of these films is also evident from
very narrow phonon modes in the FIR spectra
whose analysis is omitted here.

Figure 65: Real parts of optical conductivity and
dielectric function as a function of doping x in
Nax CoO2 films on SrTiO3 (S) or LaAlO3 (L) substrates. The free carrier plasma frequency, ω2plD ,
(see inset) clearly tracks the phase diagram of
sodium cobaltate consisting of two metallic regions
that are separated by an insulating region at half filling of x = 1/2.
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The successful break-through in the fabrication of superconducting thin films of Nax CoO2 
yD2 O paves the way for new experiments with
this unconventional superconductor. Thin film
based Josephson and tunnelling experiments,
which are expected to yield important clues to
the unconventional nature of superconductivity in this material, can now readily be performed. Further, superconducting quantum interference device (SQUID) experiments now
come within reach. Such experiments could
confirm that, following the discovery of pwave superconductivity in Sr2 RuO4 , the new

84

Superconductivity and magnetism

compound Nax CoO2 yH2 O is another metallic solid-state analogue to liquid 3 He with
an even higher transition temperature. Following the successful example of high-temperature
superconductors, high-quality superconducting
thin film samples of water-intercalated sodium
cobaltate thus promise to enhance our knowledge about this complex novel material.
[1] Takada, K., H. Sakurai, E. Takayama-Muromachi,
F. Izumi, R.A. Dilanian and T. Sasaki. Nature 422,
53–55 (2003).
[2] Ong, N.P. and R.J. Cava. Science 305, 52–53 (2004).
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Transport
One of the main research activities in our Institute is the study of transport phenomena in solids.
Electrochemical studies of single crystalline LiFePO4 , which is a most promising electrode material in lithium batteries, enable precise measurements of the electronic and ionic conductivities as well as chemical Li diffusion coefficients. Materials with excellent proton conductivity are
sulfonated poly(arylene) ionomers consisting of substituted phenyl rings linked by sulfone units
(–SO2 –) which in comparison to standard sulfonated poly(arylene) membranes (e.g. Nafion) exhibit a high kinetic stability. A possible application for this material is therefore the use in high
temperature polymer electrolyte membrane fuel cells. Nano-porous transition metals or transition
metal oxides with high catalytic and supercapacitive activities have been obtained by the electrochemical lithiation of transition metal oxides followed by a soft removal of Li or Li2 O.
A special type of operation for a single-electron transistor is shown, where in the Coulomb
blockade regime a source-drain current is induced by single-electron recharging events from a
third, the base lead. The induced source-drain current exceeds the base current which can only
work if certain conditions for the tunneling rates using ground and excited states are fulfilled.

Transport studies of single-crystalline LiFePO4
R. Amin, P. Balaya, C.T. Lin, D.P. Chen and J. Maier
Nowadays lithium batteries have become an important part of portable microelectronic devices
which themselves are part and parcel of our
daily mobile communication. Still there is a
great demand for better performing battery storage materials in terms of energy and power density. In spite of the significance, fundamental
transport properties are hardly systemically investigated, not to mention the lack of reliable
transport models. There are essentially two reasons. One is the room temperature situation in
which Li-based batteries perform: here transport of lithium and electronic defects is sluggish and other defects typically frozen while
possibly becoming mobile at higher temperatures. The second reason is the unavailability
of suitable single crystals. Hence most information stems from atomistic simulation rather than
from reliable electrochemical experiments. This
holds especially for LiFePO4 , one of the most

promising candidate for future Li-based batteries owing to its environmental benignity (unlike
LiCoO2 ) and almost ideal discharge/charge behavior.
Here we report on the first successful growth
of sufficiently large single crystals [1] and on
the first systematic investigation of electronic
and ionic conductivities as well as chemical Li diffusivities as a function of temperatures and crystal orientations. Single crystals
were grown in an optical floating zone furnace
with 4300 W halogen lamps installed as infrared radiation sources. Crystallographic orientation was done by Laue X-ray photography and additionally was confirmed by single
crystal X-ray diffraction (STOE, IPDS2). Laue
X-ray photographs recorded along three major
crystallographic orientations confirmed singlecrystallinity.
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Figure 66: Deconvolation of electronic and ionic conductivities and measurement of chemical Li diffusivity.
(a) Normalized impedance spectra (ρ” and ρ’ are the real and imaginary parts of the complex resistivity) for
TiLiFePO4 Ti cell. (b) Time dependence of DC polarization and depolarization voltage (U) for the cell
TiLiFePO4 Ti along [001] (c-axis). (c) AC impedance spectrum for the cell LiAlLiILiFePO4 LiILiAl
and (d) time dependence of the DC polarization voltage (in galvanostatic mode, see inset) of a symmetrical
electronically blocking cell LiAlLiILiFePO4 LiILiAl (U∞ : Steady state voltage).

For deconvolation of electronic and ionic conductivities, we used two types of cell configurations to derive the transport properties:
(i) the ionically blocking cell, TiLiFePO4 Ti;
and (ii) the electronically blocking cells,
LiLiILiFePO4 LiILi, and LiAlLiILiFePO4 
LiILiAl. Impedance spectroscopy (AC) and
step function polarization/depolarization (DC)
measurements have been employed. The evaluation of the DC experiments also provides us
with the chemical Li diffusivities that are decisive for the kinetics of Li storage.
Figure 66 shows that the crystals are preferentially electronically conducting. In the cell at
which the electronic conduction is blocked the
ionic conductivity can be measured from the
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steady state and the chemical diffusion coefficient from the transient.
Figure 67(a) compares electronic and ionic conductivities obtained along the three orientations
(space group Pnma). The electronic conductivities for [100] orientation are found to be
more than one order magnitude lower than the
conductivities for both [010] and [001] directions. The electronic conductivities along [010]
and [001] orientations are the same within the
experimental error indicating electronic conduction to take place two-dimensionally in the
bc-plane. The ionic conductivities are also similar along b- and c-axes in the bc-plane but very
much less along a-axis.
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In summary, we precisely measured electronic
and ionic conductivities as well as chemical Li
diffusion coefficients for LiFePO4 single crystals. Electronic conductivity, ionic conductivity and chemical diffusivity of Li are found to
be essentially two-dimensional (bc-plane). The
ionic conductivities along all axes are much less
than the respective electronic conductivities.

Figure 67: (a) Electronic and ionic conductivities
along [100], [010] and [001] directions. (b) Chemical diffusion coefficient of Li.

Given the predominance of electronic conductivity, the chemical diffusion coefficient (DδLi )
should exhibit similar orientational anisotropies
as the ion conductivity [2]. Indeed DδLi values
presented for [010] and [001] orientations in
Fig. 67(b), are comparable and distinctly greater
than for [100] indicating a preferential chemical
diffusion of Li in the bc-plane.

At the moment we are studying transport properties as a function of Li stoichiometry and doping to elaborate on the possibility to increase
chemical diffusion which represents the decisive step in the storage kinetics. The present
values call for using extremely small LiFePO4
particles. Note that the waiting time for a
chemical diffusion to be completed scales with
the square of the size (equilibration time for
Dδ  1013 cm2 s is 2000 years for a 1 mm
sized crystal while only 5 s for 10 nm). These
particles have then to be very effectively connected via mixed-conducting networks. As we
demonstrated for TiO2 and as preliminary experiments with LiFePO4 already show [3], the
introduction of hierarchical networks on microand nanometer scales using electronic admixtures with favorable wetting properties leads to
superior performances.
[1] Chen, D.P., A. Maljuk and C.T. Lin. Journal of
Crystal Growth 284, 86–90 (2005).
[2] Maier, J. Journal of the American Ceramic Society
76 1212–1217 (1993).
[3] Guo, Y.-G., Y.-S. Hu and J. Maier. Chemical
Communications 2006, 2783–2785 (2006);
Guo, Y.-G. et al. to be published.
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Sulfonated poly(phenylene sulfone) polymers:
A new type of ionomer combining high stability and high proton
conductivity in a unique way
M. Schuster, K.-D. Kreuer, H.T. Andersen, V. Saarinen and J. Maier
The electrolyte material used in current polymer electrolyte membrane (PEM) fuel cells is
commonly a hydrated sulfonic acid functionalized polymer. Because of the harsh conditions
in operating fuel cells (high temperatures, high
water activities and the appearance of highly reactive oxidizing radicals), hydrolytic, thermooxidative and (electro-)chemical stabilities are
key issues in the choice of the ionomer. Today’s
membranes are perfluorosulfonic acid (PFSA)
R (DuPont), featuring
polymers such as Nafion
superior stability compared to most hydrocarbon based membranes. But their high water and
methanol ‘cross-over’, their low proton conductivity as well as their poor mechanical stability at elevated temperatures (T  80Æ C) and low
degrees of humidification are still severe disadvantages of these state-of-the-art membrane
materials. As far as the transport properties
are concerned, sulfonated poly(arylene) membranes seem – according to recent reports –
to be advantageous over these perfluorosulfonic
acid ionomers. This renders them promising alternatives, provided their stability problems are
solved.

Figure 68: The basic repeat unit of sulfonated
poly (phenylene sulfone). Solubility and conductivity properties are direct consequences of the electron
distribution.

Here we report on the preparation of a novel
very promising polymer that combines both
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high conductivity and high stability [1]. It is a
sulfonated poly(arylene) ionomer consisting of
substituted phenyl rings linked by sulfone units
(–SO2 –) (see Fig. 68). In order to understand
our strategy, one has to realize that all these
polymers are kinetically stable, i.e. they are separated by high activation barriers from possible
reaction products.
Sulfonation and desulfonation (hydrolysis) of
arylenes are electrophilic aromatic substitutions
with transition states in which the phenyl
ring bears a partial positive excess charge
(Fig. 69). Obviously the transition state energy
is increased to very high values if additional
electron-acceptor groups are in ortho- or paraposition to the carbon atom to be sulfonated.
This is the case in our polymer. The substituents
are strongly electron accepting sulfone groups
(with pronouncedly negative inductive and mesomeric effects) endowing the polymer with a
high kinetic stability.
Yet, the same high activation thresholds that
prevent reaction also hamper the preparation. In
order to solve this problem a kinetic detour was
undertaken in preparing less electron accepting
sulfide intermediates that are subsequently oxidized.
In greater detail: Copolymers were prepared
by a two-step process comprising (1) a nucleophilic aromatic polycondensation reaction of 4,4’-difluorodiphenylsulfone and disodium 3,3’-disulfonate-4,4’-difluorodiphenylsulfone with 4,4’-thiobisbenzenethiol at various
molar ratios yielding sulfonated poly(phenylene
sulfide sulfone)s, and (2) their subsequent oxidation to sulfonated poly(phenylene sulfone)s
using peroxide in acidic solution.
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Figure 69: Free enthalpy reaction profile of the electrophilic aromatic sulfonation (Ar = aromatic ring,
Acc = electron acceptor group). The values are taken from an ab-initio calculation of the sulfonation of
toluene neglecting entropy changes.

In addition to the high stability, the polar character of the backbone (Fig. 68) leads to a comparatively ordered microstructure and hence to
low solubilities for water or methanol as well
as to a reduced swelling in water at enhanced
temperature.
The polar character also leads to a rejection of
methanol, which, to such an extent, has never
been observed for any other fuel cell membrane
material. Selectivity coefficients for water uptake from water/methanol solutions of up to a
value of 8 are found which is of paramount importance for the application of such membranes
in direct methanol fuel cells. In addition, the superacidity of the sulfonic acid group leads to a
complete dissociation already at very low water
contents.

Figure 70: Proton conductivity of sulfonated poly
(phenyl sulfone)s of different ion exchange capacities in an all water atmosphere. The conductivity
of Nafion is shown for comparison. (The numbers
within the acronyms indicate the ion exchange capacity IEC in meq/g, and relative humidities (RH)
at a given temperature are indicated at the dashed
lines.)
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As Fig. 70 shows, for the highest ion exchange
capacity, transport properties are achieved that
are extremely satisfactory. The proton conductivities exceed those of Nafion (Fig. 70)
while simultaneously water and methanol transport coefficients are about an order of magnitude lower. The combination of high stability, relatively high proton conductivity at high
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temperature and low humidification and low
water transport is making this novel ionomer
an attractive membrane material for many
electrochemical applications, in particular hightemperature PEM fuel cells.
[1] Schuster, M., K.-D. Kreuer, H.T. Andersen and
J. Maier. Macromolecules 40, 598–607 (2007).

Nano-porous crystalline metals or compounds with superior
catalytic and capacitive properties through electrochemical lithiation
Y.-S. Hu, Y.-G. Guo, S. Hore, P. Balaya and J. Maier;
W. Sigle (Max Planck Institute for Metals Research)
From electronic or electrochemical devices
such as batteries, fuel cells, to chemical applications such as separators, catalysts, or even
to medical applications, nanoparticles are being used in every field and preparing them is
an ever challenging endeavor. As the nanostructures are pronouncedly metastable, novel
ways to generate them represent a decisive bottleneck. Synthesis of nanomaterials usually involves the use of templates, hard (porous alumina, zeolites, nanotubes) or soft (organic and
inorganic surfactants and stabilizers), whereby
the materials thus produced follow the shape
and the dimension of the templates. The method
we have employed here, however, is a templatefree room-temperature synthesis and represents
a top down rather than a bottom up route (see
Fig. 71). In order to develop such an approach,
that is considerably softer than other methods such as ball milling, we started out from
the conversion reaction inherently occurring in
lithium based batteries at deep discharge [1].
It has been observed that such an easy lithiation of coarse-grained transition metal oxide
electrodes (MOx ) gives rise to nanocomposites
consisting of metal nanoparticles embedded in a
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matrix of Li2 O. Most likely the significant volume expansion on MLi2 O formation is responsible for the generation of the nano-structure.
The very low diffusion coefficients and additionally infiltration of the electrolyte may prevent further growth of the metal clusters. We
showed that the process can be advantageously
used to deliberately prepare nano-sized metals
(i) or metal oxides (ii) [2]. The first is achieved
by chemically removing Li2 O (dissolving in
water or weak acid), the second by electrochemically removing Li from the MLi2 O nanocomposite.

Figure 71: Scheme for the template-free electrochemical lithiation/delithiation synthesis of nanoporous structures.
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The route taken here is quite versatile since not
only oxides, but sulphides and halides such as
chlorides, too, can be used where the resulting
Li2 S or LiCl can be removed by organic or inorganic solvents. One is also not restricted to the
intermediate incorporation of Li metal but other
alkali metals such as Na can easily be used.
Even solid electrolytes can be employed that allow for preparation at higher temperature. In addition, variation of electrochemical parameters
can be used to tailor morphologies of the desired nanoparticles, and hence their functional
properties.
To highlight the significance, we will present
two examples – the preparations of nano-sized
RuO2 and platinum. In both cases, the formation of the nano-porous particles (according
to reactions R(1)–R(4)) gave rise to an enormous surface area of the products and thus to
a huge enhancement of the capacitive and, respectively, catalytic activity of these materials.
R(1)

4 Li + PtO2



Pt : 2 Li2

R(2)

Pt : 2Li2 + 4 H



Pt (nano-porous)
+ 4 Li + 2 H2 O

R(3)

4 Li + RuO2



Ru : 2 Li2

R(4)

Ru : 2 Li2



RuO2 (nano-porous)
+ 4 Li

cell, where the oxidation of methanol on the catalyst layer is a key step in the electricity generation in the fuel cell.

Figure 72: Cyclic voltammograms of 100 cycles for
nano-porous Pt electrode cycled at a scan rate of
20 mVs1 in 1 M methanol in 0.5 M H2 SO4 .

The catalytic activity of our nano-porous Pt was
measured in a electrolyte of 1.0 M methanol in
0.5 M H2 SO4 . A current density of 186 mA/mg
was obtained for the first cycle and even
after 100 scans (Fig. 72) a current density of
160 mA/mg has been achieved. This is the
highest catalytic activity obtained for pure Pt.
Higher values have only been achieved through
activating Pt by Ru or W2 C (avoiding CO poisoning).

According to reactions R(1)–R(4), nano-porous
Pt and RuO2 with polymodal pore size distribution have been obtained from sub-micrometer
sized PtO2 and RuO2 . The total specific surface
area of Pt and RuO2 thus obtained were 142 and
239 m2 g, respectively. The Pt and RuO2 materials exhibit pore sizes that are similar to the
grain sizes (2–10 nm), what greatly facilitates
mass and charge transport by offering tiny diffusion length for electronic and ionic transport.
The prepared metal or metal oxide were subsequently tested for catalytic activity and supercapacitive performance. Catalysts such as Pt and
its alloys are being used in direct methanol fuel

Figure 73: Cyclic voltammograms for nano-porous
RuO2 electrode prepared via electrochemical lithiation/delithiation and the initial anhydrous RuO2
electrode at a scan rate of 1 mVs1 in 1.0 M H2 SO4 .
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In the case of our RuO2 , we studied its supercapacitive activity. The cyclic voltammograms (Fig. 73) of the nano-porous RuO2 in
1.0 M H2 SO4 gave rise to a specific capacitance
of 385 F/g at a scan rate of 1 mV/s (as compared with 1.2 F/g for the starting oxide). Again
this performance was unprecedented (as far as
water-free RuO2 is concerned).

ing special nanostructures; it is also shown to
lead to functional materials of high technological potential.

In conclusion, the described electrochemical
technique is not only very versatile in generat-

[2] Hu, Y.-S., Y.-G. Guo, W. Sigle, S. Hore, P. Balaya and
J. Maier. Nature Materials 5, 713–717 (2006).

[1] Poizot, P., S. Laruelle, S. Grugeon, L. Dupont and
J.M. Tarascon. Nature 407, 496–499 (2000);
Balaya, P., H. Li, L. Kienle and J. Maier. Advanced
Functional Materials 13, 621–625 (2003).

Current gain in a quantum dot with three leads
J. Weis, A. Welker and K. von Klitzing
Conventional field-effect transistors act as almost perfect electronic switches as they are
based on the concept of electrostatically tuning
an energy barrier for the charge carriers from
source to drain by changing the gate voltage
VG . This gives the exponential current vs. gatevoltage characteristics IDS ∝ expαe∆VG kB T 
(α   1) observed in the subthreshold regime
of the transistor. In conventional bipolar npn
or pnp transistors, the charge carrier flow from
emitter to collector is also limited by an energy
barrier, present in the base region of the transistor. However, in contrast to the field-effect transistor, this energy barrier is dynamically controlled by the base current.
In the late 1980’s, the concept of a singleelectron transistor was introduced. As sketched
in Fig. 74(a), such a transistor consists of a
small compartment (‘island’) where conduction
electrons are confined, weakly coupled by tunneling barriers to leads denoted as source and
drain. Due to the Coulomb interaction between
electrons in a small confinement and their image charges induced in the surrounding electrodes, a single-electron charging energy is required for adding an additional electron onto
the island, but also for taking off an electron.
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As indicated in Fig. 74(b), energy barriers for
recharging the island exist, forming an energy
gap for electron transport between source and
drain. Due to electrostatics, this energy gap
scales with the inverse of linear spatial dimensions of the device. By using a gate electrode
close-by, the electrostatic potential and therefore the position of the energy gap relative to
the Fermi levels of the leads is tunable.

Figure 74: (a) Arrangement of a single-electron
transistor. (b) Respective energy scheme for recharging the island by single electrons. For a quantum dot
system, the level labeled by N+1 corresponds to the
energy difference between the ground state energies
of N+1 and N electrons on the quantum dot.
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Figure 75: (a) Arrangement of a quantum dot with three leads – source, drain and base. For the bias condition depicted in the energy scheme (b), the single-electron tunneling dynamics between three quantum dot
states – the N-electron ground state N  0 , the (N+1)-electron ground state N+1 0 , the N-electron excited
state N  – is sketched in (c). The half-circles with arrows indicate the direction for the QD state change by
single-electron tunneling from or to the respective lead. The left circles describe single-electron tunneling
from the base to source/drain, the red circle at the right side single-electron tunneling from source to drain,
enabled by a single-electron charging process into the quantum dot from the base lead.

Shifting the threshold level for charging the
island with N+1 electrons between the Fermi
levels of source and drain, the number of electrons on the island can fluctuate between N and
N+1, i.e. single-electron tunneling takes place.
Shifting this level below both Fermi levels, the
electron transport is blocked, the electron number on the island is fixed to N+1 (regime of
Coulomb blockade). Shifting the electrostatic
potential further, the behavior repeats, however
for increased electron number on the island.
Therefore, as a function of the applied gate voltage, a periodic modulation of the conductance
is observable – denoted as Coulomb blockade
oscillations. Such a single-electron transistor is
an electrostatically controlled device, where for
a respective device design even voltage gain is
achievable.
If the Fermi wavelength of the conduction electrons is comparable to the spatial dimensions
of the island, a discrete single-particle spectrum is expected for the electrons confined on
the island. Such an island is denoted as ‘artifi-

cial atom’ or quantum dot. However, due to the
mesoscopic size, the electron-electron interaction is usually the dominant energy scale so that
single-electron tunneling processes have to be
described in terms of transitions between manyelectron states of N and N+1 electrons confined
in the quantum dot. In this language, the threshold levels, depicted in Fig. 74(b), indicate the
energy difference between the ground state energies of N and N+1 electrons, and their energetical distances usually vary with increasing
N. Transitions to excited states of either the N
or N+1 electron system appear as additional energy levels in such energy schemes, however
are only usable for single-electron transport if
at least this level and the respective threshold
level lie between the Fermi levels of source and
drain. Transitions to excited states can therefore
only be accessed at larger source-drain voltage.
By adding a third lead (base) to the quantum dot (Fig. 75(a)), the situation becomes different: Lifting the Fermi level of the base
lead above the threshold level for N+1 elec93
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trons (Fig. 75(b)), the quantum dot is charged
from the base and in the next step discharged
by one electron towards the source or drain
lead. The quantum dot undergoes a transition
from the N-electron ground state N  0 to the
(N+1) electron ground state N+1 0 and vice
versa (Fig. 75(c)). Under stationary bias condition, this charging/discharging cycle repeats
and leads to a stationary current carried by
single-electron tunneling from the base lead to
source/drain – a trivial process. However, with
discharging the quantum dot to drain (the lead
with lowest Fermi level), the electron system in
the quantum dot might end up in an excited state
N   of N electrons, i.e. a hole-like (singleparticle) or collective excitation. Using this access energy, it requires less energy for adding
an electron to the island.
If the energy level for the transition between
N   and N+1 0 lies in between the Fermi
levels of source and drain, an electron from
source is able to enter before a relaxation from
the excited state N   into the ground state
N  0 occurs. Being now in the state N+1 0,
an electron can leave the quantum dot to source,
leaving the dot in the excited state N  . If the
transition between N+1 0 and N   is used
now several times for single-electron tunneling events (red circle in Fig. 75(c)) before the
ground state N  0 of N electrons is reached, a
single charging event from the base lead has induced several single-electron tunneling events
between source and drain. In such a case, the
source-drain current exceeds the base current
which has enabled the source-drain current.


Modeling the dynamics of this single-electron
tunneling device by rate equations shows that
– besides a suppression of relaxation from the
excited state – the tunneling rates between
quantum dot and leads have to fulfill certain
requirements which can be summarized basically in the following way: Firstly, discharging the quantum dot into the excited state N  
via drain (red path from N+1 0 in Fig. 75(c))
has to have a higher rate than discharging the
dot into the ground state N  0 via source or
drain (black pathes from N+1 0 in Fig. 75(c)).
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Secondly, charging the dot from N   via the
base lead has to have a lower probability than
charging the dot via the source lead. Such conditions can only be expected for a quantum dot
with few electrons where the different tunnel
couplings of individual quantum states with the
leads are resolvable.
To test our new concept of operating a singleelectron transistor dynamically, we have fabricated quantum dots with three leads. The samples are based on a GaAs/AlGaAs heterostructure containing a two-dimensional electron system 50 nm below the surface. The heterostructure was grown in the MBE Service Group of
the Institute. A mesa structure was etched and
metal alloyed in certain regions of the mesa
to contact the two-dimensional electron system. By using electron-beam lithography and
a metal lift-off process, structured metal electrodes were deposit on the heterostructure surface. A scanning electron microscope (SEM)
image of this split-gate structure is shown in
Fig. 76(a).
At temperatures below 0.1 K, negative voltages
are applied to the gate electrodes dividing the
two-dimensional electron system into the quantum dot, connected by tunneling barriers to
three separate 2DES regions acting as leads –
denoted in the figure as source, drain and base.
Since in such quantum dot systems, the confining potential and the exact number of electrons
is usually unknown, we have chosen a pragmatic approach: By tuning systematically the
Fermi levels of source, drain and the base lead
with respect to each other, tuning the electrostatic potential of the quantum dot by a nearby gate electrode, and measuring under all these
bias conditions the dc currents in all three leads,
we could well characterize our quantum dot
system and could indeed find current gain for
certain electron numbers. An example is shown
in Fig. 76(b). At zero base voltage, the quantum
dot is energetically in the Coulomb blockade
regime and the observed current from source to
drain can only be due to correlated electron tunneling, not single-electron tunneling.
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Lowering the base voltage to about –0.4 mV,
the base current increases in an almost steplike manner, indicating that single-electron tunneling from the base via the quantum dot to
source and drain became possible. At the same
time, the source and drain currents are increased. However, the signs of the currents indicate that a net electron flow occurs from the
source into the quantum dot (and not vice versa)
and from the quantum dot to the drain lead. A
source-drain current is induced by a base current, – most important, the source current exceeds about four times the base current. For
even more negative base voltage, further excited
states become involved, changing the singleelectron tunneling dynamics.

Figure 76: (a) Split-gate structure used to define a
quantum dot with three leads in a two-dimensional
electron system. (b) Drain, source and base current as a function of the base voltage for a small
source-drain voltage (the shift of the electrostatic
potential of the quantum dot by the base voltage is
compensated by a gate voltage change). Positive current means a net electron flow out of the quantum dot
into the respective lead.

In summary, we could demonstrate a type of operation for a single-electron transistor, where in
the Coulomb blockade regime of the two-lead
dot a source-drain current is induced by singleelectron recharging events from a third, the base
lead. The induced source-drain current exceeds
the base current which can only work if certain
conditions for the tunneling rates using ground
and excited states are fulfilled. The dynamics
was described here for the case of charging the
quantum dot from the base lead. However, a
similar dynamics is obtained for discharging the
quantum dot to the base lead. A more detailed
and systematic investigations might tell us more
about the many-body wavefunctions, selection
rules for recharging the quantum dot and relaxation of the electron system within the quantum
dot.
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Structural and optical properties
Structural and optical characterization are a key ingredient for understanding the properties of a
solid. The all-embracing investigation of newly developed materials in this respect is an important
strength of the Institute. The first contribution in this section describes magnetic and orbital order
in a novel phase of a non-copper perovskite material. The second contribution demonstrates a data
analysis method for two-dimensional X-ray diffraction detectors. Finally, in the third report, the
optical properties of an artificially designed so-called metamaterial with potential applications such
as negative refraction index are presented.

Novel orbitally ordered phase in Ca2x Srx RuO4 investigated with
resonant X-ray diffraction
I. Zegkinoglou, B. Bohnenbuck and B. Keimer; J. Strempfer (HASYLAB at DESY, Hamburg);
C.S. Nelson and J.P. Hill (Brookhaven National Laboratory, USA);
J. Chakhalian (Arkansas University, USA); C. Bernhard (Université de Fribourg, Switzerland);
J.C. Lang and G. Srajer (APS, Argonne National Laboratory, USA);
H. Fukazawa, S. Nakatsuji and Y. Maeno (Kyoto University, Japan)
In many aspects the two-dimensional ruthenate
system Ca2x Srx RuO4 is an interesting material. Although the gradual substitution of calcium (Ca) by strontium (Sr) is isovalent, the
electronic properties of the material vary significantly with the Sr content x, resulting in
a rich phase diagram. The x = 2 end-member
of the series has attracted particular attention.
Sr2 RuO4 is a metallic compound, turning below 1.5 K into an unconventional spin-triplet
superconductor, the only known layered perovskite without copper exhibiting superconducting properties. It is currently an issue of debate how strongly the 4d electrons are correlated in this system, how exactly the electron
correlations determine the material’s properties,
and what the role of magnetic and orbital fluctuations is in the establishment of superconductivity. On the other side of the phase diagram,
Ca2 RuO4 (x = 0) is a Mott insulator, exhibiting
antiferromagnetic ordering with a weak ferromagnetic component due to spin canting below
110 K [1]. The narrow electron bands induce
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strong electron correlations and the substantial
spin-orbit coupling implies that the orbital degree of freedom is active and plays a crucial role
in the magnetic properties of the material. Several, partly controversial theoretical predictions
have been made for the orbital ordering pattern
of the 4d orbitals in Ca2 RuO4 . Investigating the
interplay between the magnetic and orbital degrees of freedom in Ca2x Srx RuO4 can help understand the origin of many of the electronic
properties of this system, including the establishment of superconductivity in Sr2 RuO4 . This
may give insight into the properties of transition metal oxides in general, and in particular
of high-temperature superconducting cuprates,
which are isostructural to Ca2x Srx RuO4 .
For the investigation of the magnetic and orbital
order in Ca2x Srx RuO4 , resonant X-ray diffraction with synchrotron radiation is an appropriate experimental technique. When the photon energy of the X-ray beam is tuned to one
of the L absorption edges of ruthenium (Ru),
electric dipole transitions are probed from the
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2p core level directly into the partially occupied 4d t2g orbitals. In this way, a large resonance enhancement of the magnetic scattering cross-section is achieved, which allows the
study of the low-temperature antiferromagnetically ordered phase. The magnetic order parameter in Ca2 RuO4 was previously investigated
with powder neutron diffraction, but no measurements on single crystals were so far available, due to the small size (of the order of
0.1 mm3 at most) of the single crystals which
can currently be grown – far too small for
neutron experiments. Only the high brilliance
and good collimation of the X-ray beams provided in third-generation synchrotron sources
can make such investigations possible.
Besides the resonant enhancement of the magnetic intensity, the direct probing of the 4d orbitals at the Ru L absorption edges can in addition enable the direct observation of the theoretically predicted 4d orbital ordering. Resonant
X-ray diffraction was recently used for the investigation of orbital order in 3d and 5d transition metal oxides, but similar studies on 4d electron systems could not be carried out so far, due
to the significant experimental difficulties associated with them.
The L edges of 4d transition metals, such as
Ru, lie in an inconvenient energy range, around
3 keV, which cannot be easily reached at synchrotron facilities. Such energies are usually too
low to access in hard X-ray facilities, due to
restrictions related to the operation of the insertion devices (undulators), and too high for
soft X-ray facilities, due to restrictions related
to the gratings used there as monochromators.
For our investigations, the vacuum chamber
of the undulator used as source at the hard
X-ray beamline 4ID-D of the Advanced Photon
Source (Argonne, USA) was especially modified, so that energies as low as 2.6 keV could
be reached. At such low energies, the strong
absorption of X-rays by air is an additional
problem. The corresponding absorption length
is equal to only a few centimeters. For this reason, the experimental setup inside the experimental station had to be optimized, as well, for
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minimizing the absorption by air. Beam flightpaths with vacuum inside, or filled with helium
gas were utilized for this purpose.

Figure 77: Energy dependence of the scattered
intensity from Ca2 RuO4 at the (1 0 0) reflection
around the Ru LII absorption edge at azimuth ψ = 0Æ
for selected sample temperatures, on linear (a) and
on logarithmic (b) intensity scale. All energy scans
are corrected for absorption.

After overcoming the above technical difficulties, significant results regarding the magnetic and orbital order in Ca2 RuO4 and
Ca19 Sr01 RuO4 compounds could be obtained
[2]. In Ca2 RuO4 , a strong resonance with an enhancement factor of the order of five hundred
was observed in the magnetic scattering intensity at the Ru LII edge at the (1 0 0) magnetic reflection below the Néel temperature TN = 110 K
(Fig. 77). A second resonant peak, observed approximately 4 eV higher in energy, most likely
originates from electronic transitions into the
unoccupied 4d eg orbitals. The antiferromagnetic phase transition at TN is clearly observed
in the temperature dependence of the integrated
scattering intensity at the LII edge, as determined from scans along the scattering vector (hscans) (Fig. 78(a)).
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Significant scattering intensity, a factor of 20
weaker than the intensity at low temperatures,
is observed also above TN , in the paramagnetic
phase. It decreases smoothly with increasing
temperature and vanishes at TOO = 260 K in an
order-parameter-like fashion, indicating the existence of an ordered phase below TOO , not reported by previous investigations.

Figure 78: Temperature dependence (a) of the integrated scattering intensity from Ca2 RuO4 at the
(1 0 0) reciprocal space position, both without analyzer (black) and with the analyzer in σ π’ geometry (red), as well as at the (0 1 1) position without
analyzer (blue). All plots have been scaled to their
intensities immediately above TN . In (b), the integrated scattering intensity from Ca19 Sr01 RuO4 at
position (1 0 0) is shown.

Several independent observations lead to the
conclusion that the phase transition at TOO originates from the ordering of the 4d t2g orbitals.
Polarization analysis of the scattered intensity,
carried out with a Si(111) in-vacuum crystal
(Fig. 79), showed that the diffracted beam has
within the whole temperature range investigated
only a π’-component, i.e. its polarization is
purely parallel to the diffraction plane. According to the theory of resonant diffraction, charge
scattering would give, for σ-polarized incoming X-rays, σ’-polarized diffracted radiation. It
thus becomes clear that charge scattering cannot
contribute to the resonant intensity in the new
phase.
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Complementary muon spin rotation (µSR) measurements carried out both on single crystals
and on powder samples of the same origin as
the samples used in the diffraction experiments,
showed no ordered magnetic moment above TN
and no anomaly at TOO . The detection limit of
the technique lies well below the amplitude of
the ordered moment that would be expected if
the scattering intensity in the new phase were
magnetic, based on the intensity ratio below and
above TN (Fig. 78(a)). These results exclude the
possibility that the phase transition at TOO is of
magnetic origin.

Figure 79: Schematic view of the experimental configuration with polarization analyzer. The incoming
beam is linearly polarized along the σ direction. The
diffracted beam has, in the general case, polarization components both along σ’ (perpendicular to the
diffraction plane) and along π’ (parallel to the d.p.).
The two polarization components are separated with
the use of a proper analyzer crystal.

Another possibility for the origin of the new
phase could have been the tilting of the RuO6
octahedra. Previous powder neutron diffraction
investigations showed that the RuO6 octahedra
are indeed tilted around an axis which lies in the
RuO2 plane. Such a distortion of the lattice can
cause a partial lifting of the space group symmetry and give rise to resonant reflections at positions not allowed by the space group. However, the temperature dependence of the tilting angles of the octahedra does not show any
anomalies around TOO [1]. In addition, the azimuthal dependence of the integrated scattering
intensity at (1 0 0) is not consistent with what is
expected for the tilt order, based on a model explained below. The origin of the resonant signal
at (1 0 0) above TN must thus be different from
the octahedral tilt order.
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Based on the above experimental results, the
phase transition at TOO was attributed to the 4d
t2g orbital ordering. The orbitally ordered phase
below TOO is also observed at the (0 1 1) reciprocal space position, which is, like (1 0 0), magnetically allowed. This strongly indicates that
the propagation vector of the orbital order in
Ca2 RuO4 is the same as the propagation vector of the low-temperature antiferromagnetic
phase. The temperature dependencies of the integrated scattering intensities in the orbitally ordered phase at (1 0 0) and (0 1 1) positions are
identical (Fig. 78(a)).
The orbitally ordered phase discovered in
Ca2 RuO4 is present also in the Sr doped
Ca19 Sr01 RuO4 compound, but the critical temperature TOO is in this case equal to 130 K
(Fig. 78(b)). Neutron diffraction investigations
have shown that partial substitution of Ca by Sr
in Ca2x Srx RuO4 causes a change of the magnetic arrangement of the Ru spins and leads to
a magnetic unit cell characterized by a different
way of stacking of subsequent RuO layers one
above the other. As a result, the (1 0 0) position
is not magnetically allowed in Ca19 Sr01 RuO4 .
The fact that the orbitally ordered phase is still
present at this position, like in Ca2 RuO4 , shows
that the propagation vector of the orbital order
is not affected by the change of the magnetic
structure caused by the increase of the Sr content in the system. What is more, the absence of
anomalies in the temperature dependence of all
structural parameters, such as lattice constants,
bond lengths and tilt angles, both in Ca2 RuO4
and in Ca19 Sr01 RuO4 , close to the orbital ordering phase transition, indicates that the orbital
order is only weakly coupled to the lattice.
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The tilting of the octahedra was also independently probed in our investigations, but at a different reciprocal space position. It gives rise to
a resonant reflection at position (1 1 0), which is
forbidden both by the space group and magnetically. The temperature dependence of the integrated scattering intensity at this position decreases smoothly with increasing temperature
with no anomalies up to at least room temperature, which is different from the temperature
dependence of the orbitally ordered phase. The
azimuthal dependence of the scattering signal
at (1 1 0) can be well simulated in both polarization channels with the use of a model which
takes into consideration the asphericity of the
4d t2g orbitals, the tilting of the RuO6 octahedra and the space group symmetries. The good
agreement of the experimentally determined azimuthal dependence with the simulation of the
tilt-order model leave no doubt about the origin
of the resonance at (1 1 0).
The above described studies, the first to be carried out on a 4d electron system with resonant
X-ray diffraction, demonstrate the power of the
technique in investigating the interplay of the
spin, orbital and lattice degrees of freedom in
transition metal oxides, even when only very
small sample sizes are available.
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Two-dimensional powder diffraction
B. Hinrichsen, R.E. Dinnebier and M. Jansen
The growing attractiveness of two-dimensional
detectors in powder diffraction has one severe
drawback – the 2D to 1D data reduction. This
can be a most time consuming and error prone
operation, especially when the artifacts of the
sample environment affect the intensities. Some
developments in the field of calibrating, filtering and evaluation are presented.
Introduction: The combination of two-dimensional detectors, powder diffraction and synchrotron light sources has been staggeringly
successful, opening doors to many new experiments [1–5]. The great advantages of such data
collection lie in the short exposure times as well
as in the huge redundancy. A large angular region of the Bragg cone is recorded in a single
exposure; indeed most detectors are set up perpendicular to the primary beam and centered by
it, intercepting the Bragg cone over the entire
azimuthal range. The standard practice is to integrate the image along the ellipses described
by the intersection of the cone with the planar detector to a conventional powder pattern
[6]. This commonly reduces the amount of information by the square root of the number of
pixels. Does this represent the gamut of information contained in a powder diffraction image? A glance at an image from a calibration
standard might lend itself to such a conclusion.
Less perfect samples, as well as sample environments leave distinctive artifacts on images.
How can they be extracted, filtered or interpreted? Methods offering answers to some of
these questions are introduced.
Experimental geometry: The experimental geometry of a plane detector used for powder
diffraction has been explained in detail by others [6]. We will therefore merely give a short
outline of the most important points. Each
diffraction (Bragg) cone intersecting a plane
detector results in an elliptical projection (see
Fig. 80). This projection is described most palpably using the experimental parameters of the
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beam centre, the sample to detector distance,
the tilt of the detector out of the normal of the
primary beam and finally the azimuthal rotation
of the tilt with respect to an arbitrarily selected
position.

Figure 80: Conic sections. The planes represent the
detector plane at various angles to the primary beam.
The projections of the Bragg cone trace a circle, an
ellipse or a parabola on the detector. In the course
of the calibration of the experimental geometry a
high-quality image of a standard sample is used to
determine and refine the required five parameters.

The standard method for refining the calibration
parameters can be separated into two parts. Initially a number of radial lines are drawn from
the common focus of the ellipses to the edge
of the image. The profile along these lines is
plotted, and the peak positions refined using a
Gaussian profile. To ensure that an acceptable
number of pixels are selected to contribute to
the individual histograms the radial lines need
to be of an acceptable width, in our case a width
of five pixels for these lines returned good results. The peak positions, or rather the positions of the intersection of the radial lines with
the ellipses, are now known. Each point can be
uniquely associated to a given lattice spacing.
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Figure 81: Conventional calibration refinement method. On the left the radial lines are traced from the
centre to the edge. The intensity profile is traced and the various peaks are fitted using a Gaussian profile
function. The successfully refined peak positions are utilized to refine the five calibration parameters.

The requirement that points belonging to the
same lattice spacing should have an identical
diffraction angle is sufficient for the refinement
of the calibration parameters. A LevenbergMarquard least squares minimization using the
positions weighted by the statistical uncertainty
of the initial peak refinement procedure leads to
the final calibration values. This method leads
to good results if enough radial lines are chosen
and the initial six starting values, the five calibration parameters and the wavelength, are sufficiently close to the true values. To ensure this
we have developed pattern recognition techniques which very successfully estimate these
parameters [7,8]. These have been described
elsewhere. Recently an alternative calibration
method has been proposed [9] which appears to
have a high degree of automation.
Whole image refinement: The question poses itself, especially in view of the great computing power available to us currently, why image analysis is always synonymous with data
reduction? Could not far more information be
gleaned from diffraction images than a distilled
I(2θ) plot? As a first step along the path of

full pattern appreciation this holistic approach
was applied to the calibration refinement with
surprising results. Calibration, as described earlier, is commonly a two step process. The initial step is the determination of the intersections of any number of radial lines with the
Bragg ellipses. The second is the refinement of
the ellipse (calibration) parameters along those
points (see Fig. 81).
The approach chosen here was to refine the
sought after parameters against the difference
of the observed and computed images (Fig. 82).
The number of data points in such a refinement is of course rather large, a couple of million against what would normally be a couple of hundred. As ellipses furthest from the
centre are most susceptible to the calibration
quality, the FWHM of the highest angle peak
of a from the integrated pattern was chosen to
give an idea of the calibration results. The material used was the common calibration standard finely ground LaB6 . Whole image refinement showed an improvement over the conventional method of 15%, reducing the FWHM
from 0.122Æ to 0.106Æ .
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Figure 82: Whole image refinement. The observed intensities (Iobs ) are shown in the left image. In the
central image the simulated intensities (Icalc ) are shown. The difference is shown on the right. The calibration
parameters are refined to minimize the difference between Iobs and Icalc .

Filtering techniques: Experimental artifacts are
a continual nuisance in the analysis of in situ experiments. These generally result from the experimental environment, can however stem directly from the sample. Data becoming to powder diffraction analysis originates from an ideal
sample, having all the positive attributes: random orientation, narrow size dispersion and
an improved statistical distribution by sample rotation. In some cases this ideal cannot
be achieved, this is especially valid for highpressure powder diffraction experiments. Sample rotation, if any, is limited to a small angular
range because of the diamond diffraction peaks
and the deleterious effects of gasket shadowing.
An X-ray beam that has a diameter in the order of a few micrometers further worsens the
already poor statistics of such an experiment.
The general image obtained is filled with single grain spikes looming over the intensity of
the Debye-Scherrer ring by at least an order of
magnitude. A few peaks on a ring can cause the
normal averaging process used during integration to produce data misrepresents the true powder intensities.
When estimating the most representative value
for the intensity of a single bin generally only
the mean of the intensities within the bin was
calculated. This of course leads to great aberrations when outlier intensities are within the bin.
One way of dealing with such data would be to
select the median value as a more robust estimator of the true intensity. This however still leads
to variances which do not portray the true data
quality. The sigmas of the intensities, which are
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generally used to weight the least squares refinements are completely meaningless and of no
use in the refinement process.
An alternative method is to filter out the aberrant values. As a rule only very few highly deviant values cause the averaging problems. A
method which can be looked upon as the inverse
of the aforementioned median intensity estimation is that of fractile filtering. Here a highest or
lowest intensity fraction of the data is removed.
As this method has no real intensity based cutoff criteria it is very robust. An additional advantage is that it does not skew normally distributed data. The effects of this computationally cheap filter can be seen in Fig. 83, an example of a high-temperature image.
Reliability values: The visual appreciation of a
two-dimensional diffraction image can sometimes give an idea of the quality of the data gathered. No quantitative measure of the quality of
such a data collection has yet been proposed. In
lieu of appraising the effectiveness of the presented filtering algorithms an unbiased estimation of the data quality seemed opportune. A
measure that has shown itself to be of good use
is shown in Eq.(5).

Rim 

1
n

∑ni1



1
m
2
m1 ∑j1 Ij  Ī 
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(5)

where l is the total number of pixels in the image, n is the number of bins used to integrate
the image and m is the number of pixels within
each bin.
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Figure 83: Results of fractile filtering on an image from a high-temperature experiment. Top left: before
filtering, top right: after filtering. The spots of high intensity result from the sapphire capillary. The lower
image is a preview of the finally integrated diffractogram, red is the unfiltered, blue the filtered pattern.

Ik is the intensity of the kth pixel and Ib the
background intensity of that pixel. This is a
very simple measure of the average bin variance, normalized to the background corrected
total intensity.
Table 2: Image reliability values for some typical
examples.
Rim 100
(filter applied)

Rim 100
(no filter)

good calibration

0.414

25.9

bad calibration
experimental data
sapphire tube
DAC

10.1

45.9

1.12
15.3

4512
7532

LaB6

The value is intensity and consequently detector
independent. It is intentionally very sensitive to
azimuthal variations in intensity. This leads to
an extremely good indicator of not only the uniformity of the Bragg peaks but also of a successful calibration, as can be seen in Tab. 2.

to the calibration question. Finally an image reliability factor has been proposed to quantify
the quality of a diffraction image. All the functionality has been implemented in a freely available software package, Powder3D [10].
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Optical properties of split-ring resonator metamaterials
T. Zentgraf and J. Kuhl; C. Rockstuhl and F. Lederer (University of Jena);
H. Giessen (University of Stuttgart)
A metamaterial (MM) is an artificially structured material with the purpose of strongly
influencing the propagation characteristics of
electromagnetic fields, and in particular, of
light. Such a material allows for engineering the
dispersion, diffraction, or group velocity. Frequently, the term metamaterial is only used for
structures with feature sizes and periods much
smaller than the wavelength of the used light.
Thus, the optical properties of such MMs are
independent of the period and even of deviations from periodicity. Therefore, light propagating inside such a MM experiences effective
material properties, namely the effective complex permittivity and permeability.
With such artificial materials, it is possible to
overcome a long standing dogma, stating that
spectral domains with resonances in the dispersion of permittivity and permeability do not coincide (L.D. Landau and E.M. Lifshitz, Electrodynamics of Continuous Media). In particular,
to date no natural material is known that exhibits a resonant response in the magnetic field
in the optical domain. A material with both permittivity and permeability resonances can also
reveal a negative refractive index. In such a
medium, a multitude of counterintuitive physical effects may take place, and very appealing
applications may be realized, the perfect lens
[1] or the cloak of invisibility [2] being the most
prominent examples.
One of the most striking unit cell designs of
MMs was introduced by John Pendry [3] and
experimentally verified in the microwave region by David Smith [4]. In this design, the
unit cell of the material is composed of a small
interrupted metal ring, the so called split-ring
resonator (SRR), and a small metal bar. In a
simple picture, the response of the material can
be understood in terms of an LC-resonator circuit. The fundamental work by Pendry and
Smith has stimulated the research in the last
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years, with the goal of obtaining resonances in
the effective permeability at higher and higher
frequencies.
In our work, we haqve studied experimentally
and theoretically the optical properties of such
SRRs in the near infrared spectral domain. The
challenge of obtaining resonances of the permeability in the optical domain requires extremely
small structure sizes. Figure 84 shows scanning
tunneling microscope (SEM) pictures of small
gold rings on top of a glass substrate. Typically,
the structure size of the rings is of the order of
λ/10 of the used wavelength, so that for the displayed structures resonances around 3 to 4 µm
can be expected [5].

Figure 84: Scanning electron microscope pictures
of fabricated gold split-ring resonator patterns on top
of a glass substrate. The scale bar is 400 nm.

The measured and calculated reflectance for
three types of samples is shown in Fig. 85. Two
pronounced peaks appear in the spectrum at energies of around 3000 cm1 and 8000 cm1 . In
previous work by other groups, the first resonance at 3000 cm1 was denoted as an LCresonance in analogy to the work in the microwave region. There, the gap of the SRR is regarded as a capacitance, and the U-shape as a
single loop inductive coil. Both impedances together constitute an LC-circuit, coupled to an
external light field and driven into resonance at
appropriate frequencies. The second resonance
in the spectrum at 8000 cm1 was explained
in terms of an electronic/plasmonic eigenmode
and not further considered so far. Although the
properties of the used nobel metals for the SRRs
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in the optical region differ strongly from that in
the microwave region, the working principle of
SRRs was explained in terms of electrical circuits.
Unfortunately, this simple LC-circuit picture
cannot explain some important properties of
the experimental observations. In particular, it
has not been possible to determine the exact
resonance position in this quasi-static picture.
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Based on a detailed analysis of the spectral position of the occurring resonances as a function
of SRR geometry (e.g., as shown in Fig. 85) and
by simulating the optical near-field, we were
able to associate the resonances in the spectra
with collective charge oscillations in the entire
ring structure: so-called localized or particle
plasmons. The resonance positions are thereby
given by plasmonic eigenmodes of the SRR [5].

Figure 85: Measured influence of the length of the wire parallel to the electric field on the spectral reflectivity for sample 3 to 5 in (a) and results of the simulation in (b). The corresponding extracted linewidths of
the spectra for the 1st and the 2nd order plasmonic eigenmode are shown in (c) for the measurement and (d)
for the simulation.
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Figure 86: (a) Reflectance spectrum of a slab of SRRs for normal light incidence. The peaks in the spectrum
characterize the plasmonic eigenmodes of the rings (denoted by the numbers). (b)–(d) Near-field distribution
of the electric field component 20 nm above the structure for the resonance positions (1) to (3).

Figure 86 shows the reflectance and the nearfield distribution of SRRs for normal incidence.
The peaks occurring in the spectrum are associated with the plasmonic eigenmodes. From
the near-field images of the electric field component, one can infer that they show in principle the same behavior as classical plasmonic
dipole oscillations. The resonance frequency of
the peak in the spectrum is higher if more nodes
occur in the electric field component in the nearfield. A detailed analysis shows that these peaks
can be attributed to higher-order plasmonic excitations.
Depending on the polarization of the excitation, only modes with an odd or even number
of nodes can be excited. Therefore, it becomes
immediately obvious which geometrical parameters determine the exact position of the resonance in the spectrum. As the plasmon resonance frequency depends mainly on the entire
length of the oscillation path for the quasi-free
electrons and the height of the metal structure,
the resonance can be tuned by changing these
parameters.
For obtaining strong resonances in the effective permeability of such structures, only eigenmodes with an odd number of nodes are suitable [6]. They produce a kind of a circular current inside the ring structure by oscillating electrons in opposite directions in the two side-arms
of the SRR. These oscillations can generate
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an electrical quadrupole moment which is connected to a magnetic dipole moment perpendicular to the ring structure. This magnetic dipole
moment oscillates with the same frequency as
the exciting light field and can lead to a strong
internal magnetic field enhancement.
For an appropriate propagation direction of the
external light (magnetic field component perpendicular to the ring plane), the superposition
of the internal magnetic fields with the incident
field component will lead, therefore, to a strong
dispersive permeability (also with negative values) in the optical domain. Using such resonances in combination with resonances in the
effective permittivity, negative values for the refractive index of such a metamaterial can be obtained.
In conclusion, we have experimentally and theoretically analyzed the character of the resonances in SRRs at normal incidence. A consistent framework of arguments can explain the respective resonances in terms of plasmon excitations in the entire structure. There is no particular need for employing electrical engineering
terms, such as LC-resonances.
The difference in the resonance frequencies of
differently polarized modes can be explained by
the mode orders. As those higher-order modes
appear at significantly larger frequencies, it
seems to be an attractive concept to employ
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higher-order resonances of SRRs for obtaining a metamaterial with a negative permeability. Although the frequencies of higher-order
modes will suffer from the same limitations as
their first-order counterparts, they could potentially pave the way to obtain a negative index
metamaterial at higher frequencies as compared
to SRR concepts that rely on the fundamental
mode, which are up to now limited by the technologically obtainable structure size.
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