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Projection of the crystal structure of the mercury-richest sodium amalgam Na11 Hg52−x along [001].
Hg sites are indicated by grey ellipsoids, Na sites by blue ellipsoids. The low-symmetric structure
is overlayed by the superstructure of a hexagonal rod packing (shaded in red). The colored pattern
in the center shows the result of a topological analysis of closest interatomic distances for a small
region of the structure. Na11 Hg52−x is the solid phase in equilibrium with mercury in the ‘amalgam
process’, a variant of the chloralkali electrolysis (see also p. 13).
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In the report you are holding in your hands, we intend to give an impression of the manifold scientific activities at the Max Planck Institute for Solid State Research during the
year 2009. In the first part, we present a selection of highlights of the scientific accomplishments in our Departments, Research Groups, 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 another Research Group (Minerva Research Group ‘Computational Approaches
to Superconductivity’), headed by Lilia Boeri, was established at the Institute. The new
group studies physical properties of complex materials with focus on superconductors,
using state-of-the-art ab initio methods.
We thank all 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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General information on Abteilungen, Research Groups, 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. [18,28,79]
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 electrochemistry, 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 modeling), 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?
[30,82,90]
Ionic and electronic charge carriers (e.g., vacancies) 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 connections 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, highresolution transmission electron microscopy, electron crystallography and measurements of magnetic susceptibility as well as electrical transport properties are used. [13,54]
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. The group operates a spectrometer at the research reactor FRM-II in Munich which
uses a combination of triple-axis and neutron spin echo techniques to optimize the energy resolution and to allow the determination of lifetimes of magnetic and lattice vibrational excitations
throughout the Brillouin zone.
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. [37,57]
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.
[84,88,105,109]
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. Time-resolved photoconductivity, luminescence, and Raman
measurements in magnetic fields are methods of characterizing the low-dimensional electronic
systems. 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. [102,121]
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 the transport, magnetic,
optical, and bonding properties of solids. The members of the A NDERSEN
Abteilung calculate the electronic properties of weakly as well as strongly correlated materials, for which the dominating electronic energy is respectively the
kinetic energy and the Coulomb repulsion.
The work on weakly correlated systems is based on density-functional theory
(DFT). For strongly correlated d-electron systems, an essential aim is to
introduce chemical realism in the description by developing realistic Hubbard Hamiltonians, e.g.,
by using basis sets of Wannier functions derived from NMTO DFT calculations. The Hubbard
Hamiltonians have been solved in the static and dynamical mean-field approximations, as well
as in dynamical cluster approximations. Another focus is the calculation of phonon spectra and
the electron-phonon interaction, using DFT and also attempting to include electronic correlations.
Of specific interest have been metal-insulator transitions and dynamical, magnetic, optical, and
superconducting properties of high-Tc cuprates, nickelate heterostructures, and iron-pnictide and
chalcogenide superconductors. [46,61]
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, titanates,
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, quantum wires, and quantum Hall systems are being studied. The correlation problem is attacked with various numerical and field-theoretical techniques: exact diagonalization,
density matrix renormalization group, dynamical mean-field theory, functional renormalization
group and (1/N)-expansion. Modern many-body methods are not only being applied, but also further developed within our group. [68,75]
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.

5

General information on Abteilungen, Research Groups, and Scientific Service Groups

Research Groups
The Minerva Research Group C OMPUTATIONAL A PPROACHES TO S UPER CONDUCTIVITY (Boeri) was established in July 2009 in the framework of
the Minerva Program of the Max Planck Society. The goal is to understand
in detail the physical properties of complex materials, with a particular focus on superconductors, using state-of-the-art ab initio methods. For standard
(electron-phonon) superconductors, where the electronic correlations are weak,
we combine Density-Functional and Migdal-Eliashberg theory to investigate the
relation between bonding, electronic structure and superconducting properties. Our results are
meant as a guideline for the search of new compounds with better characteristics. For high-Tc
exotic superconductors, such as cuprates or iron pnictides or chalcogenides, we combine Density
Functional Theory with Many-Body Techniques, to treat the effect of strong electronic correlations beyond the Mean-Field Approximation. This includes deriving model Hamiltonians from
first-principles, and implementing and applying new approximations beyond standard Density
Functional Theory for ab initio calculations. Our goal is understanding the complex interplay
between electronic structure, magnetism and superconductivity and, at the same time, testing and
improving current ab initio methods. [40]
A phonon (quantum of lattice vibration) is excited in a solid. Phonons mediate the pairing between electrons in the
BCS theory for superconductivity.

Research in the O RGANIC E LECTRONICS Group (Klauk) focuses on novel
functional organic materials and on the manufacturing and characterization
of organic and nanoscale electronic devices, such as high-performance organic thin-film transistors, carbon-nanotube field-effect transistors, inorganic
semiconductor nanowire field-effect transistors, and organic/inorganic hybrid
radial superlattices. Of particular interest is the use of organic self-assembled
monolayers in functional electronic devices. We are developing materials and
manufacturing techniques that allow the use of high-quality self-assembled monolayers as the gate
dielectric in low-voltage organic and inorganic field-effect transistors and low-power integrated
circuits on flexible substrates. We are also studying the use of self-assembled monolayers for the
preparation of nanoscale organic/inorganic superlattices that exhibit unique electrical, optical, and
mechanical properties. Scientific work in organic electronics is highly interdisciplinary and involves the design, synthesis and processing of functional organic and inorganic materials, the
development of advanced micro- and nanofabrication techniques, device and circuit design, and
materials and device characterization. [115]
n-Octadecylphosphonic acid C18 H37 PO(OH)2 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).
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The research conducted in the group T HEORY OF S EMICONDUCTOR NANO STRUCTURES (Bester) has its main focus on the theory of semiconductor
nanostructures. The special interest resides in quantum mechanical effects that
become apparent when the carriers of charge and magnetic moment – electrons
or holes – are confined into space regions with dimensions in the nanometer
range. The aim is to develop theoretical concepts and implement them into computational methods using an atomistic description. At one end of the size scale,
when the confining region encompasses only dozens of atoms, we are in direct contact with the
chemical world of molecules. At the other end of the length scale we address the fast growing and
expanding research field of artificially structured solids, such as quantum wells, quantum wires
and quantum dots. We work in close collaboration with experimentalists to benchmark our theory
and offer predictions for the properties of many-body quantum states in reach of experimentalists.
[118]
State density of the bonding electron state of two vertically stacked self-assembled InGaAs quantum dots (quantum
dot molecule) calculated with the atomistic empirical pseudopotential method. The quantum dots have the shape of a
truncated cone with 25 nm diameter and a vertical separation of 5 nm. The two translucent red isosurfaces enclose 75%
and 40% of the total state density. The physical dot dimensions are shown in blue.

The Research Group T UNNELING S PECTROSCOPY OF S TRONGLY C ORRE LATED E LECTRON M ATERIALS (Wahl), established in October 2008, is focused
on mapping the excitations in correlated electron materials with high spatial
and spectral resolution with spectroscopic imaging STM. In correlated electron
materials, electronic states have both, localized and delocalized character. This
duality of electron behavior makes the difference to conventional materials, but
also renders their theoretical description and experimental detection difficult.
The aim of this research group is to enhance the understanding of the low-energy excitations in
these materials and get a clearer picture of the electronic structure. To this end new instrumentation is developed optimized for the retrieval of spectroscopic maps at low temperatures and in high
magnetic fields. [51]
The logo depicts at the same time the measurement geometry implemented to perform tunneling spectroscopy with
the tip shown as a ‘v’ and the surface as a dash. At the same time, it schematically depicts the ‘v’- (or ‘u’-) shaped
tunneling spectrum of a d-wave superconductor close to the Fermi energy as found, e.g., in cuprate superconductors, the
most famous class of correlated-electron materials.

The U LTRAFAST NANOOPTICS Group (Lippitz) is a joint research group of the
Max Planck Institute for Solid State Research and the Department of Physics
at the University of Stuttgart. The research interest is ultrafast spectroscopy
at and beyond the optical resolution limit. The group combines nonlinear optical methods such as pump-probe spectroscopy and higher harmonics generation with high-resolution optical microscopy to investigate ultrafast dynamics on
the nanoscale. One focus is on single nanoobjects such as metal nanoparticles,
semiconductor quantum dots or molecules. Traditional ultrafast spectroscopy averages over large
ensembles of these systems, thereby removing all the details of the variation between individual
objects. Only the spectroscopy of a single particle can yield the full picture of a nanoobject’s ultra7
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fast dynamics. We use for example single-particle pump-probe spectroscopy to investigate elastic
properties at the nanoscale. A second focus is on nanostructured materials like metallic photonic
crystals. The periodic arrangement of metallic structures leads to new optical properties of the
combined medium. We make use of interactions between metal stripes or layers to, e.g., increase
the lifetime of particle plasmons or produce ultrafast transmission changes. [112]
Optical parametric amplifier generating tunable femtosecond pulses for coherent spectroscopy.
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Scientific Service Groups
The C HEMICAL S ERVICE Group (Kremer) develops techniques and maintains
experimental facilities in order to support all experimental groups of the Institute
with the characterization of electrical, thermal and magnetic properties of new
compounds and samples. Our mission targets at a great versatility and flexibility
of the experimental methods including the development and cultivation of
experimental techniques to perform measurements, e.g., on chemically highly
sensitive and reactive small samples under inert gas conditions.
Presently available are two SQUID magnetometers, home-built ac-susceptometers, dc- and acelectrical 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, iron arsenides), new or unusual
magnetoresistive materials (rare earth halides and hydride halides), low-dimensional and frustrated
magnetic systems and systems with unusual magnetic ground states (frustrated quantum chain
systems, multiferroic materials). [33,65]
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.

The C OMPUTER S ERVICE Group (Burkhardt) runs the Institute’s central mail,
print, software, backup and web servers, as well as the ten servers providing
department specific services connected to a common Storage Area Network.
Backup remains based on Tivoli Storage Manager (TSM); currently the total
backup data volume remains at 70 TB. In 2009 the group integrated 126 new
PCs and 36 laptops into the network, the estimated total number of desktops and
data acquisition PCs remains around 1200. Of these about 70% run Windows
and 30% run Linux. 1.20 million pages were printed on the centrally maintained printers in 2009.
The Bladecenter Systems were extended to 292 Intel architecture blades with 2000 cores, making
the x86/x86-64 based systems the computational backbone for the Andersen, Bester, Jansen, Maier
and Metzner groups. Most central services were virtualized by means of the Xen hypervisor and
concentrated in two bladecenter installations in different locations with a total of 12 blades. In 2010
the group plans to make these virtualized servers highly available. All departemental, HPC and
infrastructure servers run the Linux operating system.All PowerBlades and rack-mounted Linux
clusters with Netburst Xeon cores (IBM xSeries 335, x3550) have been shut down in 2009 due to
low-energy efficiency. The blade installations with their high-energy density, however, are a challenge to the existing air cooling infrastructure. To overcome the problem, water-cooled backdoors
were installed in 6B13 to cool the racks directly. These backdoors lowered the temperature behind
the blade installations from 45∘C to 25∘C. The backup hardware in 3D3 was sealed in a closed
water-cooled rack, since this room had no other means of climatization. These measures established in 2008 and 2009 proved to be effective and long term stable. Housing the cold aisle in the
main server room 2E2 avoids uncontrolled mixing of cold an hot air and improved the climatization
efficiency there.
View inside the Tape library of the DV-FKF. Every night the data of 100 computers in the Institute is backed up. At
the moment the total TSM backup and archive volume amounts to 70 Terabytes.
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The C RYSTAL G ROWTH Service Group (Lin) applies, modifies and develops
techniques, such as traveling solvent floating zone with infrared image furnace, Bridgman, top seeded solution growth and Czochralski methods to grow
single crystals from the melt or solution. These range from isotopically pure
semiconductors to fullerenes and transition metal oxides. Three floating zone
furnaces, including Xenon lamps heating up to 3000∘C, are fully operational.
They are used predominantly to grow large single crystals of transition metal
oxides for neutron and optical spectroscopy. Vapor transport methods are modified to grow crystals of II–VI and III–V compounds with defined isotopic components from low amounts of source
materials. Accurate characterization is done with the aim of obtaining high-quality single crystals,
for instance, superconductivity and magnetism performed using SQUID, crystal compositions determined by SEM/EDX, structure and phase identified by X-ray diffraction method, polling of twin
domains, differential thermal and thermal gravimetric analysis. Thermal behavior of investigated
compounds can be direct in situ observed under high temperature optical microscope. [43]
A view of the inside chamber of the four ellipsoidal infrared image furnace.

Research within the H IGH P RESSURE Service Group (Syassen) is concerned
with the effects of hydrostatic pressure on structural, lattice dynamical, and electronic properties of crystalline solids and their high-pressure phases. 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. 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, e.g., 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.
10
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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 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.

The I NTERFACE A NALYSIS Service Group (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 buried 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), 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
particular, graphene layers grown epitaxially on SiC surfaces are investigated. Quasi-free standing,
homogeneous, large area epitaxial graphene films are grown on SiC. Their electronic structure is
tailored on an atomic level and analyzed using angle-resolved electron spectroscopy. [99]
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).

The MBE Service Group (Dietsche) provides semiconductor heterostructures
based on the GaAs/AlGaAs system by using molecular beam epitaxy (MBE).
By appropriate doping, two-dimensional charge carrier systems form at the interfaces between different semiconductors. A low impurity level is required for the
high mobility of the charge carrier systems which are needed to study electron
correlation phenomena like the fractional quantum Hall effect. Also important
are 2d electron gases located closely to the surface. In these structures, lithographically defined quantum dot systems with dimensions of a few nanometers can be electrically
manipulated via surface gate contacts. Of particular scientific interest is the growth of electronic
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double layers, which are electrically isolated from each other but have separate electric contacts.
Strong evidence of exciton superfluidity has already been observed in these structures. Much lower
impurity levels are required to produce structures, which are suitable for topological quantum computing utilizing the fractional state at 5/2. [71]
Atoms impinge, diffuse and nucleate on the surface of a heated crystalline substrate under ultrahigh vacuum
conditions. This process is called molecular beam epitaxy.

The T ECHNOLOGY Service Group (Habermeier) offers service work in the fields
of thin film preparation, microlithography and fabrication of bonded 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 of materials
with complex chemical composition such as high-temperature superconductors
(HTS), perovskites with colossal magnetoresistance (CMR) and other related
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 HTSCMR interfaces as well. This research activities are performed in close scientific cooperation with
the departments Maier and Keimer. 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, designed for polarized spin
injection, exchange bias effects and magnetic flux-line pinning phenomena are of central interest.
[94]
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.

The X-R AY D IFFRACTION Service Group (Dinnebier) provides X-ray diffraction measurements of single crystals and powders in the laboratory at room and
at low temperature. Research within the 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 non-routine structure determination (phase
transitions, disorder, anisotropic peak broadening, etc.) from powders is offered. This includes
the performance of experiments at synchrotron and neutron sources at ambient and non-ambient
conditions. Materials currently under investigation include organometallic precursors, binary and
ternary oxides, ionic conductors, electronic and magnetic materials, and rotator phases. [22]
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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New compounds and phase transitions
There is a long tradition in the research of the Institute in understanding of solids, rationalizing
the synthesis, phase transitions and prediction of new inorganic materials. Recently we found,
that the novel alkali metal suboxometallates (A9 MO4 ) contain ionic parts besides metallic ones.
In the carbide borides of the rare earth metals rings, chains and ribbons of B–C are surrounded
by rare earth metal nets. We could identify that Na11 Hg52−x is the Hg-richest sodium amalgam.
In the new family of the chain manganates Ax MnO2 (1.33 ≤ x ≤ 1.706) Mn(II)/Mn(III) is present.
Predicting crystalline solids is shown for BN and LiF (Li4 F4 ). The temperature-dependent phase
transition is described for -, -SiBr4 . For CsFeO2 a semiautomated parametric refinement of the
structural order parameters at the cubic to orthorhombic phase transition is demonstrated. In the
redox system LiFePO4 /FePO4 for the charge carrier chemistry a point defect model is presented.
For black ‘-HgS’ (cinnabar) – less investigated in the past – low temperature experimental data as
well as ab initio calculations are performed.

Investigation of novel and classic compounds
V. Babizhetskyy, Hj. Mattausch, M. Schaloske, C. Hoch, J. Tong, R.E. Dinnebier,
J. Köhler and A. Simon

Exploratory research in the area of metal-rich phases produces a steady flow of new results as
described with carbide halides and boride carbides of the rare earth metals (RE). Novel alkali
metal suboxometallates come as a great surprise with (hopefully) many more to follow. However,
also classic compounds like the sodium amalgam which is the solid equilibrium phase in a multi10 000-tons industrial process provide surprises as well as the polymorphism of molecular crystals
exemplified with silicon tetrabromide.
Carbide halides of rare earth metals with carbon in tetrahedral surrounding [1,2]
As the first example for a structure with isolated carbon-centered rare earth metal tetrahedra, Ce4 CCl8 was prepared from a mixture
of Ce, CeCl3 and C in sealed Ta capsules at
820∘ C. It forms black polyhedral, in fragments
transparent orange to red and moisture sensitive crystals. As shown in Fig.1 (left) the Ce4 C
tetrahedra are aligned with one edge approximately parallel to [101], actually slightly tilted
forming planes nearly perpendicular to [100].

The slight misalignment with an identity period
of four tetrahedra is clearly seen. In (101) only
two different orientations occur, so that the next
but one row is identical (Fig. 1, right). The resulting voids in the structure are occupied with
Cl atoms in an irregular order, especially between the layers. All Cl atoms coordinate the
Ce4 C tetrahedra above edges and corners and
all except one connect neighboring units.
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Figure 1: Projections of the crystal structure of Ce4 CCl8 .

The compounds RE6 C2 Cl10 were prepared with
praseodymium and cerium by reaction of RE
metal, RECl3 and C with molar ratio of 4:5:3
at ≈ 810∘ C. In the structure two RE4 C tetrahedra are connected via a common edge to form

double tetrahedra which are step-wise staggered
along the c-axis. The double tetrahedra strings
are alternatingly tilted as shown in Fig. 2. All
free edges of the tetrahedra are coordinated via
Cl atoms to a three dimensional network.

Figure 2: Projections of the crystal structure of Pr6 C2 Cl10 .

Ternary rare earth metal boride carbides containing two- and one-dimensional boron-carbon
network [3]
The structures of REx By Cz phases display a
variety of different boron carbon substructures
ranging from discrete units to chains and layers embedded in the metal atom sublattice as
well as interconnected boron icosahedra. Compounds of the first category contain finite quasimolecular entities with lengths ranging from 2
to 13 B/C atoms. In the second category the
nonmetal atoms form planar or nearly planar
14

ribbons (BC) consisting of zigzag chains of
boron atoms to which carbon atoms are attached. In the third family the boron and carbon atoms are linked into layers which alternate
with sheets of metal atoms. New representatives
of the second and third family were recently discovered with the compounds SmB2 C2 , LuB2 C,
Dy2 B4 C, Tb2 B3 C2 and Tb10 B9 C10 comprising
five different structure types.
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Figure 3: Structural arrangement of SmB2 C2 (a), LuB2 C (b) and Dy2 B4 C (c).

SmB2 C2 adopts a tetragonal layered structure
(Fig. 3(a)). Within the boron-carbon layer, each
atom is bonded to three other atoms so as to
form fused four-membered (B2 C2 ) and eightmembered (B4 C4 ) rings. Two types of B–C
bonds are present: long bonds, 1.61 Å with a
B–C–B angle 82.6∘ in the four - membered
rings and short bonds, 1.52 Å, with B–C–B angle 138.7∘ in the eight-membered rings.
Fused four-membered (B2 C2 ) and sevenmembered (B5 C2 ) rings form the boron-carbon
sheets in the orthorhombic structure of LuB2 C.
The bonding in the B/C layers is quite irregular.
The (B2 C2 ) rings have two-fold symmetry with
angles of 89.7∘ and 90.3∘ and B–C distances of
1.63 Å. The (B5 C2 ) rings have angles between
116.8∘ and 135.9∘ (Fig. 3(b)).
In the structure of Dy2 B4 C (Fig. 3(c)) the boron
atoms form hexagons fused to straight ribbons
which are interconnected via C atoms. The layer
is thus composed of (B6 ) and (B6 C2 ) rings. One
type of B atom is bonded to three others with
distances 1.87 Å and 1.75 Å and angles 118.8∘

and 122.3∘ , respectively, while the other type
bonded to two B and one C atom at distances of
1.51 Å and at angles of 180.0∘ .
In the structure of Tb2 B2 C3 the boron atoms are
connected to zigzag chains with a distance of
1.93 Å and a bond angle of 123.7∘ . These chains
are oriented parallel to [100]. Neighboring
chains are connected via C3 -groups C1–C2–C1
parallel to [010] with dB−C1 = 1.53 Å and
dC1−C2 = 1.44 Å, C1−C2−C1 = 180.0∘ . The B
atoms are in trigonal prismatic metal coordination as usual for most metal borides, and the
C1–C2–C1 fragment lies within a slightly distorted cube of metal atoms (Fig. 4(a)).
The structure of Tb10 B9 C10 contains slabs composed of nonmetal and rare earth metal atoms
which stack along [010] (Fig. 4(b)). In the slab
BC2 units and single carbon atoms are attached
to a zigzag boron B10 unit forming the unprecedented B18 C18 branching units which are linked
into chains with B–B distances of 2.42 Å. In addition single carbon atoms are found.

Figure 4: Structural arrangement of Tb2 B3 C2 (a) and Tb10 B9 C10 (b).
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Na11 Hg52−x : A complex amalgam with polar metal-metal bonding [4]
By electrolyzing a solution of NaI in dry
N,N-Dimethylformamide using a Hg drop
as cathode the Hg-richest sodium amalgam
Na11 Hg52−x can be prepared. The existence
of this phase was known from thermoanalytic
studies by Kurnakow for a long time. It crystallizes in a new, highly complex structure type
(hexagonal, space group P 6, a = 39.703(2) Å,
c = 9.6810(5) Å, Z = 9). The crystal structure of
Na11 Hg52−x is built from 30 Na and 102 Hg positions in the asymmetric part of the unit cell.
From the 102 Hg positions only one (Hg(89)
with x = 0.7560(3), y = 0.5605(3), z = 0) is underoccupied. This has been verified on several
crystal specimens taken from different samples.
The diffraction pattern of the hk0 plane shows
strong reflections (Fig. 5(a)), suggesting a sub1
cell with a′ = 13
⋅a and a dislocation of k = 1

after every 13 units in h. The counterpart in the
crystal structure is the slightly distorted hexagonal close-packed arrangement of the Hg and Na
atoms in the ab-plane. The high complexity of
this mercury richest phase in the Na–Hg phase
diagram can be regarded as the result of the
interplay of a typically metallic close-packed
arrangement of Na and Hg atoms, the formation of coordination spheres of Hg around Na
cations and covalent Hg–Hg bonding contributions.
Temperature-dependent conductivity measurements show saturation behavior that can be fitted according to the Joffe-Regel law with especially small saturation resistivity. Reasons for
this may be small carrier concentration or large
distances between scattering events according
to the large translation vector a.

Figure 5: Diffraction pattern of the hk0 plane of Na11 Hg52−x (a); projection of the ab-plane (b) (green
spheres: Na, blue spheres: Hg).

The alkali metal suboxometallates A9 MO4 [5,6]
The reaction of cesium metal, cesium oxide
Cs2 O and metal oxides M2 O3 at moderate temperatures (100∘ C to 300∘ C) results in the formation of suboxometallates with the composition A9 MO4 . Up to now representatives have
been found for M = Al3+ , Ga3+ , In3+ , Sc3+
and Fe3+ . The crystal structure of this new series of isotypic subvalent compounds exhibits
a spatial separation of regions with ionic and
metallic bonding. The complex anions [MO5−
4 ]
are coordinated by 12 cesium atoms in a dis-

16

torted cuboctahedral environment that is often observed in ‘normal’ oxometallates. These
[Cs12 MO4 ] clusters are condensed via common
faces to columns [Cs8 MO4 ] extending along
the c-axis of the tetragonal unit cell (Fig. 6).
As these columns are ionic inside and metallic
on the outside, they can bind a further, purely
metallic cesium atom between them. Consequently, the suboxometallates exhibit metallic
conductivity.

New compounds and phase transitions

B
Mixed crystals according to A9 MA
1−x Mx O4 can
be prepared. In addition, substitution of the
single cesium atom by rubidium occurs, leading to the composition Cs8 (Cs1−x Rbx )MO4 .
The suboxometallates A9 MO4 with M = Al, Ga,
In, Sc can be regarded as thermodynamically
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stable phases; for Cs9 InO4 congruent melting at 224(3)∘ C has been observed. However,
Cs9 FeO4 contains Fe3+ and therefore is thermodynamically metastable. It decomposes irreversibly at 190(3)∘ C with loss of Cs into a mixture of cesium oxoferrates(II).

Figure 6: Crystal structure of A9 MO4 -type suboxometallates ((a) green: M, red: O, light and dark blue: A);
dependence of the lattice parameters on the ionic radius of M and the substitution of Cs by Rb (b); congruent
melting behavior of Cs9 InO4 (right, above) and irreversible decomposition behavior of Cs9 FeO4 (c).

The packing of SiBr4 tetrahedra – determination and prediction of crystal structures [7]
The crystal structures of two polymorphs of
SiBr4 were determined from X-ray synchrotron
powder diffraction data [7]. Temperature-dependent X-ray powder diffraction studies show
that from room temperature down to approximately 160 K a cubic -modification and below
this temperature down to 120 K a monoclinic
-modification of SiBr4 exists (Fig. 7). -SiBr4
adopts the SnI4 type structure with a cubic
packing of the anions and the monoclinic LTmodification, -SiBr4 , crystallizes in the SnBr4
type structure with a hexagonal packing of the
anions.
A full crystal-structure prediction for SiBr4 was
performed by a global minimization of the lattice energy, which is described as the sum of
van-der-Waals and electrostatic terms, using the
program CRYSCA. Within an energy range of
5 kJ/mol ten low-energy crystal structures were
found, which include the experimentally found
two modifications, and the remaining eight are
thus potential polymorphs.

Figure 7: Cell volume (top), lattice parameters
(middle) and powder diffraction patterns (bottom) of
SiBr4 as a function of increasing temperature.
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In the energetically best crystal structure the
Br atoms form a distorted cubic close packing,
with the Si atoms occupying 1/8 of the tetrahedral voids in such a way that the molecules
themselves also form a distorted cubic close
packing. This structure type is found experimentally for CF4 and PbCl4 . In the other lowenergy structures the Br atoms adopt various
sphere packings.
[1] Schaloske, M.C., L. Kienle, C. Hoch, Hj. Mattausch,
R.K. Kremer and A. Simon. Zeitschrift für anorganische und allgemeine Chemie 635, 1023–1029
(2009).
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[2] Schaloske, M.C., Hj. Mattausch, L. Kienle and
A. Simon. Zeitschrift für anorganische und
allgemeine Chemie 634, 1493–1500 (2008).
[3] Babizhetskyy, V., Hj. Mattausch and A. Simon. Zeitschrift für Naturforschung B 63, 929–933 (2008).
[4] Hoch, C. and A. Simon. XIIth European Conference
on Solid State Chemistry, Münster, 166 (2009).
[5] Hoch, C., J. Bender and A. Simon. Angewandte
Chemie International Edition 48, 2415–2417 (2009).
[6] Hoch, C., J. Bender, A. Wohlfarth and A. Simon.
Zeitschrift für anorganische und allgemeine
Chemie 635, 1777–1782 (2009).
[7] Wolf, A.K., J. Glinnemann, M.U. Schmidt, J. Tong,
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Chain manganates:
A new family of mixed-valent one-dimensional transition metallates
J. Nuss, M. Stahl, S. Pfeiffer, M.A. Señarı́s-Rodrı́guez and M. Jansen

Charge, spin and orbital ordering are regarded
as crucial prerequisites for the occurrence
of collective physical phenomena like highTc superconductivity or pronounced magnetoresistance in extended solids showing lowdimensional substructures. In most instances
the required mixed-valence state of the respective transition metal has been introduced by extrinsic doping. Such an approach, however, has
the unfavorable side effect of broken translational symmetry (perturbed periodicity).
Recently, we have developed the azide/nitrate
route for the synthesis of alkali oxometallates.
It allows for a remarkably minute control and
adjustment of the compositions, including the
oxygen contents, of the targeted transition metallates, opening a versatile access to intrinsically doped extended oxides [1]. Among the
transition elements manganese stands out, because of its richness in accessible oxidation
states, and thus appears to be particularly suitable for further probing the potential of the
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azide/nitrate route. By increasing the alkali
metal to manganese ratio beyond the values typical for, e.g., hollandites like Rb1−x Mn4 O8 , we
have been able to shift the oxidation state of
manganese to lower values (2+/3+) and to break
down the three-dimensional framework of the
anionic MnO2 part of the hollandite to a onedimensional partial structure, with an amazingly ample family of intrinsically doped new
oxomanganates emerging.
The compositions realized thus far,
∙
∙
∙
∙
∙

K29 Mn17 O34 [2],
Rb11 Mn8 O16 [2,3],
Rb15 Mn11 O22 [3,4],
Cs4 Mn3 O6 [2], and
Cs23 Mn16 Mn28 ,

were obtained from stoichiometric mixtures of
the precursors Mn2 O3 , ANO3 and AN3 (A = K,
Rb, Cs) in steel containers, provided with silver
inlays. Equation (1) gives the ratio required for
Rb11 Mn8 Mn16 , as an example.
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58 RbN3 + 8 RbNO3 + 24 Mn2 O3
−→ 6 Rb11 Mn8 O16 + 91 N2
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(1)

With the exception of Cs23 Mn16 O28 , the compositions can be generalized as Ax MnO2 with
x varying from 1.706 to 1.333. The most
prominent structural feature, shared by all of
the Ax MnO2 compounds, is a one-dimensional
polyanion 1 [MnO2 ]n− constituted of edge sharing, sometimes heavily distorted, MnO4 tetrahedra, forming a hexagonal rod-packing. The
alkali metal ions fill the space between the
anionic entities resulting in a honeycomb like
topology. Figure 8 shows the structural principle (for example of Rb15 Mn11 O22 ).

+2.294
K29 MnII12 MnIII
O34 ,
5 O34 or K28 Mn17
+2.625
Rb11 MnII3 MnIII
O16 ,
5 O16 or Rb11 Mn8
+2.636
Rb15 MnII4 MnIII
O22 , and
7 O22 or Rb15 Mn11
+2.667
Cs4 MnII MnIII
O6 .
2 O4 or Cs4 Mn3

Fully ordered charges should be reflected by
specific Mn–O distances. For a tetrahedral coordination one would expect Mn–O bond lengths
of 1.9 Å (Mn3+ ) and 2.0 Å (Mn2+ ), respectively. Upon inspecting the interatomic distances found experimentally, one notices significant spreads from 1.84 Å to 2.11 Å, covering the full range expected for the distances of
Mn3+ and Mn2+ to oxygen.
Another significant structural detail results from
the necessity to adjust the translation period of
the MnO2 chains to the alkali metal framework.
For Cs4 Mn3 O6 a simple formula for the average compatible periodicities can be given:
3×dMn−Mn = 2×dCs−Cs = c = 8.179(2) Å. Finding the smallest common denominator for the
other representatives leads to extraordinarily
long crystallographic axes:

Figure 8: Above: perspective representation of the
crystal structure of Rb15 Mn11 O22 , with margins of
the unit cell (grey); shortest Rb–Rb contacts are
drawn by orange sticks. Below: Structural fragment,
showing two of the 1 [MnO2 ]n− chains of edge chairing MnO4 tetrahedra in c-direction.

Obviously manganese is in a mixed-valent state.
One may assign average or split valences, corresponding to

K29 Mn17 O34
[34×dMn−Mn = 29×dK−K = a = 93.149(3)Å],
Rb11 Mn8 O16
[16×dMn−Mn = 11×dRb−Rb = c = 43.712(2) Å]
and Rb15 Mn11 O22
[22×dMn−Mn = 15×dRb−Rb = c = 59.798(2) Å].
As a consequence of this matching of the
polyantranslation vectors of the 1 MnOn−
2
ions and the respective alkali ions, the oxidation state of manganese is fixed. The smaller
cation generates a larger ratio between alkali metal and manganese in K29 Mn17 O34 =
K1.706 MnO2 , and consequently a larger ratio of Mn2+ /Mn3+ = 0.71/0.29. The bigger cesium ion only allows for a smaller ratio Cs/Mn
(Cs4 Mn3 O6 = Cs1.333 MnO2 ), and thus a smaller
ratio Mn2+ /Mn3+ = 0.33/0.67 results. Finally,
the oxygen atoms, which form a screw around
the manganese backbone, have to match the
coordinative requirements of both, the alkali
metals and the manganese atoms (Fig. 8).
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for the MnO2 substructures, whereby the intersubsystem contacts result in a displacive modulation, mainly of the oxygen atoms [3]. A
uniform and inclusive description is provided
by analyzing the modulation function (t-plots
Fig. 9): The Mn–O bond has not only one optimal value, but the modulation of the coordination of Mn reflects the two limiting valence
states of this atom. This results in Mn–O bonds
being longer for Mn2+ than for Mn3+ , on the
average (Fig. 9(a), the four Mn–O bonds are
pairwise equal). The relatively large variation
of Mn–O bond length from 1.80 Å to 2.05 Å
can indeed be explained by the two valence
states of Mn as it is shown by the valence
sums computed by the bond-valence method
(Fig. 9(b)). The helical MnO2 chains are composed of strongly distorted MnO4/2 tetrahedra.
Each two O–Mn–O angles that are related to the
two edges connecting two polyhedra are in the
range of 90∘ (thin lines in Fig. 9(c)) and show
smaller variations as compared to the remaining
four angles. The latter can be divided into two
subsets, with angles around 105∘ and around
135∘ , respectively (bold lines, Fig. 9(c)).

Figure 9: Coordination of Mn in Rb15 Mn11 O22 : (a)
t-plot (modulation function [5]) of the four Mn–O
distances of the first coordination shell. (b) t-plot
of the valence of Mn obtained by the bond-valence
method. (c) the six O–Mn–O angles as a function
of the parameter t. (a)–(c) vertical dashed lines indicate those values of t that are realized in the commensurate composite structure; bold lines have to be
counted twice due to symmetry relations.

The modulations of the charges of manganese,
and the periodicity of the alkali metal framework diverging from the one of the MnO2
chains can be more appropriately addressed
within the (3+1)D superspace approach [5]. At
least Rb11 Mn8 O16 and Rb15 Mn11 O22 can be described as composite structures consisting of
two subcells, one for the rubidium and another
20

Figure 10: Fragment of the crystal structure of
Rb15 Mn11 O22 with right-handed (top) and lefthanded (below) helicoidally surface, emphasizing
the helicoidally shaped MnO2 chain with alternating, more like tetrahedral and square planar coordination of manganese.

The extreme values of ≈ 95∘ and ≈ 150∘ are
indicative for an approximately square planar
configuration (ideal angles 90∘ and 180∘ ), while
those of ≈ 115∘ and ≈ 125∘ are approaching
the value expected for a tetrahedron (ideal angles 109∘ , each). Taking the information contained in Figs. 9(a)–(c), together, confirms that
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the surrounding of Mn2+ is a distorted tetrahedron and the one of Mn3+ approaches a square
planar-like coordination, respectively. Although
the modulations of distances and angles indicate an intermediate valence state of Mn, a
value of ≈ 1/2 can be roughly estimated for the
tetrahedral/planar and thus the Mn2+ /Mn3+ ratio (Fig. 10). This ratio is in agreement with the
mixed-valence character of manganese as it can
be deduced from the compositions of both compounds Rb11 Mn8 O16 and Rb15 Mn11 O22 , with
Mn2+ /Mn3+ ≈ 1/2.
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sharing oxygen atoms (common corners) forming 1 Mn3 Om−
5 chains (Fig. 11).

Figure 12: Field-dependent measurement of the
magnetization of Cs23 Mn16 O28 at different temperatures.

Figure 11: Above: Representation of the crystal
structure of Cs23 Mn16 O28 , with margins of the unit
cell (green); shortest Cs–Cs contacts are drawn by
orange sticks. Below: 1 [MnO2 ]n− and 1 [Mn3 O5 ]m−
chains of edge and corner chairing MnO4 tetrahedra
in a-direction.

Turning to the exception mentioned in the beginning, the compound Cs23 MnII15 MnIII O28 , it is
obvious from the overall composition that only
one out of the 16 manganese atoms is trivalent and that the anionic partial structure can no
longer consist of 1 MnOn−
2 chains exclusively.
Indeed, a new one-dimensional polyanion is
present, with the building motif being clusters
of six MnO4 tetrahedra, each linked by common
edges. Such clusters are finally connected by

Since each member of the novel family of intrinsically doped manganates displays a distinct spontaneous electric and magnetic polarization, and, coupled to the latter, also an elastic deformation, this class of compounds appears to be a promising system for comparative studies on multiferroic properties, as well
as on charge, spin and orbital ordering. Figure 12 demonstrates the spontaneous magnetization and the occurrence of different magnetic
states for Cs23 Mn16 O28 .
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Direct access to the order parameter: Parameterized symmetry
modes and rigid body movements as a function of temperature
M. Müller, R.E. Dinnebier, N.Z. Ali and M. Jansen

Introduction
Many crystalline phases can be viewed as lowsymmetry distortions of real or hypothetical
higher-symmetry parent structures (i.e., aristotypes). In such cases, a group-subgroup relationship must exist between the two structures, so that all symmetry elements of the lowsymmetry phase are also present in the highsymmetry phase. The low-symmetry phase will
generally have more structural degrees of freedom than the parent phase, and may involve
some combination of magnetic, displacive, occupancy and strain degrees of freedom. Using
group-representation theory, these degrees of
freedom can always be parameterized in terms
of basis functions of the irreducible representations (irreps) of the parent symmetry, which we
refer to as symmetry-adapted distortion modes,
or more simply as symmetry-modes. The symmetry modes of a given type (e.g., lattice strain,
displacive, occupancy or magnetic) belonging
to the same irrep collectively comprise an ‘order parameter’. The key order parameters that
define a structural transition have zero amplitude on the high-symmetry side, and take on
non-zero amplitudes on the low-symmetry side.
These order parameters tend to place the daughter atoms of a given parent atom onto more general Wyckoff sites and often split a parent atom
across multiple unique daughter sites. In many
cases, the symmetry-adapted description is the
most natural parameter set, because nature’s order parameters are usually selected to break a
specific set of symmetries.
In case of framework crystal structures, whose
structural distortions involve rigid polyhedral
units, the most natural description comprises
tilt modes that leave the polyhedra undistorted.
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To account for this additional chemical information, one uses rotations, translations, and
torsions as adjustable parameters. If the voids
of the framework are occupied by guest atoms
or molecules, these entities may also translate
and/or reorient. The rigid-body (RB) description is more restrictive than the symmetry-mode
(SM) basis, which is helpful when only RB
behavior is observed. But a single symmetryadapted order parameter will often approximate
a rigid-body mode for small mode amplitudes;
and a linear combination of symmetry modes
can achieve any possible distortion, including
RB distortions.
If the distorted structure has a lower point group
symmetry than the parent structure, the distortion can be referred to as ferroic. A ferroic distortion can be further classified as ferroelastic if it changes the shape of the unit
cell in such a way as to alter the crystal system. A ferroelastic distortion can be described
in terms of spontaneous macroscopic strains
(s ) of the parent unit cell parameters. The ferroelastic transition then marks the boundary
between the low-symmetry ferroelastic phase
and a higher-symmetry paraelastic phase that
supports only disordered local strains. Landau
theory describes the main physical features of
most ferroelastic phase transitions, wherein the
thermodynamic state of the system and the
free-energy difference that stabilizes the lowsymmetry phase (the excess Gibbs free energy)
are expressed in terms of thermodynamic order parameters [1]. Here, we will treat the lattice strains as linear combinations of symmetryadapted gamma-point order parameters, which
may also be coupled to additional displacive order parameters.
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In Landau theory, an order parameter decreases
continuously to zero at a second-order (a.k.a.
continuous) phase transition, whereas an order
parameter can abruptly ‘jump’ to a non-zero
value at a first-order (a.k.a. hysteretic) transition. For a continuous transition, the order parameter’s dependence on temperature can be
modeled by an empirical power law of the form
Q = f ∣ Tcrit − T ∣

(2)

where Tcrit is the transition temperature,  is
the critical exponent, and f is a temperature coefficient. Typical values of  are 1/2 for ordinary scalar second-order transitions, or 1/4 for
a transition at the tricritical point that marks the
boundary between first and second-order transitions. Values between 1/4 and 1/2 might be
obtained for a variety of reasons. The Landau
critical exponent is derived by calculating the
first derivative of the power series expansion of
a truncated Gibbs free energy with respect to the
order parameter and setting it to zero, a simplistic approach that is really only valid in a small
temperature interval around Tcrit . But near a tricritical point, one obtains  ≈ 1/4 for temperatures near Tcrit ,  ≈ 1/2 for temperatures far below Tcrit , and an intermediate ‘effective’ value
when attempting to fit over an extended temperature range that includes both extremes. However, it has also been shown that non-standard
power-law exponents obtained from fits over
extended temperature ranges are often due to
temperature-dependent energy-expansion coefficients of order four or higher and have nothing at all to do with critical phenomena. And
finally, attempting to fit a power-law to an order
parameter that is only approximately second order, will artificially suppress the exponent do to
the unusually rapid descent near the transition.
The most common method of characterizing
structural phase transitions is the powder X-ray
or neutron diffraction. Modern lab instruments
and advanced scattering facilities now provide
for the rapid collection of high-resolution powder diffraction patterns as a function of parameters like temperature, pressure or simple time.
1D or 2D position sensitive detectors allow for

efficient measurements of a series of powder
pattern near a phase transition. Usually, powder diffraction patterns are refined individually,
followed by a post-refinement analysis of lattice
parameters or atomic coordinates as a function
of external variables. But with the availability of
flexible self-programmable Rietveld programs
like TOPAS, the simultaneous refinement of a
single parametric model against multiple data
sets has now become possible [2]. User-friendly
software packages that allow one to automatically re-parameterize a low-symmetry structure
in terms of symmetry-adapted order parameters
of a higher symmetry structure have also become available (e.g., ISODISPLACE [3,4] and
AMPLIMODES), and require only a very basic knowledge of group theory. Together, these
developments have enabled fast and stable parametric refinements of physically-meaningful order parameters that were previously impractical.
Here, the ferroelastic phase transition of
CsFeO2 is investigated in detail via parametric
Rietveld refinement as a function of temperature. Both displacive and strain order parameters are modeled using power-law trends below
Tcrit . The displacive order parameters are analyzed using both the RB and SM descriptions
for comparison purposes.
Method
Both RB and SM distortion models have been
used to study the ferroelastic phase transition of
CsFeO2 from a cubic (space group Fd3m) parent structure to an orthorhombic (space group
Pbca) low-symmetry structure (Fig. 13). We
describe the SM approach first. Starting with
Fd3m and Pbca CIF-structure files that were
derived from single-crystal X-ray diffraction
data from isotypic RbFeO2 [5], the ISODISPLACE software was used to perform an automatic symmetry-mode decomposition of the
low-symmetry distorted structure into modes of
the high-symmetry cubic parent. In the cubic
phase, despite having a total of 32 atoms in the
conventional face-centered unit cell, the structure of CsFeO2 has no free atomic coordinates.
23
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Figure 13: An a-axis projection of the low-temperature (Pbca) crystal structure of CsFeO2 .

The cubic cell contains one unique atom of each
type, each of which lies on a special Wyckoff point. In the orthorhombic phase, however,
there are 24 free atomic coordinates. Because
the symmetry-mode basis is related to the traditional atomic-coordinate basis by a linear transformation, there must also be 24 displacive
symmetry modes. For convenience, we number
these modes from 1 to 24.
Equation (3) shows how the atomic positions rj
of the low-symmetry (LS) and high-symmetry
(HS) phases are related.
r LS
j

=

 cj,m Qm ( j ∣ m)

r HS
j +

(3)

m

The j index indicates an atom in the lowsymmetry supercell, the m index runs over all
of the modes associated with its parent atom,
( j ∣ m) is the jth component of the unnormalized (i.e., nice-looking) polarization vector of
the mth mode, and the cj,m are normaliza2 ( j ∣ m) 2 = 1.
tion coefficients such that  j cj,m
Qm is the amplitude of the mth mode, and
equals the root-summed-squared displacement,
summed over all supercell atoms affected by the
mode. ISODISPLACE essentially used grouptheoretical methods to compute the symmetrymode polarization vectors and normalization
coefficients, and then saved the results as a system of linear equations in TOPAS.str format [3].
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Ten of the 24 displacive symmetry modes were
identified as being necessary to describe the
phase transition: two (a2 and a4) for caesium, two (a9 and a10) for iron and six (a14,
a15, a16, a17, a18 and a19) for oxygen. The
a2-mode affects the y-coordinates of both Cs
atoms, while a4 only affects the x-coordinate of
Cs2 . The a10 mode influences the y-coordinate
of the Fe1 and Fe2 atoms while the a10 mode
influences only the x-coordinate of the Fe1
atom. Oxygen modes a14 to a19 cooperate to
describe the rotation of the FeO4 tetrahedron,
which should not be substantially distorted.

Figure 14: Rigid body consisting of the crystallographically independent atoms of the structure
building double tetrahedron in CsFeO2 exhibiting
three internal parameters: r, tilt-1 and tilt-2.

Next, we describe implementation of the rigidbody model, in which the low-symmetry distortion was defined in terms of polyhedral tilt angles that left the polyhedra themselves undistorted. A suitable rigid building unit that describes both the low- and high-temperature
CsFeO2 structures consists of two regular
corner-sharing FeO4 tetrahedra that are tilted
with respect to each other as shown in Fig. 14.
Taking symmetry equivalent positions into account, the resulting rigid body consists of four
oxygen and two iron atoms with two tilting angles and the average Fe–O distance (r) as internal degrees of freedom, as illustrated in Fig. 14.
The two tilt angles are (1) the Fe1–O1–Fe2
(tilt-1) bond angle and (2) the O4–Fe2–O1-Fe1
tortion angle (tilt-2) between the two tetrahedra.
For the Rietveld refinement, the rigid body was
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set up in form of a z-matrix that naturally describes the position of each atom in terms of its
distance, angle and torsion angle relative to previously defined atoms. The bridging O1 oxygen
atom of the two tetrahedra was used as the center of the rigid body. The orientation and position of the rigid body relative to the internal
coordinate system of the crystal was held constant over the entire temperature range of investigation and only the three internal degrees of
freedom were subjected to refinement. As the
two Cs atoms in the voids of the framework
are independent of the rigid body, their crystallographically relevant atomic coordinates were
refined separately.
The technique of parametric Rietveld refinement [2] was applied to both the SM and RB
models. This technique enables the refinement
of various (e.g., thermodynamic) parameters directly from diffraction data. Prior to parametric
refinement, preliminary refinements were performed at each temperature individually, and
the temperature dependence of each candidate
symmetry mode or z-matrix parameter was examined in order to identify the parameter subset
that captures the principle features of the distortion. Then, for the parametric refinement, these
crystallographic structural parameters were not
refined directly, but were rather modeled as
power-law temperature trends (Eq. (2)), so that
each one possessed a temperature-independent
power-law exponent and coefficient [1]. Each
z-matrix parameter in the RB model possessed
an unique refinable coefficient and exponent.
In the SM model, however, all modes belonging to a single order parameter (labeled according to irrep) shared the same power-law
exponent. The temperature-independent power
law exponents and coefficients were then subjected to parametric refinement, simultaneously
against diffraction patterns collected at all temperatures. Topas (Version 4.1; Bruker AXS)
was used to perform the refinements [6].
The characterization of the lattice strain below
the ferroelastic phase transition is also important here. Strain is a symmetric second rank ten-
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sor that can be represented by a 3 × 3 matrix
which for the orthorhombic symmetry (actual
supercell) reduces to a diagonal matrix with the
following diagonal elements:
as
as
√ −1
−1 =
as0
ap0 / 2
bs
bs
−1 = √
−1
e22s =
bs0
2 ap0
cs
cs
−1 =
−1
e33s =
cs0
2 ap0
e11s =

(4)

with the lattice parameters of the supercell as ,
bs ., cs and the isothermal lattice constants as0 ,
bs0 and cs0 . The isothermal lattice constants can
be given as well in dependence on the isothermal lattice constant of the cubic parent cell ap0 .
In the present parametric refinements, the supercell strain parameters were modeled as
power-law trends vs. temperature. They are
viewed as independent coupled order parameters and each possesses their own power-law
exponents and coefficients (Eq. 5). In the parametric refinement, a conditional statement defined the region below the transition where the
order parameters were permitted to have nonzero values.
If (T < Tcrit )

then  (T) = f  (Tcrit − T) ,
else
 = 0

(5)

During parametric refinement the exponents
and coefficients of the strain (Eq. (4)) were used
to calculate the supercell lattice parameters at
each temperature. It was necessary to treat the
cubic parent cell parameter as a temperaturedependent quantity, a0 (T) , and to linearly extrapolate it into the region of the low-symmetry
phase in order to correct for the additional effects of thermal expansion. The slope (m0 ) and
intercept (t0 ) used for this extrapolation were
also part of the parametric refinement.
Experiment
Powder diffraction measurements were performed at the Materials Sciences (MS-Powder)
beamline of the Swiss Light Source using synchrotron radiation of a wavelength of 0.49701 Å
using the Microstrip Detector Mythen-II.
25
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Figure 15: Logarithmic plot of temperature-dependent parametric symmetry-mode refinement of CsFeO2 in
the temperature ranges from 303 K to 409 K. Observed, calculated and difference traces for all temperatures
used (1 K steps) are shown in a stacked arrangement.

The sample was sealed in a Hilgenberg quartzglass capillary with a diameter of 0.3 mm. The
diffraction patterns were collected on heating
the powder sample from 303 K – 409 K with
steps of 1 K using a STOE capillary furnace.
The powder patterns were recorded for 40 seconds (4 scans of 10 seconds each) in the angular
range from 3.0∘ – 53.38∘ 2.
Results and Discussion
The dependence of the crystal structure of
CsFeO2 on temperature in the temperature
range from 303 K to 409 K was investigated
by sequential and parametric Rietveld refinement. Both symmetry mode (SM) and rigidbody (RB) refinements were performed. Figure 15 illustrates the results from a temperaturedependent parametric symmetry-mode refinement against all available data sets throughout
the temperature range investigated.
The parametric model produced diffraction
patterns that agreed well with corresponding experimental patterns at each temperature,
demonstrated the effectiveness of the parametric approach and the inclusion of an adequate
structural-parameter set. Including additional
parameters did not significantly improve the
quality of the fit.
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For both types of parametric Rietveld refinements (SM, RB) the lattice parameters varied only slightly. Below the phase transition,
all strain order parameters (Fig. 16) and lattice parameters exhibit the anticipated power
law trends, while above the transition, the lattice parameters can be adequately fitted using a
linear function within the investigated temperature range. The strain order parameters exhibited essentially the same development when applied to the SM and RB models. Observe that
the magnitude of the strain component e11 is
significantly higher as the magnitudes of e22
and e33 , which are of comparable size.

Figure 16: Temperature-dependent supercell strains
for CsFeO2 as calculated from their parametricallyrefined power-law models.
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The temperature dependencies of the displacive
degrees of freedom are plotted in Fig. 17. These
power-law curves were calculated using the
parametrically-refined coefficients and exponents.

Figure 17: Comparison of the root squared sum of
the DT5+, SM2+ and L2+ with the normalized internal RB parameters in dependence on temperature. Temperature-dependent symmetry-mode amplitudes for CsFeO2 as calculated from their parametrically-refined power-law models.

If one views the set of all possible distortions
possessing the requisite supercell and Pbca
symmetry as a multi-parameter vector space,
the traditional atomic-coordinate (TAC) and
SM descriptions both span the entire distortion
space.
In contrast, the RB description is much more
restrictive because it only allows distortions that
preserve the shapes of the rigid polyhedra. Thus
the RB description has far fewer free parameters. While the SM description has just as much
freedom as the TAC description, only a relatively small fraction of the available symmetry
modes tend to be important to a specific phase
transition. And in the case of CsFeO2 , a relatively small number of symmetry modes can approximately reproduce the rigid-body motions
observed.
Ideally, we would expect all of the modes associated with a single symmetry-adapted order parameter to evolve together, sharing the
same power-law exponent, and have assumed
this to be the case in defining the SM model of
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CsFeO2 . The key displacive order parameters
that contribute to the low-temperature CsFeO2
distortion appear to be DT5 + (5 ), SM2(2 )
and L2+(L2+ ). ISODISPLACE was used to determine that any two of these could comprise
a potentially primary (i.e., capable of producing the symmetry of the distorted phase) pair
of coupled order parameters. In general, coupled order parameters can arise at different temperatures and follow different trends. Or they
can be strongly coupled, arising at nearly the
same temperature and following very similar
trends. Because sequential single-temperature
refinements indicate that each of the important
order parameters of CsFeO2 arise within a 1 K
temperature range, we assumed they all appear
at the same temperature (352 K). Because the
DT5, SM2 and L2+ order parameters must cooperate in order to preserve the shapes of the
FeO4 tetrahedra, we can reasonably assume that
they are strongly coupled by physical bonding
constraints. Thus, we might expect them to exhibit similar temperature evolutions. The a15
and a19 symmetry modes, for example, must
cooperate to mimic the RB tilt-2 angle, and
therefore are coupled with the same power-law
exponents. Because the SM and RB models are
roughly equivalent, it is not surprising that the
DT5/L2+ power-law exponent is similar to that
of the RB tilt-2 angle itself. Other relationships
between the two models include the a10 symmetry mode, which approximates the RB tilt1 angle, and the a2 and a4 symmetry modes
which are related to the Cs positions of the RB
model. In each of these cases, the power-law
exponents of geometrically-related SM and RB
parameters are within three standard deviations
of one another.
Based on Landau and renormalization-group
theory considerations, ISODISPLACE determined that none of the DT5+, SM2 or L2+ order parameters of the CsFeO2 distortion are capable of producing continuous transitions when
acting alone, and certainly not when acting simultaneously. Though the transition appears to
be approximately second order in nature, firstorder distortions that evolve too quickly below
27
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the transition do provide a simple explanation
the unusually-small power-law exponents that
we observe.
Conclusions
We have demonstrated the semiautomated parametric refinement of structural order parameters that arise at the cubic-orthorhombic structural phase transition of CsFeO2 . This parametric refinement against diffraction patterns
collected over a wide range of temperatures
yielded power-law exponents and coefficients
describing the evolution of the atomic displacements and the ferroelastic lattice-strains that
contribute to the distortion. Two different parameterizations of the distortion, the symmetryadapted distortion mode description and the
internal rigid-body (i.e., z-matrix) description,
proved to be closely related due to the natural
tendency of symmetry modes to produce polyhedral tilts like those observed in CsFeO2 . With
both models, the automated parametric refinement greatly increased the speed of the refinement and post-refinement analysis. To characterize power-law trends in structural order parameters, it was crucial to collect diffraction
patterns at a sufficient number points above
and below the phase transition, which is routinely possible at modern synchrotron sources.

In the case of the present work, the interpretation of the power-law exponents was difficult due to fact that this structural phase transition is weakly first order. Yet, the parametric
Rietveld refinement of symmetry modes and internal rigid body parameters as a function of external variables proved to be a powerful tool for
investigating structural phase transitions. The
principle benefit lies in the flexibility and convenience of identifying, testing and comparing
candidate order parameters. The development
of third party software for further automation
of this rather complicated process is under way.
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Predicting crystalline solids exploring energy landscapes
on ab initio level
K. Doll, J.C. Schön and M. Jansen

One of the great challenges in preparative solid
state chemistry is the transformation of the
field from an inductive to a deductive science
by predicting the stable compounds, and their
polymorphic modifications, for a chemical system and subsequently achieving their synthesis.
These possible structures correspond to the locally ergodic regions on the energy landscape
28

of the chemical system, i.e., the hypersurface of
the potential energy as function of the atom arrangements. At low temperatures, these regions
can be associated with individual minima on the
landscape, while at elevated temperatures they
often encompass many (closely related) minima. Over the past two decades [1], we have developed a general methodology to predict solid
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compounds and their structures by determining
the local minima and the barrier structure of
the energy landscape using global optimization
and other exploration techniques. This search is
usually performed using empirical potentials to
describe the energy, and the resulting candidate
structures are subsequently refined on ab initio
level via Hartree-Fock and DFT-calculations.
However, there exist many chemical systems,
where no robust globally valid empirical energy
functions are available. Thus, in recent years we
have begun to employ ab initio energy calculations already at the global optimization stage.
The first system studied has been lithium
fluoride [2]. Starting from a large periodically repeated simulation cell containing four
lithium and four fluorine atoms, a global minimization using simulated annealing was performed where the energy was calculated both
on Hartree-Fock and on DFT-level. This study
served as a proof-of-principle that such global
searches are possible with ab initio energy
functions. Furthermore, it constituted a validation of earlier investigations of this system
where empirical potentials had been employed:
All the important originally predicted modifications exhibiting, e.g., the rocksalt-, wurtzite-,
sphalerite-, NiAs-, or 5-5-structure type, were
also found as local minima on the ab initio energy landscape. In addition, many higher-lying
minima with unknown structure types were observed, similar to the high-lying minima on the
empirical potential energy landscape.

Figure 18: Experimentally known structures found
during global exploration of the landscape of BN
(left: wurtzite-type; middle: sphalerite-type; right:
hexagonal BN-type).
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A significant extension was the application
of ab initio simulated annealing to the covalent system boron nitride [2]. This system
is particularly interesting, because the experimentally observed modifications include both
layered structures (hexagonal BN) and threedimensional networks (wurtzite, sphalerite).
Again, four formula units were used, and
the global searches were performed on both
Hartree-Fock and DFT level. In the simulations, all experimentally observed structure
types were indeed found (Fig, 18).

Figure 19: New predicted structure candidates for
BN (left: stacking of graphitic layers, different from
the h-BN-type; middle: -BeO-type; right: Al-substructure of SrAl2 ).

In addition, several new modifications were predicted such as layered structures but with stacking orders different from the experimentally observed structure h-BN (Fig. 19, left). Two other
very interesting low-energy modifications show
the -BeO structure (Fig. 19, middle) and the
Al-partial structure of SrAl2 (Fig. 19, right). It
is interesting to note that both BeO and the Al2−
2
substructure of SrAl2 are isoelectronic to BN.

Figure 20: Tree graph of the energy landscape of
Li4 F4 on ab initio level.
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However, the prediction of metastable structures consists of more than finding minima on
the landscape. The identification of the barriers
surrounding them is a second important step.
As a first example, we have studied the landscape of Li4 F4 clusters on ab initio level using
the threshold algorithm to determine the barriers between the various local minima. This information allows us for the first time to construct a tree-graph representation of the ab initio
energy landscape of a cluster (Fig. 20).
Such information about cluster stability should
prove to be very valuable when trying to model
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synthesis routes that involve the generation of a
gas phase, e.g., the low-temperature atom beam
deposition method where a vapor of the constituent atoms and small molecules thereof is
deposited on a cold substrate and reacted to
yield unusual metastable compounds.
[1] Schön, J.C. and M. Jansen. Angewandte Chemie
International Edition 35, 1286–1304 (1996);
Jansen, M. Angewandte Chemie International
Edition 41, 3747–3766 (2002).
[2] Doll, K., J.C. Schön and M. Jansen. Physical
Chemistry Chemical Physics 9, 6128–6133 (2007).
[3] Doll, K., J.C. Schön and M. Jansen.
Physical Review B 78,144110 (2008).

Charge carrier chemistry of the redox system LiFePO4 / FePO4
R. Amin, K. Weichert, R. Tripathi, C. Zhu and J. Maier

One of the key ingredients of our future energy
concepts is electrochemical storage. Owing to
the exposed position of Li in the periodic systems, it is the element of choice in this respect
as it offers high cell voltage, high energy content per mass as well as rapid kinetics. While
there is a great palette of suited materials as
electrolytes or anodes, the bottle-neck in materials selection is the cathode side. In the set of
cathode materials LiFePO4 is the favorite [1],
as it combines rapid discharge/charge kinetics,
sufficiently high voltage (3.4 V vs. Li), and high
storage capacities with lower cost and environmental benignity. In the case of the discharge kinetics one Li per Fe is removed with the accompanying phase transformation to FePO4 being
extremely reversible. Both phases exist in the
same space group and the cell volume changes
only slightly.
The major drawback of the LiFePO4 cathode
are the low electronic and ionic conductivities
making Li transport in the solid sluggish. Reduction of the particle size combined with the
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superposition of an effectively mixed conducting network is one possibility to improve the
electrochemical performance. The other one is
to tune the transport properties in the bulk by
adjusting the relevant control parameters. In order to do so in a strategic way one needs to understand what is called point defect chemistry.
This requires the knowledge of the nature of the
ionic and electronic charge carriers, their concentrations and mobilities, as well as the dependencies on those control parameters which
are essentially temperature, component activity,
and dopant concentration. Even though defect
chemistry is the key, there is – apart from our
work presented here – not a single example in
the Li-battery literature where a defect model
has been worked out systematically.
These considerations were rendered possible by
precise electrochemical measurements mainly
on large LiFePO4 single crystals [2]. A combination of various methods then led to a very
consistent point defect model that will be presented here concisely in a deductive way [3].
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Li1− FePO4 ( = 0) describes a completely ordered olivine structure with all Fe being Fe2+ .
′ ) and
Removing Li leads to Li vacancies (VLi
3+
a slight fraction of Fe being Fe , corre′ and
). VLi
sponding to holes h∙ (i.e., Fe3+
Fe2+
∙
h are the major mobile defects and hence
the decisive ionic and electronic charge carriers in the material. The interaction of LiFePO4
with the neighboring gas phase that determines
the Li potential is the excorporation reaction
′ + h∙ + Li
LixLi ⇌ VLi
(g) that is only reversible at
high temperatures, small particle sizes and/or
long waiting times. For larger crystals hightemperature treatment is necessary to vary 
which is assumed to be frozen at the lower temperatures of the electrochemical investigations.
Here, the temperature dependence is given by
′ + h∙ ⇌ V x .
the trapping reaction VLi
Li
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Increase of  due to high-temperature annealing increases the number of charge carriers and
therefore both ionic and electronic conductivi′ and h∙ are oppoties. On the other hand, as VLi
sitely charged, doping by donors D∙ [4] (acceptors A ′ ) increases the ionic (electronic) and decreases the electronic (ionic) carrier concentration. In particular at lower temperatures defect
association has to be taken into account. Asso′ and D∙ , e.g., leads – according
ciation of VLi
∙
′
to D + VLi ⇌ (DVLi ) – to a lowered free vacancy concentration whilst the decrease of the
hole concentration on donor doping is mitigated
by association. The mass action considerations
based on the above equations with the side conditions of charge and mass conservation lead to
the Kröger-Vink and Arrhenius diagrams displayed in Fig. 21.

Figure 21: Defect concentrations as functions of: (a) Li activity (reversible conditions), (b) temperature
′ and
(frozen-in Li stoichiometry), (c) donor dopant content ([D]) considering defect association between VLi
∙
′
∙
D (frozen-in Li stoichiometry), (d) acceptor dopant content ([A]) (association between A and h ignored,
frozen-in Li stoichiometry).
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reaction of Li with oxygen at the surface of the
material. The mass action treatment of the reac′ + 2 h∙ pretion 2 LixLi + 1/2 O2 ⇌ Li2 O + 2 VLi
dicts a 1/8 power low for the dependence of
electronic conductivity on oxygen partial pressure that is well in agreement with the experimental results. The positive sign of the slope
indicates p-type conductivity.
Now let us turn to FePO4 . Even though the
Li sites are analogous, excess Li in the FePO4
structure must be assumed to be accommodated as Li interstitials (Li∙i ) setting free con). Hence the
duction electrons e′ (i.e., Fe2+
Fe3+
corresponding power law exponent is negative
with its magnitude being in agreement with
1/2 O2 + 2 Li∙i + 2 e′ ⇌ Li2 O. Further investigations are in progress, in particular on the role
of oxygen vacancies.
Figure 22: (a) Migration and reaction enthalpies extracted from the defect chemical analysis, (b) Variation of Li permeability  and Li diffusivity D due
to donor (D) doping.

These dependencies match the experimental results to an astonishing degree. The extracted migration energies for the charge carriers and the
involved reaction energies [3] for the above processes are given in Fig. 22(a) and are – as far
as such results are available – consistent with
predictions from modeling. The antagonistic
role of doping as to ionic and electronic conductivities is reflected by the dependence of the
Li permeability ( ) and the Li diffusivity (D ).
Both are decisive kinetic parameters for Li storage and either become ‘saturated’ or even behave non-monotonically on doping as shown
schematically in Fig. 22(b), the simple reason
being that both carriers are needed to verify the
chemical composition change. Recent experiments on donor (Al) and acceptor (Na) doped
LiFePO4 are fully in line with these models.
An interesting feature is added by varying the
oxygen partial pressure. The increased oxygen
partial pressure leads to Li excorporation due to
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As already these points mean a substantial
progress in the fundamentals of battery research, a lot of exciting issues in terms of defect
chemistry remain to be elucidated: As downsizing is an adequate means to achieve fast discharge/charge performance, variations in defect
chemistry that occur at small size are crucial.
This is amongst other aspects mainly due to
the increased internal pressure and to the space
charge zones that comprise a large portion of
the crystals. A further intriguing point is the
elucidation of the defect chemistry in amorphous materials which are thermodynamically
conceivable as the limiting case of nanocrystallinity.
[1] Padhi, A.K., K.S. Nanjundaswamy and
J.B. Goodenough. Journal of The Electrochemical
Society 144, 1188–1194 (1997).
[2] Amin, R., P. Balaya and J. Maier. Electrochemical
and Solid-State Letters 10, A13–A16 (2007).
[3] Maier, J. and R. Amin. Journal of The Electrochemical Society 155, A339–A344 (2008).
[4] Amin, R., C.T. Lin, J. Peng, K. Weichert, T. Acartürk,
U. Starke and J. Maier. Advanced Functional
Materials 19, 1697–1704 (2009).
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Electronic, vibrational and thermodynamic properties of -HgS
(metacinnabar)
M. Cardona, R.K. Kremer, R. Lauck and G. Siegle

Mercury sulfide HgS is usually found in nature as red cinnabar (-HgS) which crystallizes
in the Se-like trigonal structure which contains
angulate Hg–S–Hg chains. Cinnabar constitutes
the standard ore for the smelting of elementary
mercury. Black HgS, meta-cinnabar, (-HgS)
which crystallizes in the cubic zincblende structure, can be obtained by precipitation in the laboratory as a fine polycrystalline powder which
can be easily converted (e.g., by chemical vapor transport) into red cinnabar. Addition of
small amounts (≈ 1%) of Fe helps to crystallize -HgS in the zincblende structure both in
nature, and in the laboratory.
While the electronic and thermal properties of
-HgS appear to be rather well investigated
those of -HgS are less well-known. In this
work we describe the vibrational and thermal
properties of -HgS which we carried out by
three different approaches [1]: an experimental one and two ab initio electronic structure
calculations using different implementations of
density functional theory. In order to obtain
the electronic structure, we have employed the
ABINIT and VASP codes with inclusion of
spin-orbit (s-o) interaction. Exchange and correlation effects have been taken care of by
the two well-known approximations, LDA (local density approximation) and the PBE-GGA
(Perdew, Burke, Ernzerhof generalized gradient
approximation).
Additionally, we have obtained the phonon dispersion curves in a quasiharmonic approximation and calculated the heat capacity CV which
we have compared with our new experimental results. The experimental data obtained for
natural -HgS crystals (originating from Mount
Diablo Mine, Clayton, CA; (1.1 mass-% Fe according to chemical microanalysis) and on a

high purity (99.999%) fine powder sample. Finally, we have also performed calculations of
the enthalpy of HgS versus pressure for the
zincblende, rocksalt and cinnabar phases. From
the dependence on pressure we are able to derive critical pressures at which phase transitions
will occur and compared these with experimental results.
Figure 23 displays the band structure of -HgS
as calculated with the ABINIT code using the
LDA approximation with the energy optimized
lattice parameter a0 = 5.80 Å. The wide energy
scale chosen in Fig. 23(a) allows us to observe
the position of the lowest, sulfur 3s-like 1 valence band, which is not affected by s-o interaction, at about –12 eV. Above this band, the
5d bands of Hg appear. Without s-o interaction
they split into an upper quadruplet (≈ –6 eV,
12 ) and a lower sextuplet (15 ). s-o interaction does not split the 12 states but it splits the
15 sextuplet into a doublet 7 and a quadruplet 8 , the former being above the latter. The
splitting shown in Fig. 23(a) is 2.1 eV , the same
as the corresponding atomic splitting of Hg [2].
At –0.58 eV we find an s-like 1 state which is
composed mainly of 6s states of Hg. This state
corresponds to the lowest conduction band for
most tetrahedral semiconductors above the 15
valence bands.
In order to resolve the details of the band structure around the  point we replot in Fig. 23(b)
the electronic structure around  with an expanded energy scale. This figure shows the inverted s-o interaction at  – the 7 doublet is
above the 8 quadruplet. This fact arises from
the contribution of the negative s-o splitting of
the 5d 15 states of Hg which overcompensates
the positive splitting of the S 3p contribution.
33
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A few Inelastic Neutron Scattering (INS) determinations of the phonon dispersion relations
of -HgS [4], have been published. They have
been compared with semiempirical calculations
which use fitted force constants. Here we compare the measured points with ab initio calculations and examine the effect of s-o interaction on these calculations. Figure 24(a) displays
the phonon dispersion relations of -HgS calculated with s-o interaction (solid line) and also
without (dashed line). The effect of the s-o interaction (inset for the TA phonons) is rather
small, however it is possible to see that for the
TA phonons, those mainly responsible for the
Cv to be discussed later, the frequencies without s-o are about 5% lower than with s-o.

Figure 23: (a) Electronic band structure of -HgS
calculated with the ABINIT code in the LDA approximation and with s-o interaction using the lattice parameter a0 = 5.80 Å obtained by total energy
minimization. (b) Electronic band structure with the
energy scale enlarged so as to display the details of
the top valence bands, including s-o splitting, and
the lowest conduction band around . The 8 –7
separation corresponds to the negative s-o splitting
0 . 6 –8 is the E0 gap. We should mention that
Figs. 23(a) and (b) are affected by the so called gap
problem which incorrectly lowers the 6 state with
respect to the (7 –8 ) states. Recent unpublished
calculations by Axel Svane suggest that this lowering may be ≈ 1 eV. Thus correcting this effect,
as done when using the GW approximation may
restore the conventional conduction (6 )-valence
(8 –7 ) band ordering.

Counting bands we see that the 8 bands should
be occupied whereas the s-o split 7 should be
empty. Hence, according to Fig, 23(b), undoped
(intrinsic) -HgS should have an indirect energy
gap of ≈ 0.15 eV and a direct one of 0.18 eV.
This is in reasonable agreement with the gap observed by Zallen and Slade (0.25 eV), although
these authors did not realize that the s-o splitting of -HgS is negative [3].
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Figure 24: (a) Phonon dispersion relations of HgS calculated with the ABINIT-LDA code with
(solid line) and without (dashed line) s-o coupling.
The circles were obtained with INS [4]. The LO and
TO phonons at k ≈ 0 (red) squares were obtained by
Raman scattering. The frequency scales in the insets
have been expanded to show the effect of the s-o
around X. (b) Phonon density of states of -HgS,
as obtained with the ABINIT code. We have plotted
the total DOS and also their projection on the Hg
and the anion atoms. Note that in the case of -HgS
the acoustic phonons correspond to nearly pure vibrations of Hg, the optic ones to nearly pure S vibrations.

An interesting feature is the strong upwards
bending of the optical bands away from k = 0,
the opposite of what happens for most tetrahedral semiconductors. This effect is due to the
large mass difference of Hg and S. At the edge
of the zone the ‘effective’ mass which determines the frequency is basically that of sulfur,
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whereas at k = 0 it is the somewhat smaller reduced mass. In order to obtain the calculated
up-bending one must also invoke a strong force
constant connecting the anions.
The upward bending is reflected in the corresponding density of phonon states, shown in
Fig. 24(b). A direct consequence is that the TO
Raman modes do not overlap the DOS continuum while the LO mode does. The width of
the former should therefore not be affected by
elastic scattering due to defects, such as isotopic
fluctuations, whereas the LO-modes, overlapping the background, should.
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to have an Fe content of 1.1 mass-%. The upturn at low temperatures observed for the natural crystal can be ascribed to a linear term in the
specific heat (Sommerfeld term) due to metallic behavior. To correct for this term we subtracted a linear contribution  = 20 mJ/molK2 )
from the experimental data. Figure 25(b) displays calculated VASP and ABINIT values of
Cv /T 3 for -HgS obtained with and without s-o
interaction. The agreement between theoretical
and experimental data is reasonably good. Our
new measurements seriously question the heat
capacity data by Khattak et al. [6] shown for
comparison in Fig. 25(a).

The up-bending of the dispersion relations is
also important when considering confinement
in quantum dots. These effects have been discussed for the case of CdS, a material for which
the TO bulk bands bend up but the LO bands
bend down [5]. No such experiments are available, to the best of our knowledge, for -HgS
but quantum confinement in dots of this material should produce an increase in frequency as
opposed to most other related materials.
Calculations of Cv were performed by integrating the calculated phonon DOS with the
standard expression. The calculations were performed both, with the ABINIT-LDA and the
VASP-GGA codes, with and without s-o interaction. The effect of s-o interaction was basically the same for the two codes – the s-o interaction lowered the maximum of Cv /T 3 by about
10%. We shall present here the results obtained
with only one of the codes (except for -HgS)
but both, with and without the s-o interaction.
We show in Fig. 25(a) the experimental values
of Cv /T 3∗ ). for two sample of -HgS, a natural crystal and a high-purity powder. The natural crystal was found by chemical microanalysis

Figure 25: (a) Cp /T 3 measured on a mineral and a
powder sample of -HgS. Data by Khattak et al. are
also given for comparison [6]. The solid line represents the mineral data minus a linear contribution as
indicated in the inset. (b) Same mineral data as before compared with the results of four calculations
as indicated.

∗C

p represents the experimentally measured value of the heat capacity at constant pressure. The ab initio
calculations yield Cv , i.e., the heat capacity at constant volume. In the temperature region considered here
Cv ≈ Cp .
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Figure 26: Enthalpy of the three phases of HgS calculated with the ABINIT-LDA code with s-o interaction. Cinnabar and zincblende phases are basically
degenerate (within any reasonable error estimates)
at p = 0 although formally their enthalpies cross at
≈ 0.7 GPa. The cinnabar → rock salt transition is
predicted to occur at ≈ 22 GPa. Experimental data
(not shown) place it at 20.5 GPa [8]. For the sake
of clarity the cinnabar enthalpy has been subtracted
from all curves.

Mercury chalcogenides undergo phase transitions at relatively low pressures. While there is
considerable experimental data on these transitions [7], no ab initio calculations seem to
have been reported. We have performed enthalpy minimizations vs. pressure for HgS considering the three most conspicuous structures
of these materials: cinnabar, zincblende and
rock salt. We show in Fig. 26 the pressure dependence of the enthalpy of the three phases
mentioned, as calculated for HgS. The cinnabar
phase (-HgS) is found, within estimated error, to have the same enthalpy as the zincblende
phase (-HgS), a fact which may explain the
ease to obtain both phases in the laboratory, although the growth of the zincblende phase requires the addition of a small amount of Fe.
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In summary, our ab initio calculations of the
electronic band structure and the phonon dispersion relations of the zincblende-type -HgS
predict a negative spin-orbit splitting which restores semiconducting properties to the material
in spite of the inverted gap. We have obtained
the spin-orbit induced linear terms in k which
appear at the 8 valence bands (not shown here,
for details see [1]) and investigated the pressure dependence of the crystal structure and the
phonons. The temperature dependence of the
specific heat capacity has been calculated and
first conclusive low-temperature experimental
data on -HgS have been presented.
In Collaboration with:
A. Muñoz (MALTA Consolider Team, Departamento de
Fı́sica Fundamental II, and Universidad de La Laguna,
Tenerife, Spain); A.H. Romero (CINVESTAV, Unidad
Querétaro, Querétaro, Mexico)
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New interest in Fe compounds:
Superconductivity and magnetism
The field of unconventional superconductivity continues to yield surprises: Since the recent discovery of superconductivity in the pnictides, the role of band structure nesting between disconnected
Fermi surfaces in selecting the so-called s± -state of the superconducting order parameter is highly
debated. Since these iron-based superconductors are fascinating from a fundamental research point
of view, their study has become an important focus in the Institute. In particular, materials and band
structure aspects as well as structural and electronic properties have been analyzed in great detail.
We find that the spin-excitation spectrum in the normal state, and below Tc , resulting in a resonance
peak, and itinerant magnetism are important for explaining unconventional superconductivity. The
conventional electron-phonon coupling seems to play a minor role in the new compounds. We
describe exemplarily the growth of single crystals and first spectroscopic results using a scanning
tunneling microscope. Finally, we investigate electronic, lattice, and spin state instabilities in Fe(II)
compounds of interest.

The spin-excitation spectrum in the normal and superconducting
states of an optimally doped iron arsenide superconductor
D.S. Inosov, J.T. Park, D.L. Sun, D. Haug, C.T. Lin, B. Keimer and V. Hinkov

The proximity of superconductivity and antiferromagnetism in the phase diagram of iron arsenides, the apparently weak electron-phonon
coupling and the ‘resonance peak’ in the superconducting spin excitation spectrum have fostered the hypothesis of magnetically mediated
Cooper pairing. However, since most theories
of superconductivity are based on a pairing boson of sufficient spectral weight in the normal
state, detailed knowledge of the spin excitation
spectrum above the superconducting transition
temperature Tc is required to assess the viability
of this hypothesis. Using inelastic neutron scattering we have studied the spin excitations in
optimally doped BaFe1.85 Co0.15 As2 (Tc = 25 K)
over a wide range of temperatures and energies [1]. We present the results in absolute units
and find that the normal state spectrum carries
a weight comparable to underdoped cuprates.

In contrast to cuprates, however, the spectrum agrees well with predictions of the theory
of nearly antiferromagnetic metals [2], without complications arising from a pseudogap
or competing incommensurate spin-modulated
phases. We also show that the temperature evolution of the resonance energy follows the superconducting energy gap, as expected from
conventional Fermi-liquid approaches. Our observations point to a surprisingly simple theoretical description of the spin dynamics in the
iron arsenides and provide a solid foundation
for models of magnetically mediated superconductivity.
The recently discovered iron arsenide superconductors are characterized by antiferromagnetic (AFM) correlations throughout the phase
diagram, often coexisting with superconductiv37
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ity deep into the superconducting dome. Besides, it was shown that electron-phonon coupling is too weak to explain the high Tc , which
turns the spotlight onto the magnetic coupling
channel again. While iron arsenides also derive from AFM parents, unlike cuprates they
remain metallic at all doping levels, rendering
Fermi-liquid based approaches more promising than in cuprates. In several of these unconventional superconductors, a redistribution of
AFM spectral weight into a ‘resonance peak’
heralds the onset of superconductivity. Such a
resonant mode has recently been discovered in
both hole-doped Ba1−x Kx Fe2 As2 and electrondoped BaFe2−x (Ni, Co)x As2 superconductors.
We have studied the spin excitations in a
single crystal of optimally electron-doped
BaFe1.85 Co0.15 As2 (Tc = 25 K) at temperatures
up to T = 280 K and energies up to ℏ = 32 meV
[1]. We begin by comparing in Fig. 27 the imaginary part of the dynamic spin susceptibility
′′ (QAFM , ) in the normal and superconducting states in absolute units. In the normal state
at 60 K we observe a broad spectrum of commensurate gapless excitations with a maximum
around 20 meV and a linear -dependence for
 → 0. Increasing T to 280 K suppresses the intensity and presumably shifts the maximum to
higher energies, while the low-energy linearity
is preserved. This behavior and the absence of
complications by incommensurate modulations
or a pseudogap motivates an analysis within the
framework of the theory of nearly antiferromagnetic Fermi liquids [2], for which
′′T (Q, ) =

2 + 2T

T T 

(

1 + 2T ∣Q − QAFM ∣2

)2 .

(6)

Here T = 0 (T + )−1 represents the strength
of the AFM correlations in the normal
state, T = 0 (T + ) is the damping constant,
T = 0 (T + )−1/2 is the magnetic correlation
length, and  is the Curie-Weiss temperature.
We obtain the best fit to all the normal state
data (Figs. 28) for 0 = (3.8 ± 1.0)⋅104 μ2B K/eV,
0 = (0.14 ± 0.04) meV/K,  =(30 ± 10) K, and
0 = (163 ± 20) ÅK1/2 , shown as dashed lines
in Fig. 27. The total spectral weight at 60 K,
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integrated over Q and  up to 35 meV is
′′60 K = 0.17 μ2B /f.u., and is thus comparable
to underdoped YBa2 Cu3 O6+x . The net resonance intensity, on the other hand, amounts to
′′res = ′′4 K – ′′60 K = 0.013 μ2B /f.u., which is 3 – 5
times smaller than in YBa2 Cu3 O6+x .

Figure 27: Imaginary part of the spin susceptibility (QAFM , ) in the superconducting (T = 4 K) and
the normal state (T = 60 K and 280 K). The data were
obtained from the measured scatting function by
correcting for the Bose factor and were put on an
absolute scale by comparing the magnetic scattering intensity to the intensity of acoustic phonons as
well as nuclear Bragg peaks after taking care of resolution corrections. The solid lines are guides to the
eye. The dashed lines represent global fits of the formula described in the text to all the normal state data
in this figure and Fig. 28.

From Fig. 27 we can define three energy
intervals: The spin gap below ≈ 3 meV,
the resonance region between ≈ 3 meV and
15 meV, and the region above ≈ 15 meV
with no superconductivity-induced changes.
In Fig. 28(a) we show the evolution of
′′ (QAFM , ) at the representative energies
3 meV, 9.5 meV, and 16 meV for temperatures
up to 280 K. We observe a smooth increase
upon cooling down to Tc at all three energies.
While at 16 meV the intensity also evolves
smoothly across Tc , there are pronounced
anomalies at 3 meV and 9.5 meV, indicating
the abrupt gap opening. We note that there is
no indication of a pseudogap opening above Tc ,
which is consistent with the linear behavior of
′′ (Q, ) at small  (Fig. 27).
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Figure 28: Energy and temperature dependence of ′′ (QAFM , ) and evolution of the resonance peak below
Tc . (a) Temperature dependence of ′′ (QAFM , ) at three different energies within the spin gap (3 meV), at
ℏres (9.5 meV) and above 2 (16 meV). (b) Energy scans at QAFM showing ′′ (Q, ) at different temperatures. The lines in (a) and (b) are guides to the eye. (c) Temperature evolution of the resonance energy
ℏres (T) defined by the maxima in panel (b). The line has the same functional dependence as the superconducting gap  obtained by angle-resolved photoemission, that is res (T)  (T). (d) Interpolation of the
data in panels (a) and (b) showing ′′ (QAFM , ) in the -T plane for T up to 280 K. The vertical bar shows
the interval of the reported 2 values. The dotted line is ℏres (T) from (c). The dashed line has the same
functional dependence and tracks the average value of 2(T) as a function of T. Note the logarithmic T-scale
in panels (a) and (d).

However, since the superconducting gap decreases upon heating to Tc it does not suffice to
study the T-dependence of ′′ (Q, ) at a fixed
energy. Hence, we investigated the evolution of
the resonance peak by performing energy scans
at several temperatures below Tc (Fig. 28(b)).
An important result is that ℏres decreases upon
heating as well, and it follows the same functional dependence as  with remarkable precision, that is ℏres (T) (T) (Fig. 28(c)). A
comprehensive summary of our data in the T plane is shown in Fig. 28(d). As indicated by

the vertical bar, the resonance maximum always
remains inside the 2 gap, while its tail might
extend beyond.
What are the implications of our results for
the physics and in particular the superconducting mechanism of the iron arsenides? Remarkably, the overall magnitude of ′′ (Q, )
in BaFe1.85 Co0.15 As2 is similar to that in the
cuprates. However, the underdoped cuprate
spectra exhibit anomalous features such as a
‘spin pseudogap’ and a broad peak reminiscent
39
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of the resonant mode in the normal state. In
contrast, we have shown that the normal-state
spin excitation spectrum of BaFe1.85 Co0.15 As2
is gapless and can be well-described by a simple formula for nearly antiferromagnetic metals described by Moriya in [2]. In the light of
our results, Fermi-liquid based theories like the
random phase approximation (RPA) and related
approaches appear much better justified in arsenides than in cuprates.

also be derived from a comparison of the
measured spin fluctuation spectrum and the
fermionic self-energy extracted from photoemission spectroscopy. Although these complementary approaches have yielded important insights into the mechanism of superconductivity
in cuprates, a controlled, commonly accepted
theory is still missing. Our data provide indications that such a theory may be within reach
for the iron arsenides.

In conclusion, the comprehensive set of data
on the spin dynamics in BaFe1.85 Co0.15 As2 in
the normal and superconducting states we have
presented will enable a rigorous assessment
of spin-fluctuation-mediated pairing models for
the iron arsenides. In particular, based on our
absolute-unit calibration of ′′ (Q, ) it will become possible to compare the total exchange
energy of the electron system below Tc to the
condensation energy determined by specificheat measurements. Independent information
about the spin-fermion coupling strength can
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Electron-phonon interaction in pnictide superconductors
L. Boeri and O.V. Dolgov

Iron-based superconductors represent by far the
most important discovery in the field of superconductivity after the cuprates [1]. With
cuprates, they share a complex phase diagram,
in which ‘high-temperature’ superconductivity,
with critical temperatures (Tc ) up to 55 K, coexists with magnetism and structural transitions.
After the initial report of superconductivity in
F-doped LaOFeAs, several other classes of iron
superconductors have been discovered. They all
contain Fe–X layers, in which Fe atoms sit at the
center of slightly distorted tetrahedra of pnictogen or chalcogen (X) atoms; these layers can
be intercalated with rare earth oxygen layers
(1111), as in Fig. 29, alkaline earths (122), alkali metals (111), perovskite blocks (21311),
40

or can simply be stacked on each other, like
in chalcogenides (11). The chemistry of these
compounds is very flexible; e.g., in the pnictides iron can be replaced by other transition
metals, which leads to compounds with very
different conducting and magnetic properties.
Superconductivity is only found in compounds
that contain iron or nickel. In Fe pnictides, the
rich phase diagram, and the analogy to other
‘exotic’ materials, suggest that the mechanism
providing the pairing for superconductivity may
be different from the standard electron-phonon
one. Ni pnictides, on the other hand, have low
critical temperatures (Tc ≈ 3 – 4 K) and show
no anomalous magnetic behavior, pointing to a
conventional origin of superconductivity.
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Figure 29: The crystal structure of LaOFeAs and
LaONiAs where iron is replaced by nickel.

Combining strong-coupling Migdal-Eliashberg
theory for the electron-phonon interaction with
first-principles calculations, we were able to
confirm that the superconducting properties of
Fe and Ni pnictides are very different in nature,
and to relate this to specific features of their
electronic structures [2]. We have performed
first-principles calculations of the electronic
and phononic properties of two pnictide superconductors, LaOFeAs and LaONiAs, using
Density Functional Perturbational Theory. We
have then used the obtained electron-phonon
spectral function (Eliashberg function) to calculate the normal and superconducting state properties of the two compounds, solving the strongcoupling Migdal-Eliashberg equations [3]. We
showed that, while this approach gives a very
good description of both normal and superconducting state properties of LaONiAs, it fails
completely in LaOFeAs. These results depend
from features of the electronic structure which
are common to all classes of known Fe and Ni
superconductors, and are therefore more general than the specific cases considered in our
study.
Figure 29 depicts the common crystal structure
of LaOFeAs and LaONiAs; the main difference
is that the As tetrahedra in LaONiAs are more
‘squeezed’ than in LaOFeAs (not shown). Figure 30 shows a blow-up of their band structures,
in a window of ± 2 eV around the Fermi level,
decorated with the partial Fe d characters which
give the largest contribution to the density of
states at the Fermi level. In this energy range,
the electronic bands have almost exclusively M
d and As p character, and the main features are
the same for all known Ni and Fe pnictides and
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chalcogenides. Clearly, the most important difference between LaOFeAs (d 6 ) and LaONiAs
(d 8 ) is the position of the Fermi level, due
to their different electron count. In LaOFeAs,
the Fermi level cuts the band structure in a
region where the density of states (DOS) is
high (2.1 st/eV spin) and rapidly decreasing; a
pseudo-gap opens in the electronic spectrum
around 0.2 eV. The Fermi surface comprises a
doubly-degenerate cylindrical hole pocket centered at the  point, and a doubly-degenerate
electron pocket centered at the M point; these
sheets have a dominant xz, yz character. A third
small pocket of xy character sits around the 
point. In LaONiAs, the Fermi level sits ≈ 1 eV
above; the Fermi surface contains two electron
and one hole sheets, with a marked 2D character. Besides an elliptical xz,yz electron pocket,
a second large electron sheet centered at the
M point has a dominant x2 – y2 character; these
bands account for the directional in-plane bonds
of the M planes. The same bands also forms
small hole pockets around the X point of the
Brillouin zone.

Figure 30: Non-magnetic band structure of (left)
LaOFeAs and (right) LaONiAs decorated with partial the partial d characters, which give the largest
contribution to the states at the Fermi level xz/yz for
Fe and x2 – y2 for Ni. The x,y axes are oriented along
the M–M bonds.

The different magnetic behavior of the two parent compounds can be understood in terms of
the electronic structure. In LaOFeAs, the quasinesting between the hole and electron pockets,
with the same xz,yz character, leads to a peak
in the magnetic susceptibility, and hence to an
instability of the non-magnetic solution with respect to a striped antiferromagnetically (AFM)
ordered phase.
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In LaONiAs, the -centered xz,yz hole pockets
are completely full, and and this suppresses the
tendency to AFM order found in the Fe compound. LaONiAs is in fact paramagnetic. Besides explaining the different magnetic properties, the different nature of the states at the
Fermi level in the two compounds has also important consequences on their electron-phonon
properties, which are summarized in Fig. 31.

phonon spectral functions 2 F() (Eliashberg
functions), with full lines, and, with dashed
lines, the frequency-dependent coupling constant ():
2 F() =

1
 (nk )(mk+q )
N (0) nmk

×  ∣g, nk, m(k+q) ∣2 ( − q ) ;
() = 2

Figure 31: Electron-phonon properties of LaOFeAs
(top) and LaONiAs (bottom). Left: Phonon dispersion relations; the radius of the symbols is proportional to the partial electron-phonon coupling  of
each phonon mode [3]. For  and Z points, where
the coupling diverges numerically, we use a different scaling factor. Middle: Atom-projected phonon
DOS. The projection on in- and out-of-plane modes
(not shown) does not show any clear separation between the patterns of vibration. Right: Eliashberg
function 2 F() (full line) and frequency-dependent electron-phonon coupling () (dashed line),
Eqs. (7) – (8).

In the left panels we show the calculated
phonon dispersion relations, and in the middle panels the atom-projected phonon DOS’s.
In the rightmost panel we show the electron42
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where g, nk,m(k+q) , are the electron-phonon matrix elements. The effect of the substitution of
Fe with Ni on the phonon spectra is modest –
both spectra extend up to 500 cm−1 ; the vibrations of O atoms are well-separated in energy,
lying at  > 300 cm−1 . At low energies, mixed
vibrations of the three other atomic species,
give rise to three peaks in the phonon DOS at
 ≈ 100, 200 and 300 cm−1 . The coupling of
these low-lying modes to the electrons is remarkably different in the two cases. This is most
easily seen by comparing the shape and size
of the two electron-phonon spectral functions
2 F(). This function describes how the coupling to electrons is distributed over different
phonon modes. In good electron-phonon superconductors, such as magnesium diboride, the
high Tc is usually obtained due to the strong
coupling of a few selected phonon modes to
the electronic bands at the Fermi level – dormant e–ph interactions. This leads to sharp
peaks in the 2 F() corresponding to phonon
modes which couple most strongly to electrons. Clearly, in LaOFeAs, except for the highlying O modes, which show very little coupling to electrons, the electron-phonon coupling is evenly distributed among all the phonon
branches. A posteriori, this is not surprising,
since the electronic states at the Fermi level
are all non-bonding, and should therefore not
experience a strong coupling to phonons. On
the other hand, in LaONiAs almost 80% of the
coupling coming from the low-lying Ni–Ni and
Ni–As modes, which are strongly coupled to the
x2 – y2 states at the Fermi level. In fact, the total
electron-phonon coupling constants, obtained
by summing over all phonon modes, are very
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different in the two cases:  = 0.21 in LaOFeAs,
and  = 0.72 in LaONiAs. This has important
implications on the possible pairing mechanism
for superconductivity in the two classes of materials. We can get an estimate of Tc due to EP
coupling using Allen-Dynes formula:
Tc =

[
]
−1.04 (1 + )
⟨ ln ⟩
exp
.
1.2
 − (1 + 0.62 )μ★

(9)

For μ★ = 0.12, this results in a Tc < 0.01 K for
LaOFeAs (ln = 205 K) and a Tc = 2.9 K for
LaONiAs (ln = 96 K), to be compared with the
experimental Tc ’s of 26 K and 2.9 K respectively.
Even including multiband effects in the full
Eliashberg equations, gives only a Tc = 1.5 K
for LaOFeAs, which is still much lower than
the experimental value. On the other hand, in
LaONiAs the numerical solution of the strongcoupling Migdal-Eliashberg equations in the
single-band approximation, not only reproduces
the experimental Tc ’s, but also yields the correct values of the gap and reproduces the temperature dependence of the specific heat [2].
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The picture that emerges from our study is that
of a family of rather standard EP superconductors (Ni-based), opposed to a family of ‘exotic’
superconductors (Fe-based). The difference between the two families can be traced back to a
different filling of the same complicated, nonmagnetic band structure, which derives from a
non-trivial hybridization between the transition
metal and the pnictogen atoms.
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Single crystal of iron chalcogenides Fe1+ Te1−x Sex
Y. Liu and C.T. Lin

The discovery of superconductivity in iron
oxypnictides has stimulated great interest and
spurred a search for new superconductors
with similar tetrahedral FeAs structure. For
the REFeAsO (RE = rare earth elements) compounds, superconductivity is observed for
AFe2 As2 (A = alkaline earth and Eu), Lix FeAs,
(Fe2 Pn2 )(Sr4 M2 O6 ) (M = Sc, V, and Cr and
Pn = P and As), (Sr3 Sc2 O5 )Fe2 As2 , and PbOtype tetragonal Fe(Se,Te,S) compounds, thereafter abbreviated as 1111, 122, 111, 42622,
32522, and 11 phases, respectively. Among
these compounds the 11 phase is unique in that
the system displays simple crystal structure and
is non-toxic. Figure 32 shows the crystal struc-

ture of Fe1+ Te, which consists of FeTe(Se,S)
conducting layers stacked along the c-axis. The
c-layers are bonded by weak van-der-Waals
coupling without any separating layers, such
as the LaO layers in LaOFeAs or Ba layers in
BaFe2 As2 . Thus it can be seen as a prototype of
iron-based superconductors. The superconducting transition at Tc ≈ 8 K in the FeSe1−x binary
compound was earlier ascribed to the Se deficiency for introducing charge carriers [1]. Soon
the real composition characteristic of the superconducting transition was confirmed to be stoichiometric FeSe phase. With isovalent Se or S
partially substituting for Te in the parent compound of FeTe the Tc can increase to ≈ 14 K
43
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in Fe1+ Te1−x Se(S)x . Remarkably, an increase
of Tc for Fe1.01 Se was reported from 8.5 K to
36.7 K under an applied pressure of 8.9 GPa.
It was found that antiferromagnetic spin fluctuations are strongly enhanced with decreasing temperature approaching Tc or under high
pressure, which suggests a link between spin
fluctuations and the superconducting mechanism in FeSe. Therefore, the investigation of the
Fe(Se,Te,S) system is very helpful to construct
the theoretical model of the mechanism of ironbased superconductors.

Figure 32: Schematic drawing of the Fe1+ Te crystal structure. The excess iron (∼ ) goes into the interstitial sites of the (Te, Se, S) layers, denoted by
Fe(2). The magnetic interactions between the Fe(2)
and the adjacent Fe(1) ions give rise to a local ferromagnetic/antiferromagnetic coupling.

The Fe(Se,Te,S) system drives the effort to
grow high-quality single crystals. Thin plates
of FeSex single crystals with a size of 500 μm
were grown using a NaCl/KCl flux method
[2]. Single crystals of FeSe0.88 with sizes up
to 2 – 3 mm across and 0.1 – 0.3 mm thick have
also been grown from KCl solutions [3]. However, the obtained crystals always contain a
hexagonal phase in addition to the tetragonal structure needed. In this study, single
crystals of iron chalcogenides Fe1+ Te1−x Sex
(0 ≤ x ≤ 0.5) with size ø 10 × 50 mm were
grown with the modified Bridgman method.
The investigations of the transport and magnetic properties of as-grown crystals are reported. The growth was carried out in double
quartz ampoules to minimize the volatilization
of Se in the case of any ampoule cracking during growth. High quality single crystals were
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obtained when the melt was held at 1050∘ C for
12 hours and then a slow traveling speed of
1 mm/h was applied. Laue X-ray diffraction indicates a good crystallization of the as-grown
single crystals.

Figure 33: (a) Large Fe1+ Te1−x Se(S)x crystals,
grown by the Bridgman method, can be readily
cleaved along the ab-plane. (b) Mirror-like surface
morphology of as-grown Fe1+ Te1−x Se(S)x crystals. (c) Four fold symmetry evidenced by X-ray
Laue diffraction. The X-ray beam was induced perpendicular to the naturally cleaved surface.

Figures 33(a) and (b) show the photo image of
as-grown Fe1+ Te1−x Sex crystals. The mirrorlike surface corresponds to the ab-plane of the
crystals. The clear and sharp spots in the image of X-ray Laue diffraction indicate a good
crystallization, as shown in Fig. 33(c). Four
fold symmetry can be identified from this Laue
diffraction pattern. In order to further reveal the
quality of the crystals, a normal /2 scan was
performed from 10∘ to 110∘ . The strong peaks
in the X-ray diffraction patterns in Fig. 34(a)
can be indexed with P4/nmm space group as
(00l) diffractions. With increasing Se content
these peaks systematically shift towards the
high angle regime. Based on the (004) diffraction, we have calculated the c-axis lattice parameter of the crystals, as shown in Fig. 34(b).
The value of the c-axis lattice parameter is
6.274 Å for the parent compound Fe1+ Te, and
it reduces with increasing Se content x, which is
consistent with the substitution for Te ions with
the smaller radius of Se ions.
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Figure 34: (a) The X-ray diffraction patterns of
Fe1+ Te1−x Se(S)x crystals. The diffraction peaks
shift towards the high angle regime with increasing
Se content. The small peaks between 20∘ < 2 < 30∘
belong to Fe precipitates. (b) The c-axis lattice parameter reduces with increasing Se content x.

The parent compound Fe1+ Te exhibits an antiferromagnetic phase transition at TN = 67 K, accompanied by a tetragonal-to-monoclinic structural transition. It becomes superconducting by
partial substitution of Te with Se. In Fig. 35, we
show the typical transport and magnetic properties of Fe1+ Te1−x Sex crystals. Figure 35(a)
shows that the Fe1.08 Te0.72 Se0.28 crystal has a
semiconducting behavior before the superconducting transition occurs at Tc = 15 K. However, the superconducting volume fraction is
only around 0.8% for this sample, as evidenced
by the magnetic susceptibility measurements
shown in Fig. 35(b). When extended to room
temperature, a Curie-Weiss like behavior is observed in Fig. 35(c). Here, transport and magnetic properties are consistent with a previous report. The weak magnetic hysteresis behavior shown in Fig. 35(d) suggests that superconductivity competes with magnetism in
Fe1+ Te1−x Sex crystals.

Figure 35: (a) Temperature dependence of resistivity for the sample Fe1.08 Te0.72 Se0.28 . (b) The superconducting transition occurs at Tc = 11 K. (c) Magnetic susceptibility displays a Curie-Weiss like behavior at high temperatures. (d) The weak magnetic
hysteresis loop likely results from the local magnetism caused by the excess Fe in the Fe(2) sites.
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In fact, excess Fe ions () randomly distributed
at the Fe(2) sites have a significant influence
on the transport and magnetic properties of
Fe1+ Te1−x Sex crystals. It was found that the
excess Fe not only suppresses superconductivity but also results in a weakly localized electronic state [4]. Here, the magnetic coupling
between the excess Fe and the adjacent Fe
square-planar sheets favors a short-range magnetic order, as convinced by the theoretical calculations. Therefore, the excess Fe ions stabilize the magnetic structure and suppress spin
fluctuations. More recently, bulk superconductivity was observed at 0.1 < y in the single
crystals grown by the Bridgman-Stockbarger
method in samples with a nominal composition
Fe0.9 Te1−y Sey , whereas only crystals grown
with compositions near x = 0.5 exhibited bulk
superconductivity in the previous result.

port and magnetic properties of the samples.
It is difficult to remove the excess Fe due to
the thermodynamic stabilization of the crystal structure containing the excess Fe. Further
study is needed to synthesize the stoichiometric
Fe1+ Te1−x Sex compounds with  ≈ 0.

In summary, single crystals of Fe1+ Te1−x Sex
were grown by the Bridgman method. The excess Fe has a significant influence on the trans-
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Band structure and itinerant magnetism of iron-arsenide
superconductors
L. Boeri and O.K. Andersen

The discovery of superconductivity with
Tc ≤ 26 K in F-doped LaOFeAs [1] has initiated an intense theoretical and experimental activity, leading to the discovery of the new, rich
family of Fe-based superconductors (FeBSC).
The low values of the electron-phonon coupling
constants predicted by ab initio calculations [2],
and the simultaneous presence of superconductivity and (antiferro)-magnetism in the phase
diagram, suggest that superconductivity is most
likely of electronic origin. Several features of
FeBSC, such as their multiband nature, itinerant magnetism and moderate electronic correlations, complicate the understanding magnetism
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and superconductivity in these materials; even
the results of standard Local Spin Density Approximation (LSDA) calculations are regarded
as puzzling. Here, we explain in detail the
LSDA band structure and magnetic response
of LaOFeAs, as a prototype for Fe-based superconductors, in terms of a Stoner model for
weak-coupling itinerant magnetism, based on
an analytical Tight-Binding (TB) model.
The crystal structure of LaOFeAs, shown in
Fig. 36(a), consists of alternating (LaO)+ and
(FeAs)− layers. The (LaO)+ layers play essentially no role in superconductivity, but their
presence is needed to stabilize the structure.
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The (FeAs)− layers are the common building block of all Fe-based superconductors. Figure 36(b) shows a top view: Fe atoms form a
square lattice, at the center of FeAs4 tetrahedra,
formed by parallel chains of As atoms, sitting
above/below the Fe planes (full/empty symbols
in the figure). The critical temperature Tc of Fe
pnictides correlates empirically with the distortion of the (FeAs4 ) tetrahedra, in such a way
that Tc is highest when the tetrahedra are ideal.
The three-dimensional unit cell of LaOFeAs,
shown in Fig. 36(a), contains two formula units.
The isolated FeAs layer possesses an additional
translational-mirror symmetry operation, which
permits to reduce to a single FeAs unit cell. The
corresponding 2D Brillouin zone is shown in
Fig. 36(c). For simplicity, we will use the 2D
notation throughout the paper.

Figure 36: LaOFeAs: (a) Crystal structure; (b) Top
view of an Fe–As plane; the reduced unit cell contains a single FeAs unit. The x and y axes are directed along Fe–Fe bonds, whereas the X and Y
axes are directed along Fe–As bonds, respectively.
(c) Two-dimensional Brillouin zone and Fermi surface, decorated with t2g partial characters. Special
k points: ̄ = (0,0); X̄ = (,0); Ȳ = (0,); M̄ = (,).

The ground state of undoped LaOFeAs is a
stripe-type metallic antiferromagnet, in which
the Fe spins are aligned ferromagnetically (FM)
along one of the Fe–Fe bond, and antiferromagnetically (AFM) along the other Fe–Fe
bond, respectively (Fig. 36(b)). The magnetic
transition is accompanied by a tetragonal to
orthorhombic distortion, which expands the
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bond length in the AFM direction (y) and contracts it in the FM one(x). The magnetic moment is small m = 0.3 μ B . Doping with holes
or electrons destroys the SDW order and induces superconductivity, with Tc ≤ 26 K. The
stripe AFM order corresponds to a SDW with
Q = (0,), which is a nesting vector connecting
the hole and electron portions of the LDA nonmagnetic Fermi surface, shown in Fig. 36(c).
Ab initio calculations give results which are apparently consistent with the experiment, but significant discrepancies exist. Calculations based
on the Local Spin Density Approximation
(LSDA) correctly predict that the ground state
of the undoped compound is a striped Q = (0,)
SDW metal, but yield a value of the magnetic moment (m ≈ 2 μ B in the Generalized
Gradient Approximation – GGA), which is too
large compared to experiment. Consistently, the
Fermi surfaces in the ordered phase are very
different from those observed experimentally,
which resemble much more the non-magnetic
(NM) picture, shown in Fig. 36(c). On the
other hand, the lattice properties related to the
FeAs bonds can only be reproduced by spinpolarized LSDA calculations, suggesting that a
large (m ≈ 2 μ B ) magnetic moment is needed
to obtain a good picture of the bonding [2].
At the same time, the value of the LSDA selfconsistent magnetic moment is strongly sensitive to the change in FeAs bonds, and in particular to the distortion of the FeAs4 tetrahedra.
In order to understand the origin of this unusual disagreement between first-principles calculations and experiment, in the following we
discuss the formation of the AFM moment
in LSD calculations. We show that the same,
mean-field, itinerant model for magnetism, possesses both a small-moment (m ≈ 0.3 μ B ) solution at weak coupling, and a large-moment
(m ≈ 2 μ B ) solution at intermediate coupling.
While the first is strongly connected to Fermi
surface nesting, and thus easily destroyed, the
second involves a much larger region of the
non-magnetic band structure, and is much more
robust.
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Figure 37: Wannier functions of LaOFeAS, obtained by downfolding the full band structure on a basis
set formed by five Fe d NMTO’s, which span the 5 energy bands at ± 2 eV around EF in Fig. 39. Positive
(negative) isocontours are shown in red(blue). For the definition of axes see Fig. 36(b). XY is short for x2 – y2 ,
zz is short for 3 z2 –r2 .

For this, we first derive an analytical TB Hamiltonian for the NM band structure of LaOFeAS
derived ab initio downfolding the full band
structure onto a basis formed by five Fe d and
three As p orthonormalized orbitals. Then, we
study a Stoner model for weak-coupling itinerant (anti)ferromagnetism.
In our TB model, we choose to include the
As p orbitals explicitly into the basis, in order to study the effects of the strong As p - Fe
d covalency, which is crucial in these materials. In fact, it would be possible to describe accurately all the features of the band structure
of LaOFeAs in an energy window of ± 2 eV
around EF also using a smaller basis set, formed
by the five Fe d orbitals shown in Fig. 37.

However, the orbitals are very extended, and
strongly deformed with respect to their atomic
shape, due to a sizable hybridization with As
p-states. The effect is larger for the three t2g
(Xz,Yz,xy), than for the two eg (XY and zz) orbitals. In Fig. 38 we show that, when the As porbitals are included into the basis set, the Fe dorbitals localize. What causes the long range of
the orbitals (and hoppings) of the model shown
in Fig. 37 is thus the hybridization with the diffuse As p-orbitals. Together, the two sets of pictures show that the bonding in LaOFeAs is characterized by a strong covalency between localized Fe d- and diffuse As p-states. The largest
p–d matrix elements (X/Xz,Y/Yz, z/xy) are odd
with respect to the Fe planes, and thus strongly
sensitive to the tetrahedral angle.

Figure 38: Same as Fig. 37, but for a basis set comprising five Fe d (top) and 3 As p (bottom) NMTO’s,
spanning all eight bands shown in Fig. 39.
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Figure 39: ‘Fat’ bands of p–d model; the fatness of the bands is proportional to the partial character associated to the orbitals shown in Fig. 38. Energies are measured with respect to the Fermi level. The corresponding Fermi surfaces are shown in Fig. 36(c).

Figure 39 shows the NM band structure of
LaOFeAs, decorated with a ‘fatness’ proportional to the individual characters of the Fe d
and As p Wannier orbitals shown in Fig. 38.
With Fe in a d 6 configuration, there are twelve
electrons to accommodate in the eight bands,
which extend from –5 eV to 3 eV. There is a
gap in the electronic spectrum at –2 eV, separating the three lowest bands, which mainly
have As p-character, from the remaining five,
which mainly have Fe d-character. The two eg
bands (zz and XY) hybridize with each other,
and gap almost everywhere around the Fermi
energy. The bands at the Fermi level are predominantly of t2g character; the Fermi surface,
shown in Fig. 36(c), consists of two degenerate, M centered hole pockets with xz,yz character, a singly-degenerate hole pocket centered
at , and two ellipsoidal electron pockets at
X(Y), formed by xy/z and xz(yz)/y(x) bands, respectively. In Fig. 39, the significant Fe–As hy-

bridization seen in the orbitals shows up as
shared p–d fatness; close to the Fermi level, it
affects the dispersion of all bands, and in particular it causes the upwards dispersion of the
xz(yz)/y(x) bands that form the electron pockets.
Furthermore, the long range of the Fe-As and
As-As hoppings causes the masses of all Fermi
surface pockets to be almost free-electron like.
This non-trivial NM electronic structure, characterized by a multiband, strongly nested Fermi
surface and strong, long-range p–d hybridization, complicates the description of magnetism
and superconductivity at any level of approximation. Here, we study antiferromagnetism using a simple Stoner model, which, for a fixed
value of the exchange coupling constant I, is
a good approximation to the self-consistent
LSDA calculations. Starting from the TightBinding Hamiltonian Ĥ0 (k), we construct the
Hamiltonian HSDW (k) of a SDW with wavevector Q as:
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Ĥ0 (k)

̂/2

̂/2

Ĥ0 (k + Q)

⎠,

(10)

where ̂ is a diagonal matrix, with (̂)Fe,Fe = 1̂
(̂)As,As = 0̂. This corresponds to applying a
staggered magnetic field ± /2, which induces
a staggered magnetic moment ± m/2 with the
periodicity of the SDW. The spin-polarized
band structure is then obtained diagonalizing
the Hamiltonian (Eq. (10)); the magnetic moment is then given by: m = i k c★i,k ci,k+Q ,
where ci,k+Q are the eigenvectors of the matrix (Eq. (10)). At equilibrium, a self-consistent
condition relates m to  through the Stoner coupling constant I:
=mI

(11)

In Fig. 40, we show the bare susceptibilities,
0 (m) = m()/, as a function of the induced
moment m(), for striped – Q = (0,) – (left)
and checkerboard – Q = (, ) – (right) AFM order, obtained by solving Eqs. (10) and (11) as
a function of . The electron-doping x, is modeled by a rigid shift of the Fermi level. On these
plots, the self-consistency condition Eq. (11) is
given by the intercept of the 0 (m) curve with a
line m/ = 1/I.
The two horizontal lines indicate the two values of I, which give the experimental value
(m = 0.3 μ B , I = 0.59 eV), and the LSDA value
(m = 2.0 μ B , I = 0.82 eV) for the magnetic moment at x = 0 and Q = (0,). Within the itinerant
Stoner model, a 20% reduction of I is thus sufficient to bring the value of the magnetic moment from the large LSDA value m = 2.0 μ B ,
to a value which is much closer to experiment
m ≈ 0.3 μ B . Furthermore, this small-moment
solution is not found for the checkerboard order with Q = (, ), and is rapidly suppressed
by doping, in agreement with experiment. The
large-moment solution, for I = 0.82 eV, is instead much more robust with respect to the ordering vector and doping, in good agreement
with self-consistent LSDA calculations. The
AFM solution possesses two important, general features, which are easily understandable
in terms of the NM band structure.
50

Figure 40: (a) Bare susceptibilities 0 (m) = m()/
as a function of the induced magnetic moment
m, for LaO1−x Fx FeAs, for striped (Ȳ) and (b)
checkerboard (M̄)(b) SDW order, Eqs. (10) – (11).
The two horizontal lines on the plot mark the two
values of I which correspond to the value of the
magnetic moment observed experimentally (m = 0.3,
I = 0.59 eV), and to that given by LSDA-GGA calculations (m = 2.0, I = 0.82 eV) for x = 0.

The value of the magnetic moment is sensitive
to the (FeAs4 ) tetrahedral angle, because it is
suppressed by increasing p–d covalency, which
is strong at all energy scales; the magnetic moment is not orbital polarized, which is a consequence of the small crystal field splittings. On
the other hand, the part of the non-magnetic
band structure which contributes to forming the
magnetic moment is different in the small and
large-moment regimes.
In fact, the SDW perturbation couples states
at k and k + Q, with common d-character,
opening a gap ≤  between up and down
spin states; therefore, only states in an energy
range  around the Fermi energy contribute to
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the formation of the moment.  = 180 meV for
m = 0.3 μ B , and  =1800 meV for m = 2.0 μ B . As
a result, for m = 0.3, the magnetic moment is
mainly determined from the hole states close to
the EF at M̄,(̄) having common xz(xy) character with electron states at X̄,(Ȳ), and is strongly
connected to nesting. On the other hand, for
m = 2.0 μ B ,  = 1800 meV, so that the whole
band structure undergoes a major rearrangement, and the effect of Fermi surface nesting
is completely washed out. This implies that the
AFM instability found by LSDA calculations is
not directly connected to Fermi surface nesting,
as it is often argued in literature.
In summary, we have derived ab initio an accurate TB model for the non-magnetic band
structure of the new iron-based superconductor
LaOFeAs. We have used it to explain the main
features of the non-magnetic band structure,
and shown that many descend from the strong
covalency between localized Fe d- and diffuse
As p electrons. As a first application, we have
studied the itinerant magnetism with a Stoner
model, to try to reconcile the observed disagreement between LSDA calculations and experiment in the estimate of magnetic moments. We
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have shown that in order to reduce the value
of the magnetic moment from the LSDA value
m = 2.0 μ B to the experimental value m = 0.3 μ B ,
it is sufficient to reduce the the (Stoner) exchange coupling parameter I by ≈ 20%, i.e.,
from I = 0.82 eV to I = 0.59 eV. We have argued
that the small and large-moment regimes have
different origin, and that the AFM instability
found by LSDA is not connected to Fermi surface nesting.
The empirical observation that the weak (intermediate) coupling regimes of the same meanfield model for magnetism accurately describe
the magnetic (bonding) properties of the same
compound, signals that electronic correlations
play a non-trivial role in the FeBSC, affecting
both low and intermediate energy scales.
[1] Kamihara, Y., T. Watanabe, M. Hirano, H. Hosono.
Journal of the American Chemical Society 130,
3296–3297 (2008).
[2] Boeri, L., O.V. Dolgov, A.A. Golubov. Physical
Review Letters 101, 026403 (2008) and Physica C
469, 628–634 (2009); Mazin, I.I., M.D. Johannes,
L. Boeri, K. Koepernik and D.J. Singh. Physical
Review B 78, 085104 (2008).

Spectroscopic imaging STM of iron-based superconductors
S.C. White, U.R. Singh and P. Wahl

The discovery of iron pnictide superconductors [1] lead to vast research activities connected to the hope to find materials with an
even higher critical temperature (Tc ) than that
of cuprate superconductors and to improve our
understanding of unconventional superconductivity. The similarities to cuprate superconductors concerning the phase diagram and the
2D layered structure (in some of the compounds) indicate that investigations of iron
pnictide superconductors might help to solve

the mystery of high-temperature superconductivity also in other materials. Iron pnictide superconductors exhibit a similar doping dependence of the superconducting critical temperature as cuprate superconductors, the parent
compound is also magnetically ordered but in
contrast to cuprates metallic. While the basic
phase diagram for superconductivity is established for the better studied compounds, especially the RO1−x Fx FeAs and the AFe2 As2 compounds (where R is a rare earth element, and A
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either Ba, K, or Sr) to which – as a consequence
of doping – electrons or holes can be introduced
thereby bringing the material into a superconducting phase, there are still open questions
concerning the role of sample quality and homogeneity. Specifically whether magnetic and
superconducting phases coexist or rather compete is a debated issue. Also the order parameter is despite intense research efforts not finally determined though several proposals exist. Angular Resolved Photoemission Spectroscopy (ARPES) measurements indicate that the
order parameter does not have nodes, thus being indicative of an order parameter with ssymmetry [2]. Looking into the past, tunneling spectroscopy has played a key role in understanding conventional superconductivity [3].
For instance, investigations of planar tunneling
junctions of conventional superconductors have
proven the existence of an excitation gap with
coherence peaks compatible with BCS theory.
Furthermore additional features due to electronphonon coupling have been found in tunneling
spectra.
In our newly setup low-temperature scanning
tunneling microscope (STM) (Fig. 41), which
is specifically optimized for spectroscopic mapping, we have performed initial studies of iron

based superconductors by STM and scanning
tunneling spectroscopy (STS). The instrument
allows for continuous measurements on a time
scale up to 100 h at temperatures down to 1 K
and in magnetic fields up to 16 T. Samples are
cleaved in situ in cryogenic vacuum ensuring
that the surface is not exposed to oxygen or
other contaminants after cleavage.
For initial studies of iron based superconductors, we have chosen the iron chalcogenide
FeTe1−x Sex [4]. Crystals have been grown by
the Crystal Growth group by C.T. Lin (see also
pg. 43). It becomes superconducting below typically 13 K and has a well-defined cleavage
plane between two identically terminated surfaces. The crystal structure and the expected
cleavage plane are shown in Fig. 42. The existence of a well-defined cleavage plane ensures
reproducibility as well as an atomically flat surface. Both are important to minimize surface effects which might influence the electronic structure as detected by STM thereby obscuring a
direct comparison with bulk-sensitive probes.
Figure 42(b) shows the expected surface termination, exposing a square lattice of Selenium
and Tellurium atoms at the surface.

Figure 41: (a) Photo of the vibration isolation and the experimental setup. The cryostat with the STM is
supported by a two-stage vibration isolation consisting of a 6 t concrete block suspended on steel springs
and a 1 t vibration table which resides on pneumatic dampers. (b) Photo of the STM head. Materials have
been optimized for high stiffness to increase the stability of the instrument.
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Figure 42: (a) Crystal structure of Fe1+ Te1−x Sex
superconductors, dashed line indicates the natural cleavage plane. Spheres representing Te and Se
atoms are shown in the same color, (b) ball model
of the surface after cleavage. Differently shaded Se
atoms correspond to atoms below or above the iron
plane.

STM images of the surface of FeTe1−x Sex after
cleavage are shown in Fig. 43. As seen from
Fig. 43(a), we find large, atomically flat terraces. STM images (Fig. 43(b)) routinely show
atomic resolution, exposing a square lattice
with a lattice constant of ≈ 3.7 Å, consistent
with the model shown in Fig. 42(b). We find that
the surface atoms are imaged with slightly differing apparent heights.
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By mapping topographic heights on an appropriate color scale, a clear contrast can be seen
between different species of atoms at the surface, which can be ascribed to the different apparent heights of selenium and tellurium atoms
in the STM image.
The first results shown here demonstrate that
our new setup is now ready for an in-depth characterization of correlated electron materials. In
future studies we plan to investigate the relation
of the gap observed in tunneling spectroscopy
to superconductivity. This is specifically interesting in view of the fact that in underdoped
cuprates a gap is observed well above the superconducting transition temperature, while there
is no obvious connection of a spectroscopic feature to superconductivity.
[1] Kamihara, Y., H. Hiramatsu, M. Hirano,
R. Kawamura, H. Yanagi, T. Kamiya and H. Hosono.
Journal of the American Chemical Society 128,
10012–10013 (2006); Kamihara, Y., T. Watanabe,
M. Hirano and H. Hosono. Journal of the American
Chemical Society 130, 3296–3297 (2008).
[2] Ding, H., P. Richard, K. Nakayama, K. Sugawara,
T. Arakane, Y. Sekiba, A. Takayama, S. Souma,
T. Sato, T. Takahashi, Z. Wang, X. Dai, Z. Fang,
G.F. Chen, J.L. Luo and N.L. Wang. Europhysics
Letters 83, 47001 (2008); Terashima, K., Y. Sekiba,
J.H. Bowen, K. Nakayama, T. Kawahara, T. Sato,
P. Richard, Y.-M. Xu, L.J. Li, G.H. Cao, Z.-A. Xu,
H. Ding and T. Takahashi. Proceedings of the
National Academy of Sciences of the United States
of America 106, 7330–7333 (2009).
[3] Giaever, I. and K. Megerle. Physical Review 122,
1101–1111 (1961).

Figure 43: (a) STM overview image of the surface
of a cleaved Fe1+ Tex Se1−x (x = 0.37) sample taken
at 4.2 K. (b) Close-up image, the color scale is chosen to emphasize the different appearance of atoms
in the surface layer.

[4] Hsu, F.-C., J.Y. Luo, K.-W. Yeh, T.-K. Chen,
T.-W. Huang, P.M. Wu, Y.-C. Lee, Y.-L. Huang,
Y.-Y. Chu, D.-C. Yan and M.-K. Wu. Proceedings of
the National Academy of Sciences of the United
States of America 105, 14262–14264 (2008);
Yeh, K.-W., T.-W. Huang, Y.-l. Huang, T.-K. Chen,
F.-C. Hsu, P.M. Wu, Y.-C. Lee, Y.-Y. Chu, C.-L. Chen,
J.-Y. Luo, D.-C. Yan and M.-K. Wu. Europhysics
Letters 84, 37002 (2008); for STM measurements by
other groups see also Kato, T., Y. Mizuguchi,
H. Nakamura, T. Machida, H. Sakata and Y. Takano
Physical Review B 80, 180507 (2009).
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Electronic, lattice, and spin state instabilities in Fe(II) compounds
S. Deng, J. Köhler, A. Bussmann-Holder and A. Simon

The electronic, magnetic and structural properties of Fe(II) systems, NaFeAs, Ba1−x Kx Fe2 As2 ,
LaFeAsO1−x Fx , and SrFeO2 have been studied by different tools in order to elucidate the superconducting and novel spin transitions.
Global double degeneracy and peaked electron-phonon coupling in NaFeAs [1]
Our first-principles calculations for NaFeAs
show a global double degeneracy of bands
along X–M and R–A (Fig. 44), characteristic for the new superconducting Fe pnictides,
which has not been noted before.

Figure 44: Band structure and DOS curves (solid
for total DOS, blue broken line for Fe-3d, red broken line for As-4p, and black broken line for Na) for
NaFeAs.

We propose a tight-binding model to explain
the origin of the double degeneracy as due to
a reduction of the unit cell along the diagonal directions. This global double degeneracy
implies an instability of the electronic structure, which is quantitatively addressed by calculating the generalized susceptibility (q, =0).
The calculated values of Re (q, 0) indeed show
a rather sharp peak at QM , (1/2,1/2,0) suggesting a spin density wave (SDW) ground state,
however, competing orders, such as charge density wave (CDW), may exist. To use a criterion derived from a restricted Hartree-Fock approximation for the occurrence of SDW and
CDW, respectively, we calculated
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42q
ℏq ,

where

q is the average electron-phonon (e–p) interaction matrix element.2 A local maximum with a
4
,  = 3 is found at QM .
value of 0.542 for ℏq
q
The largest values 2.99 eV and 2.73 eV occur
at (0,0,1/2) and (0,0,1/4), respectively, for  = 6.
All these values are too small to satisfy the criterion for CDW. Hence, we exclude the possibility of a CDW instability related to the nesting
vector QM . In contrast, the condition for a SDW
is satisfied as 1/q is close to zero at QM .

Figure 45: (a) q dependence of e–p coupling constant, (q), in the first BZ of phonons revealing
a peak-like structure, (b) the most important A1g
phonon in e-p coupling.

A peak-like structure of e-p coupling is also
found for NaFeAs as shown in Fig. 45. However, the highest peak value, (q) = 3.19 at q,
(0,0,1/4) is much smaller than values found for
Hg (12.3) and MgB2 (25.3). The A1g phonon
which involves only the z-direction vibration
of As and Na couples to steep band electrons,
however, too weakly to explain the superconductivity on the basis of a conventional e–p
coupling mechanism. Electron correlation and
phonon-phonon interactions may enhance the
e–p coupling.
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FeAs based superconductors: A bridge between MgB2 and cuprates [2]
Superconductivity in FeAs based compounds
has soon been shown to arise from multiple coupled nodeless order parameters, which distinguishes this material class from cuprates where
s+d wave superconductivity is realized, but
underlines their analogy to MgB2 . However,
opposite to this compound no markedly enhanced electron-phonon interaction seems to be
present. In addition, the proximity of these new
superconductors to an antiferromagnetic phase
has been taken as evidence that purely electronic models could explain the pairing mechanism. On the other hand, local structural probes
such as extended X-ray absorption fine structure
(EXAFS) measurements reveal an anomalous
temperature dependence of local Fe-As lattice
displacements which closely resemble the ones
observed in cuprate superconductors. This observation suggests that local rather than global
electron-lattice interaction effects are involved
and that polaron formation is responsible for the
anomalies observed in EXAFS data.

In order to reconcile the experimental findings
a two-band model with polaronic coupling has
been employed from which the gaps and superfluid density have been calculated. Typically, in
a multiband superconductor an inflection point
at low temperatures in the superfluid density appears which is absent in a single-band superconductor. This specific feature has been seen experimentally in various FeAs based compounds.
The theoretical results reproduce the data well
(Fig. 46) and confirm the two-gap model.
The polaronic renormalizations have an important impact on the local dynamics, since a rigid
oscillator shift of the harmonic lattice mode
frequencies takes place which leads to local
mode softening and an unusual divergence in
the mean square Fe-As displacement. This is
shown in Fig. 47 where the model calculations
are compared to experimental results from EXAFS.

Figure 47: Temperature dependence of the mean
square Fe-As displacement. Full stars correspond to
experimental data for LaFeAsO0.93 F0.07 ; the full line
is theoretically derived.

Figure 46: Comparison of experimental (full stars)
and theoretical (full lines) temperature dependencies of the normalized in-plane penetration depths
together with the individual contributions from the
two components ssc (dashed lines) and lsc (dotted
lines).

Fe-based superconductors thus exhibit features
common to both MgB2 and cuprates. The link
is the existence of multiple gaps, with the distinction from cuprates, but in analogy to MgB2 ,
of all being isotropic s-wave gaps. In contrast
to MgB2 local lattice effects play an important
role for superconductivity, however being less
effective than in cuprates. It thus seems, that
pnictide superconductors lie in between these
two materials.
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Spin transition made possible by inter-site interactions [3]
Transitions between higher-spin and lower-spin
states are energetically not feasible for compounds with square-planar coordinated 3d transition metal ions, because an isolated squareplanar complex ML4 of, for example, a d 6 transition metal ion such as Fe2+ , has only one M–
L sigma antibonding level, the x2 – y2 orbital,
whose energy depends sensitively on the M–
L bond length. Recently, it could be shown by
Kawakami et al. that SrFeO2 (Fig. 48), which
is made up of corner-sharing FeO4 squareplanes, undergoes a spin transition from highspin (S = 2) to intermediate-spin (S = 1) under
pressure (> ≈33 GPa) and becomes ferromagnetic when a magnetic field is applied.

(xy↓)0.5 for each Fe2+ ion, which is the second intermediate-spin (S = 1) state.

Figure 48: Crystal structure of SrFeO2 .

The pressure-induced change in the electronic structure of SrFeO2 can be understood
by considering how the shortening the Fe–
O and Fe. . .Fe distances affects the d-states
of two adjacent Fe2+ ions [3]. The up-spin
and down-spin d-states in SrFeO2 are ordered as depicted in Fig. 49(a) hence leading
to the high-spin (S = 2) electron configuration
(z2 ↑)1 (xz↑, yz↑)2 (xy↑)1 (x2 – y2 ↑)1 (z2 ↓)1 for a
Fe2+ ion. As depicted in the Fig. 49(b), shortening the Fe–O distances under pressure raises
the x2 − y2 ↑ orbital of each Fe2+ ion while
shortening the Fe. . .Fe distance lowers the
bonding state of the Fe2+ dimer formed from
the (xz↓, yz↓) orbitals. When pressure is further increased, the shortening of the Fe. . .Fe
distance can raise the antibonding state of
the Fe2+ dimer formed from the z2 ↓ orbitals
above the bonding state of the Fe2+ dimer
formed from the xy↓ orbitals (Fig. 49(c)). This
leads to the change in the configuration from
(z2 ↓)1 to (xy↓)1 per Fe2+ dimer, or that from
(z2 ↓)1 to (z2 ↓)0.5 (xy↓)0.5 per Fe2+ ion. Effectively, this results in the overall configuration
(z2 ↑)1 (xz↑, yz↑)2 (xy↑)1 (xz↓, yz↓)1 (z2 ↓)0.5
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Figure 49: Spin states in SrFeO2 at (a) ambient and
(b) and (c) high pressure (> GPa).

From the viewpoint of a high-spin Fe2+ ion,
shortening the Fe. . .Fe distance lowers the
empty (xz↓, yz↓) levels (the Fe–Fe bonding
part) and raises the occupied z2 ↓ levels (the
Fe–Fe antibonding part). This, combined with
raising the occupied x2 – y2 ↑ level induced by
shortened Fe–O bond, leads to the observed
spin transition in SrFeO2 , which would be impossible if there were no interactions through
the Fe . . . Fe paths.
In Collaboration with:
M.-H. Whangbo (North Carolina State University, USA);
H. Keller (Universität Zürich, Switzerland); A.R. Bishop
(Los Alamos National Lab, USA)
[1] Deng, S., J. Köhler and A. Simon. Physical Review B
80, 214508 (2009).
[2] Bussmann-Holder, A., A. Simon, H. Keller and
A.R. Bishop. Journal of Superconductivity and Novel
Magnetism 23, 365–369 (2010).
[3] Whangbo, M.-H. and J. Köhler. Nature Chemistry 1,
351–352 (2009).
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Electronic correlations
The study of fascinating properties of electronic correlations plays an important role in the Institute
where chemistry as well as experimental and theoretical physics are involved. In particular, we
focus here exemplarily on transition metal oxides, quantum Hall systems, and low-dimensional
materials. In this section, a variety of different theoretical methods are employed to understand
strong interactions and the resulting elementary excitations in different classes of materials. One
example of such an interdisciplinary cooperation is the first contribution dealing with an exciton doublet arising from long-range Coulomb interaction in LiCuVO4 . The corresponding optical
measurements shed light on the interesting interplay between the charge dynamics and frustrated
magnetism occurring in a Mott-Hubbard insulator. Further theoretical approaches are (a) developed for resonant X-ray scattering that is able to describe dispersing low-energy states including
many-body interactions as well as (b) Renormalization Group methods are employed to quantum
phase transitions involving order parameter fluctuations. On the experimental side, examples are
presented for the important study of the magnetic properties of the Heisenberg chain system CuCl2
as well as on the observation of Bose-Einstein condensation in a quantum Hall double layer system. Finally, we report on an interesting analysis of an injected electron into a Luttinger liquid that
creates a non-equilibrium situation. For such a system, a pertubative approach has been developed
that allows to calculate the resulting tunneling current.

Exciton doublet in edge-sharing CuO4 chains
Y. Matiks, P. Horsch, R.K. Kremer, B. Keimer and A.V. Boris

The elementary charge excitations observed by
optical spectroscopy are a key source of information on electronic correlations in transition metal oxides. Because of their particularly simple electronic structure (with a single hole in the d-electron shell) and their importance for high-temperature superconductivity and other electronic ordering phenomena,
insulating copper-oxides have long been recognized as model systems for charge excitations
in the strong-correlation limit. In these systems,
the electron-hole pairs created by optical excitation, di↑9 dj↓9 → (d 9 Lh )i d10
j , consist of an oxygen
ligand hole in a CuO4 plaquette, called ZhangRice-singlet (ZRS) state [1], and a d10
j configuration in a neighboring plaquette. In formal
analogy to the single-band Hubbard model, the

ZRS correspond to the holes in the lower Hubbard band and form the low-energy excitations
in copper-oxide planes or chains.
In analogy to semiconductors, excitons may
form in narrow-band Mott-Hubbard (MH) insulators if the attraction between holes and electrons exceeds their kinetic energy. In copperoxides, the exciton size corresponds to the interatomic Cu-Cu distance, and hence a large binding energy of the order of an eV is expected,
which is characteristic of a tightly bound,
Frenkel-type exciton. In contrast to Frenkel excitons in semiconductors, however, electrons in
the MH model cannot be localized on the same
site because of the large on-site Coulomb interaction, U, and an intrinsic broadening of the
exciton linewidth is expected as a result of ex57
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change interactions. It has therefore been difficult to separate the intrinsically broad and weak
features due to MH excitons from the strong absorption continuum due to incoherent p–d transitions [2].
We have performed a comprehensive ellipsometric study of charge excitations in LiCuVO4
insulator, whose electronically active units are
chains built up of edge-sharing CuO4 plaquettes [3]. In this lattice geometry, the Cu–O–Cu
bonds form ≈ 90∘ angles, such that the nearest neighbor (nn) hopping amplitude is unusually weak and smaller than that between nextnearest neighbors (nnn). The resulting magnetic
frustration and multiferroic properties have recently drawn much attention to this family of
compounds. In our optical experiment we observe a weak but well-resolved two-peak structure for photon polarization along the chains,
which can be identified as an exciton doublet
arising from the long-range Coulomb interaction along the chains. By virtue of their exceptionally narrow electronic bandwidth, compounds with edge-sharing copper-oxide chains
thus provide a highly favorable platform for the
investigation of exciton formation and the interplay between spin and charge correlations in the
cuprates. In the CuO2 planes of cuprate superconductors the bandwidth is significantly larger,
and hence excitons will not appear. However,
a thorough understanding of the long-range
Coulomb interaction is important for the quantitative description of features such as charge
density waves and stripes.
Figure 50 shows the real and imaginary parts
of the dielectric function at 300 K, 100 K,
and 7 K, respectively. Clearly, the optical response is highly anisotropic. While the spectrum along the c-axis shows no significant temperature dependence, temperature-dependent
features are apparent along both a and b. The
main temperature-dependent features (marked
by arrows in Fig. 50) are centered at 4.2 eV for
polarization along a and at 2.95 eV along b.
The two most prominent optical bands located
at 3.7 eV (3.55 eV) [3.6 eV] and 4.2 eV (4.4 eV)
58
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[4.4 eV] in the spectra along the a- (b-) [c-] axis
can be separated using classical dispersion analysis.

Figure 50: Real 1 () and imaginary 2 () parts of
the dielectric function of LiCuVO4 measured at 7 K,
100 K, and 300 K for photon polarizations (a) E ∥ a,
(b) E ∥ b and (c) E ∥ c. Blue and red arrows mark the
T-dependent features discussed in the text.

A detailed analysis of the spectra reveals that
the origin of the temperature dependence for
both polarizations is qualitatively different.
For polarization along a, perpendicular to the
chains, the temperature-driven changes can be
described mainly as a gradual narrowing and
shift of the optical band at 4.2 eV with decreasing temperature, without any discernible
change in its intensity. This behavior is typical
for interband transitions and can be attributed
to lattice anharmonicity. In contrast, the spectra along the chains show the emergence of a
well-defined absorption peak at 2.95 eV at low
temperatures, as a ‘bump’ in 2 () which is accompanied by an antiresonance feature at the
same energy in b1 (). The detailed study of this
anomaly [3] showed a pronounced intensity enhancement of the band at 2.95 eV below 80 K,
the temperature below which the magnetic sus-
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ceptibility begins to deviate from the mean-field
Curie-Weiss behavior due to the appearance of
short-range spin correlations along the copperoxide chains. A redistribution of optical spectral weight (quantified by integrating the optical conductivity in terms of the effective charge
2m ∫ 
1 (′ , T)d′ ,
density Neff (, T) = e2N
Cu 0
where m is the free electron mass and
NCu = 1.4⋅1022 cm−3 is the density of Cu atoms)
takes place for polarization along the chains.
The gain because of the band at 2.95 eV is compensated by a spectral weight loss within the
spectral range of the bands at 3.5 eV and 4.4 eV,
such that the optical sum rule is satisfied.

Figure 51: (a) Mott-Hubbard exciton formed by
d 9 Lh and d10 states generated by nn (t1 ) or nnn
(t2 ) hopping. (b) Temperature-difference spectra of
b2 () near 2.9 eV for polarization along the chains,
background corrected due to the temperature variation of the high-energy optical bands. (c) Temperature dependence of spectral weight of exciton bands
at 2.15 eV and 2.95 eV. Inset: 1 () and density
of states D() of the UHB calculated for the Hubbard model with long-range Coulomb interactions,
Eq. (12), at T = 0 and parameters U = 3.75, V = 1.6,
t1 = 0.08 and t2 = 0.1 eV.
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Recent calculations of the optical conductivity
of edge-sharing copper-oxide chains within a
pd model including the on-site Coulomb repulsion [4] have assigned the lowest-energy transition along the chains to ZRS excitations. A
strong temperature dependence of the spectral
weight due to spin-correlation effects was also
predicted, in qualitative agreement with our
data. However, close inspection of the ellipsometric data indicates a more complex behavior that cannot be understood in terms of incoherent ZRS excitations. Figure 51(b) shows
that the 2.95 eV band exhibits a double-peak
structure with a satellite peak at 2.15 eV that
is not visible in Fig. 50 because of its low intensity. The temperature dependence of the individual band spectral weight (SW) was pa(ℓ)
rameterized as Neff (T) = NCu2me2 SW(ℓ) (T) in
Fig. 51(c), where SW(ℓ) (T) is determined by
the oscillator strength of the individual band.
The SW of both bands increase upon cooling down to ≈ 80 K in a parallel manner. For
lower temperatures, however, the intensity of
the lower-energy band saturates, while that of
the higher-energy band keeps increasing.
We now demonstrate that the two bands
can be quantitatively described as an exciton doublet in a model incorporating longrange Coulomb interactions. We consider the
one-band Hubbard model obtained by downfolding from the pd-Hamiltonian. In the case
of edge-sharing chains, it is important to
consider both nn (t1 ) and nnn (t2 ) hopping (Fig. 51(a)). Besides the kinetic energy
+
terms Ki,ℓ = – tℓ (c+
i+ℓ, ci, + ci, ci+ℓ, ), the local Hubbard interaction U and the long-range
Coulomb interaction Vℓ are included. The
model thus reads [5]:
H=

2

  Ki,ℓ + U  ni,↑ ni,↓ +  Vℓ ni ni+ℓ .

ℓ=1 i

i

(12)

i,ℓ≥1

Here Vℓ = V/ℓ is parameterized by the nn
Coulomb interaction V. An optical excitation induced by the current operators jℓ = –
ie i, dℓ tℓ (c+
i+ℓ, ci, − h.c.) generates an empty
site (ZRS) and a doubly occupied site (doublon
59

Selected research reports

Electronic correlations

in the upper Hubbard band, UHB) one (d1 = b)
or two (d2 = 2 b) Cu sites apart (Fig. 51(a)). As
a result of the Coulomb attraction between the
positive hole and the negative doublon, exciton states emerge below the UHB. For nn hopping only, the lowest-energy exciton dispersion is small, ∼ –(2 t1 cos(k/2))2V. In our case,
however, the dispersion is large and given by
E1 (k) = U − V±2t2 cos(k) due to the t2 process,
and the twofold degeneracy is lifted. The second exciton is centered at U − V/2. As seen in
the inset of Fig. 51(c), the SW is concentrated in
the exciton states, and only little optical weight
is found in the UHB, despite its large density of
states. While this representation gives a correct
description of the energy scales, one would expect sharp excitons if one considered the charge
sector only. We argue, however, that the coupling of the spin degrees of freedom (mainly
due to t2 -processes) implies a momentum average over the exciton band. This leads to a band
with a width of ∼ 4 t2 ∼ 0.4 eV for the lowest
exciton, consistent with our experimental data.
The SW for the individual exciton transitions
can be expressed in terms of the kinetic energy per bond and the hopping length dℓ
(ℓ)
as Neff = – ℏm2 dℓ2 ⟨Ki,ℓ ⟩. The kinetic energy of
the model given in Eq. (12) is equivalent to
the superexchange energy of the corresponding Heisenberg model Hs = ℓ Jℓ i (⃗Si ⋅ ⃗Si+ℓ −
1/4) − J1F i ⃗Si ⋅⃗Si+1 where Jℓ ≃ 4 tℓ2 /(U − Vℓ ).
Thus, the weights of the first and second excitons are directly related to the corresponding
spin correlations:
(ℓ)

Neff = −

2m 2
d Jℓ ⟨⃗Si ⋅⃗Si+ℓ − 1/4⟩ .
ℏ2 ℓ

(13)

This relation explains why the second exciton is much stronger: (i) d2 = 2 d1 and (ii)
the nn spin-correlation function (ℓ = 1) is frustrated and small, because J1 – J1F is ferromagnetic and small compared to the antiferromagnetic coupling constant J2 . For ℓ = 2, the correlation function is large and negative, lead(2)
ing to large variation in Neff as a function
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of temperature. These arguments also explain
why the first exciton band experimentally observed at 2.15 eV is suppressed below 80 K,
whereas the second band at 2.95 eV shows a
steep increase (Fig. 51(c)) following the spincorrelation effects. A numerical computation of
Eq. (13) using exchange parameters determined
by neutron scattering estimates within a fac(2)
tor of two the experimentally determined Neff
(75 K – 7 K) ≃ 0.013. Within the model the exciton mode draws its SW from the UHB, which
may be superimposed on the charge-transfer excitations at 3.5 eV and 4.4 eV.
In summary, our optical measurements have
yielded clear evidence for exciton formation
and interesting insights into the relationship between the charge dynamics and frustrated magnetism in a Mott-Hubbard insulator with edgesharing copper-oxide chains. For photon polarization along the chains, the data reveal a
weak but well-resolved two-peak structure centered at 2.15 eV and 2.95 eV whose spectral
weight is strongly enhanced upon cooling near
the magnetic ordering temperature. We identify
these features as an exciton doublet in the MottHubbard gap that emerges as a consequence of
the Coulomb interaction between electrons on
nearest and next-nearest neighbor sites along
the chains. Our results and methodology can
be used to address the role of the long-range
Coulomb repulsion for compounds with doped
copper-oxide chains and planes.
[1] Zhang, F.C. and T.M. Rice. Physical Review B 37,
3759–3761 (1988).
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[4] Málek, J., S.-L. Drechsler, U. Nitzsche, H. Rosner
and H. Eschrig. Physical Review B 78, 060508(R)
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Theory of resonant inelastic X-ray scattering by collective
magnetic excitations
M.W. Haverkort

Resonant Inelastic X-ray Scattering (RIXS) has
seen an amazing experimental improvement
over the last ten years [1]. Both the resolution
as well as the yield have improved by more than
one order of magnitude. With this unbelievable
progress in mind it is therefore to be expected
that this technique will soon evolve into a wellestablished method to measure all kind of low
lying excitations and their dispersions [2–4]. In
many respects the technique is comparable to
neutron scattering, whereby each technique has
its own reason for existence.
The theoretical understanding of the RIXS
spectral function is quite complicated. For low
energy excitations like magnons, orbitons or
inter-band transitions one needs a theory including the full momentum dependence of these excitations. At the same time for the description
of the intermediate state it is required to include
the full local many body interactions. The local problem can be solved with the use of Multiplet Ligand Field Theory (MLFT) or an Anderson Impurity Model. For dispersing low energy states one needs a model on an infinite lattice and useful solutions in k-space can be obtained. There is no theory that can include full
many body interactions on an infinite lattice and
a good understanding of RIXS might therefore
seem hopeless.
Here I present a solution to this problem [5].
The calculation of the RIXS spectral function
can be factorized in two parts that each can be
solved by very different but appropriate models: 1) The low energy dispersing Green’s function can be calculated with the use of for example linear spin-wave theory. 2) The transition matrix can be factorized into local operators multiplied by fundamental X-ray Absorption Spectra (XAS), like the magnetic linear

(XMLD) and circular (XMCD) dichroic spectra. The XAS can either be measured or calculated using models that are very different
from the ones used to calculate the dispersing
magnon excitation spectra. The current theory
greatly simplifies the interpretation of RIXS as
it provides clear selection rules. These selection
rules lead to the amazing result that RIXS can
excite single magnons with a scattering intensity proportional to the XMCD absorption spectra. The conservation of spin momentum is broken by relativistic spin-orbit coupling (SOC).
The cross section to excite single magnons is
large at excitonic resonant edges that have a
strong core-hole spin-orbit coupling. These are
especially the transition metal (TM) L-edge as
well as the rare earth (RE) M-edge. The current
theoretical work for the first time allows for a
full description of the resonant energy dependence, the polarization dependence, as well as
the momentum-dependent intensity and energy,
of magnetic excitations in transition metal and
rare earth compounds.
I will start the derivation with the KramersHeisenberg formula for the differential cross
section:
2 
1
=
Ti ∣i⟩
⟨ f ∣T†o
  

+
E
+
i
i ı/2 − H
f
(i − o + Ei − Ef )

2

(14)

with i ( f ) labeling the set of initial (final) states,
E the energy, H the Hamiltonian,  the life-time
broadening, i(o) the photon energy of the incoming (outgoing) photon, i(o) the polarization
of the incoming (outgoing) photon and finally
T the optical transition operator given by the
perturbation of the photon field on the system
T = ⃗p ⋅ ⃗A. For core level spectroscopy T can be
rewritten as a Fourier transform of local transitions:
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⃗
⃗
T =  eık⋅⃗rj ⃗pj ⋅ ⃗Aj =  eık⋅⃗rj Tj ,
j

Electronic correlations

(15)

j

with ⃗k the photon wavevector, j a sum over all
atoms,⃗r j the position of atom j and ⃗p j (⃗A j ) the
momentum operator (photon vector field) expanded around atom j.
Tj, (Tj†′ , ) creates (annihilates) a core hole at site
j ( j′ ). For core level spectroscopy one can assume that the core hole does not hop from one
site to another. The site where the core hole is
created, j, is thus the same as the site where the
core hole is annihilated, j′ . The transition operator connecting the initial and the final state can
be rewritten as the Fourier transform of a local
transition operator:
 o

R i o =  eı⃗q⋅⃗rj Rj i

(16)

j

†
with Rji o = Tj,
(i + Ei + ı/2 − H)−1 Tj,i
o
and ⃗q = ⃗ki − k⃗o . Inserting this in the Kramers
Heisenberg formula and rewriting the RIXS
differential cross section in the spectral representation as (2 )/( ) = −[R ] gives:

R (⃗q, ) =  eı⃗q⋅(⃗rj −⃗rj′ )
j,j′

× ⟨i∣(Rj′ i o )†
+E

1
(Rji o )∣i⟩ ,
+
i ı/2 − H

Normally one is not interested in all possible
low energy excitations. In this work I will focus
on magnetic excitations, but a similar formalism is possible for orbital transitions as well.
One can down-fold the full Green’s-function
matrix Rj i o to a basis that contains the ground
state and the important transitions with respect
to the ground state. In the current case these
are states with different spin configurations.
Using this basis one can rewrite the resulting
Green’s-function matrix as fundamental X-ray
absorption spectra multiplied by spin-operators.
In spherical symmetry and including only local
spin operators acting on site j one finds:

(17)

with  = i − o .
The final state Green’s function
(1/( + Ei + ı/2 − H)),
which describes the magnons, can be calculated
in k-space on an infinite lattice using linearized
spin-wave theory or any other more involved
method available. The transition matrix Rji o is
a local object that describes the probability to
make low energy transitions at and around site
j. It is given by the X-ray absorption Green’s
function matrix
†
(Tj,
(i + Ei + ı/2 − H)−1 Tj,i )
o

and can therefore be calculated with the same
methods as used successfully for X-ray absorption. The calculation of Rji o can be done by approximating the X-ray absorption spectra of the
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entire solid by the absorption spectra of a cluster and the use of numerical methods. At strong
excitonic resonant edges like the TM L2,3 edge
or RE M4,5 edge, Rj i o will only depend on low
energy operators acting on site j. For other resonant edges, whereby the intermediate state is
less localized, also operators acting on neighboring sites of site j will become important. In
general not more then a few sites will contribute
as, in the resonant process, the core hole has
to be both created and annihilated at the same
site j.

Rji o = (0) i ⋅ ∗o +

(1)
i × ∗o ⋅ S
s

(18)
(2)
2
∗
∗
∗ 2
(i ⋅ S o ⋅ S + o ⋅ S i ⋅ S − i ⋅ o S )
+
s(2s − 1)
3

whereby (0) is the numerical value of the
isotropic complex optical conductivity at the
resonant edge, (1) ((2) ) the fundamental
XMCD (XMLD) spectra, S is the spin operator and s the expectation value ⟨S2 ⟩ = s(s + 1).
The fundamental spectra are those spectra measured at 0 K assuming full magnetization. For
real crystals the local point-group has to be included. This leads to operators in higher order
of S and the fundamental spectra branch according to their irreducible representation [6].
Equation (18) leads to beautiful simple selection rules: One can measure single spin-flip
transitions with cross polarized light for spins
in the plane of the polarizations. The operator
quadratic in S can lead to single (Si = 1) and
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double (Si = 2) spin-flip transitions as well as
contributions to the elastic line. For S = 1 systems (2) is zero by symmetry simplifying the
RIXS transition operator.
In order to clarify the method I present calculations of RIXS spectra at the L2,3 edge of
samples containing Cu2+ in D4h symmetry and
Ni2+ in Oh symmetry. Away from spherical
symmetry it is often more transparent to write
Rj i o as a 3×3 tensor whose elements depend
on the polarization of the incoming and outgoing light. In such a matrix notation Rji o for
Cu2+ , a S = 1/2 system in tetragonal symmetry,
becomes:
⎛
Rji o

(0)
aB
1g

(1)
2Sz a2u

⎜
⎜
⎜
(0)
∗ ⎜
= o ⋅ ⎜ −2Sz (1)
aB
a2u
1g
⎜
⎝
(1)
(1)
2Sy eu −2Sx eu

(1)
−2Sy eu
(1)

2Sx eu
(0)

aA

⎞

RIXS is discussed. In order to calculate spectra one needs to include the momentum dispersion. This can be done in a convenient way
with the use of linearized spin-wave theory. In
the bottom panels of Fig. 53 I show the spectral function as one could measure with RIXS
in the cuprates. I show calculations for a 1D
chain, 2D square and 3D cubic lattice with nearest neighbor interactions. One finds that the intensity goes to zero at  and diverges at the
antiferromagnetic Bragg peak. This is a wellknown behavior for collective excitations. One
should notice that for almost all cuprates one
can not reach the entire Brillouin zone at the Cu
L2,3 edge due to the short wavelength at the resonant energy.

⎟
⎟
⎟
⎟ ⋅ i
⎟
⎟
⎠

1g

The fundamental spectra of Cu2+ determining
the RIXS transition at the L2,3 edge can be seen
in the left panel of Fig. 52. They show a strik(0)
(1)
ing feature; the aA and eu spectra are zero.
1g

This is a direct consequence of having only one
hole with x2 –y2 symmetry in which one can not
excite a p electron with z polarized light. For
RIXS this means one can not measure spin-flip
excitations for Ising spins oriented perpendicular to the dx2 −y2 orbital. For real systems single
magnon excitations will always be measurable
as S = 1/2 fully aligned Ising spins never exist in
a solid.
In the previous paragraph, the form factor of
local spin-flips in the cuprates excited with
⎛

(0)
(2)
a1g + 2(Sx2 − 13 S2 )eg

Figure 52: Fundamental X-ray absorption spectra
that enter in the RIXS transition operator as energy-dependent complex matrix elements calculated
for Ni2+ and Cu2+ .

For Ni2+ in cubic symmetry (a S = 1 system)
the resonant inelastic scattering transition matrix becomes:

(1)
(2)
Sz t1u + (Sx Sy + Sy Sx )t2g

⎜
⎜
(1)
(2)
(0)
(2)
Rji o = ∗o ⋅ ⎜
a1g + 2(Sy2 − 13 S2 )eg
⎜ −Sz t1u + (Sx Sy + Sy Sx )t2g
⎝
(1)
(2)
(1)
(2)
Sy t1u + (Sz Sx + Sx Sz )t2g −Sx t1u + (Sy Sz + Sz Sy )t2g

(1)
(2)
−Sy t1u + (Sz Sx + Sx Sz )t2g
(1)
(2)
Sx t1u + (Sy Sz + Sz Sy )t2g
(0)

(2)

⎞
⎟
⎟
⎟ ⋅i
⎟
⎠

a1g + 2(Sz2 − 13 S2 )eg
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Figure 53: The Cu2+ and Ni2+ one magnon (bottom) and Ni2+ two magnon (top) RIXS spectral function,
calculated using linear spin-wave theory for a 1D chain (left), 2D square (middle) and 3D cubic (right)
lattice. The energy loss scale is in units of z S J, number of neighbors times spin times magnetic exchange
constant.

The numerical values of the optical conductivity  at the L2,3 edge for Ni2+ are plotted in
the right panel of Fig. 52. There are four fundamental spectra as the XMLD ((2) ) spectra
(2)
branch to two different representations (eg and
(2)

t2g ). In order to separate the different contributions one can use different scattering geometries
or different resonant energies. One should realize that also interference terms between the different channels have to be considered. On the
positive side the fundamental X-ray absorption
spectra () are quite well-known and can be calculated with quite good accuracy, simplifying
the disentanglement of the different scattering
channels.
In Fig. 53, I show the one (bottom panels) and
two (top panels) magnon intensity as one could
measure with RIXS in Ni2+ samples. For real
geometries one would always measure a linear
combination of the two spectral functions depending on resonance energy and polarization
as discussed above. For the single magnon spectral function only a single peak is seen at every
⃗q value. For the two magnon spectral function
a complete band is measured which fulfills that
the sum of the two different ⃗q values for the two
magnons is equal to the transferred momentum.
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In conclusion I have presented a tractable theory
for the calculation of RIXS spectral functions. It
fully incorporates the intermediate state Hamiltonian including the core-hole spin orbit coupling and the multiplet features as well as the
momentum dependence of the low energy excited states. The transition operator is written
as local operators multiplied by fundamental
X-ray absorption spectra. The transition operator has a simple form that allows one to determine simple selection rules depending on the
polarization of the incoming and outgoing light.
RIXS measurements can provide us with detailed information on both the magnons as well
as the incoherent spectral weight, which reveals information on the momentum-dependent
interactions of magnons with themselves and
other degrees of freedom in the system. The
RIXS cross section at the TM L2,3 edge is so
large that the technique can be used to measure
small samples, thin-films or multilayers making
it possible to measure magnetic excitations in a
whole new class of materials.
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Magnetic ordering in the frustrated Heisenberg chain system
cupric chloride, CuCl2
M.G. Banks, R.K. Kremer, C. Hoch and A. Simon

The interplay of magnetic and ferroelectric ordering in so-called multiferroic compounds as
basis of possible data storage devices has recently attracted particular attention. The majority of the multiferroic systems identified so
far are transition or mixed rare earth transition
metal oxides. In an ongoing effort to identify
unconventional magnetic low-dimensional systems with competing interactions and helicoidal
incommensurate antiferromagnetic (AFM) ordering as possible candidates for multiferroic
behavior we recently focussed our attention
on the binary Cu halides, CuCl2 and CuBr2
[1]. Here, we report on a detailed investigation
of the magnetic properties of cupric chloride
CuCl2 which has a crystal structure (Fig. 54) in
which layers of composition CuCl2 stack along
the c-direction with van-der-Waals interactions
between them [2]. Each CuCl2 layer consists of
CuCl2 ribbons made up of edge-sharing CuCl4
square planes such that the axial positions of
each CuCl4 square are capped by the Cl atoms
of its adjacent ribbons with long Cu. . .Cl distances. Thus, each Cu2+ (d 9 , S = 1/2) ion is
contained in an axially elongated CuCl6 octahedron, as expected for a Jahn-Teller active
Cu2+ ion.

Figure 54: Crystal structure of CuCl2 [2]. The Cu
atoms are represented by small (blue), and the Cl
atoms by large (orange) circles. The lower part of
the figure highlights a CuCl2 ribbons with the b-axis
along the ribbons. The planes of the ribbons are parallel to the bc-plane. the definition of the five exchange paths J1 – J5 of CuCl2 , where the numbers
1 . . . 5 represent J1 . . . J5 , respectively as used for the
DFT calculations (see below) are indicated.

In view of its crystal structure, the early magnetic susceptibility and heat capacity measurements, CuCl2 was historically one of the first
systems which has been discussed in terms of
a one-dimensional AFM with uniform nearest
neighbor (NN) Heisenberg exchange [3].

65

Selected research reports

On the other hand, by analogy to the CuO2 ribbon chains found in other magnetic oxocuprates
such as LiCuVO4 or NaCu2 O2 [4], the nextnearest neighbor (NNN) spin exchange coupling along the chain may be essential in addition to the nearest neighbor (NN) spin exchange in understanding the magnetic properties of CuCl2 . For such CuO2 chains, made up
of edge-sharing CuO4 square planes, the NN
spin exchange has been found to be ferromagnetic (FM), while the NNN spin exchange has
been observed to be AFM and even stronger
than NN superexchange. The resulting geometric spin frustration may give rise to an incommensurate spiral spin ordering and multiferroic
behavior.

Figure 55: Temperature dependence of the magnetic susceptibility of a crystal of CuCl2 measured with magnetic field aligned along the crystal
b-axis corrected for the sum of diamagnetic and Van
Vleck contributions (0 ≈ –18(1)⋅10−6 cm3 /mole)
(∘) compared with the results of exact diagonalization calculations of S = 1/2 Heisenberg chains with
NN and NNN exchange J1 and J2 , respectively,
defining the ratio  = J1 /J2 . The (colored) solid lines
were calculated according to Eq. (19) with spin (T)
taken from [5] for J2 = –117 K and  = J2 /J1 as given
in the inset. From top to bottom  amounts to
–0.75 . . . +0.25, respectively.

Our own magnetic susceptibility data measured
on melt-grown single crystals of CuCl2 reveal
short-range antiferromagnetic ordering features
in the magnetic susceptibility i.e., a typical
broad maximum at ≈ 70 K (Fig. 55). A careful
comparison of our data with recent exact diagonalization results obtained by Heidrich et al. [5]
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suggest a description within terms of a S = 1/2
Heisenberg chain with NN and NNN spin exchange interaction equivalent to a frustrated
zig-zag chain arrangement. Additional, interchain superexchange interactions which lead to
AFM long-range ordering has been taken care
of by applying a mean-field correction for the
magnetic susceptibility according to Eq. (19):
cor
spin (T) =

spin (T)
1 − (z J/NA g2⊥ μ2B ) spin (T)

(19)

Long-range AFM ordering below a Néel temperature of ≈ 24 K has previously been observed in heat capacity measurements on powder samples [3,6]. Figure 56 displays our data
measured on a single crystal of CuCl2 . Entropy
considerations indicate substantial AFM shortrange ordering to occur above the Néel temperature. Short-range ordering removes about 90%
of the spin-entropy (Fig. 56).

Figure 56: Temperature dependence of the specific
heat of CuCl2 . The main frame shows the heat capacity of a crystal, the lower inset gives the magnetic
field dependence of the anomaly at the Néel temperature TN = 23.85(3) K. The magnetic field was directed perpendicular to the b-axis. The upper inset
displays the heat capacity near TN of a polycrystalline sample.

In order to establish the magnetic structure we
have performed neutron diffraction experiments
on single crystals and powder samples of CuCl2
and found an incommensurate AFM long-range
ordering with a helicoidal spin structure below TN = 24.7(0.1) K, in good agreement with
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the heat capacity and susceptibility measurements [7]. All magnetic Bragg reflections can
be indexed with a magnetic propagation vector
(1,0.225,0.5) indicating a doubling of the magnetic cell along the c-axis and an incommensurate AFM ordering along b.
Figure 57 depicts the magnetic structure of
CuCl2 and the temperature dependence of
the order parameter. The magnetic moments
(≈ 0.50(1)μ B ) are confined to the CuCl2 ribbonplanes and arrange with an incommensurate helix along b. Neighboring moments enclose a
pitch of ≈81∘ , thus reducing NN spin exchange
energy.

Figure 57: (l.h.s.) Temperature dependence of the
integrated intensity of the (–1,0.225,0.5) magnetic
reflection. The solid line is a fit to a critical power
law with TN = 24.7(1) K. (r.h.s.) Magnetic structure
of CuCl2 at 2 K. A helix propagating along b is observed with the moments confined to the bc-plane.
Neighboring moments along b enclose an angle of
≈ 81∘ .

To understand the magnetic arrangement in
CuCl2 we performed first principles DFT electronic structure calculations using the Vienna
ab initio simulation package with the projected augmented-wave method and the generalized gradient approximation (GGA) for the
exchange and correlation functionals.
The strong electron correlation associated with
the Cu 3d state was taken into consideration by performing GGA plus on-site repulsion (GGA + U) calculations with U = 3, 5, and
7 eV on Cu. We investigated the relative energies of six ordered spin configurations and obtained from our GGA+U calculations relative
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energies which written in terms of a Heisenberg
exchange Hamiltonian give exchange constants
(for definition cf. Fig. 54) summarized in Tab. 1.
For all values of U employed, the two strongest
spin exchange interactions are the intrachain interactions J1 (FM) and J2 (AFM), with J2 being
larger in magnitude than J1 in agreement with
our experimental findings.
Table 1: Values of the spin exchange parameters J1 – J5 (in meV) in CuCl2 obtained from the
GGA + U calculations
state

U = 3 eV

U = 5 eV

U = 7 eV

J1
J2
J3
J4
J5

23.3
–41.4
–9.1
–0.2
–0.8

21.4
–31.9
–7.0
–0.1
–0.7

18.4
–24.5
–5.3
–0.1
–0.5

All helicoidal systems investigated so far contain oxygen anions to provide superexchange
between the Cu2+ moments. Clear proof of
the helicoidal ground state by magnetic neutron scattering is available only for a few of
them. Evidence for systems containing anions
other than O2− has not been reported yet. Our
electronic structure calculations for CuCl2 give
clear theoretical evidence for a scenario of competing FM NN and AFM NNN exchange interactions. Our experimental results for the bulk
magnetic properties and the comparison with
their predictions for a S = 1/2 AFM Heisenberg
chain with competing FM NN and AFM NNN
exchange interactions support the theoretical
predictions. Clear proof for the helicoidal AFM
ground state comes from the neutron diffraction work on powder and single crystals. We
find a magnetic structure indicating a S = 1/2
helix in the CuCl2 ribbon chains. With respect
to the helix this scenario is analogous to that
in LiCuV4 (propagation vector (0 0.468 0)) and
NaCu2 O2 (propagation vector (0.5,0.227,0) [4].
Anhydrous CuCl2 appears to be the first halide
quantum system containing Cu-ribbon chains
for which a helicoidal magnetic ground state
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is realized and may be expected to be ferroelectric below 23.9 K. Investigations of the lowtemperature dielectric properties of CuCl2 are
currently underway.
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B. Ouladdiaf (Institut Laue-Langevin, Grenoble, France);
J.-M. Broto, H. Rakoto (Laboratoire National des Champs
Magnétiques Intenses, Grenoble – Université de Toulouse,
France); C. Lee, M.-H. Whangbo (North Carolina State
University, USA)
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Turning a first-order quantum phase transition continuous
P. Jakubczyk and W. Metzner

Numerous itinerant electron systems undergo
zero temperature quantum phase transitions as a
function of a tunable control parameter such as
pressure or doping. Most interesting are continuous transitions associated with quantum critical fluctuations, which naturally lead to nonFermi liquid behavior [1]. However, quantum
phase transitions are frequently first order, such
that critical fluctuations are absent.
We have explored the possibility that a quantum phase transition which is first order in mean
field theory, turns out to be actually continuous by virtue of order parameter fluctuations
[2]. As a prototypical example we have considered the orientation symmetry breaking ‘nematic’ transition in two dimensions, which is a
candidate for unconventional order in cuprates,
Sr3 Ru2 O7 , and other correlated electron materials. Mean field studies indicate that this transition is typically discontinuous at zero temperature.
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A recent renormalization group (RG) analysis
of a quantum Landau-Ginzburg model with 4
and 6 interactions indicated that order parameter fluctuations can alter the order of the transition from first (in mean field theory) to second order [3]. However, that model is welldefined only for a positive 6 -interaction, while
the Landau energy for the nematic transition
suffers from negative interactions not only at
quartic order, but rather at any finite order 2ℓ .
The minimum of the Landau energy associated with the first-order transition cannot be accessed by an expansion around  = 0. In this situation one would like to proceed without resorting to the usual expansion in powers of the order
parameter field. The functional RG framework
offers the possibility to approximate the order
parameter interaction by a local potential without expanding it in powers of .
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A nematic transition can be described by a
simple tight-binding model for fermions on a
square lattice with an attractive d-wave forward
scattering interaction:
H =  k nk +
k

1
′ fkk′ (q) nk (q) nk′ (−q) , (20)
2L k,k
,q

where nk (q) = =↑,↓ c†k−q/2, ck+q/2, and L is
the number of lattice sites. For nearest and nextto-nearest neighbor hopping the kinetic energy
reads k = –2t(cos kx + cos ky ) − 4t′ cos kx cos ky .
The interaction has the form
f

kk′

(q) = −g(q)dk d ,
k′

(21)

where dk = cos kx − cos ky is a form factor
with dx2 −y2 symmetry. The coupling function
g(q) ≥ 0 has a maximum at q = 0 and is restricted to small momentum transfers by a momentum cutoff. For sufficiently large g = g(0)
the interaction drives a d-wave Pomeranchuk
instability leading to a nematic state with broken orientation symmetry, which can be described by the order parameter
=

g
dk ⟨nk ⟩ .
L
k

(22)

In the plane spanned by the chemical potential
and temperature a nematic phase is formed below a dome-shaped transition line Tc (μ) with a
maximal transition temperature near van Hove
filling. In mean-field theory, the phase transition
is usually first order near the edges of the transition line, that is, where Tc is relatively low, and
always second order at the roof of the dome.

Z are positive numbers. The momenta and
frequencies contributing to S [] are restricted
by an ultraviolet cutoff 0 to the region
n∣
2
2
A ∣
∣q∣ + Zq ≤ 0 . The potential U [] is a functional of  which is local in space and time,

U [] =

∫ 1/T

∫

d
0

where
U() =

2
− 2T
2g

∫

d d rU((r, )) ,

(24)

)
(
d2k
−(k −dk −μ)/T
.
ln
1
+
e
(2)2

At low temperatures, the coefficients of a
Landau expansion of U() in powers of the
field, U() = a0 + a2 2 + a4 4 + . . . , are typically negative for all exponents 2ℓ ≥ 4.
We integrate over the order parameter field by
means of a functional RG equation for the
flowing effective action  [], which interpolates smoothly between the bare action S[] for
 = 0 , and the final effective action [] for
 → 0. The effective action  [] is approximated by an ansatz of the same form as S [],
but with flowing parameters A and Z , and a
flowing potential U  (). The flow of U  () is
given by a partial differential equation, which
can be solved numerically. The crucial point
here is that there is no need to expand U  ()
in powers of .
We now present results for the nematic transition with the following choice of parameters:
t = 1, t′ = –1/6, g = 0.8, A = 1, and Z = 10.

Introducing an order parameter field via a
Hubbard-Stratonovich transformation, integrating out the fermions, and keeping only the
leading momentum and frequency dependencies for small q and small ∣q∣n leads to a quantum
Landau-Ginzburg action S [] of the form
∫

d2q
q,n
(2)2
n
)
(
∣n ∣
+ Zq2 −q,−n + U [] ,
× A
∣q∣
1
2

S [] = T 

(23)

where q,n are the Fourier components of
the order parameter field, and n are bosonic
Matsubara frequencies. The prefactors A and

Figure 58: Flowing effective potential U  () for
various values of  between 0 = e−1 and 0, at
μ = –0.78 and T = 0.05.
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In Fig. 58 we show an exemplary plot of the
evolution of the flowing effective potential
U  () for  ranging from the ultraviolet cutoff 0 = e−1 ≈ 0.37 to the final value  = 0. The
initial (mean-field) potential has a minimum at
0 = 0.112. The final potential exhibits spontaneous symmetry breaking with an order parameter 0 = 0.102. Fluctuations shift 0 toward a
slightly smaller value compared to the meanfield solutions. Note the flat shape of U  () for
 ≤ 0 at  = 0, which is imposed by the convexity property of the grandcanonical potential.
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cutoff 0 = e−1 , for 0 = 1 the transition is continuous down to T = 0, leading to quantum critical points μ c at the edges of the nematic dome.

Figure 60: Order parameter 0 as a function of μ
at T = 0 near the left edge of the nematic dome for
0 = e−1 and 0 = 1.

Figure 59: Critical temperatures versus chemical
potential for 0 = e−1 (larger dome with dots and
crosses) and 0 = 1 (smaller dome with dots). The
mean-field transition line is also shown for comparison.

In Fig. 59 we present the transition line between
normal and symmetry-broken phases for two
choices of 0 . Compared to the corresponding
mean-field result, the transition temperature is
suppressed, with a larger reduction for larger 0
(corresponding to a larger phase space for fluctuations). While the phase transition is of first
order at low temperatures in mean-field theory,
and also in the presence of fluctuations with a

70

In Fig. 60 we show the order parameter 0 at
T = 0 as a function of μ near the left edge of
the transition lines in Fig. 59, for 0 = e−1 and
0 = 1. For the case 0 = e−1 the jump of 0 indicates a pronounced first-order transition. By
contrast, for 0 = 1 the order parameter rises
continuously, and the shape of 0 (μ) exhibits
the expected behavior of a Gaussian quantum
critical point. We have thus obtained the remarkable result that order parameter fluctuations can indeed replace the first-order meanfield transition at low temperatures by a continuous one.
In Collaboration with:
H. Yamase (NIMS, Japan)
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Reviews of Modern Physics 79, 1015–1075 (2007).
[2] Jakubczyk, P., W. Metzner and H. Yamase. Physical
Review Letters 103, 220602 (2009).
[3] Jakubczyk, P. Physical Review B 77, 195120 (2009).

Electronic correlations

Selected research reports

Tunneling between the quantum Hall double layers in the
excitonic condensate state
L. Tiemann, Y. Yoon, S. Schmult, W. Dietsche and K. von Klitzing

Superconductivity and the superfluidity of helium are the most prominent examples of BoseEinstein condensation (BEC). Other systems
showing BEC are laser-cooled atomic gases
and, most likely, also polaritons in optical
resonators. It has been speculated for many
decades that excitons, i.e., bound electron-hole
pairs in a semiconductor, should also undergo
a transition into the BEC state because of their
resemblance with the Cooper pairs of the superconductors. Excitons are usually generated
by the the optical excitation of the respective
host semiconductor. The intrinsic heating and
too low densities are the most likely reasons
why BEC of these excitons has not been observed yet.
Interest in the BEC of excitons was revived
with the advent of independently contacted twolayer quantum Hall systems with a small layer
separation hosting a different type of excitons. These systems (Fig. 61) consist of two
GaAs layers bounded by AlGaAs barrier material. Each GaAs layer contains a 2-dimensional
electron gas (2DEG) with a density of a few
1010 cm−2 . The separation between the 2DEGs
is less than 20 nm but it is nevertheless possible to achieve separate electric contacts to
them. Under a perpendicular magnetic field (B),
the densities of states in the two 2DEGs separate into Landau levels. The electron density
in each layer is set to values where the lowest of these Landau level in each layer is just
half filled and the average distance between the
electrons in each layer is comparable to the distance between the layers. Under these conditions the ratio of the Coulomb interaction between the wells to within the wells favors the
emergence of a correlated bilayer state. This ratio is usually parametrized by the ratio d/ℓB (d
is the interwell distance and ℓB the magnetic

length, approximating the average electron distance). At d/ℓB values below about 2 one finds
that occupied and the unoccupied (hole) states
in the neighboring layers can be considered as
excitons, and there is strong evidence for their
condensation into a macroscopic quantum state
(BEC) at very low temperatures.

Figure 61: Two GaAs quantum wells (blue) are
embedded in Al0.33 Ga0.67 As buffer material (grey).
Electrons in the wells originate from doped regions
(shaded). In high magnetic fields the occupied (orange) and unoccupied (red) electron states may form
excitons.

This state is generally known as the total filling factor one (T = 1) state because it is the
sum of two half filled Landau levels. Theoretically, it has been found that the ground
state of this system can be described by the
same function as a BCS superconductor except
that the electron-electron pair is replaced by
an electron-hole pair. This opens the interesting possibility of an excitonic super-‘conductor’
constructed from electrically neutral particles
with properties which are difficult to predict.
Experimentally, several remarkable properties
have indeed been observed in such systems. The
vanishing of the longitudinal resistance (Rxx )
had been seen early on by the group of Eisenstein at the CalTech. Even more spectacular is
the nearly complete vanishing of both, Rxx and
the Hall resistance (Rxy ) in experiments where
equal currents are passed in opposite direction
through the two layers.
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Figure 62: (a) Measurement setup with S and D being the source and drain contacts and A and B the voltage
probes. (b) Measured 4-terminal voltage V4t (c) and the measured total current I as a function of the applied
2-terminal voltage V2t at tot = 1 (d/lB = 1.42). When the current is plotted over V4t , the curve (c) collapses
onto subfigure (d). The absolute values of the negative and positive critical currents ±IC , however, remain
unchanged and translate now into the maximal currents around V4t = 0.

Although it is clear from these experiments that
a strong Coulomb interaction exists between the
layers, it is not evident that the excitons indeed undergo a BEC. Theories predict for the
condensed state that charges are shared equally
between the layers meaning that the measured
tunnel conductance should become infinite. Although an enhanced conductance was observed
by several groups its maximum value was still
only of the order of a few μS.
We investigated the tunneling in the T = 1 state
and observed a dramatic increase of the tunnel
conductance between the layers by about four
orders of magnitudes compared to the ‘normal’
72

tunneling at B = 0. This increase is a strong indication of a coherent tunneling process expected
for a BEC [1].
Tunneling is measured by passing dc-currents
across the two layers and measuring the voltage with two separate contacts (Fig. 62(a)). A
dc bias voltage (V2t ) is applied between the
two layers and the current I toward ground
is detected. At tot = 1 the tunnel conductance
becomes enormously enhanced over the value
1 μS which is observed at B = 0. Thus, even
with a finite V2t applied, the interlayer voltage
probes A and B read a (‘four-terminal’) voltage
V4t of nearly zero (Fig. 62(b)). The large tun-

Electronic correlations

Selected research reports

neling conductance can be destroyed if the current exceeds a critical value IC (Fig. 62(c)). For
the measurement presented in Fig. 62 the critical value is roughly ±1.5 nA. Figure 62(d) depicts the measured current I over the measured
voltage V4t .
Although this behavior resembles the Josephson effect between superconductors, one should
be aware of the differences. In our system the
BEC exists only when the two layers are in
close proximity while the Josephson effect originates from the weak coupling between massive
superconductors. The similarity to the Josephson effect is, however, that the tunneling process is also coherent in the excitonic condensate.
The role of the exciton condensate is highlighted by other observations. In an earlier
experiment [2], we used ring-shaped devices
with contacts on the inner and the outer rims
(Corbino structures) and found that no electric
current can flow between contacts placed at different rims. Thus the bulk of the samples behaves as a perfect insulator in the tot = 1 state.
This is actually not surprising because the excitons are neutral particles which do not carry
current. On the other hand, numerous experiments with Hall bars (like the one sketched in
Fig. 62(a)) show that the edges of the samples
are very good electric conductors.
From conventional thinking one would therefore expect that the tunneling occurs predominantly along the edges. However, experiments
where the dependence of the critical current on
the device area is studied, lead to different conclusions. In Fig. 63 the critical current of four
different devices is plotted as function of the
respective area. A nearly linear dependence is
found which extends over nearly two orders of
magnitudes. This observation let us conclude
that tunneling occurs over the whole sample
area [3]. This is in seeming contradiction with
the above Corbino results suggesting that mobile charges exist only at the edges.

Figure 63: Critical currents as a function of the
sample area. Fitting yields a linear dependence on
the area.

In the Corbino experiment, charges are injected
on one rim and extracted on the other rim. Since
there are only excitons in the bulk no charges
can be transported across it. In the tunnel experiment, on the other hand, electrons and holes
are fed from the contacts to the two different layers and form additional excitons. They
are easily accommodated by the BEC ground
state by adjusting the phase of its wavefunction.
This is equivalent to stating that the excitons
flow easily across the whole sample area. Of
course, the two layers cannot charge up indefinitely. Therefore, there must be a weak tunneling between the two layers to allow the recombination of the excess excitons. At the critical
current this process breaks down and the large
tunneling vanishes. In this picture, the critical
current is expected to depend on the area (as
observed), i.e., the number of excitons in the
system, and on the ‘bare’ tunneling probability
which is proportional to the tunnel conductance
at B = 0. The dependence of the critical current
on the tunnel probability at B = 0 has also been
verified [3].
When V2t becomes large then the coherent tunneling vanishes and V4t becomes nearly equal to
V2t (Fig. 62). This does not mean that the T = 1
state is collapses, however. This can be demonstrated with the counterflow geometry of Fig. 64
which was already mentioned in the introduction.
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Figure 64(a) shows that the current first passes
along one layer and is then redirected in opposite direction through the other one [4]. In
Fig. 64(b) both the current which tunnels between the layers and the one carried through
the loop is shown. If the current is less than the
critical one, all current tunnels. Above the critical value all current must pass the loop. Figure 64(c) shows the Rxx as function of magnetic
field. There is a distinct minimum at the T = 1
state at all currents indicating that the BEC state
survives at currents where no tunneling is observed. At currents below the critical one, we
find a nearly vanishing Rxx . At larger currents
there is a finite dissipation.
Thus the exciton condensate does not depend on
the size of the tunneling. As stated in the introduction, the forming of the exciton condensate
is a consequence of the Coulomb interactions.
Coherent tunneling is observed if the intrinsic
tunneling is sufficiently strong and (or) the sample area is large enough. In such a situation the
exciton BEC will show a Josephson-like behavior.
[1] Tiemann, L., W. Dietsche, M. Hauser and
K. von Klitzing. New Journal of Physics 10, 045018
(2008).

Figure 64: (a) In the counterflow geometry the current first passes through the upper layer and is then
redirected in opposite direction through the lower
layer. (b) Currents flowing through the loop and tunneling, respectively, as function of the input current.
(c) Rxx as function of magnetic field B measured
along one of the two layers of (a) at several currents.
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(2008).
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and W. Wegscheider. Physical Review B 80, 165120
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Energy relaxation of hot electrons after local injection
into a Luttinger liquid
S. Takei, M. Milletarı̀ and B. Rosenow

In dimensions greater than one, interacting electrons can often be understood within Fermiliquid theory where low-energy excitations are
weakly interacting quasiparticles. On the contrary, electrons in one dimension are known
to form a strongly-correlated phase of matter called a Luttinger liquid (LL), whose lowenergy excitations are collective density waves,
or plasmons, of the electron gas [1]. Defining
signatures of a LL such as spin-charge separation [2], charge fractionalization, and the
power-law suppression of the local electron tunneling density of states have been experimentally verified.
An interesting situation arises if an electron,
which is not a quasiparticle of a LL, is locally
injected at an energy well above the chemical potential. To study such a non-equilibrium
situation, we consider local injection of highenergy electrons, far away from any contacts, at
a fixed energy [3]. Their spectral properties are
extracted at another spatial point some distance
away by evaluating the average tunneling current from the LL into an empty resonant level
with tunable energy. For probe energies slightly
below the injection energy, we find that the inelastic component of the current shows a power
law behavior as a function of the difference between injection and detection energy, with an
exponent that continuously evolves as the interaction parameter is varied. We develop a perturbative approach which shows how injected electrons can relax by emitting plasmons inside the
wire.
Electrons with charge e0 are injected into the
LL from a resonant level (source) with energy
E1 ≡ e0 V1 > 0 at position x = 0 (Fig. 65). Energy
relaxation is studied by coupling a second resonant level (probe) with energy E2 ≡ e0 V2 > 0

to the LL at position x = L, and by computing
the tunneling electron current between the LL
and that level. The two levels are coupled to the
LL via tunneling amplitudes 1 and 2 , respectively. In addition, source and probe dots are
coupled to reservoirs held at chemical potentials μ1 and μ2 via tunneling amplitudes 1 and
2 . The chemical potential of the LL is taken
to be zero. We assume the level broadening due
to tunnel couplings to be small in comparison
to both E1 and E2 , and therefore consider the
current in the sequential-tunneling regime. Further, we assume 1 ≫ 1 with μ1 > E1 so that
the source occupancy is constrained to one, and
2 ≫ 2 with μ2 < E2 so that the probe occupancy is fixed at zero.

Figure 65: The theoretically studied setup: hot
electrons are injected from the source resonant level
at x = 0, and are collected at the probe resonant level
at x = L. System parameters are set (see text) so
that the source (probe) occupancy is fixed to be full
(empty). Spectral properties of the injected electrons
are extracted by measuring the tunneling current between the edge and the probe (indicated by the arrow).

The system is modeled by the Hamiltonian
H = HLL + Hdot + Htun , where HLL models the
LL, Hdot = E1 †1 1 + E2 †2 2 the two resonant
states, and Htun describes the tunneling of electrons between the wire and the two resonant levels. 1 (2 ) are electron operators of the source
(probe) with occupation numbers ⟨†1 1 ⟩ = 1
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and ⟨†2 2 ⟩ = 0. The standard LL Hamiltonian
reads [1]
uℏ
HLL =
4K

∫

dx[(x R (x))2 + (x L (x))2 ] ,

(25)

current Eq. (27), the limit of large interdot separation u/L ≪E1 , E2 was taken. In the noninteracting limit ( → 0) the quantity in the
square brackets is a representation of the deltafunction, and Eq. (27) reduces to I  (E).

where K is the LL parameter. The case K = 1
describes non-interacting electrons, K < 1 corresponds to repulsive interactions, and K > 1
to attractive ones. The left and right moving boson operators satisfy [R (x), R (x′ )] =
–[L (x), L (x′ )] = iK sgn(x − x′ ). One-dimensional electron densities are given by R,L (x) =
±x R,L (x)/2 and u denotes the plasmon velocity. The tunneling Hamiltonian is given by
Htun = 1 1 † (x = 0) + 2 2 † (x = L) + h.c. ,

where (x) = R (x) + L (x). The electron operators can be bosonized as
√
R,L (x) = exp[i(K± R (x) + K∓ L (x))]/ 2
with K± = (K −1 ± 1)/2, and  the shortdistance cutoff. The expectation value of the
current reads
i ∫ dtH (t)
tun
c

I = ⟨Tc {Iˆcl (t1 )e− ℏ

}⟩0 ,

(26)

where all operators are written in the interaction picture with respect to HLL + Hdot . The
current is computed using the non-equilibrium
Keldysh technique to leading order in the tunneling amplitudes 1 and 2 , and Tc indicates
time-ordering of the operators on the time-loop
contour c. The ‘classical’ component of the
current operator is the symmetric combination
of the operator on the forward (+) and backward (–) parts of the Keldysh contour, i.e.,
Îcl (t) = (Î+ (t) + Î− (t))/2, where
Î± (t) = –ie0 [H± , †2,± 2,± ].
Denoting the energy loss by E = E1 – E2 , the
leading contribution to the current for small
E ≪ E1 at zero temperature reads
2e0 ∣1 ∣2 ∣2 ∣2 (E)
I=−
ℏ u2 ℏ2 E1 2 (1 + )
]
[
(E/E1 )2−1
.
×
(2)

(

 E1
uℏ

)4
(27)

Here, (x) is the gamma-function, and
 = K(1/K−1)2 /4 ≥ 0. When calculating the
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Figure 66: Tunneling current as a function of injection energy E1 and extraction energy E2 (arbitrary units for energies and current) for Luttinger
parameters K = 0.1 (upper panel) and K = 0.3 (lower
panel). The current is plotted for zero temperature
and includes the leading contribution in E/E1 . The
inelastic contribution for E2 < E1 shows a power
law decay as a function of increasing E with an
exponent that depends on the interaction parameter: with increasing interaction strength, weight is
shifted from the elastic peak to lower energies, i.e.,
energy relaxation is enhanced.

When the interactions are turned on, the elastic peak gradually broadens to give rise to an
inelastic contribution which shows a power law
decay as a function of increasing E, with an
exponent that continuously evolves as a function of the interaction parameter. For strong
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enough interactions with  > 1/2, the elastic
peak vanishes and the remaining inelastic contribution monotonically increases with a power
law which again evolves as a function of the interaction parameter. The result Eq. (27) is plotted in Fig. 66. Broadening of the peak is included in the figure to reflect the finite width of
the resonant levels due to the couplings to the
reservoirs and the wire.
In the limit of weak interactions with Luttinger
parameter K close to one, energy relaxation as
described by Eq. (27) can be interpreted by using lowest order perturbation theory in the interaction strength. Interactions can be decomposed
into forward scattering between electrons near
the same Fermi point with amplitude g4 , and between electrons near opposite Fermi points with
amplitude g2 . The g4 -interaction merely renormalizes the fermion and plasmon velocities and
cannot give rise to relaxation. In a spatially homogeneous LL, the g2 -process cannot give rise
to energy relaxation either due to the simultaneous requirement of momentum and energy conservation. However, because of the local nature
of injection and collection processes considered
here, an electron is capable of exploring virtual momentum states in connection with tunneling, and a consecutive inelastic process can
both conserve momentum and produce a final
state with the same total energy as the source
state. Here, we consider the lowest order inelastic process proportional to   g22 at zero temperature, in which an electron is transported from
the source to the probe while emitting a single plasmon inside the wire. First, the electron
in the source tunnels into a right moving momentum eigenstate whose energy may be different from E1 . In the second step, a left moving plasmon with energy E is emitted via a g2 process, and the right moving electron is scattered into another wire state such that momentum is conserved. After propagation along the
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wire, the electron tunnels into the probe. Alternatively, tunneling into the wire can be elastic,
and the plasmon can be emitted when tunneling into the probe. One finds that the matrix
√ element for these processes scales as 1/ ∣E∣.
This can be understood by multiplying the matrix element√for plasmon emission, which increases as ∣E∣, with the time available for
plasmon emission, which diminishes as 1/∣E∣
due to the energy-time uncertainty principle.
The tunnel current can then be computed using
Fermi’s golden rule, and correctly reproduces
the inelastic component I  /E of Eq. (27) to
order .
For a chiral LL at the edge of a fractional quantum Hall state from the Laughlin sequence, an
essentially exact calculation of the tunneling
current is possible. Here, the inelastic part of
the electron current increases in a linear fashion as the probe energy is lowered from the injection energy towards the chemical potential
of the edge state, despite a decreasing tunneling density of states for electrons. This behavior is compatible with our result for the standard LL in the limit of strongly repulsive interactions. For probe energies close to the chemical potential, the chiral LL is far from equilibrium: the electron spectral function approaches
a finite value, in striking contrast to the power
law decrease towards zero in equilibrium. In addition to the inelastic contribution to the probe
current, in a chiral LL there always is an elastic
contribution, indicating that a finite fraction of
electrons travels from the injection to the probe
site without loosing energy.
[1] For a review, see Giamarchi, T. Quantum Physics In
One Dimension. Oxford University Press, Oxford
(2004).
[2] Auslaender, O.M., A. Yacoby, R. de Picciotto,
K.W. Baldwin, L.N. Pfeiffer and K.W. West.
Science 308, 88–92 (2005).
[3] Takei, S., M. Milletarı̀ and B. Rosenow.
arXiv: 0912.3530 (2009).
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Tailoring material properties
Having understood the structural and the environmental influences, measure can be taken to tailor
respective material properties. Various recent projects have followed this route: Embedding the
rare earth metals Eu or Ce, coordinated by nitrogen atoms, in an amorphous instead of a crystalline
matrix, guide to new class of phosphors with probably superior properties in converting the light
emission of GaN LED emitters. Incorporating tin nanoparticles into hollow carbon nanofibers lead
to tin anode materials for Li-based batteries with greatly improved recharge cyclability. Fe atoms
arranged on a metal substrate in regular lattices with distances defined by ligand molecules deliver
a material with controllable magnetic anisotropy. Structural symmetry breaking of Bi monolayers on Si(111) surfaces gives a two-dimensional electronic system with giant spin-splitting via
spin-orbital coupling, with potential applications in spintronics. Although most important for electrochemical applications like fuel cells, the mechanism of incorporating oxygen into metal oxides
is an open issue. Detail experimental and theoretical investigations on (La, Sr)MnO3± perovskite
electrodes give insight into the oxygen incorporation at surfaces with respective structural properties. Substrate-induced strain in thin films affects their electronic properties. Electrical transport
studies on continuously strained LaMnO3 thin films fit to a two-phase separation model for the
film.

New class of phosphors for LED-based emitters
H. Cakmak and M. Jansen

LED-based solid state lighting devices have superior properties in terms of durability, compactness, designability, environment friendliness and energy efficiency compared to conventional lighting technologies. One of the most elegant ways to generate white light is combining a UV- or blue-LED with phosphors, which
can be pumped by the respective LED and
emit in the visible region. Up to now, mostly
doped crystalline materials have been considered as phosphors. In particular, nitridosilicatetype crystalline phosphors have been proven to
have outstanding chemical, thermal, and photoluminescence properties as compared to oxide,
sulphide and halide based phosphors [1,2]. The
presence of nitrogen atoms coordinating the activator cations, most commonly Eu2+ and Ce3+ ,
is considered the main reason for these supe-

rior properties. Higher covalency (nephelauxetic effect) of N3− ions increases the crystalfield strength. This shifts down the barycenter of 5d energy levels of the rare earth activators, leading to a longer wavelength emission. Moreover, incorporation of nitrogen into
a matrix increases the rigidity due to the formation of a more cross-linked network, resulting
in smaller Stokes shift. This leads to lower energy loss and thermal quenching. However, in
crystalline systems, substitution to a significant
extent of activator ions for ions from the crystal lattice is typically required, which imposes
strong limitations on the dopant ions with respect to their crystal chemical properties. Even
worse, the unavoidable size mismatch between
the substituted and activator ions in the crystalline host lattice leads to limits in the possible
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dopant concentration. This results, most of the
time, in luminescence quenching. Finally, more
than one phosphor is usually needed in order to
enhance the color rendering of the white emission, which increases the cost dramatically.
In order to avoid these disadvantages, while at
the same time keeping the benefits of nitrogen
as a ligand, we have considered an inorganic
random network, Si3 B3 N7 [3], as a host matrix.
The cationic sites of this network cannot be substituted with rare earth ions due to inappropriate
sizes and bonding properties. However, the latter can be utilized as network modifiers. This
leads to one of the most significant advantages
of amorphous Si3 B3 N7 matrices over conventional crystalline materials – an easy incorporation of two or more activators and/or sensitizers at the same time. Following this idea, Eu2+
and Ce3+ (co)doped Si3 B3 N7 have been prepared and characterized [4,5]. This new class
of ceramic phosphors is best suited for a pure
GaN LED, and shows very high optical, mechanical and thermal stability. The preparation
method is based on reacting a single source precursor molecule, namely (trichlorosilyl)-aminodichloroborane (TADB), with liquid NH3 , in
which activator ions are included. Pyrolysis of
the intermediate polymeric polyborosilazane at
1200∘ C yields the desired amorphous phosphors. For Eu2+ doping, the best and easiest
method is to employ Eu metal, dissolved in liquid ammonia as a Eu2+ source. As an alternative, Eu[N(Si(CH3 )3 )2 ]3 can be used. This
metal complex was chosen because it contains
N and Si atoms that are constituent elements
of the Si3 B3 N7 host matrix, and the methyl
groups can be easily removed during pyrolysis.
The only way to incorporate Ce3+ is to use a
complex, i.e., Ce[N(Si(CH3 )3 )2 ]3 , because Ce
metal is not soluble in liquid ammonia.
Eu2+ and Ce3+ (co)doped Si3 B3 N7 ceramic
powders are X-ray amorphous and stable in air.
They show similar photoluminescence characteristics – a broad 4f n−1 5d −→ 4f n emission
band, where n = 1 for Ce3+ and n = 7 for Eu2+ ,
in the visible region of the spectrum. This broad
80
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emission band has a maximum ranging between
525 nm and 640 nm, depending on the type and
concentration of dopant ions (Fig. 67(a)–(c)).
Moreover, these samples exhibit a broad and
structureless excitation spectrum with a maximum between 340 nm and 365 nm, covering
the UV-to-visible region. The strong absorption
around 305 nm in the excitation spectrum of the
samples containing low Ce3+ concentrations
originates from the Si3 B3 N7 matrix (Fig. 67(b)).
A red-shift in the emission spectra in these
phosphors (as displayed in Fig. 67(d)) is observed when the concentration of dopant ions
is increased, due to an energy transfer followed
by re-absorption and re-emission processes between two neighboring dopant ions. Furthermore, the emission intensity decreases with increasing the amount of activator ions, due to
concentration quenching. The full width at half
maximum (FWHM) values for Eu2+ and Ce3+
(co)doped amorphous Si3 B3 N7 ceramics varied
between 150 nm and 190 nm. This inhomogeneous line broadening is attributed to the amorphous host matrix and may actually result in a
better color rendering property.
This new class of phosphors based on amorphous Si3 B3 N7 ceramic has a number of advantages compared to conventional phosphors synthesized through solid state reactions. Regarding the synthesis process, all starting materials
for the new phosphors can easily be purified via
simple distillation (i.e., TADB, hexane and Eu
metal) or sublimation (i.e., Eu[N(Si(CH3 )3 )2 ]3
and Ce[N(Si(CH3 )3 )2 ]3 ). Such a high purity is
very difficult to achieve in solid state synthesis,
however, is a critical issue in phosphors because
any small impurities other than activators may
destroy the luminescence completely. Furthermore, solid state reactions for the synthesis of
conventional crystalline phosphors require preliminary synthesis of the starting materials, tedious handling and intermediate grinding steps,
and more critically, long reaction times at high
temperatures and, sometimes, pressure. In contrast, a pyrolysis of the intermediate polyborosilazane at 1200∘ C for only 3 hours is sufficient to
obtain the desired amorphous phosphors. Since
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the production method of these new phosphors
is based on a reaction in liquid phases (a sol-gel
process), a highly homogeneous distribution of
the activator ions can be achieved.

Selected research reports

Moreover, any unreacted chemicals (e.g., excess NH3 and hexane) and side-products (e.g.,
NH4 Cl salt) can easily be recycled or removed.
This is crucial for environmental and economical reasons, which are a big on-going concern in
using solid state reactions. Another advantage
of these amorphous phosphors over crystalline
ones is that more than one type of activator ions
can easily be incorporated into the amorphous
Si3 B3 N7 matrix without worrying about lattice
symmetry or size and charge of the ions. This is
a particularly important aspect, since this allows
us to tune the emission color by codoping various activator and sensitizer ions. Finally, having
an intermediate polymeric stage yields another
potential advantage in further technical processing because the rare earth doped polyborosilazanes may be directly coated onto an LED and
pyrolyzed, for example by a laser beam, without
requiring any additional resin coating.
In summary, the amorphous Si3 B3 N7 ceramic
appears to be a very versatile host matrix for
various activator ions, providing a new class
of phosphors. Eu2+ and Ce3+ (co)doped amorphous Si3 B3 N7 phosphors can be excited efficiently between 365 nm and 385 nm light
(which is a typical emission wavelength range
of GaN-based LEDs), resulting in a broad emission band centered around 550 nm. This makes
them very promising candidates as luminescent
materials to be used in LED-based solid state
lighting devices.
[1] Xie, R-J. and N. Hirosaki. Science and Technology
of Advanced Materials 8, 588–600 (2008).
[2] Mueller-Mach, R., G. Mueller, M.R. Kramers,
H.A. Höppe, F. Stadler, W. Schnick, T. Juestel, and
P. Schmidt. physica status solidi (a) 9, 1727–1732
(2005).

Figure 67: Photoluminescence spectra of (a) Eu2+
doped, (b) Ce3+ doped, (c) Eu2+ and Ce3+ codoped
amorphous Si3 B3 N7 ceramics and (d) a photo of selected samples of Eu2+ doped amorphous Si3 B3 N7
ceramics with varying dopant concentration under
daylight and 366 nm light.

[3] Jansen, M., J.C. Schön and L. van Wüllen.
Angewandte Chemie International Edition 45,
4244–4263 (2006).
[4] Jansen, M. and H. Cakmak. DE 102006051757.1 A1
(2006).
[5] Cakmak, H. Ph.D. Thesis, Universität Stuttgart
(2009).
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Tin nanoparticles in carbon containers:
A novel powerful anode for Li-based batteries
Y. Yu and J. Maier

As an anode material for Li-based batteries,
metallic tin (Sn) has attracted tremendous interest owing to its huge theoretical capacity of
about 990 mAh/g associated with the formation of Li4.4 Sn, which is significantly higher
than that of graphitic carbon (372 mAh/g corresponding to LiC6 ). However, substantial capacity fading after cycling is a major obstacle especially for Sn-based materials due to
the enormous volume change during Li alloying and dealloying. In order to remove this obstacle, downsizing the tin to create mechanical buffer zones between the particles is a wayout. Yet it is crucial that the particles remain
electronically connected and are not allowed to
drift away from each other in an uncontrolled
way. We solved this conflict by encapsulating
Sn nanoparticles in hollow carbon fibers. In this
way, a great improvement of the performance
could be achieved. Here, we briefly present two
morphologies with different ‘container sizes’:
(1) Sn@carbon nanoparticles were encapsulated in nanoscale bamboo-like hollow carbon
nanofibers, (2) Sn nanoparticles were encapsulated in micrometer-scale porous multichannel
carbon microtubes (denoted as SPMCTs). Furthermore, these structures are examples of our
concept, to construct morphologies that allow
for fast ion and electron access to the nanosized electroactive particles, whereby the chemical diffusion of lithium is rapid.
The successful encapsulation of tin nanoparticles in bamboo-like hollow carbon nanofibers
is shown in Fig. 68(a). The diameters of the
fibers were measured to be about 150 nm. A
thin layer of graphitic carbon with a thickness
of about 10 nm (Fig. 68(b)) was observed surrounding the surface of a metallic tin particle.
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Figure 68: (a) BF zero-loss filtered elastic TEM
micrograph of the pyrolyzed nanofibers obtained
by calcining the composite in Ar/H2 at 1000∘ C
for 5 h. (b) BF electron micrograph of an isolated
Sn@carbon nanoparticle encapsulated in a hollow
carbon nanofiber. Inset of (b): HRTEM and SAED
investigations of the region marked in (b) indicate
the presence of single-crystalline metallic tin and
graphitic carbon. (c) Capacity-cycle number curves
of a Sn–C composite electrode and a commercial Sn
nanopowder (diameter: 100 nm) electrode at a cycling rate of 0.5 C.

The thickness of the outer-wall hollow graphitic
carbon fiber is measured to be about 30 nm.
Both high-resolution transmission electron microscopy (HRTEM) and selected area electron
diffraction (SAED) (inset of Fig. 68(b)) confirm
the presence of single-crystalline metallic tin
and graphitic carbon.
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Figure 69: (a) A high magnification cross-sectional image of carbonized PMMA-PAN-tin octoate
nanofibers reveals the tubular structure of Sn particles in porous multichannel carbon microtubes (SPMCTs). (b) TEM micrograph of the converted Sn encapsulated in multichannel carbon microtubes after heat
treatment under a Ar/H2 atmosphere. (c) A high magnification TEM image confirming the porous multichannel walls. (d) Cyclibility of SPMCTs and commercial Sn nanopowder with similar sizes (≈ 200 nm) at
a cycling rate of 0.5 C (current density:100 mA/g). The inset of (d) displays the discharge capacity of SPMCTs electrodes as a function of discharge rate at 2 C and 10 C. All cells were cycled in the voltage window
of 5 mV to 2 V.

Figure 68(c) shows the curves of discharge capacity versus cycle number for the Sn-C composite electrode in comparison with a commercial Sn nanopowder (≈ 100 nm) electrode at
0.5 C rate (1 C denotes the rate to (dis)charge
the theoretical capacity within 1 hour). Obviously, the Sn–C composite electrode exhibits an
enhanced cyclic performance and a higher reversible specific capacity of over 800 mAh/g in
the first 10 cycles and maintains a reversible capacity of ≈ 737 mAh/g after 200 cycles, which
corresponds to 91% of the theoretical capacity. In contrast, the commercial Sn nanopowder electrode delivered a high discharge capacity for only the initial 40 cycles, which drops
rapidly afterwards possibly due to the disconnection between materials.

In order to achieve a higher density of the
electroactive metal, we tried to accommodate
tin nanoparticles in micrometer sized containers. Figure 69(a) displays the cross section of
a multichannel carbon microtube with an average channel diameter of ≈ 150 nm. The average thickness of the channel walls is about
100 nm with many small holes (diameter about
100 nm) embedded. Figure 69(b) shows that Sn
nanoparticles with a diameter of ca. 200 nm are
encapsulated in nearly all channels of the hollow carbon microfibers (diameter ≈ 2 μm). The
morphology was realized by an electrospinning
process. A magnified image (Fig. 69(c)) reveals
the channel-walls, i.e., the carbon fibers, to
be porous with a relatively uniform size distribution of ca. 100 nm in diameter. Figure 69(d)
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compares the cycle performance of electrochemical cells made of the SPMCTs and commercial Sn nanoparticles with diameters of
≈ 200 nm at a constant current density of
100 mA/g in the voltage range of 5 mV to 2.0 V
(vs. Li). A 30% capacity loss of the first cycle
was observed, after which the charge-discharge
efficiency approaches ≈ 100% (Fig. 69(d)). The
SPMCTs electrode provided a reversible discharge capacity as high as 648 mAh/g, corresponding to 83% of the theoretical capacity
even after 140 cycles, whereas the commercial
Sn nanoparticles electrode can only be cycled
about twenty times before a rapid degradation
occurs. Furthermore, as shown in the inset of
Fig. 69(d), the SPMCTs electrode shows an excellent rate capability at discharge rates of 2 C
and 10 C, with an even stabler cycling performance. The specific capacity was found to be as
high as 570 mAh/g (2 C) and 295 mAh/g (10 C)
after 50 cycles.
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The greatly improved cyclability of the SnC composite electrode is based on its specific
structure that provides the following benefits.
i) The carbon hollow fibers can offer adequate
void space, which acts as a ‘buffer-zone’ to
accommodate the large volume change in the
lithiation and delithiation processes. ii) All Sn
nanoparticles were coated by a thin layer of carbon, which can efficiently prevent the Sn particles from aggregation, leading to an alleviation
of the pulverization after long time cycling. iii)
The carbon container also serves as an electroactive lead that allow for rapid assess by electrons as well as for quick lithium permeation.
This is a further example of the tremendous
power of morphology on the power density of
electrochemical devices.
[1] Yu, Y., L. Gu, C. Wang, A. Dhanabalan, P.A. van Aken
and J. Maier. Angewandte Chemie International
Edition 48, 6485–6489 (2009).
[2] Yu, Y., L. Gu, C. Zhu, P.A. van Aken and J. Maier.
Journal of the American Chemical Society 131,
15984–15985 (2009).

Supramolecular control of the magnetic anisotropy in
two-dimensional high-spin Fe arrays at a metal interface
S. Stepanow, A. Dmitriev, J. Honolka, M. Lingenfelder, N. Lin and K. Kern

The control of magnetic anisotropy (MA) is a
key issue in the development of molecule-metal
interfaces for magnetic applications, both at the
single molecule and extended film level. In socalled single molecule magnets, this is achieved
by chemical modifications of the ligand environment and number of metal ions that carry
the magnetic moment [1]. In the case of metalorganic layers in contact with a metal substrate
or electrode, however, it is unclear if such a
strategy would be effective and, in general, if
such layers would display electronic and magnetic properties that are typical of molecules
or metals. Here, we report on combined X-ray
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magnetic circular dichroism (XMCD) and scanning tunneling microscopy (STM) experiments
to comprehensively address this issue [2].
Co-deposition of transition-metal ions and organic ligands on single-crystal surfaces offers
the potential to design supramolecular grids
with programmable structural and chemical features, where the interaction with the substrate is
used to stabilize a planar geometry [3]. This approach was favored over the deposition of magnetic molecules synthesized in solution, since
it allows for a more direct control of the ligand environment, i.e., electronic configuration,
of the magnetic sites. Figure 70(a) shows an
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STM image of the supramolecular assembly of
Fe and terephthalic acid molecules (TPA) on a
Cu(100) surface. Each Fe atom is coordinated
to four TPA molecules through Fe-carboxylate
bonds, with supramolecular Fe(TPA)4 units organized in a square lattice with 15 Å×15 Å periodicity. Weak hydrogen bonding interactions
between the complexes (Fig. 70(c)) favor longrange order extending over entire terraces of
the substrate. STM images indicate that, despite
the 4-fold lateral coordination to the carboxylate ligands and the residual interaction with
Cu, Fe centers are chemically active, forming
an array of open coordination sites that may
selectively bind other ligands. Upon exposure
to O2 , STM images indicate that selective adsorption of oxygen takes place at the Fe on-top
positions, as evidenced by the change of con-
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trast in Fig. 70(b), thus forming pyramidal-like
O2 -Fe(TPA)4 complexes.
The structural properties of both Fe(TPA)4 and
O2 -Fe(TPA)4 complexes as well as their interaction with the substrate were further characterized using density functional theory (DFT)
calculations. The relaxed supramolecular structures are shown in Fig. 70(d) together with an
isocontour of the spin density distribution; the
optimal O2 -Fe(TPA)4 geometry corresponds to
O2 chemisorbed on Fe with the O–O axis parallel to the surface plane. Note that the Fe–Cu
distance is found to increase from 2.32 Å of
an individual Fe atom in a hollow Cu(100)
site to 2.71 Å in Fe(TPA)4 and 3.32 Å in
O2 -Fe(TPA)4 , evidencing how Fe-Cu metal interactions progressively weaken with increasing
number of ligands.

Figure 70: (a) Fe(TPA)4 array, blue dots indicate the position of Fe atoms. Each Fe center is coordinated to
four TPA molecules. Image size 62 Å×62 Å. (b) Selective uptake of O2 by Fe revealed by a change of STM
contrast for O2 -Fe(TPA)4 (white circle) at the Fe location compared to Fe(TPA)4 (blue circle). Image size
84 Å×84 Å. (c) Top-view model of Fe(TPA)4 coordination and supporting Cu(100) substrate. (d) Relaxed
Fe(TPA)4 and O2 -Fe(TPA)4 supramolecular structures obtained by DFT. Fe (blue), O (red), C (black), and
H (white) atoms are shown together with the spin density distribution (green).
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Figure 71: Circularly polarized XAS of (a) 0.025 monolayers Fe/Cu(100), (b) Fe(TPA)4 , and (c)
O2 -Fe(TPA)4 for parallel (I + ) and antiparallel (I − ) orientation of the photon helicity with field-induced
magnetization. Spectra were recorded in the electron-yield mode at normal ( = 0∘ ) and grazing incidence
( = 70∘ ).

L2,3 -edge X-ray absorption spectra (acquired
at beamline ID08 at ESRF, Grenoble) provide
a great deal of information on the spin state,
oxidation state, and ligand field of the coordination centers in an element-selective way.
Figure 71 shows the XAS and XMCD spectra of
(a) 0.025 monolayers Fe deposited on Cu(100)
at room temperature, equivalent to the Fe content in the supramolecular arrays, (b) Fe(TPA)4 ,
and (c) O2 -Fe(TPA)4 . The XAS intensity was
measured at a temperature of 8 K with magnetic field B = 6 T applied out-of-plane ( = 0∘ )
and at grazing incidence ( = 70∘ ) for parallel
(I + ) and antiparallel (I − ) alignment of the photon helicity with the magnetic field. The comparison of Figs. 71(a), (b), and (c) reveals telltale differences in the XAS lineshape. While
Fe/Cu(100) presents broad L3 and L2 peaks typical of a metal, pronounced narrowing of the
spectral features and a characteristic multiplet
fine structure is observed for the Fe-TPA complexes, which resemble the spectra of Fe ions
in bulk metal-organic compounds. Further, we
find that the XAS (I + , I − ) and the XMCD
(I + – I − ) spectral shape depend markedly on the
X-ray incidence angle.
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This linear dichroism effect is related to the
anisotropic spatial distribution of the Fe delectrons in the low symmetry environment of
the surface supported complexes. The results
(Fig. 71), interpreted with the aid of XAS multiplet calculations, demonstrate the formation of
coordination bonds between the Fe centers and
O ligands accompanied by localization of the
Fe d-orbitals and partial decoupling of Fe from
the metal substrate. Further, both Fe(TPA)4 and
O2 -Fe(TPA)4 constitute of high-spin Fe2+ complexes with strong MA properties, against the
tendency of the Cu electrons to reduce the Fe
spin moment via the Kondo screening.
Angle-dependent XMCD measurements reveal
strong MA behavior of Fe in the supramolecular complexes. The relative magnitude of the
XMCD spectra at  = 0∘ and 70∘ in Fig. 71 indicates that, while Fe/Cu(100) has weak out-ofplane anisotropy, the Fe(TPA)4 easy axis lies
in-plane. O2 adsorption at the Fe sites drives an
abrupt MA reorientation transition, rotating the
Fe easy axis out-of-plane. The field-dependence
of the XMCD signal in Fig. 72 underlines the
strong change in MA induced by O2 . This effect is comparable to that reported for ultra-
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thin metal films but opposite in sign with respect to oxygen-dosed Fe layers on Cu(100).
With respect to bulk molecular crystals, the planar and open coordination structure of the selfassembled Fe array makes such a system extremely sensitive to chemisorption, providing
straightforward control of the preferred Fe spin
orientation.

Figure 72: Field-dependent magnetization of (a)
Fe(TPA)4 , and (b) O2 -Fe(TPA)4 obtained by the
normalized XMCD L3 intensity.

Through the analysis of the XAS and XMCD
spectra, we can further identify the cause for
the easy axis switch in the metal-organic complexes. Our calculations show that only the
crystal field (CF) is affected by O2 adsorption,
while the formal Fe oxidation does not change.
The apical O2 ligand induces a change of the Fe
ground state from A1g to Eg . This effect can be
understood also in an intuitive way, as the ontop O2 molecule binds axially to the dz2 Fe orbital, thus effectively pushing up the antibonding A1g term (i.e., the dz2 symmetric term) relative to the Eg term in O2 -Fe(TPA)4 . The change
of the ground state term has important consequences for the magnetic properties. Before taking the spin-orbit perturbation on the CF levels into account, the orbital angular momentum
is quenched for an A1g term. In D4h symmetry, on the other hand, the Eg term is a degenerate orbital-doublet with non-zero orbital moment pointing along the principal symmetry di-
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rection. The tendency of O2 -Fe(TPA)4 to magnetize out-of-plane, together with its stronger
MA compared to Fe(TPA)4 , can be traced back
to its unperturbed CF configuration and nonzero first-order orbital moment perpendicular to
the surface plane. In Fe(TPA)4 the orbital moment arises as a second-order perturbation effect as spin-orbit coupling admixes the nearlydegenerate A1g and Eg states. XMCD sum rule
measurements reflect the difference between
the two compounds, showing that O2 -Fe(TPA)4
has 30% higher orbital magnetic moment compared to Fe(TPA)4 along the respective easy
magnetization direction. Note that the orbital
magnetic moment measured for Fe/Cu(100) is
much smaller, i.e., about half the orbital moment of Fe(TPA)4 .
Finally, we note that no sign of magnetic coupling was detected between the Fe centers. Future investigations may address this issue using
different kinds of molecular ligands to adjust
the spacing of the spin centers as well as spindependent electron correlation.
In Collaboration with:
S. Clair, S. Pons, H. Brune, J.V. Barth (EPFL Lausanne,
Switzerland); F.M.F. de Groot (University of Utrecht,
Dutch); S.S. Gupta, D.D. Sarma (Indian Institute of Science, Bangalore, India); P. Bencok, S. Stanescu (ESRF
Grenoble, France); A.P. Seitsonen (University of Paris,
France); P. Gambardella (ICN Barcelona, Spain)
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179–186 (2008).
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Silicon surface with giant spin-splitting
I. Gierz, T. Suzuki, K. Kern and C.R. Ast

Exploiting the electron spin for information
processing is one of the leading goals in the
rapidly growing field of spintronics. At its
heart lies the Rashba-Bychkov (RB) type spinsplitting, where the spin-orbit interaction lifts
the spin degeneracy in a symmetry broken environment [1]. Many device proposals make use
of this concept with some interesting proofs of
principle. The materials of choice are semiconductor heterostructures, albeit the size of the
spin-splitting is typically very small. A large
spin-splitting is desirable as it would, for example, decrease the precession time of the spin in a
spin transistor so that it is smaller than the spin
relaxation time.
Recently, a giant spin-splitting has been demonstrated for noble metal based surface alloys
[2–4], where heavy elements with a strong
atomic spin-orbit coupling are incorporated into
the surface. These systems, however, are not
suitable for the field of spintronics because of
the presence of spin-degenerate bands at the
Fermi level originating from the metallic substrate. It is, therefore, desirable to transfer the
concept of the giant spin-splitting directly onto
a semiconductor surface.
Here we show that a monolayer of Bi trimers on
a Si(111) surface forms a two-dimensional (2D)
electronic structure with a giant spin-splitting
much larger than what has been observed so far
at the interfaces of semiconductor heterostructures. The effect can be traced to a strong contribution of an in-plane potential gradient due
to an inherent structural inversion asymmetry
(RB effect). Furthermore, the spin-splitting is
observed to be larger than the lifetime broadening, so that the Bi/Si(111) system is a prime
candidate for spintronics applications or studying the intrinsic spin Hall effect. In addition, the
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silicon substrate allows for excellent compatibility with existing silicon-based semiconductor
electronics.

√ √
Figure 73: Structural model of the ( 3× 3)R30∘
phases of Bi/Si(111): (a) monomer phase (b) trimer
phase. The thin black lines indicate mirror planes of
the
√ Bi√adlayer. The thicker black lines indicate the
( 3× 3)R30∘ unit cell. The smaller the spheres
representing the atoms, the further away the atoms
are from the surface.

A single layer of Bi on Si(111) grows in a
monomer as well √
as a trimer
both
√ configuration,
∘
of which show a ( 3× 3)R30 reconstruction.
A structural model is shown in Fig. 73 for the
monomer phase (a) and the trimer phase (b).
Both the monomers and the trimers are centered on top of second layer Si atoms (T4 lattice
sites) forming a symmorphic space group based
on the point group 3m. The Si substrate breaks
the in-plane inversion symmetry for both the
monomer and the trimer phase. Looking at the
isolated Bi adlayer alone, the trimer formation
introduces a reduction of the symmetry because
the mirror plane v2 is missing (Fig. 73). The
mirror plane v1 holds for both the monomer
and the trimer phase as well as for the combination of adlayer and Si substrate. From these
simple symmetry considerations we conclude
that the Bi trimer phase is the least symmetric
structure and, hence, should lead to the bigger
spin-splitting. We, therefore, only consider the
trimer phase.
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A possible spin-splitting in the Bi/Si(111) system is an unresolved issue in the literature.
While Kinoshita et al. [5] consider a splitting
in the three 2D states related to a strong spinorbit interaction of the Bi atoms, it has been
dismissed by Kim et al. [6]. In the following,
we will show from the experimental data as well
as spin-resolved band structure calculations that
the band structure shows a giant spin-splitting
of the electronic states due to the RB effect.
Spin-degeneracy is a consequence of both time
reversal and spatial inversion symmetry. If the
latter is broken, spin-degeneracy can be lifted
by the spin-orbit interaction (RB effect). An inplane inversion asymmetry can induce a contribution from an in-plane potential gradient,
which can strongly enhance the spin-splitting
[2]. The characteristic parameters quantifying
the strength of the splitting are the momentum offset k0 , the coupling constant in the
Hamiltonian R (Rashba parameter), as well
as the Rashba energy ER . They are related by
ER = ℏ2 k02 /2m★ and k0 = m★ R /ℏ2 . Here m★ is
the respective electron mass.
A close up of the band structure near the Mpoint of the hexagonal surface Brillouin zone
is shown in Fig. 74. The bands along  M
(Fig. 74(a)) near –1.2 eV clearly show the characteristic dispersion of a RB type spin-splitting
with the band crossing at the M-point and
the maximum shifted by k0 away from M.
From the data we extract the momentum offset
k0 = 0.126 Å−1 , an effective mass of m★ = 0.7 me
(me free electron mass) as well as the Rashba
energy ER = 140 meV. From these values we can
calculate the Rashba parameter R = 1.37 eVÅ.
The spin-splitting is well-resolved in the data.
The average line width for the spin-split states
at the band maximum (kx = −0.126 Å−1 ) is
195 meV, which accounts for intrinsic lifetime
as well as interactions and scattering. The separation of the states is about 220 meV.
The spin-splitting at the M-point in Fig. 74(a)
is strongest along the  M-direction. Along the
K M K-direction in Fig. 74(b) the spin-splitting
at the M-point is much weaker and cannot be
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resolved in the experiment. This peculiar band
topology can be related to the symmetry properties of the M-point. As the M-point is located on the border of the first surface Brillouin
zone it has a reduced symmetry as compared
to the -point. Despite the symmetry breaking of the Bi trimers, the mirror symmetry v1
(Fig. 73) holds so that for the dispersion along
the K M K-direction the spin-splitting is greatly
reduced, i.e., it cannot be observed in the data.

Figure 74: The experimental band structure of
Bi/Si(111) near the M-point of the hexagonal surface Brillouin zone. The measurements along  M 
(a) and K M K (b) show the anisotropic topology of
the spin-split bands.

To support our interpretation of the observed
spin-splitting, spin-resolved first-principles
band structure calculations were performed
in close analogy to our previous calculations
on the RB effect [2]. The calculations (not
shown here) reproduce all the main features
of the measured band structure. In particular,
the splitting of the band around the M-point
along the  M-direction is well-documented.
The two branches of the spin-split band clearly
show opposite spin-polarization, i.e., a giant spin-splitting in the electronic structure of
Bi/Si(111).
The giant spin-splitting in the Bi/Si(111) trimer
system has a similar origin as in the Bi/Ag(111)
surface alloy: An inversion symmetry breaking in the plane of the surface leads to a strong
89
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contribution from an in-plane potential gradient, which substantially enhances the spinsplitting. In both systems the threefold symmetry of the underlying substrate breaks the inplane inversion symmetry. However, considering only the topmost layer, the trimer formation
in Bi/Si(111) also leads to a breaking of the inplane inversion symmetry (see Fig. 73), which
is not the case for the Bi/Ag(111) surface alloy.
Comparing the spin-splitting of the Bi/Si(111)
electronic structure to semiconductor heterostructures, we find that in the latter the
spin-splitting is substantially smaller. For example, for an inverted InGaAs/InAlAs heterostructure a Rashba constant of R = 0.07 eVÅ has
been measured. With an effective mass of
m★ = 0.05 me , a Rashba energy of ER = 16 μeV
can be calculated. For HgTe quantum wells
a Rashba constant R = 0.45 eVÅ has been
found. However, here the spin-splitting has
been identified to be proportional to k∥3 instead of a linear dependence. For the Bi/Si(111)
system, the Rashba energy ER = 140 meV as
well as the Rashba parameter R = 1.37 eVÅ
are much bigger. From the momentum offset
k0 = 0.126 Å−1 we can calculate that a phase
shift of the spin precession angle  =  can
be obtained after a length L = /2k0 of only
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1.3 nm. In the InGaAs/InAlAs heterostructure
a length of 400 nm has been estimated. While
these figures show the excellent potential of
the Bi/Si(111) system, additional measurements
giving insight into the transport properties, such
as Shubnikov-de Haas oscillations, are necessary to further elaborate the suitability of this
system for spintronics applications.
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Mechanism of oxygen incorporation into the mixed conducting
perovskite (La,Sr)MnO3± explored by a combination of
experiments and DFT modeling
Y.A. Mastrikov, R. Merkle, E.A. Kotomin and J. Maier

The incorporation of oxygen into oxides is one
of the simplest chemical reactions, but also one
of the most important for electrochemical applications such as sensors or fuel cells, as well as
for oxidation catalysis and other fields. In addition the kinetics is relevant for the conditioning
of materials such as (La, Ca)MnO3± with in90

teresting magnetic properties. Nonetheless, the
knowledge of the reaction mechanism is not
more than rudimentary. This is due to the manifold of possibilities that chemical kinetics offers, but also due to the fact that typical surface
analysis techniques require ultrahigh vacuum
and not too high temperatures, which is antipo-
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dal to the operating conditions of solid oxide
fuel cells. For the purpose of getting a deeper
insight we performed a variety of experiments
accompanied by detailed kinetic modeling. The
experimental program includes electrochemical measurements (impedance spectroscopy on
geometrically well-defined microelectrodes) as
well as surface studies (XPS measurements at
elevated temperature and oxygen pressure in the
mbar range). Notwithstanding the large amount
of experimental evidence collected, still some
decisive information is lacking. Ab initio calculations can supply such information, in particular about transition states and intermediate
species. Based on these results different hypothetical mechanisms can be compared and the
most probable one figured out. In the following
we will briefly consider these last aspects.

2−
−
Figure 75: Coverage of adsorbed O−
2 , O2 and O
on the MnO2 (001) plane of (La, Sr)MnO3 calculated on the basis of DFT adsorption enthalpies. The
hatched areas indicate the uncertainty due to the estimated adsorption entropies.

Extended DFT calculations (VASP code with
non-local PW91 exchange-correlation functional, plane wave basis set) were performed
for symmetrical LaMnO3 slabs [1]. The MnO2
(001) surface was found to be most stable under fuel cell operating conditions, thus all further results refer to this surface. The DFT calculations indicate that the chemisorption of oxy-

Selected research reports

gen on the perfect surface leads to superox2−
ide (O−
2 ) and peroxide (O2 ) species strongly
bound atop Mn ions, even the dissociative adsorption yielding adsorbed O− is exothermic.
The obtained adsorption enthalpies, together
with estimated adsorption entropies, allow us
to calculate the coverage of the different adsorbates (Fig. 75). When the coverage reaches
the percentage range, the isotherms deviate
from ideal behavior because the adsorption of
charged species leads to the buildup of a substantial surface potential [2]. While the barrier
for surface diffusion of molecular oxygen adsorbates is low (Fig. 76) and the respective mobility is high, adsorbed O− is essentially immobile.

Figure 76: Surface diffusion barriers for O−
2 and
O− on the MnO2 (001) plane of LaMnO3 from DFT
calculations.

Other important results refer to the oxygen vacancies which are an important reaction partner for oxygen incorporation into the material’s first layer. Their formation is found to
be less endothermic by ≈ 1 eV in the MnO2
(001) surface layer compared to the bulk. At
1000 K this corresponds to an increase in the
91
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surface vacancy concentration by a factor of 105
over the bulk value (even for acceptor-doped
La0.8 Sr0.2 MnO3± , the bulk vacancy concentration is extremely low, ≈ 10−9 per unit cell). In
the surface layer the vacancy migration barrier
is reduced to 70% of the bulk value, increasing
the mobility by a factor of 30 at 1000 K. Since
the incorporation reaction occurs at the surface,
it is the vacancy concentration and mobility in
the surface layer which are the relevant quantities. One should note that this information is
hardly accessible experimentally.
Rather than discussing the competing mechanisms in detail we concentrate on the most probable one (Fig. 77). It begins with oxygen adsorption on the perfect surface. Since this does
not require one of the few oxygen vacancies,
the chemisorption is fast and equilibrium adsorbate coverage can be assumed. For the following dissociation of the adsorbed superoxide O−
2,
DFT calculations yield a moderate barrier of
0.6 eV. For the final incorporation of the resulting two atomic O− an encounter with surface
vacancies is necessary. Since O− is practically
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immobile, this occurs by vacancy diffusion in
the surface layer. Once O− and vacancies meet,
the incorporation is fast. Within this reaction
path, the O−
2 dissociation and the approach of
vacancies to adsorbed O− have comparably low
rates. This can best be recognized in Fig. 77 in
the blue profile depicting the changes of Gibbs
free energy throughout the reaction path, i.e.,
including the effects of the strongly negative
overall oxidation entropy (upon incorporation,
translational and rotational degrees of freedom
of O2 molecules are lost). Which of the two
slow steps indicated in Fig. 77 actually limits
the rate delicately depends on adsorbate coverage and surface vacancy concentration.
This is shown in Fig. 78 displaying the variation of reaction rates with adsorbate coverage and surface oxygen vacancy concentration
for different mechanisms. It illustrates that for
(La, Sr)MnO3± the described mechanism displayed by pink and violet color yields the fastest
overall reaction rate, and that for high O−
2 coverage the final O− -vacancy encounter determines the rate.

Figure 77: Energy (black) and Gibbs Free Energy (blue) profile of the most probable oxygen incorporation mechanism (dissociation of adsorbed O−
2 without oxygen vacancy involved) as predicted for
(La, Sr)MnO3± at 1000 K based on the DFT results. The rate-determining steps are indicated by red color:
depending on the actual conditions (T, pO2 ) either the dissociation of O−
2 or the approach of an oxygen
vacancy to adsorbed O− is limiting.
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cancy mobility and the O− coverage are comparable. Due to the strongly increased vacancy
concentration in (La, Sr)(Co, Fe)O3− , now another mechanism becomes the fastest where
O−
2 dissociation occurs assisted by an oxygen vacancy. The overall rate is faster than for
(La, Sr)MnO3± , which is in good agreement
with experimental data [3].

Figure 78: Reaction rates for oxygen incorporation
on the MnO2 (001) plane of (La,Sr)MnO3± obtained for different hypothetical mechanisms. For
typical (La, Sr)MnO3± defect and adsorbate concentrations (indicated by red lines), the mechanism
shown in Fig. 77 exhibits the fastest rate (violet
plane). The parameters for (La,Sr)(Co,Fe)O3− perovskites (lower adsorbate coverage but much higher
oxygen vacancy concentration, see black lines) are
also indicated.

Figure 78 also illustrates the complexity of the
kinetic situation – the rate-determining step
within a given reaction path, or even the reaction path itself changes when adsorbate coverage and vacancy concentration are modified. If we move from (La, Sr)MnO3± to
(La, Sr)(Co, Fe)O3− perovskites, the reaction
rate can be estimated from Fig. 78 by inserting the respective adsorbate and vacancy concentration. This ‘materials extrapolation’ holds
as long as the O−
2 dissociation barrier, the va-

To summarize, DFT calculations give important
information on the concentration and mobility
of adsorbates, surface defects and intermediate
species, and allow us to predict a mechanism
including reaction rates for the oxygen incorporation reaction. Even an ‘extrapolation’ to related mixed conducting perovskites is possible
which is in good agreement with the experimental findings. Nevertheless we have to keep in
mind that up to now these calculations are performed for an ideal surface termination which
must be regarded only as a first approximation
for the real surface.
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Continuous tuning of substrate-induced strain states
on doped LaMnO3 thin films
R.K. Zheng and H.-U. Habermeier

The physical properties of complex oxides with
strong electron correlation such as manganites,
cuprates, titanates and vanadates sensitively depend on the positions of the atoms within the
structure, the related bonding angles and distances as well. One possibility to tune the intrinsic properties of such systems is offered by
their epitaxial growth on substrates with a similar lattice structure but slightly different lattice parameters. In this case the film is microscopically clamped to the substrate adjusting the position of the atoms according to the
underlying crystal structure. If the lattice constant of the substrate, as , is larger than that of
the film, af , an in-plane biaxial tensile strain
in the film appears, accordingly, a compressive strain emerges for as < af . Epitaxial strain
can induce ferroelectricity at high temperatures
(> 300 K) in otherwise paraelectric SrTiO3 [1],
double the superconducting transition temperature in La1.9 Sr0.1 CuO4 [2] or generate a ferromagnetic metallic phase in charge ordered antiferromagnetic La0.88 Sr0.1 MnO3 thin films [3].
In the literature dealing with complex oxide
thin films a substantial fraction of the work
is devoted to the problem of strain generation, strain relaxation and their consequences
for the physical properties. All these experiments have in common that one specific
sample has one fixed strain state that can
only be continuously modified by the application of hydrostatic pressure [4]. Here, in a
generic case study, we explore the possibility of a continuous change of the strain state
of ultrathin La0.7 Ca0.15 Sr0.15 MnO3 (LCSMO)
thin films by ferroelectric poling and the
converse piezoelectric effect using ferroelectric 0.67 (Pb(Mg1/3 Nb2/3 )O3 ) – 0.33 (PbTiO3 )
abbreviate as PMN-PT single crystal substrates.
In these experiments effects due to extrinsic
94

variables such as oxygen content or defect states
are regarded to be fixed.

Figure 79: The electrical measurement circuit and
the schematic diagram of the LCSMO/PMN-PT
structure.

Figure 79 shows a schematic diagram of the
LCSMO/PMN-PT structure and the electrical measurement circuit. LCSMO films were
deposited on the (001)-oriented and polished
PMN-PT substrates using dc magnetron sputtering. The deposition was carried out in an
argon-oxygen flow with 60% Ar and 40% O2
at a pressure of 5 Pa and a substrate temperature of 700∘ C. After deposition, the films were
cooled to room temperature and postannealed
in 1 atm of flowing O2 at 700∘ C for 30 min using a rapid thermal annealing furnace. X-ray
patterns (Cu-K) were recorded using a fourcircle Bruker D8 Discover X-ray diffractometer. The resistance of the film between the two
top-top gold electrodes in the temperature range
25 – 325 K and in a magnetic field (up to 8 T)
applied parallel to the film plane was measured
in a Quantum Design physical properties measurement system (PPMS). The poling of the
PMN-PT substrate was achieved by applying
a dc poling field E to the LCSMO/PMN-PT
structure through the top gold electrode (held
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at low potential) and the bottom gold electrode
(held at high potential). Since the film thickness (≈ 65 nm) is much larger than the screening length of the electric field which is less than
a few unit cells of the film, it is reasonable to
neglect the effect of the ferroelectric field effect present at the LCSMO/PMN-PT interface
on the transport properties.
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field E applied to the LCSMO/PMN-PT structure through the top and bottom gold electrodes
at a fixed temperature of 294 K. It is noted
that the PMN-PT substrate was initially in P0r
state and the electric field E was increased from
0 kV/cm to 8 kV/cm in steps of 0.2 kV/cm.

Figure 81: Relative change of the resistance of the
LCSMO film at 294 K as a function of the electric
field applied to the LBMO/PMN-PT structure.
Figure 80: X-ray diffraction pattern (XRD) of the
LCSMO/PMN-PT structure.

Figure 80 shows the XRD pattern of the
LCSMO/PMN-PT structure when the PMN-PT
substrate was in the unpoled state (denoted
by P0r ). The film is highly (001)-oriented and
is single phase. The c-axis lattice constant of
the film calculated from the LCSMO (002) reflection is ≈ 3.856 Å, much smaller compared
to the c-axis lattice constant (c ≈ 3.888 Å) of
the LCSMO bulk material, indicating that the
film is subjected to an out-of-plane compressive (zz = –0.82%) and in-plane tensile strain.
XRD  scans confirm a cube-on-cubic epitaxial growth of the LCSMO film on the PMN-PT
substrate.
The effect of the strain induced by the ferroelectric poling on the transport properties of the
LCSMO film was characterized by measuring
the resistance of the film between the two toptop gold electrodes as a function of the electric

In Fig. 81, we show the relative change of
the room temperature resistance, R/R, as
a function of E. Here, /R is defined as
− R(0)
, where R(E) and R(0) are
R/R = R(E)R(0)
the resistance of the film under an electric
field E and zero electric field, respectively.
The resistance is almost field independent for
E ≤ 2.2 kV/cm, but decreases drastically with
increasing E from 2.2 kV/cm to 3 kV/cm and
decreases gently with further increase in E. This
large electric-field-induced decrease in the resistance is due to a reduction of the in-plane tensile strain in the film induced by the alignment
of the ferroelectric domains towards the field direction in the substrate. Figure 82(a) and 82(b)
show the temperature dependence of the resistance for the LCSMO film in different magnetic
fields H when the PMN-PT substrate is in P0r
and P+
r (i.e., the electric dipole moment in the
PMN-PT substrate point to the film) state, respectively. The solid lines correspond to a fit
based on a model using the phase separation
scenario.
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3.856 Å to 3.864 Å, corresponding to a reduction of the in-plane tensile strain from 0.41% to
0.31%, (i.e., xx = –0.1%). As a result, the resistance at H = 0 in P+
r state becomes smaller
0
than that in Pr state in the whole temperature
range, and Tp increases from 216 K to 229 K.

Figure 82: (a) Temperature dependence of the resistance for the LCSMO film at H = 0 T, 2 T, 4 T, 6 T,
and 8 T when the PMN-PT substrate is in P0r state.
The solid lines are the fitted results using Eq. (28).
(b) Temperature dependence of the resistance for the
LCSMO film at H = 0 T, 2 T, 4 T, 6 T, and 8 T when
the PMN-PT substrate is in P+
r state. The solid lines
are the fitted results using Eq. (28).

When the PMN-PT substrate is in P0r state
and H = 0, the resistance of the film increases
with decreasing temperature from 325 K and
undergoes an insulator-to-metal transition at
Tp ≈ 216 K, exhibiting the typical transport behavior of CMR materials. Associated with the
switching of the poling state from P0r to P+
r ,
both the PMN-PT (002) and the LCSMO (002)
reflections shift to lower 2 angles. It should
be pointed out here that, after the poling state
has been switched to P+0
r , the electric potential applied to the PMN-PT substrate through
the top and bottom gold electrodes was turned
off. Because of the ferroelectric poling, the caxis lattice constant of the film increases from
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A wide variety of experimental and theoretical results have convincingly demonstrated
that manganites, especially those displaying
insulator-to-metal transition and CMR effect,
intrinsically phase separate into PM insulating and FM metallic phases. For T ≫ TC ,
the materials are in the PM insulating state.
Upon cooling to a characteristic temperature
Tonset (Tonset > TC ), the ferromagnetically coupled Mn3+ OMn4+ pairs start to segregate into
larger ferromagnetic regions within a paramagnetic matrix and grow in size with decreasing
temperature. At TC , the competition between
the PM insulating phase and the FM metallic
phase reaches a balance. Upon further cooling
from TC , the FM metallic phase further grows
at the expense of the PM insulating phase, and
thus dominates over the PM insulating phase in
FM state. Assuming that the phase separation
behavior exists in the LCSMO film and following the phenomenological model that describes
the phase separation below and above TC , the
total resistance of the LCSMO film can be considered as a serial combination of the resistance
of the coexisting phases and is expressed as:
R = f FM R FM + (1 − f FM )R PM

(28)

Where f FM and (1 − f FM ) are the volume fractions of the FM metallic phase and the PM insulating phase, and R FM and R PM are the resistance of the FM metallic phase and the PM
insulating phase, respectively. The temperature
dependence of f FM obeys a two energy-level
Boltzmann distribution expressed as:
f FM =

1
1 + exp(U/kB T)

(29)

Where U is the energy difference between the
FM metallic phase and the PM insulating phase
that can be written as:
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U = −U0 (H, xx )[1 − T/T Pmod (H, xx )]
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(30)

Where T Pmod is the insulator-to-metal transition temperature used in the phenomenological
model (close to T P of the film), and U0 is the energy difference between the FM metallic phase
and the PM insulating phase at T = 0 K. Clearly,
in the low temperature (T ≪ T Pmod ), f ≈ 1 while
at high temperature (T ≫ T Pmod ), f ≈ 0.
In the high-temperature region (T > T P ), it is
found that, whether the PMN-PT substrate is in
P0r or P+
r state, the resistance data are well-fitted
by the variable-range-hopping model:
R PM (T) = C exp [(T0 /T)1/4 ]

(31)

Where T0 is a characteristic temperature and
C is a constant. In the low-temperature FM
metallic state, previous studies have shown that
the resistance can be ascribed to the contributions from (a) residual resistance R0 , (b) singlemagnon scattering term A T 2 , and (c) electronphonon interaction term B T 5 , so the resistance
can be expressed as:
R FM (T) = R0 + A T 2 + B T 5

(32)

Combining Eqs. (29) – (32) the temperature dependence R(T) for the LCSMO films can be
consistently fitted in the whole temperature
range from 25 K to 325 K for the P0r as well
as the P+
r state, respectively. The solid lines in
Fig 82(a) and 82(b) are the fitting results which
agree well with the measured data.
In summary, using ferroelectric PMN-PT single crystals as substrates, we have studied

the intrinsic effect of substrate-induced strain
on the phase separation and transport properties of LCSMO thin films by in situ inducing
strain in the film via the ferroelectric poling of
the PMN-PT substrate. The ferroelectric poling leads to a reduction of the in-plane tensile
strain in the film, giving rise to a weakening of
the electron-lattice coupling and thus a decrease
in the resistance and an increase in the ferromagnetism and TT of the film. The strain effect
on the transport properties is closely related to
the phase separation which is found to be suppressed in FM state but enhanced in PM state
as a result of the ferroelectric-poling-induced
strain.
In Collaboration with:
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Nanostructures and low-dimensional electron systems
Electronic properties of nanostructures and low-dimensional charge carrier systems have been topics of many years at the Institute. The material base for defining such systems has largely spread.
Understanding their properties and improving their qualities are ongoing processes. New tools
have been developed to investigate such systems. Here are presented some recent examples: Large
progress has been made in obtaining quasi-free standing monolayer of graphene on SiC substrates
by breaking the bonds of the surface carbon layer to the SiC substrate by hydrogen intercalation.
In another project, surface treatment of silicon oxide substrates helped to tune the built-in charge
carrier density and to improve the density vs. gate voltage characteristics in deposited graphene
monolayers. Scanning tunneling microscopy was used to probe electronic quantum states in front
of graphene layers which are due to a binding image potential. These experiments confirm predictions from respective band structure calculations. Scanning near-field optical microscopy has been
further developed to image directly the plasmonic resonance modes on metallic nanowires. For the
first time, Rabi oscillations of excitonic excitations in a single GaAs quantum dots on a GaAs substrate have been investigated in an optical far-field reflection pump-probe experiment. Electronic
logic gate circuits based on ZnO nanowires and carbon nanotubes were realized. Theoretical investigations on the structural symmetry of quantum dots give a guide to create entangled photons
from III-V semiconductor quantum dot structures. A reliable fabrication method for an array of
tips with a metallic single-electron transistor on each tip end was developed. It was demonstrated
that this array of sensitive electrometers allows to probe time-correlated the electrostatic potential
variations at different positions within a two-dimensional system under high magnetic fields and
temperatures below 0.1 Kelvin.

Quasi-free standing epitaxial graphene on SiC obtained
by hydrogen intercalation
C. Riedl, C. Coletti, T. Iwasaki and U. Starke

Graphene, a monoatomic layer of graphite
hosts a two-dimensional electron gas system
with large electron mobilities which makes
it a prospective candidate for future nanocarbon devices. Grown epitaxially on silicon carbide (SiC) wafers, large area epitaxial graphene
samples appear feasible and integration in existing device technology can be envisioned.
Already precise control of the number of
graphene layers and growth of large homogeneous graphene samples has been achieved

on SiC [1,2]. However, as-grown epitaxial
graphene on SiC is electron doped with a
charge carrier concentration of ≈ 1013 cm−2
which originates from the influence of the
√
√
(6 3×6 3)R30∘ reconstructed interface layer
present between graphene and SiC. As a result,
the Fermi energy, EF , is largely displaced away
from the Dirac point energy ED where the bands cross, so that the ambipolar properties of
graphene cannot be exploited.
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√
√
Figure 83: Model sketch for the (6 3×6 3)R30∘
reconstruction of SiC(0001) (‘zerolayer’) (a) and
epitaxial monolayer graphene (b). After hydrogen intercalation the zerolayer (c) and monolayer
graphene (d) are decoupled from the substrate.

As sketched in Fig. 83(a), the reconstructed surface layer on SiC is already constituted of carbon atoms arranged in a graphene-like honeycomb structure. However, about 30% of these
carbon atoms are bound to the Si atoms of the
SiC(0001) surface, which prevents the linear bands characteristic for graphene to develop in
this layer. Thus, the interface layer is electronically inactive in terms of the typical graphene
properties so that it is often called zerolayer
graphene. The second carbon layer grows on
top of the interface without covalent interlayer
bonds as shown in Fig. 83(b) and electronically acts like monolayer graphene. The influence of the covalent bonding in the interface layer is also one of the primary suspects
for the strongly reduced mobility in epitaxial
graphene on SiC(0001) as compared to exfoliated graphene flakes, probably due to the introduction of scattering centers into the graphene
layer. So, for a practical application of epitaxial graphene on SiC(0001) it would be desirable
to counteract the intrinsic doping and to reduce
the influence of the interface bonding to create
quasi-free standing layers. A radical solution
for this purpose would be to decouple the layers and break and saturate the respective bonds.
As sketched for zero- and monolayer graphene
in Fig. 83(c) and 83(d) we demonstrate in the
present report that hydrogen intercalation can
induce the desired decoupling [3].
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Figure 84: Dispersion of the -bands measured
with ARPES perpendicular to the K direction of
the graphene Brillouin zone for (a) an as-grown
graphene zerolayer (ZL) on SiC(0001), (b) after hydrogen treatment and subsequent annealing to (c)
700∘ C and (d) 900∘ C. -band dispersion for (e) an
as-grown monolayer (ML), (f) after hydrogen treatment and annealing to (g) 700∘ C and (h) 1000∘ C.

Hydrogen etched, on-axis oriented SiC(0001)
samples were prepared by graphitization under
ultrahigh vacuum conditions [1] or in an induction furnace under Ar atmosphere [2]. Subsequently they were annealed at temperatures between 600∘ C and 1000∘ C in molecular hydrogen at atmospheric pressures in a chemical vapor deposition reactor. The hydrogen treatment
has a dramatic effect on the electronic structure of the samples. This is shown in Fig. 84
by angle-resolved photoelectron spectroscopy
(ARPES) measurements of the valence band
structure around the K-point of the graphene
Brillouin zone. As discussed in the introduction, for a pristine zerolayer no -bands develop
which is observed and displayed in panel (a).
Only two very faint delocalized and smeared
out states at binding energies EF – E of around
0.1 eV to 0.5 eV and higher than 0.9 eV are
visible. For a zerolayer sample after hydrogen treatment, quite differently, the linear dispersing -bands of monolayer graphene appear,
see panel (b). In addition, while the intrinsic
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n-doping in as-grown monolayer graphene locates the Fermi level EF about 0.42 eV above
the crossing point of the -bands (Dirac point,
ED ), as shown in Fig. 84 (e), this effect is reversed after the hydrogen treatment and the
sample is slightly p-doped so that EF is shifted
below ED by ≈ 0.1 eV. The appearance of the
graphene type -bands and the absence of ndoping demonstrate that the covalently bound
carbon layer is decoupled from the substrate.
Apparently, the hydrogen atoms migrate under this layer, break the bonds between C and
Si and bind to the Si atoms as sketched in
Fig. 83(c). Correspondingly, the buffer layer is
lifted and displays the electronic properties of a
quasi-free standing graphene monolayer. Note,
that outgassing the hydrogen treated sample at
400∘ C as carried out for the spectrum shown in
Fig. 84(b) has no effect on the -band structure.
Yet, after heating the sample up to 700∘ C (panel
(c)) the slight p-doping vanishes and charge
neutrality is retrieved (EF =ED ). Accordingly,
we attribute the p-doping effect to the presence of chemisorbed species on the graphene
surface and the subsequent downshift of the
band structure to their desorption. At temperatures above 700∘ C the hydrogen starts to desorb. The process is completed around 900∘ C
and the zerolayer structure is re-established as
seen from the absence of -bands, cf. Fig. 84(d).
Consistent results were observed for monolayer
epitaxial graphene, which turns into bilayer
graphene upon hydrogen treatment as previously sketched in Fig. 83(b) and 83(d). The corresponding ARPES band structure before hydrogen treatment and after hydrogen treatment
plus subsequent outgassing at 400∘ C is shown
in Fig. 84(e) and 84(f). Again the hydrogen
treated sample shows a slight p-doping which
disappears largely after annealing to 700∘ C
(panel (g)). Also, the hydrogen progressively
desorbs until at 1000∘ C the original monolayer band structure is completely recovered, as
shown in panel (h).
The effect of hydrogen intercalation on the
graphene structure can be seen even more
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clearly and with spatial resolution using lowenergy electron microscopy (LEEM). This is
shown in Fig. 85, by LEEM micrographs of
the same area of the sample with (panel (a))
and without (panel (c)) intercalated hydrogen.
In this particular sample area, regions of different graphene thickness can be distinguished by
the reflected intensity. The electron reflectivity
spectra for the different surface domains A, B
and C as labeled in panel (a) are plotted in panel
(b). The number of dips in the spectra [4] identifies region A, B and C as bi-, tri-, and four
layer graphene. After desorbing the hydrogen
through an annealing step at 900∘ C, the spatial
distribution of these domains does not change
as shown in panel (c). However, their LEEM
intensity changes and the reflectivity spectra as
plotted in panel (d) identify a complete transformation of (n + 1)-layer thick areas into (n)layer thick areas (n = {1,2,3}). Note that the region labeled D in Fig. 85 displays the same intensity before and after desorption of the hydrogen (and a flat reflectivity spectrum) and is attributed to surface defects.

Figure 85: 4 μ m×4 μ m LEEM micrographs recorded with an electron energy of 5.1 eV for the
same area of (a) a hydrogen-treated graphene sample
after outgassing at 400∘ C and (c) annealed at 900∘ C.
Representative regions are labeled A, B, C, D. The
electron reflectivity spectra obtained for the regions
A, B, and C are plotted in panels (b) and (d), respectively, labeled with the number of graphene monolayers (ML).
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In summary, hydrogen intercalation allows to
decouple epitaxial graphene layers on SiC from
the substrate. In the resulting quasi-free standing epitaxial graphene layers the outstanding
properties of graphene can be made accessible
on large-scale SiC(0001) wafers suitable for a
practical technological application.
In Collaboration with:
A.A. Zakharov (MAX-Lab, Lund University, Sweden)
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The effect of a hydrophobic substrate on the electronic properties
of graphene
M. Lafkioti, B. Krauss, T. Lohmann, U. Zschieschang, H. Klauk, K. von Klitzing and J.H. Smet

The intrinsic doping level of graphene prepared
by mechanical exfoliation and standard lithography procedures on thermally oxidized silicon varies significantly and seems to depend
strongly on processing details and the substrate
morphology. Moreover, transport properties of
such graphene field effect devices suffer from
hysteretic behavior under ambient conditions
as well as asymmetries in the conductivity for
holes and electrons. Even though extensive systematic studies are still lacking and are also difficult to carry out, evidence accrues that morphology and deficiencies of the substrate, contamination during processing as well as adsorbed molecules from ambient air play a crucial role for these imperfections and the poor
reproducibility of graphene devices prepared by
mechanical exfoliation on SiO2 .
Various adsorbates can attach themselves to
SiO2 . Hydroxyl groups (–OH) for instance couple to the dangling bonds of the Si at the surface
and build up a layer of silanol (SiOH) groups.
This silanol layer is very hydrophilic. Dipolar
molecules can easily attach to the SiOH and
contribute to the charge transfer, which results
in doping of the graphene flake. Most frequently
102

p-doping is observed, which is believed to originate from adsorbed water molecules, possibly
in combination with interactions between these
molecules and the substrate. The asymmetry
in the electron and hole conductivity and the
hysteresis in the field effect are also believed
to originate from adsorbates but both are not
fully understood yet. For example in the case of
water, the most abundant dipolar adsorbate under ambient conditions, the doping and hysteresis mechanism are still controversially debated.
According to our experience, the intrinsic doping level drops and hysteresis is suppressed or
vanishes when placing graphene in vacuum and
pumping for an extended time. Heating the sample in vacuum to above 140∘ C is very beneficial,
but even without heating the hysteresis and doping level are reduced. This suggests that loosely
bound species, like water attached to the silanol
groups of the surface, are the main culprits for
hysteresis and doping. Strongly bound silanol
groups or charge traps in the oxide would be
stable even at elevated temperatures. An important observation is that most samples return to
their initial state in terms of doping and hysteresis (within deviations of a few percent only)
after a short time (< 1 min) when exposing the
flake back to air.
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Figure 86: (a) Schematic of the contacted graphene sample on top of an HMDS self-assembled layer. (b)
3D-structure of the HMDS molecule. (c) Optical image of the contacted graphene flake.

This reversibility suggests that doping adsorbates preferentially attach to particular locations determined by the substrate and graphene
specifics. Based on this information, we conclude that chemical hydrophobization of the
substrate to remove and prevent the formation
of silanol groups and thus the coupling of adsorbates, may provide a good solution to the
venture of obtaining reproducible characteristics such as low intrinsic doping and weak hysteresis for graphene supported by a substrate.
We have investigated the field effect characteristics for graphene on top of a thin, hydrophobic
self-assembled layer of hexamethyldisilazane
(HMDS) as schematically illustrated in Fig. 86.
The HMDS should act as a reproducible template that prevents the adsorption of dipolar substances. Such a layer may also screen the influence of substrate deficiencies. The field effect
was recorded at room temperature without and
with annealing of the samples at ≈ 140∘ C for a
time period of 1 to 2 hours. In addition quantum
Hall effect (QHE) measurements were carried
out at 1.6 K to assess the transport quality. For
the sake of comparison, reference samples were
prepared in the same fashion except that no
HMDS layer was deposited prior to graphene
exfoliation.
In Fig. 87(a) the mobility at a hole density
n = 1.25⋅1012 cm2 extracted from the field effect
data and the intrinsic doping level are plotted
for the reference graphene flakes prepared on
bare SiO2 with and without pumping and heat
treatment (red circles and discs). The graphene
samples deposited on a bare SiO2 substrate exhibited high p-doping levels between (2.5 and
4.2)⋅1012 cm−2 .

Figure 87: (a) Mobility versus charge neutrality
point of graphene deposited on bare SiO2 (red
circles and discs) and on HMDS (black full and
empty diamonds), without (filled signs) and with
(empty signs) annealing in vacuum (p ≈ 10−6 mbar)
at T = 140∘ C for 1h. The mobility was determined at
n = 1.25⋅1012 cm−2 . The charge neutrality point for
not annealed samples on bare SiO2 is determined
by the mean value of the charge neutrality points of
both sweep directions as the exact doping changes
during the sweep. (b) Field effect measurement at
T = 293 K for graphene on HMDS (black curve) and
for graphene on bare SiO2 (red curve).
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The field effect curves for up and down sweeps
of the back-gate voltage, that are depicted in
Fig. 87(b) (solid and dotted red line respectively) show a strong hysteresis, which is attributed to dipolar adsorbates whose configuration changes upon sweeping. The different configurations produce an electric field that influences the charge carrier density in the sample.
Figure 87(a) also contains data points from a
total of 13 graphene flakes without annealing
(black filled diamonds) and 7 samples after annealing, which were all deposited on top of
an HMDS self-assembled layer (black empty
diamonds). Low doping was reproducibly obtained (< 0.7⋅1012 cm−2 ) even without annealing. Field effect curves recorded during up
and down sweeps of the back-gate voltage of
a graphene flake on an HMDS treated substrate are plotted in Fig. 87(b) (dotted and solid
black lines respectively). Hysteresis has vanished nearly entirely, even under ambient conditions. Note that contrary to the device on bare
SiO2 , the curve is symmetric for electrons and
holes. Although significant scatter in the mobility remains, these HMDS treated samples on average exhibited higher charge carrier mobility.
For the processing procedures described above
and the HOPG starting material employed here,
samples on bare SiO2 typically had a mobility of ≈ 4000 cm2 /Vs. Graphene prepared on an
HMDS-treated substrate showed varying mobilities but values up to ≈ 12.000 cm2 /Vs are
reached.
Magnetotransport data recorded on a graphene
sample deposited on top of a hydrophobic
HMDS layer are plotted in Fig. 88. The Shubnikov – de Haas (SdH) oscillations exhibit very
good quality. They start at approximately
820 mT or filling factor 62 (inset to Fig. 88(b)).
The longitudinal resistance is symmetric for
both field directions and strong Shubnikov –
de Haas oscillations are observed up to filling
factor 62. The extracted scattering time from the
onset of the SdH oscillations (c  ≈ 1) is approximately 0.16 ps. For a sample on untreated
SiO2 the scattering time is shorter by a factor of
104
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2 or more. Despite limited statistics, the quantum Hall data seem of much higher quality in
HMDS treated samples.

Figure 88: Hall effect measurement at T = 1.6 K on
a graphene flake deposited on hexamethyldisilazane
(n = 1.25⋅1012 cm−2 ). (a) Hall resistance Rxy versus
magnetic field, (b) Longitudinal resistance Rxx versus magnetic field. Inset: Magnification at low, positive fields of the Rxx measurement.

Key merits of preparing graphene on HMDS
are the reproducibly low intrinsic doping and
the absence of hysteresis even under ambient
conditions. Concomitantly the asymmetry between electron and hole conduction vanishes.
The drastic drop in the intrinsic doping level is
attributed to the hydrophobic nature of HMDS.
The observed contact angle of water drops on
the wafer serves as a measure of the substrate
hydrophobicity. For the HMDS layer we measured a contact angle of ≈ 94∘ . Bare SiO2 on
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the other hand exhibits a very small, with our
setup not measurable, contact angle as it is hydrophilic. In contrast the hydrophobic HMDS
likely displaces water molecules during its deposition as it can replace the OH groups on the
substrate. Additionally water molecules cannot
attach or reorganize on the HMDS layer. The
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deposited graphene flake lies on a Si–C–H carpet, which forms a chemically well-defined substrate with methyl groups that appear inert for
the graphene flake. This route of chemically
modifying the substrate appears very promising
for improving the quality and reproducibility of
graphene’s transport properties.

Image potential states as a quantum probe of graphene interfaces
S. Bose, R. Ohmann, I. Brihuega, L. Vitali, C.H. Michaelis and K. Kern

Free standing graphene (FSG) exhibits a large
number of novel properties arising primarily
from its two-dimensionality, many of which are
preserved in epitaxial graphene. A new property
which is a consequence of this two-dimensional
(2D) character of graphene has been predicted
by ab initio band structure calculations in FSG
[1] which predict the occurrence of two series
of image-potential states (IPSs) at the Brillouin
zone center. This is in contrast to surfaces of
three-dimensional (3D) solids where only one
series of such states exists [2]. IPSs are electronic states localized in front of surfaces in a
potential well-formed by the surface projected
bulk bandgap on one side and the image potential barrier on the other. In FSG, the wavefunctions of these states for the two series have opposite parity with respect to the reflection at the
graphene plane and the state with a symmetric
wavefunction (quantum number denoted as n+ )
is lower in energy compared to the state with
the antisymmetric wavefunction (n− ) for each
order (n). We have confirmed this prediction experimentally for mono- and bilayer graphene.
The IPSs were measured by scanning tunneling
spectroscopy (STS) on epitaxial graphene on
SiC and the results were compared to ab initio
band structure calculations. Our measurements
show that despite the presence of the substrate,
the first pair of the double series of IPSs still

survives in epitaxial graphene which is also substantiated with density functional band structure
calculations. The states with higher quantum
numbers (n > 1) convert into the IPSs of the entire system (graphene + substrate). Interestingly,
we further see that with increasing number of
carbon layers, the two series evolve into a single
series of IPSs for multilayered graphite. In addition the lowest symmetric state of the two series
in graphene evolves into the interlayer band in
graphite. Measurement of IPSs provide an elegant quantum probe of the interfacial coupling
in graphene systems.
The image potential states (IPSs) have been
measured using a home-built scanning tunneling microscope (STM) operating at the
temperature of 1.4 K under ultrahigh vacuum
conditions (UHV). The HOPG crystal used
was cleaved in situ under UHV conditions
(1⋅10−10 mbar). The epitaxial graphene used for
the experiments was grown by thermal desorption of silicon on a 6H-SiC(0001) substrate. The
samples were imaged at 4.2 K in constant current mode in the STM. The monolayer (ML)
and bilayer (BL) terraces were identified using
the different contribution of the interface states
in the two, following the method used previously. Scanning tunneling spectroscopy (STS)
measurements were done in the resonant tunneling mode where the electrons emitted from
105
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the tip interact with surfaces and interfaces at
high voltages (> 2 V) giving rise to resonances
which correspond to Stark shifted IPSs.

Figure 89: (a) Schematic of monolayer (ML), bilayer (BL) epitaxial graphene and graphite with the
STM topographic images showing the atomic contrast in each system. The images were taken at
I = 0.1 nA and sample bias of 2 mV. (b) dI/dV spectra obtained by lock-in technique for ML, BL and
graphite. The tunneling current was 0.2 nA and the
voltage modulation was 20 mV. The dashed lines are
the Gaussian fits to the peaks. Clearly, in ML and
BL there are two peaks in between 2.5 eV and 5 eV,
while in graphite there is only one peak in the same
energy range.

Figure 89(a) shows schematically the stacking
of the sample and the respective topological
images, taken by STM on the mono- and bilayer epitaxial graphene. Figure 89(b) shows the
Stark shifted IPSs measured on ML and BL epitaxial graphene as well as multilayered graphite
using STS at a tunneling current of 0.2 nA.
There are two distinct features in the measured IPSs on the three surfaces. (1) A strong
peak appears at 4 V and shifts to higher energies with increasing number of carbon lay106
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ers. (2) A distinct ’hump’ is observed in ML
graphene at a bias voltage of 3.3 V which is
also faintly visible at the same energy in the
case of BL graphene. We would like to point
out that resonant states for bias voltages > 5 V
extend deeper into the vacuum with a higher
probability of the electron density close to the
tip. Since they are strongly influenced by the
electric field of the STM tip, the spectroscopic
information obtained from these states should
be treated with caution. Therefore, we will primarily focus on states with energetic positions
< 5 eV.
To understand the origin of the states in ML
and BL epitaxial graphene, self-consistent calculations of the band structure were performed.
This was done in several steps. In the first step,
local density approximation (LDA) calculations
including the image-potential tail were done for
FSG in the absence of an external electric field
(the details of the calculations are given elsewhere) [1]. These predicted the occurrence of
the two series of IPSs in FSG.
As a next step, the influence of an external electric field (Eext ) on the IPSs of both ML and BL
FSG was calculated. The external electric field
was applied on one side in order to simulate
the STM experiments where the tip voltage appears from one side. This was incorporated into
the calculations by removing the corresponding
amount of electric charge from the ML or BL
carbon sheets into the vacuum. Finally, the effect of the substrate was included by defining a
constant potential Vs at a distance of −zs from
the first carbon layer. Vs is determined by the
position of the upper edge of the substrate (SiC)
potential (upper ) with respect to the Fermi level.
The position of the Fermi level was ascertained
in ML and BL by the position of the Dirac point
for different Eext . The shift of the Fermi level for
different Eext was determined from the evaluation of the corresponding doping level.
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(1+ and 1− ) states of the dual series. Consequently, the lower in energy of the paired states
is symmetric (1+ state) and the higher is antisymmetric (1− state) (shown in Figs. 90(a) and
(b)) similar to FSG (for comparison the partial
densities in FSG of the 1+ and 1− states are
shown in Figs. 90(a) and (b) by dashed lines).
However for epitaxial graphene, in contrast to
FSG, the higher n levels (n > 1, n > 5.0 eV)
do not show any splitting and appear as resonant states. The reason for this is that for
higher n states, there is no space between the
graphene and the substrate for the wavefunctions to be localized and therefore only the conventional image state series occurs with the
main charge density being localized above the
graphene sheet in the vacuum side. If we plot
the difference in the densities of the respective
split states in ML and BL in the vacuum side
(Fig. 90(c)) for Eext = 0.1 V/Å, we observe that
both the 1+ and 1− states are expanded in vacuum more in case of the ML compared to the
BL. This implies that the electric field will perturb the ML more and will result in a higher
Stark shift of the IPSs compared to the BL.

Figure 90: Plot of the calculated partial density
with distance for the first two IPSs (a)–(b) ML and
BL epitaxial graphene are shown in solid lines. The
vertical solid lines denote the position of the carbon plane. The dashed lines are for ML and BL free
standing graphene (the curves have been vertically
displaced for clarity). Here zero distance (0 a.u.) denotes the position of the top graphene layer. (c) Difference in the density in the vacuum region between
epitaxial ML and BL graphene at an electric field of
Eext = 0.1V/Å.

Interestingly, the calculations on epitaxial
graphene show that the wavefunctions of only
the first two IPSs (between 2.5 eV and 5 eV) in
both ML and BL have opposite symmetry indicating the presence of only the lowest-energy

To check whether the predicted two series of
IPSs are observed in our experimental spectra
of the Stark shifted IPS measured on ML and
BL epitaxial graphene, we fitted the observed
peaks between 2.5 eV and 5 eV (after subtracting the background) with a sum of two Gaussian functions. We obtained a very good fit in
case of the ML (Fig. 91(a)), ascertaining the
presence of two distinct peaks in the energy
range (2.5 to 5 eV) where the lowest states of
the two series (1+ and 1− ) are expected. We attribute the ‘hump’ obtained at 3.3 V of the ML
to the 1+ state and the strong peak at 4 V to
the 1− state. We also obtain a good agreement
between the energetic positions of these states
in the ML as obtained from calculations using
Eext = 0.1 V/Å and zs = –5 a.u. However, we obtain a huge difference in intensity in both the
peaks (Fig. 89(b)). The dominance of the 1−
peak in the dI/dV signal can be understood, if
we look at the calculated partial densities of
both the 1+ and 1− states in the ML (Fig. 90(c)).
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The 1− state extends substantially deeper into
the vacuum than the 1+ state. This will lead to
a larger overlap with the tip wavefunction and
enhance the tunneling probability into this state
resulting in the very large peak in the dI/dV signal observed at this bias voltage.
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For the spectra measured on the BL, we observe
a distinct difference from the ML. The hump at
3.3 eV has become very weak (much poorer fits
to the peak structure with the sum of two Gaussian functions, Fig. 91(b)). From Fig. 90(c) we
see that the partial density of the 1+ state extends still less into the vacuum region in BL
compared to the ML. Hence, the overlap with
the tip wavefunction will be further reduced resulting in still lower intensity compared to the
1+ state in ML.
Another striking result of the calculations in
BL is that now part of the charge density
gets trapped in between the carbon layers. Interestingly, this trapping of partial density in
between the carbon layers should eventually
evolve into an interlayer band with increasing
number of carbon layers as observed in multilayered graphite which has its band minimum
at 3.5 eV [3]. To see if there is a contribution
to the n = 1 IPS in graphite from the interlayer
band, we fit the peak between 3 eV and 5 eV
with a sum of a Gaussian and a broad edge
step function A/(1 + exp(–(V–Vmax )/B)), where
A and B are fitting parameters and Vmax is the
voltage where the peak has its maximum. We
obtain a reasonable fit (Fig. 91(c)), indicating
that the n = 1 IPS has contributions from a second state located at the same energy (3 eV and
5 eV) which we attribute to the interlayer band.
In Collaboration with:
V.M. Silkin, E. Chulkov, P.M. Echenique (DIPC, San
Sebastian, Spain); P. Mallet, J.Y. Veuillen (Institut Néel,
CNRS, Université Joseph Fourier, Grenoble, France);
M.A. Schneider (Universität Erlangen-Nürnberg)

Figure 91: (a)–(b) Fit of the peak structure between
2.5 V and 5 V with a sum of two Gaussian functions
in ML and BL respectively showing clearly the split
states (open circles are the raw data and the solid
lines are the fits). (c) Fit of the raw data (open circles) for graphite between 3 V and 5 V with a sum
of a Gaussian and a broad-edge step function (solid
line).
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Imaging plasmonic nanostructures at the nanoscale
R. Vogelgesang, J. Dorfmüller, R. Esteban, W. Khunsin, R.T. Weitz and K. Kern

When nanoscopic metallic structures are illuminated by electromagnetic fields at adequate frequencies the incoming radiation can couple to
charge density oscillations and excite so-called
localized surface plasmon polaritons (LSPPs).
Recently, the near-field enhancing qualities of
LSPPs have been realized to hold promise for
a bounty of novel applications in optics and
photonics. These applications often rely on the
fine details of LSPPs and their interactions
with nanostructures. For example, in ultra sensitive bio(chemo)detectors or plasmonic metamaterials direct near-field optical microscopy
of LSPPs would be of great benefit. While
spectroscopic far-field properties of LSPP resonances are routinely accessible, real-space nearfield information is difficult to obtain. To assess
LSPPs of real nanostructures, microscopy techniques are required that are capable of spatially
resolving the relevant structure sizes.
Characterizing local optical fields under ambient conditions has been achieved with
atomic force microscopy (AFM) by carrying
nanoscopic optical probes to the immediate
vicinity of the nanostructures. However, such
an optical probe has to perform contradicting
tasks: as an ‘optical nanoantenna’ its reception/emission efficiency improves with larger
size, as a near-field detector the achievable
spatial resolution improves with smaller size,
which can also reduce parasitic interference and
coupling effects between probe and sample.
In our near-field optical microscopy work, we
recently successfully conjoined these competing demands by polarization control of the exciting and scattered radiation. We are now able

to probe LSPPs locally in their nearly undisturbed state and to record faithful maps of both
optical phase and amplitude. The basis of our
work is apertureless scanning near field optical
microscopy (aSNOM). Interference and electromagnetic coupling of the probe tip especially
to metallic samples used to be a notorious limiting factor in aSNOM, often preventing even
qualitative interpretations. A crucial aspect of
our approach is therefore the orthogonal polarization of excitation and scattered radiation,
shown in Fig. 92(a) [1]. This resulted not only
in a substantial additional reduction of parasitic background signal. Also, s-polarized radiation can be used to strongly excite the sample
but not the probing AFM tip, which responds
most strongly to fields parallel to the tip shaft,
i.e., normal to the sample surface. Quite generally we have found that extensive simulations
without any probing tip are in excellent agreement with our experimental images of LSPPs,
recorded with a local probe.
Using the advantages of this experimental
scheme, we imaged dipolar and quadrupolar
LSPPs of Au nanodisks, fabricated on glass
substrates by hole-mask colloidal lithography.
Consistently, the small nanodisks show two
lobes of strong amplitude and a phase jump
close to 180 degrees, i.e., a sign change between
the lobes, characteristic of dipolar resonances.
The signal from the larger nanodisk exhibits a
quadrupolar pattern, with four amplitude lobes
and corresponding areas of distinct phase values. From comparison with theory we find the
detected signal very well represents the electric field component normal to the surface at an
effective average distance of 30 nm above the
sample.
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Figure 92: (a) Scheme of the setup. Weakly focused s-polarized radiation excites nano-wires largely unperturbed by the probing tip. A typical response field is indicated by the electric field strength distribution on
the wire surface and a snapshot of selected field lines. Backscattered light is polarization-analyzed along the
tip-axis. (b) Topography of the metallic nano-wires. The wires of different length are arranged in a compact
manner, though sufficiently separated to reasonably assume they are non-interacting. (c) Simultaneously
obtained, baseline corrected near-field optical amplitude image for an excitation wavelength of  = 942 nm.
(d) Simulated magnitude of the z-component of the electric field 24 nm above the structure shown in (b).

Having thus established a microscopic imaging technique capable of in situ, quantitative assessment of plasmonic nanostructures, we set
out to characterize the prototypical system of
thin, finite length metal wires [2]. Such quasione-dimensional metallic structures are frequently also referred to as optical nanoantennas,
whose eigenmodes display Fabry-Pérot-like
resonances for guided quasi one-dimensional
plasmons. These resonances can be studied in
our setup with an approach borrowed from combinatorial material science: a large number of
individual, systematically varied structures are
measured at the same time, under identical conditions. Thus from the obtained image one can
directly read off the resonant wire lengths.
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The general interpretation of our observations
in this system are plasmonic standing waves
patterns, whose amplitudes are largest, when
the wire length L equals that of a resonant structure. The guided waves forming these standing
wave patterns are SPPs traveling along the wire
with a propagation constant . At each wire end,
they suffer a reflection phase jump . For the
nth order resonant wire length L(n) the total
round trip phase accumulation equals n times
2. That is, the resonance condition is
2 L(n) + 2 = 2 ⋅ n .

(33)

Inside the metal volume the charge density exhibits localized lobes of alternating sign along
the wire length which oscillate in time. Associated electromagnetic fields are both effect and
driving force of these fluctuations.
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low even the quantitative comparison with simulations (Fig. 93 and Fig. 94(a)). Figure 94(b)
shows the resonance wire length as a function of
resonance order, which is nicely approximated
by a linear fit for both experimental and simulated data. Thus, we confirm the values for the
propagation constant as well as the reflection
phase of plasmons.

Figure 93: (a)–(d) Compound images of simulated
magnitude (top), measured magnitude (middle) and
phase (bottom) for the 140 nm, 520 nm, 890 nm, and
the 1270 nm long wires, respectively, which represent the odd order resonances. White rectangles indicate the contours of the wires as taken from the
nominal and measured geometry.

As depicted in Fig. 92(a) for the first-order
mode, outside the metal-dielectric interface
the cross-polarized aSNOM probes the electric
field component along the tip shaft. Only odd
order modes are observed to show strong local fields in Fig. 92(c). The even order modes,
which are mirror symmetric about the y–z plane,
are fundamentally mismatched to the antisymmetric normal incidence excitation, but they are
accessible with off-axis excitation. Our experimental results are of sufficient accuracy to al-

Figure 94: (a) Resonance curves obtained by plotting the maximum signal per wire versus the wire
length. The experimental and simulation data has
been extracted from Fig. 93. The solid lines show
Lorentzians fitted to the data. (b) Plot of the
Lorentzians’ peak positions versus the resonance order. The lines are a least square fit to the data. The
inset is a zoom where the fitted straight lines cross
the y-axis.

To summarize, the combination of aSNOM
with a cross polarization scheme results in a
reliable method for imaging localized surface
plasmonic resonances with spatial detail well
below relevant structure sizes and with much
reduced background signal. It opens the door
to detailed in situ studies of individual resonant nanostructures and in a large variety of
111
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near-field optical phenomena, such as optical
nanoantenna, dielectric microresonators, subwavelength apertures, or propagating plasmon
polaritons at appropriately shaped one- and
two-dimensional metal structures.
In Collaboration with:
C. Rockstuhl, C. Etrich, T. Pertsch, F. Lederer (Friedrich-

Schiller-Universität Jena); A. Dmitriev (Chalmers University of Technology, Göteborg, Sweden)
[1] Esteban, R., R. Vogelgesang, J. Dorfmüller,
A. Dmitriev, C. Rockstuhl, C. Etrich and K. Kern.
Nano Letters 8, 3155–3159 (2008).
[2] Dorfmüller, J., R. Vogelgesang, R.T. Weitz,
C. Rockstuhl, C. Etrich, T. Pertsch, F. Lederer and
K. Kern. Nano Letters 9, 2372–2377 (2009).

Coherent spectroscopy of semiconductor quantum dots
C. Wolpert and M. Lippitz

Semiconductor quantum dots (QDs) are nanometer-sized structures, that confine the wavefunctions of electrons and holes in all three spatial dimensions. This confinement results in discrete energy levels for excited electrons and
holes in the nanocrystal, so that QDs are often referred to as artificial atoms. Because of
this tempting analogy and the availability of
various growth techniques, QDs are a promising candidate for new technologies and devices
in quantum optics and quantum information,
such as single photon sources, entangled photon sources and quantum logic gates [1].
The possibility of implementing a qubit, the
quantum mechanical analog to a classical bit,
and eventually realizing an operating quantum
logic gate based on QDs [2], is the goal of our
research. The presence and absence of an exciton in a QD can in some cases be treated as a
semi-isolated two-level system, where the lower
state, ∣l⟩ corresponds to an empty QD and the
upper state ∣u⟩ to a QD with one electron in
the conduction band and one hole in the valence
band. With coherence times below 1 ns the initialization, manipulation and read-out of an excitonic qubit requires ultrafast laser pulses that
interact coherently with the system. The desired
state can be prepared by resonant optical pumping of the exciton transition. If the duration of
112

the optical pulses is shorter than the coherence
time of the upper state, the transition is driven in
the coherent regime. In that case, the population
in the two-level system can undergo Rabi oscillations, where it cycles back and forth between
∣l⟩ and ∣u⟩.
The structures that were used in this study
are MBE-grown GaAs QDs sandwiched between two AlGaAs barriers, grown by L. Wang,
P. Atkinson, A. Rastelli and O.G. Schmidt (IFW
Dresden). This material system is favorable for
us, because the s-shell exciton’s transition energy of around 1.7 eV is accessible by our laser
system and the efficiency of the Si-based detectors that we use is still relatively high in
that spectral range. Due to the almost perfect
lattice matching between GaAs and AlGaAs,
the GaAs QDs are strain free and thus cannot
be fabricated by strain induced growth modes,
such as Stranski-Krastanov (SK). Instead, one
grows InAs/GaAs QDs conventionally by SK
and removes them again after overgrowth with
GaAs in an AsBr3 etching step. This results
in a GaAs surface patterned with nanoholes,
which are transferred to an AlGaAs layer decorated with nanoholes by growing a thin layer
of AlGaAs onto the GaAs surface. This AlGaAs layer serves as the lower barrier for the
GaAs/AlGaAs QDs, which are forming when
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the AlGaAs nanoholes are filled with GaAs.
The structure is then overgrown with the upper AlGaAs barrier and finally capped with a
10 nm thick GaAs layer [3]. QDs fabricated in
this manner have a flat shape which is elongated along the [110] direction. This asymmetry
causes a fine structure splitting (FSS) between
the two orthogonally linear polarized transitions
from the ground state (empty QD ∣00⟩) to the sshell excitons (in the following: ∣01⟩ and ∣10⟩).
Optical experiments in this material system cannot be carried out in transmission, as our structures are grown on GaAs, which has a smaller
bandgap energy than the ground state exciton
transition and so absorbs photons resonant to
the exciton. That is why we set up a pumpprobe experiment in reflection. A simplified energy level diagram is shown in Fig. 95 together
with the basic idea of our pump-probe experiment.

Figure 95: Energy scheme of the QD: Ground state
∣00⟩ (empty QD), s-shell excitons (∣10⟩ and ∣01⟩)
and biexciton (∣11⟩). The pump pulse drives Rabi oscillations in one of the fine structure split excitonic
transitions, ∣00⟩ → ∣10⟩, while orthogonally polarized probe pulses monitor the population of ∣10⟩ by
the bleaching of the ∣00⟩ → ∣01⟩ transition.

We are using orthogonally linear polarized
pump and probe beams, which are derived from
a Ti:Sapphire laser delivering 150 fs pulses centered around a wavelength of 720 nm at a repetition rate of 76 MHz. The light is focused
onto a single QD with a 0.7 NA objective resulting in spot sizes close to the wavelength. The
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sample is mounted in a liquid He-flow cryostat keeping it at a temperature of 10 K. The
pump beam has the right polarization in order
to excite the ∣00⟩ → ∣10⟩ transition, where it
drives Rabi oscillations with the Rabi frequency
(t) = ⃗EP (t)⋅⃗d/ℏ. Here, ⃗EP (t) is the electric
field of the pump pulse at the site of the QD
and ⃗d is the transition dipole moment of the exciton. After the pump pulse is completely absorbed, the state has been rotated by an angle of
∫
 = −
(t)dt.  is called the pulse area of the
optical pulse and the population probability in
the state ∣10⟩ after the interaction with the pulse
is n10 = sin2 (/2). So the population probability is completely inverted for a -pulse (n10 = 1,
n00 = 0), whereas the system is left in the ground
state after one complete rotation after the absorption of a 2-pulse (n10 = 0, n00 = 1).
As is evident from the energy level diagram in Fig. 95, the population of state ∣10⟩
causes a bleaching of the orthogonal transition
∣00⟩ → ∣01⟩. By applying a probe pulse which
is polarized orthogonal to the pump at a delay t, one can monitor the population in the
state ∣10⟩ by measuring this bleaching in the differential reflection spectrum R/R = [R(, t) –
R0 ()]/R0 () of the probe beam. R(, t) denotes the reflection measured at frequency 
with delay t and R0 () is the reflection in the
absence of the pump. As differential transmission, or extinction, is caused by the interference
of light that is scattered by an object in the forward direction with the transmitted light, differential reflection is just the interference of the
backscattering from the QD with the reflected
light from the sample’s surface. It should be
noted that the backscattered signal alone is, of
course, not very strong. However, it is amplified by orders of magnitude, as the interference
with the reflected wave forms a natural homodyne detection scheme.
The spectral shape of the exciton’s differential
reflectivity is thus dependent on the phase difference between the backscattered wave from
the QD and the wave that is reflected by the
113
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sample surface. In our samples, the phase difference is about 2.5 , resulting in a dispersive lineshape. An example of the signal is
shown in Fig. 96 for t = 150 ps. The signal
is obtained by recording probe reflection spectra alternating with and without pump, giving
unbleached spectra R0 () and bleached signal
spectra R(, t).

Figure 96: Reflected probe spectrum R(, t) in
the presence of the pump alone (blue curve) and
with the reference (no pump) subtracted from it
R = R(, t) – R0 () (red curve). Inset: R/R raw
data after subtraction of a spectrally broad background (red step plot) and fit to the lineshape (black,
dashed curve).

The difference of two consecutive frames normalized to the overall reflection is then the differential reflectivity R/R which is on the order of 10−5 in this experiment. As can be seen
in Fig. 96, the difference of signal and reference frames (red curve) does not only show
the nonlinearity at the exciton resonance energy, but also a spectrally broad contribution.
This manifests itself in a difference spectrum
shaped as the probe pulse (blue curve) with the
QD’s signature on top of it. This broad background has been subtracted in order to extract
the signal contribution due to the QD (R/R).
The amplitude of the ∣01⟩ exciton bleaching (inset Fig. 96) is proportional to the population of
the state ∣10⟩.
Rabi oscillations can be recorded, when the
bleaching amplitude is measured as a function
of the pump pulse area, which is proportional
to the square root of the average pump power.
114
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Figure 97 shows a power series of the differential reflection around the ground state exciton’s transition energy of 1.74 eV at a delay of
t = 150 ps.
The data reveals Rabi oscillations where the
first period agrees well with a sin2 (/2)-fit.
After almost vanishing bleaching ( = 2), the
second oscillation is stretched and no longer
fits to the simple theory (black, dashed line in
Fig. 97). The overall shape of the data can be
explained, however, when a saturating generation of carriers in the GaAs capping layer or
substrate due to band absorption is assumed.
These charges could screen the pump pulse’s
electric field, so that one has to consider a
reduced, effective pulse area for the pump
pulses (red, dashed curve in Fig. 97). The fit
matches the data when a saturation intensity of
500 MW/cm2 , which corresponds to a saturation cw-power of approximately 100 μW, and a
screening factor of 0.7 at saturation is assumed.
For the first period a transition dipole moment
of about 10 D can be inferred for the s-shell exciton (∣10⟩).

Figure 97: Lower panel: Raw data of the R/R
spectra as a function of pulse area for t = 150 ps.
Upper panel: R/R amplitude over pulse area (blue
dots), sin2 (/2)-fit to first period (black, dashed
curve), fit considering screening of the pump electric field (red, dashed curve).

In conclusion, we could measure Rabi oscillations in the s-shell exciton transition of single
GaAs/AlGaAs QDs by using an ultrafast pumpprobe technique in reflection geometry. The first
period of the population oscillation agrees with
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the simple Bloch theory for a quantum mechanical two-level system, whereas the second
period shows a stretching to higher pump powers, which was attributed to the generation of
carriers by band absorption in the GaAs. To our
knowledge this is the first time that Rabi oscillations have been measured using only far-field
reflective techniques. This opens the field of coherent experiments to the GaAs/AlGaAs material system which has a more favorable exciton
transition energy, compared to other material
systems. In future experiments we will investigate in how far this technique can be applied to
coupled QDs, quantum dot molecules, which is
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essential for the realization of a quantum logic
gate. In this context, tunneling rates for tunnel
coupled dot systems are of interest as well as
the possibility to switch the coupling by means
of the optical Stark effect.
[1] Michler, P. Single Semiconductor Quantum Dots;
Series: NanoScience and Technology. Springer
Berlin Heidelberg (2009).
[2] Bennet, C.H. and D.P. DiVincenzo. Nature 404,
247–255 (2000).
[3] Rastelli, A., S. Stufler, A. Schliwa, R. Songmuang,
C. Manzano, G. Costantini, K. Kern, A. Zrenner,
D. Bimberg and O.G. Schmidt. Physical Review
Letters 92, 166104 (2004).

Transistors and circuits based on ZnO nanowires and
carbon nanotubes
D. Kälblein, H. Ryu, F. Ante, U. Kraft, U. Zschieschang and H. Klauk

Field-effect transistors based on individual inorganic semiconducting nanowires or individual semiconducting carbon nanotubes are potentially useful for high-density integrated circuits, high-density memory arrays, and activematrix displays. The high temperatures required during the synthesis of high-quality
semiconducting nanowires do not prevent the
realization of nanowire transistors and circuits on flexible polymeric substrates, because
the nanowires can be grown on temperaturecompatible growth substrates and then be transferred to a liquid suspension and from there to
the target substrate for transistor assembly and
integration. While the deterministic placement
of individual nanowires and nanotubes on a substrate remains a significant challenge, we investigate the basic device properties of field-effect
transistors based on these materials.
ZnO nanowire transistors and circuits
One of the most useful inorganic semiconductors for nanowire applications is zinc oxide.
ZnO crystallizes in a hexagonal wurtzite lattice,
and ZnO nanowires can be readily grown from

solution by a hydrothermal growth method [1].
Using zinc foil as the growth substrate we have
synthesized ZnO nanowires in an autoclave at a
temperature of 150∘ C in an aqueous solution of
sodium hydroxide and ammonium peroxodisulfate. The crystallinity of the nanowires was confirmed by high-resolution transmission electron
microscopy (Fig. 98(a)).
For electrical characterization, the nanowires
were removed from the zinc foil and dispersed
on a heavily doped, thermally oxidized silicon substrate. Aluminum source/drain contacts
were defined by electron-beam lithography. The
as-grown ZnO nanowires have a large concentration of free electrons and thus a large electrical conductivity, which makes it difficult to
modulate the drain current with the electric field
from the gate electrode. The large carrier concentration is believed to be due to unintentional dopants incorporated during hydrothermal growth. These dopants can be removed by
annealing the nanowires at a temperature of
600∘ C in air.
115
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Figure 98: (a) High-resolution transmission electron microscope (HRTEM) image of a ZnO nanowire,
showing the high degree of crystallinity. (b) TEM image of the channel cross-section of a ZnO nanowire
transistor. (c) SEM image of a ZnO nanowire transistor. (d) SEM image of an inverter with level-shift stage
(an integrated circuit consisting of four transistors) fabricated on a single ZnO nanowire. (e) Current-voltage characteristics of a ZnO nanowire transistor. (f) Transfer characteristics of the ZnO nanowire inverter.
Circuit shown in the inset.

To fabricate nanowire transistors that can be
integrated into circuits, the substrate with the
nanowires is briefly exposed to an oxygen
plasma and then immersed in a 2-propanol solution of n-octadecylphosphonic acid, allowing
a densely packed molecular monolayer to selfassemble on the surfaces of the ZnO nanowires
and of the aluminum source/drain contacts.
This 2.1 nm thick organic self-assembled monolayer (SAM) serves as the gate dielectric. Using electron beam lithography, Au top gates
that overlap the source/drain contacts by a few
tens of nanometers are defined (Fig. 98(b),(c)).
The maximum process temperature during device fabrication is 160∘ C to bake the electronbeam resist. The current-voltage characteristics
of a completed ZnO nanowire transistor with a
channel length of 2 μm are shown in Fig. 98(e).
Many of the ZnO nanowires are sufficiently
long so that several transistors can be defined on
each nanowire, allowing the fabrication of logic
116

circuits on a single nanowire. A scanning electron microscopy (SEM) image and the transfer characteristics of an inverter with integrated
level-shift stage on a 12 μm long ZnO nanowire
are shown in Fig. 98(d) and 98(f). All four transistors of the circuit have a channel length of
1 μm and were prepared on the same nanowire.
The transfer characteristics confirm the correct
logic function of the nanowire inverter.
Carbon nanotube transistors and circuits
As an alternative to inorganic semiconductor
nanowire transistors, we are also developing
devices and circuits based on individual carbon nanotubes. Single-walled carbon nanotubes
synthesized by high-pressure carbon monoxide
conversion (HiPCO) were obtained from commercial sources. To fabricate field-effect transistors based on individual carbon nanotubes,
an array of probe pads was first defined on a
glass substrate by electron-beam lithography,
metal evaporation, and lift-off.

Nanostructures and low-dimensional electron systems
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Figure 99: (a) Schematic structure of a transistor based on an individual carbon nanotube. (b) SEM image
of a carbon nanotube transistor. (c) SEM image showing two carbon nanotube transistors within an array of
32 devices. (d) Schematic of an inverter comprising a semiconducting carbon nanotube as a drive transistor
and a metallic carbon nanotube device as a load resistor. (e) Output characteristics of a carbon nanotube
transistor on a glass substrate. (f) Transfer characteristics of the carbon-nanotube inverter.

Next, electron beam lithography was used to
define the areas for the gate electrodes, and
30 nm thick aluminum was evaporated. The aluminum gates were briefly exposed to an oxygen plasma to create a 3.6 nm thick AlOx layer,
and a molecular monolayer of tetradecylphosphonic acid (1.7 nm thick) was allowed to selfassemble from solution at room temperature.
The total thickness of the AlOx /SAM gate dielectric is 5.4 nm. After formation of the gate dielectric, the electron-beam resist was stripped.
The substrate was then immersed in a suspension of carbon nanotubes. Using scanning probe
microscopy or scanning electron microscopy,
an individual nanotube was located on each of
the gate electrodes, and its position and orientation was registered with respect to a set of alignment markers. This step is necessary, since the
placement of the nanotubes on the gate electrodes is essentially random. Finally, one pair
of source/drain contacts was defined for each
device, again using electron beam lithography,
deposition of 30 nm thick AuPd, and lift-off.

The channel length is typically around 400 nm.
Figures 99(a) and 99(b) show the schematic device structure and an SEM image of a completed carbon nanotube transistor. The SEM image in Fig. 99(c) shows how the transistors are
arranged in a regular array.
A large number of carbon nanotube devices
were tested on each substrate. About 40% of
the devices display gate-bias-dependent current modulation, indicating that a semiconducting carbon nanotube has been contacted. The
best carbon nanotube transistors we have obtained have a transconductance of 4 μS and an
on/off ratio of 107 (Fig. 99(e)). In comparison
to carbon-nanotube transistors with local gate
electrodes developed by other groups [2], the
use of a hydrophobic SAM gate dielectric in our
work significantly reduces the water-induced
hysteresis in the current-voltage characteristics.
Furthermore, the very small interface state density of the SAM dielectric provides a very
steep subthreshold swing (70 mV/decade). Fi117
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nally, our carbon nanotube field-effect transistors have excellent stability when operated and
stored in ambient air [3].
To realize integrated circuits based on individual carbon nanotube devices we have made use
of the fact that carbon nanotube material is usually a mix of semiconducting and metallic nanotubes. The resistance of an ideal metallic single walled carbon nanotube device is 6.5 k,
which is too small to be useful as a resistive
load in a logic gate. But many metallic nanotube devices have much larger resistance, often
≈ 107 , possibly due to non-ideal metal contacts (similar observations have also been made
for semiconducting nanotubes). These metallic
devices can be used as load resistors in logic

gates, which we realized by connecting a semiconducting device (drive transistor) and a resistive device (load) using a lithographically
patterned interconnect layer (Fig.99(d)). Figure 99(f) shows the transfer characteristics of a
fully functional carbon nanotube inverter on a
glass substrate.
[1] Lu, C., L. Qi, J. Yang, L. Tang, D. Zhang and J. Ma.
Chemical Communications 2006, 3551–3553 (2006).
[2] Chen, Z.H., J. Appenzeller, Y.M. Lin, J. SippelOakley, A.G. Rinzler, J.Y. Tang, S.J. Wind,
P.M. Solomon and P. Avouris. Science 311, 1735
(2006).
[3] Weitz, R.T., U. Zschieschang, A. Forment-Aliaga,
D. Kälblein, M. Burghard, K. Kern and H. Klauk.
Nano Letters 9, 1335–1340 (2009).

Nanostructures as sources of entangled photons:
Hopes and hurdles
G. Bester and R. Singh

At the heart of the emerging fields of quantum teleportation, quantum cryptography and
quantum information is the generation and
the manipulation of entangled quantum states.
These intriguing states are the key to the utilization of the recently engineered manifold
of nanostructures. A popular proposal [1] involves the use of semiconductor quantum dots
as source of entangled photons. In Fig. 100(a)
we show a schematic of this scheme where
polarization-entangled photons can be produced by the cascade emission process, biexciton (∣XX⟩) → exciton (∣X⟩) → ground state (∣0⟩),
where the polarization (V or H) of the photon pair is determined by the spin of the intermediate exciton state. In an idealized quantum
dot (QD) with degenerate intermediate exciton
states the polarization of the first photon (stemming from ∣XX⟩ → ∣X⟩) is entangled with the
second photon (stemming from ∣X⟩ → ∣0⟩). En118

tanglement requires the so-called ‘which path
information’ to be lost. This proposal, therefore,
relies on a vanishing excitonic fine-structure,
which is a priori not given. Indeed, electron
and hole are subject to exchange interactions
which usually lead to splittings of the exciton
energy. A tremendous ongoing effort to reduce
this fine structure splitting (FSS) includes the
use of electric fields, strain, magnetic fields and
local annealing techniques.
From a theoretical point of view, the emergence of fine-structure in self-assembled QDs
can be naturally understood from symmetry arguments: The dots are usually grown on top of
a narrow quantum well (wetting layer). Their
base represents an ideal interface. Their top,
however, is curved (e.g., lens shaped) very
much unlike the bottom interface which leads
to a structure with C2v symmetry.

Nanostructures and low-dimensional electron systems

Selected research reports

Figure 100: (a) Schematic of the biexciton cascade with FSS and transitions X1 and X2. Possible realizations and their symmetry analysis are shown in (b) – (d). The left column of each panel gives the symmetry
of the valence band maximum and the conduction band minimum. The right column gives the resulting excitons with their corresponding point group symmetries. A thick red (black dashed) line indicates optically
bright (dark) states.

In Fig. 100(b) we show that for this point group
symmetry the HOMO (LUMO) states belong
to the 5v (5c ) irreducible representations and
the ensuing four exciton states belong to one
dimensional representations 1,2,3,4 : Two optically bright states 4,2 and two optically dark
1,3 states. The splitting of the bright states is
therefore allowed by symmetry.
While this is reasonably well-understood, we
now turn our attention to heterostructure quantum wires composed of a sequence of different semiconductors (depicted in the inset
of Fig. 100(b)), potentially forming a quantum
well within the wire, enabling a three dimensional confinement of carriers, forming another
type of QD. These types of structures are typically grow along the [111] direction with a
circular of hexagonal base. In this case, the
point group symmetry is C3v . The key result of
this investigation [2] is that in a quantum wire
grown along the [111] direction, or in a QD
grown on (111) substrate, both having C3v symmetry, the bright states correspond to the same,
bi-dimensional 3 representation (Fig. 100(c)),
forbidding FSS.
Now that we have established that structures
grown along the [111] direction have a vanishing FSSs if they are circular or hexagonal in
the (111) plane (as a disk, lens, or hexagonal
prism), we deform them to assess how robust
the results are against possible other malformations of the structure. Inequivalent interfaces

do not lead to lower symmetry, but an elongation of the quantum wire’s cross section brings
the symmetry down, from C3v to Cs , and the
twofold degenerate bright excitons may split,
akin to the case of structures with C2v symmetry. To quantitatively appreciate this effect, we
have simulated wires using the empirical pseudopotential method and configuration interaction [3]. We used wires with elliptical cross sections with major axis d1 along the [11̄0] direction and minor axis d2 along the [112̄] direction.

Figure 101: Fine structure splitting for a nanowire
with an elliptical cross section with varying elongation and mean diameter of 33 nm. The InAs section of the heterostructure InP wire (see inset in
Fig. 100(b)) has a height of 3.5 nm.

Figure 101 shows that the dependence of the
FSS on the elongation is nearly linear, with a
FSS of 3 μeV for an elongation of 5%. Experimentally there is no evidence of any elongation
in the cross section of the wires. Our numerical
calculations show that even if the wire’s cross
section is not perfectly round or hexagonal, no
sudden increase of FSS should be expected so
that the hopes for the generation of entangled
photons should be high in such structures.
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Figure 102: Anticrossing of the bright exciton lines
in In0.6 Ga0.4 As QDs elongated along the [110] direction under uniaxial stress along the [110] direction. The insets show the optical polarization of the
lowest excitonic transitions within the (001) plane.

Our suggestion to use [111] grown structures
with C3v symmetry [2] requires for most experimental groups to grow, or use, different types
of structures. While these structures already exist there is an incentive to stick to the wellstudied and understood [001] structures and apply external means to tune the FSS. One approach is to apply external stress to the sample and monitor the evolution of the two bright
states. In a pure (e.g., InAs) lens-shape quantum dot with circular base, or a base elongated
along the high-symmetry axis [110] or [11̄0]
(C2v symmetry), the two bright states have the
ability to cross, since they belong to different irreducible representations. In the case of alloyed
quantum dots with C1 symmetry the two bright
states, belonging to the 1 representation (as
shown in Fig. 100(d)), should undergo an anticrossing (or ‘avoided crossing’). The key question determining the ability to tune the FSS, is
about the magnitude of the interaction leading
to the anticrossing. While QDs probably never
have perfect C2v symmetry in nature, how good
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is the assumption of such a symmetry? Recall
that close to the entire voluminous QD literature
assumes structures with C2v (or higher, sometimes even parabolic 2D potentials with a continuous Cv -symmetry) symmetry, so the question is legitimate. To put a quantitative answer
to the question raised by the symmetry consideration, we calculate the FSS for different external pressure. In Fig. 102 we plot the energy of
the two exciton lines E[110] and E[11̄0] for an alloy In0.6 Ga0.4 As/GaAs QD, as typically found
in experimental settings. The exciton lines are
sensitive to the applied stress and anticross with
a minimum FSS of around 3 μeV. This sets up
a lower bound for the FSS which is larger than
the tolerable FSS of 1 μeV for the generation of
entangled photon pairs. This represents a hurdle
which is rather difficult to pass.
In conclusion we suggest, based on symmetry
arguments and empirical pseudopotential calculations, a promising avenue for the generation of entangled photon pairs from structures
grown along the [111] direction, especially heterostructure wires should be ideal candidates.
The alternative route to use the conventional
structures grown along the [001] direction and
tune the FSS to zero by external means, requires
structures of high symmetry, ideally not alloyed
but made of pure semiconductors, and highly
symmetric global shapes. A hurdle which may
be difficult to pass.
[1] Benson, O., C. Santori, M. Pelton and Y. Yamamoto.
Physical Review Letters 84, 2513–2516 (2000).
[2] Singh, R. and G. Bester. Physical Review Letters
103, 063601 (2009).
[3] Bester, G. Journal of Physics: Condensed Matter 21,
023202 (2009).
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Single-electron transistors on tips for the use in
scanning probe microscopy at low temperatures
J. Weber, J. Weis and K. von Klitzing

Single-electron transistors have been proven as
local electrometers at low temperatures with
sensitivity to a fraction of the elementary
charge. A metal SET consists of a submicron
metal grain – also denoted as ‘island’, connected by tunnel barriers – usually thin oxide
layers – to source and drain metal electrodes.
Due to the small size, the total electrostatic capacitance C of the island is small, leading to an
energy e2 / 2C required for charging the island
by an additional electron which exceeds the
thermal energy at low temperatures. Electron
transport via the island is blocked by Coulomb
repulsion. Electrodes capacitively coupling to
the island act as gates controlling the electrostatic potential and therefore also the electron
number on the island. Under small source-drain
voltages VDS < e/C , a strong periodic modulation of the current through the SET is found as
a function of gate voltage, – the SET conductance is switched between Coulomb blockade
and single-electron tunneling (‘Coulomb blockade oscillations’). These oscillations are shifted
in gate voltage by adding an electron charge
close to the island which makes the SET suitable as a highly sensitive electrometer.
Metal SETs have been evaporated on top of
(AlGa)As/GaAs heterostructures to measure
successfully the local chemical potential variations or local electrical compressibility of a
two-dimensional electron system (2DES) under quantum Hall conditions. However, such
an arrangement collects information only locally from a single site and might change the
band structure and electronic properties of the
2DES underneath the SET due to mechanical
strain. The first scanning SET was introduced
by Yoo et al. [1] in 1997. A sharp glass fiber tip
was evaporated with aluminum from different
sides so that shadowing by the fiber’s geometry

led naturally to the electrode arrangement of an
SET. The tunnel barriers were defined by a controlled oxidation process between evaporation
steps. The typical grain size at the tip end was
about 100 nm. We have now developed a new
concept to define an array of tips, each with an
SET on its end. This tip array sensor allows to
probe several positions in designable distances
at the same time.
Our tip array sensor was processed from
an (AlGa)As/GaAs heterostructure grown in
the MBE Service Group of the Institute. On
a GaAs wafer, a 500 nm thick sacrificial
Al0.7 Ga0.3 As layer was deposited, topped by
an (AlGa)As/GaAs layer sequence with a GaAs
quantum well in the middle containing a 2DES
for the integration of amplifying electronics
in the future. The top layers were laterally
structured to form tips which were then separated from the substrate by etching the underlying sacrificial layer. Cleaving the wafer, a free
standing tip array was obtained at the edge of a
piece of wafer.
The aluminum SETs with their crucial tunnel
barriers had to be prepared as the last steps in
the overall processing of the tip array sensor.
As lithographic processing on sharped tips is
hardly possible, we defined with the tip array
preparation shallow grooves cutting the surface
along each tip length. Using the natural shading by these grooves during metal evaporation
under an angle we obtained two adjacent metal
electrodes separated by a small gap on each tip.
By this, source and drain electrode were naturally formed on the tip surface, and in extension
connected to bond pads. Similar grooves were
used to separate the lead electrodes of adjacent
SETs. A controlled oxidation process under ultrahigh vacuum condition formed a thin oxide
121
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layer on the aluminum. A second evaporation
step from the front onto the tips lead to the formation of an aluminum island on each tip end.
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erator at about 20 mK in a magnetic field of
1 T to suppress the superconductivity in the aluminum electrodes. As can be seen, the differential conductance measured as a function of
source-drain voltage and a gate voltage shows
regular Coulomb-blockade regions and a charging energy e2 / 2C of about 45 μeV.

Figure 104: Sketch of a fixed arrangement of our tip
array sensor and a quantum Hall sample. Two SETs
at 8 μm distance were used to probe locally and simultaneously the electrostatic potential variations in
the 2DES under magnetic field changes.

Figure 103: (a) SEM image of a tip array sensor
with separately contacted single-electron transistors
on each tip. Inset: SEM image of a single tip. (b)
Typical electrical characteristics measured on a single SET. Differential conductance in grayscale as a
function of source-drain voltage VDS and gate voltage VGS applied to a nearby metal electrode.

Fig. 103(a) shows an scanning electron microscope image of our tip array sensor, consisting of six separately contacted SETs on tips.
The figure inset gives a closer look to one tip.
The island size at the end of the tip is about
280 nm by 150 nm. In Fig. 103(b), the typical
electrical characteristics of one of the SETs are
shown, measured in a 3 He-4 He-dilution refrig122

To prove the suitability of the SET tips as local
electrometers without the complexity of a scanning probe microscope integrated in a 3 He-4 Hedilution refrigerator, a more simple approach
was chosen where the tip array was mechanically adjusted 1 μm to 2 μm above the surface
of a Hall bar mesa containing a 2DES and
then fixed. A scheme of the setup is shown in
Fig. 104. Potential measurement was done simultaneously with two tips, one located close
to the Hall bar edge (about 2 μm), one located
over the bulk of the Hall bar (about 10 μm
from the edge). While a small, constant sourcedrain voltage was applied to both SETs, a separate electrical feedback loop for each SET held
the current through the respective SET stable
by adding a variable offset voltage common to
source and drain. By this means changes in the
electrostatic potential underneath the SET were
transferred into changes of the offset voltage
which then acted as measurement signal.
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Figure 105: Hysteretic behavior of the local electrostatic potential under the inner and outer SET
with sweeping the magnetic field up and down (data
of outer SET plotted with offset). As reference, the
Hall resistance curve is given showing that the hysteresis appear within Hall plateau regions.

Sweeping up and down the magnetic field applied perpendicularly to the 2DES, huge hysteretic curves are observed in the electrostatic
potential probed by the two SETs (Fig. 105).
The hysteretical behavior around integer values of the Landau level filling factor of the
2DES where the quantum Hall plateaus appear
has also be seen by us and other groups in
the past, using different setups and measurement techniques [2] and references in there).
The effect has been attributed to the induction
of eddy currents circulating in the quantum Hall
sample, accompanied by a drop in the electrochemical potential between edge and bulk of
the 2DES. Here over 55 mV difference between
edge and bulk are observed. Furthermore, here
the hysteretic curves show no significant dependence on the sweep rate of the magnetic
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field between 1 mT/s and 500 mT/s. It means, in
conventional magnetoresistance measurements
done on quantum Hall samples, a strong nonequilibrium situation between edge and bulk of
the 2DES is present even if the magnetic field is
swept at lowest speed. Pausing the field sweep
somewhere on the hysteretic curve lead to a
sudden relaxation of only part of the electrochemical potential difference, followed by no
further significant change over hours. On the
other hand it is very easy to move from the
upper side of the curve to the lower one (and
vice versa) by reversing the field sweep direction since for this only small field changes of
few ten mT are necessary. Any kind of time stable voltage difference between edge and bulk
could be tuned inside the hysteresis range by a
sequence of slight steps in the magnetic field.
A sequence of magnetic field steps forth and
then back lead again to hysteretic behavior independent how long the waiting time was between steps. We have interpreted the behavior
in terms of a compressible and incompressible
landscape formed by the magnetic field inside
the 2DES [3].
In the future our tip array sensor will be integrated in a scanning probe microscope operating in a 3 He-4 He-dilution refrigerator.
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