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ABOUT THE HEXAGON ON THE TITLE PAGE

Projection of the crystal structure of Rb15Mn11O22 along its one-dimensional polyanion
1
∞[MnO2]

n−. This compound belongs to an extended family of novel intrinsically doped man-
ganates that show a rich variety of magnetic and electric properties that are related to charge,
spin and orbital ordering phenomena. Chains of edge chairing MnO4 tetrahedra (blue) from one
subsystem, embedded in a honeycomb like arrangement of rubidium cations (green) as the other
subsystem of the composite structure.
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In the report you are holding in your hands, we intend to give an impression of the mani-
fold scientific activities at the Max Planck Institute for Solid State Research during the
year 2010. In the first part, we present a selection of highlights of the scientific accomplish-
ments 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 ground was broken for a new building housing high-precision laboratory infra-
structure with state-of-the-art vibration isolation and electromagnetic shielding. The build-
ing will be completed in 2012.

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.

Stuttgart DAS KOLLEGIUM

May, 2011
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General information on Abteilungen, Research Groups, and Scientific Service Groups

Chemistry

JANSEN’S department (INORGANIC SOLID STATE CHEMISTRY) 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 tech-
niques 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, how-
ever. In addition, their chemical and physical properties, in particular optical, electrical and mag-
netic 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) com-
pounds are being developed. [32,109]

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 Ag13OSO6 (shown) are characterized using various
spectroscopic, physical and diffractive methods.

MAIER’S department (PHYSICAL CHEMISTRY OF SOLIDS) 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 ele-
mentary 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).

1



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

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, mobil-
ities 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?
[83,86,88]

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.

SIMON’S department emphasized 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 connec-
tions between structure, chemical bonding and properties.
Targets were 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 sub-
oxides 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 mate-
rials result from an interplay of d- and f-electrons.
Other fields of interest were structures of molecular crystals, in particular, in situ grown crystals of
gases and liquids, investigated with experimental techniques like diffractometry with X-rays and
neutrons, high-resolution transmission electron microscopy, electron crystallography and measure-
ments of magnetic susceptibility as well as electrical transport properties. [64,103]

Ba14CaN6Na14 – subnanodispersed salt in a metal.
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Physics

KEIMER’S department (SOLID STATE SPECTROSCOPY) studies the structure
and dynamics of highly correlated electronic materials by spectroscopic and
scattering techniques. Topics of particular current interest include the interplay
between charge, orbital and spin degrees of freedom in transition metal oxides
and the mechanism of high-temperature superconductivity. Experimental tech-
niques 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 mea-
surements 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. [52,106]

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 high-
temperature superconductors that could be of central importance for an explanation of this phenomenon.

Research efforts in the Department KERN (NANOSCALE SCIENCE) are cen-
tered on nanometer-scale science and technology with a focus on the ‘bottom-
up’ paradigm. The physical and chemical properties of nanostructures are
unique functions of their size and shape, and can be very different from those
of bulk matter. Particularly fascinating phenomena occur if the nanostructures
are subject to lateral boundary conditions on a length scale where quantum
behavior prevails. The aim of the interdisciplinary research at the interface be-

tween physics, chemistry and biology is to gain control of materials at the atomic and molecular
level. Of particular interest are self-ordering strategies for hierarchical organization of complex
integrated assemblies, molecular nanotechnology, quantum electronic transport and local probe
spectroscopy on the atomic scale. As interfacial phenomena play a key role in the understanding
of nanosystems, the structure, dynamics and reactivity of surfaces and interfaces are also in the
focus of interest. The research program explores new science relevant for future communication,
computing, chemical sensing, energy storage and conversion technologies. [22,26,29,56]

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 low-dimensional systems (mono- and bi-layer graphene, nano-
tubes), in particular the influence of quantum phenomena on the transport
and optical response are the main topics in von VON KLITZING’S department
(LOW DIMENSIONAL ELECTRON SYSTEMS). Time-resolved photoconduc-
tivity, luminescence, electronic transport and Raman measurements in mag-
netic fields up to 21.5 Tesla and temperatures down to 10 mK combined with

TEM/scanning probe techniques are methods of characterizing the low-dimensional electronic sys-
tems. Transport investigations also include topological insulators and topological quantum phases
which appear for instance in the fractional quantum Hall regime.
The two-dimensional electron gas of quantum Hall devices is studied by analyzing time-resolved
transport, edge channels, the behavior of composite fermions and the response on microwave ra-
diation and surface acoustic waves. 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, bal-
listic transport, commensurability phenomena in periodically modulated two-dimensional systems
and the interaction between electron and nuclear spins are investigated. [41,48]

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.

Induced by quantum mechanical phenomena, heterostructures grown from
complex materials offer a fascinating potential to create novel electron systems.
Many have outstanding properties that are not otherwise offered by nature.
The design, growth, and exploration of such electron systems is at the focus
of the department MANNHART (SOLID STATE QUANTUM ELECTRONICS).
The heterostructures are fabricated by building on recent advances made in
the quantum engineering of novel materials, using advanced epitaxial growth

techniques to deposit complex compounds with atomic-layer precision. The experimental and
theoretical efforts are interwoven with the other departments at the Institute. The goal of the re-
search is to unravel the physics underlying artificial electron systems generated by interfaces and
superlattice-type structures, to design and realize new ones, and to understand their potential for
novel nanoscale devices that use the stunning effects of the quantum world to surpass the limits of
today’s electronics.

Conducting electron system (yellow) formed at the interface between the two insulating oxides SrTiO3 and LaAlO3.
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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 ANDERSEN

Abteilung (ELECTRONIC STRUCTURE THEORY) calculate the electronic prop-
erties of weakly as well as strongly correlated materials, for which the domi-
nating electronic energy is respectively the kinetic energy and the Coulomb re-
pulsion. 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. 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 magnetic, optical,
and superconducting properties of high-Tc cuprates, nickelate heterostructures, iron-pnictides and
chalcogenide, and organic conductors. [67,74]

One of the three congruent t2g NMTO Wannier-like orbitals for V2O3. Lobes of opposite signs are respectively red
and blue.

Electronic properties of solids are analyzed and computed in METZNER’S de-
partment (QUANTUM MANY-BODY THEORY) with a main emphasis on sys-
tems where electronic correlations play a crucial role, such as cuprates, man-
ganites and other transition metal oxides. Besides symmetry-breaking phase
transitions leading to magnetism, orbital and charge order, or superconductiv-
ity, 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 supercon-
ductors 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 inter-
action. 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 be-
ing studied. The correlation problem is attacked with various numerical and field-theoretical tech-
niques: 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. [61,65]

Orbital order in a single layer of undoped LaMnO3. The study of electronic properties of doped manganites, which
show such remarkable phenomena like the colossal magnetoresistance, is an active research field because of the subtle
interplay of charge, orbital, spin and lattice degrees of freedom.
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Research Groups

The Research Group THEORY OF SEMICONDUCTOR NANOSTRUCTURES

(Bester) investigates the quantum mechanical properties of matter under con-
finement. Of particular interest are semiconductor structures with dimensions
between 1 and 50 nanometers. Carriers trapped within such structures exhibit
strong quantum mechanical effects that are of fundamental interest to under-
stand the properties of matter. Moreover, their unique properties can be ex-
ploited in the realm of nanotechnology. Our task is to develop theoretical con-

cepts, implement them into computational methods and interpret experimental results, or provide
genuine predictions. Our theoretical description is based on ab-initio methods, where we describe
the nanostructures atom by atom. This atomistic description allows us to accurately describe col-
loidal semiconductor clusters, made of a few hundred atoms, all the way to epitaxial quantum dots
made of millions of atoms. Our calculations of correlated many-body wave functions lead to accu-
rate optical properties. These are relevant in the modern fields of quantum information science and
solid-state quantum optics. [15]

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
truncated cones with 25 nm diameter and are separated by 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 COMPUTATIONAL APPROACHES TO SUPERCONDUC-
TIVITY (Boeri) was established in July 2009 in the framework of the Min-
erva Program of the Max Planck Society. The goal is to understand in detail
the physical properties of complex materials, with a particular focus on su-
perconductors, using state-of-the-art ab initio methods. For standard (electron-
phonon) superconductors, where the electronic correlations are weak, we com-
bine Density-Functional and Migdal-Eliashberg theory to investigate the rela-
tion 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 Den-
sity 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. [71]

A phonon (quantum of lattice vibration) is excited in a solid. Phonons mediate the pairing between electrons in the
BCS theory for superconductivity.
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Research in the ORGANIC ELECTRONICS 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 semi-
conductor nanowire field-effect transistors, and organic/inorganic hybrid radial
superlattices. Of particular interest is the use of organic self-assembled mono-
layers in functional electronic devices. We are developing materials and man-

ufacturing 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 in-
volves 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. [91]

n-Octadecylphosphonic acid C18H37PO(OH)2 forms dense, insulating monolayers on natively oxidized metal sub-
strates, such as aluminum. As a high-capacitance gate dielectric, these monolayers allow organic transistors and large-
scale digital circuits (background) to operate with low voltage (1.5 V) and low power (1 nW per gate).

Research in the SOLID STATE NANOPHYSICS Group (Smet) focuses on the
study of the many unusual ways in which electrons organize themselves as a
result of interactions and correlations among their charge and spin degrees of
freedom, when these electrons are confined in one or more dimensions on the
nanometer scale. Transport and optical properties are investigated with local
probe methods, at low temperatures, in high magnetic fields, under high fre-
quency radiation or any combination thereof. The electrons are confined either

in III–V semiconductor heterostructures or in strictly two-dimensional crystals such as graphene,
molybdenum sulfide or other single layers of the large class of layered materials with weak inter-
layer forces. Also hybrid stacks of these two-dimensional crystals are fabricated and explored in a
quest for novel functionalities and interaction physics.

Freehanging graphene flake patterned with a 100 nm square lattice of holes and gold electrodes.
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The Research Group TUNNELING SPECTROSCOPY OF STRONGLY CORRE-
LATED ELECTRON MATERIALS (Wahl), established in October 2008, is fo-
cused 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 char-
acter. This duality of electron behavior makes the difference to conventional
materials, but also renders their theoretical description and experimental detec-

tion 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. [79]

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 ULTRAFAST 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 spec-
troscopy at and beyond the optical resolution limit. The group combines non-
linear optical methods such as pump-probe spectroscopy and higher harmonics
generation with high-resolution optical microscopy to investigate ultrafast dy-
namics on the nanoscale. One focus is on single nanoobjects such as metal

nanoparticles, semiconductor quantum dots or molecules. Traditional ultrafast spectroscopy av-
erages 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 ultrafast 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. [19]

Optical parametric amplifier generating tunable femtosecond pulses for coherent spectroscopy.
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Scientific Service Groups

The CHEMICAL SERVICE Group (Kremer) develops techniques and maintains
experimental facilities in order to support all experimental groups of the In-
stitute 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 cultiva-
tion 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 ac-
electrical resistivity setups and calorimeters in a broad range of temperature and magnetic fields.
Materials currently under investigation are novel superconductors (intercalated graphite, iron pnic-
tides), 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). [99]

Y2C2X2 – A halide superconductor. The white solid lines symbolize the electrical resistivity, the heat capacity and
the magnetic susceptibility proving Y2C2I2 to be a superconductor with a Tc of 10 K.

The COMPUTER SERVICE Group (Burkhardt) runs the Institute’s central mail,
print, software, backup and web servers, as well as ten servers providing de-
partment specific services and six new blade based servers for the Max Planck
Research Groups. Backup remains based on Tivoli Storage Manager (TSM);
currently the total backup data volume approaches 120 TB, the central Stor-
age Area Network has been extended to 103 TB as well. In 2010 the group
integrated 125 new PCs and 57 laptops into the network, the estimated total

number of desktops and data acquisition PCs remains around 1200. Of these about 70% run Win-
dows and 30% run Linux. About 1.30 million pages were printed on the centrally maintained
printers in 2010. The Bladecenter Systems were extended to 353 Intel architecture blades with
2336 cores, making the x86/x86-64 based systems the computational backbone for the Andersen,
Bester, Boeri, 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 2011 the group plans to make these virtualized servers highly available
across different parts of the building. All departmental, HPC and infrastructure servers run the
Linux operating system. The remaining Netburst Xeon cores (IBM xSeries 335) have been shut
down in 2010 due to low energy efficiency. Housing the cold aisle in the main server room 2 E02
has improved the climatization efficiency significantly.

View inside the Tape library of the DV-FKF. Every night the contents of the central storage area network and critical
data from 100 computers in the Institute are backed up. At the moment the total TSM backup and archive volume
amounts to 110 Terabytes.
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The CRYSTAL GROWTH 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 semicon-
ductors 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. Ac-
curate 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 in situ observed under high temperature optical microscope. [111]

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

Research within the HIGH PRESSURE 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 radia-
tion (diffraction as well as inelastic scattering), synchrotron infrared radiation,
and laboratory-based low-temperature optical spectroscopy. Subjects of inter-

est 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 delocal-
ization, magnetism, and superconductivity in correlated electron systems of different dimension-
ality. 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 com-
plex 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 CENTRAL INFORMATION SERVICE (Marx/Schier) for the institutes of the
Chemical Physical Technical (CPT) Section of the Max Planck Society is lo-
cated at the Max Planck Institute for Solid State Research in Stuttgart. The
CPT Information Service is accessible for all scientists within the entire soci-
ety 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 avail-

able 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 Chem-
ical Abstracts Service in conjunction with the STN search system enable sophisticated searches
regarding compounds, reactions, and spectra.
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New analyze tools allow establishing research field statistics. Beside the databases, covering gen-
eral 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 evalu-
ation. 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 INTERFACE ANALYSIS 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 co-
ordination 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 mi-
croscope 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 technol-
ogy, e.g., wide bandgap semiconductors (SiC), metal silicides, as well as epitaxial metal films. Ma-
terial 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 and single crystalline metal films
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. [95]

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 in-
terfaces 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 struc-

tures, 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
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electronic 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. [37]

Atoms impinge, diffuse and nucleate on the surface of a heated crystalline substrate under ultrahigh vacuum
conditions. This process is called molecular beam epitaxy.

With January 1st 2011, the cleanroom facility – previously a facility of the
von Klitzing department – became part of the newly established Service Group
NANOSTRUCTURING LAB (Weis). Under class-100 cleanroom conditions with
stable room humidity and temperature, samples can be processed by students
of the Institute or in service by the cleanroom staff using photolithography, dry
and wet etching, and material deposition under vacuum. For the fabrication of
structures down to 10 nm – on small but also large area, electron beam lithog-

raphy systems using electron beam acceleration voltages from 0.1 kV to 30 kV, 50 kV and 100 kV
are available. A focused ion beam system allows to cut and to sculpture samples under vision
of a scanning electron microscope. State-of-the-art scanning electron microscopes are offered as
characterization tools. The infrastructure is intended to be used in parallel by many students on
their own (at present, more than 40), is dedicated to deal with different materials avoiding cross-
contamination, and especially to handle small sample sizes (typical 5 mm by 5 mm), but also wafers
up to 4 inches.

The logo illustrates in icons the main processing techniques available in the Nanostructuring Lab: Optical lithogra-
phy, electron beam lithography, top-down structuring by etching and bottom-up structuring by material deposition and
growth.

The TECHNOLOGY Service Group (Logvenov) offers service work in the fields
of thin film preparation, microlithography and fabrication of bonded con-
tacts to semiconductors and ceramic materials. The experimental facilities in-
clude high-vacuum 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 su-
perconductors (HTS), perovskites with colossal magnetoresistance (CMR) and

other related functional oxide ceramics. Dry etching techniques complement the spectrum of ex-
perimental techniques available. The research activities are closely related to the service tasks.
Thin film deposition of doped Mott insulators such as HTS and CMR materials play a central
role. The main focus of interest is the study of interface related phenomena in complex oxides
such as epitaxial strain in functional ceramics, mesoscopic phase separation and electronic and
magnetic interactions at HTS-CMR interfaces as well. 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 heterostruc-
tures, designed for polarized spin injection, exchange bias effects and magnetic flux-line pinning
phenomena are of central interest. [45]

Pulsed laser deposition has become a widespread technique for the fabrication of epitaxial thin films of multi-
component materials like doped lanthanum manganites and superconducting materials.
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The X-RAY DIFFRACTION Service Group (Dinnebier) provides X-ray diffrac-
tion measurements of single crystals and powders in the laboratory at room and
at low temperature. Research within the group is mainly concerned with the de-
termination of crystal structures and microstructural properties (strain, domain
size) of condensed matter from powder diffraction data. In addition, method-
ological 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. [116]

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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Nanostructures and nanoclusters

The restrictions to lower dimensionality and to the nanometer length scale lead to new phenomena
at the boundary between the physics of extended bulk-like phenomena and of discrete atom-like
states. Different routes for the synthesis of these structures can be explored, ranging from chem-
ical approaches to epitaxial growth. The chemical route leads to nanoclusters with well-defined
structural order, which represents an important new level of control and will open-up new areas
of research. The epitaxial structures can be used to investigate confinement effects of increasingly
complex phenomena, such as superconductivity, plasmonics and tunneling.

Holographic view on nanostructure wavefunctions
J. Peng, G. Bester, W. Lei1, C. Notthoff1, A. Lorke1, D. Reuter2 and A. Wieck2

The wave-like properties of electrons are de-
scribed by quantum mechanics in terms of
wavefunctions. The amplitude of such a wave
describes the probability to find the electron
and is a rather intuitive concept connecting the
wave- and particle-character of the electron.
The wave, however, carries complementary in-
formation in its phase, a much subtler prop-
erty that often gets lost in the measuring pro-
cess. Photographs, for example, only record the
amplitudes and not the phases of the imping-
ing light waves. Only holograms manage to pre-
serve both amplitude and phase information.
We have recently shown [1] that when electron
wavefunctions are mapped out by magneto-
tunneling spectroscopy, the obtained informa-
tion can go beyond determining merely am-
plitudes, and that the fleeting phase informa-
tion can have a profound influence on the ob-
tained wavefunction images. The wavefunc-
tions we investigated are those of electrons in-
side so-called quantum dots – small inclusions
of one semiconductor material, embedded in-
side another.

Figure 1: Schematic sample structure.

The device used in the magneto-tunneling ex-
periment is shown schematically in Fig. 1. The
quantum dots are embedded in a field-effect
transistor structure. When a voltage Vg is
applied to the gate electrode, the potential en-
ergy of the dots is shifted with respect to the
back contact. Thus, with increasing voltage,
more and more electrons will be transferred
from the back contact into the dots by tunnel-
ing. The gate voltage for each tunneling event
can be determined by simultaneously monitor-
ing the capacitance of the sample.
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The experiment is performed under a magnetic
field applied in the (xy)-plane. As a conse-
quence of the Lorentz force, an electron that
tunnels a distance Δz will experience a shift
in momentum ky, when the magnetic field
is applied along Bx. Therefore, by recording
the capacitance amplitude as a function of the
in-plane magnetic field I(Bx,By), a map of
the probability density in momentum space
∣Ψ(kx,ky)∣2 can be obtained [2].

The quantum dots investigated are self-
assembled InAs quantum dots, grown on GaAs.
These dots can be charged by single electrons
and holes and exhibit a variety of interesting
phenomena. In our earlier work on magneto-
tunneling spectroscopy [2] we could show that
the successive charing of electrons reveals the
shell structure of quantum dots with a sequence
of nearly equally spaced S, P and D levels,
akin the situation in atoms. However, quasi-
particle holes were shown to violate the Auf-
bau principle by skipping unoccupied shells due
to many-body effects [2]. In these earlier stud-
ies the magnetic field was applied in-plane, in
order to map-out the tunneling probability. In
the present study, the magnetic field has been
tilted in order to have a vertical component
in z-direction Bz, which will reveal the new
physics about the phase.

The experimental results in the absence of ‘ex-
ternal’ magnetic field Bz is given in Fig. 2(a)
showing the maps, obtained for the tunneling
of an electron into the so-called ‘p-shell’ of
the quantum dots. This shell comprises two
orbital states. One, labeled p−, with a node
along the x-axis ([11̄0]-crystallographic direc-
tion) and the other (p+) with a node along the
y-axis. Because of the crystalline anisotropy of
the structure (C2v-symmetry), the p−-state is
somewhat lower in energy than the p+-state,
which gives the wavefunctions the distinct x-
and y-symmetry, seen in Fig. 2(a). Figure 2(b)
demonstrates the influence of the additional
magnetic field component Bz on the capacitive
current I(Bx,By). It can clearly be observed that

the magneto-tunneling maps tend towards cir-
cular symmetry in presence of the perpendicu-
lar magnetic field. In the most simple approach,
this can be attributed to a mixing of the x- and
y-oriented states, caused by the Lorentz force.
In particular, the map of the p+-state devel-
ops towards the ring-like shape expected for or-
bitals with non-vanishing angular momentum in
high magnetic fields. This shows how the com-
petition between the anisotropic confinement
potential and the magnetic forces determines
the character of the wavefunction and how the
external magnetic field can be used as an in
situ tuning parameter to shape the wavefunction
from pure rectangular symmetry (Fig. 2(a)) to-
wards a more circular structure (Fig. 2(b)).

Figure 2: Experimental maps of the tunneling cur-
rent (capacitance amplitude) as a function of the
in-plane magnetic field (Bx,By) for different con-
stant perpendicular fields Bz. With increasing Bz, the
maps develop from a x- and y-symmetry towards cir-
cular symmetry.

As seen in Fig. 2(b), also the p−-maps exhibit
a pronounced magnetic field dependence, how-
ever, they do not develop a ring-like shape.
This is surprising at first, because in high mag-
netic fields, the wavefunctions of both p-states
should exhibit a clear minimum in the center. It
should be kept in mind, though, that a direct re-
lationship between the tunneling map I(Bx,By)
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and the probability density in momentum space,
∣Ψ(kx,ky)∣2, is only given for vanishing per-
pendicular field, Bz = 0, as in Fig. 2(a). There-
fore, a more in-depth treatment of the magneto-
tunneling with arbitrary field orientation was
necessary in order to properly interpret the tun-
neling maps.

Our theoretical model is based on Bardeen’s
tunneling theory, where the tunneling current I
is given by the overlap of the wavefunctions in
the back contact φE (emitter) and the dot ψQD:

I ∝ ∑
l≤0

∣∣∣∫ ψQD∗(r) φE
1l(r)dr

∣∣∣2 (1)

For the emitter wavefunctions we assume a
two-dimensional electron system under vertical
magnetic field in the symmetric gauge. Because
of the smooth, almost linearly increasing po-
tential profile of the tunneling barrier, emitter
states with higher kinetic energy tend to be far-
ther from the quantum dots. Therefore, we as-
sume that tunneling is dominated by states in
the lowest Landau level with n = 1 and l≤ 0,
which is highly degenerate with respect to (neg-
ative) l.

φE
nl(r,θ) = eilθ exp

(
− r2

4l 2
B

)
r ∣l∣L ∣l∣

n−1

(
r2

2 l 2
B

)
(2)

Here, n and l are the radial and azimuthal
quantum numbers, respectively, lB =

√
ℏ/∣eBz∣

is the magnetic length, and L is the associ-
ated Laguerre polynomial. The probability den-
sity of the states with l = 0, –1, –2 are plot-
ted for magnetic fields Bz = 1 T and 9 T in the
top of each panel in Fig. 3. The quantum dot
wavefunctions under magnetic field are ob-
tained from a finite element solver using a
slight elongation of the parabolic model poten-
tial V(x,y) = 1

2 mω2
0 [(1 +Δ)x2 + (1 –Δ)y2] with

the characteristic frequency, the effective mass,
and the anisotropy parameter as ℏω0 = 60 meV,
Δ= 0.1, and m = 0.07 m0, respectively. The left-
most column in Fig. 3 shows the calculated
square of the dot wavefunctions for magnetic
fields Bz = 1 T and 9 T. As mentioned above,
both p-states develop from rectangular towards
circular symmetry with a distinctive minimum
in the center.

Figure 3: Calculated momentum space representa-
tion of the p+ and p− quantum dot states (left-
most column) and three degenerate emitter states
of the lowest Landau level (angular momentum
l = 0, –1, –2, top row). The center panels show the
overlap integrals of these states in matrix form. The
number in each panel indicates the maximum of the
color scale. The rightmost column depicts the sum
of the overlap integrals, which corresponds to the
calculated magneto-tunneling signal. The plots scan
a momentum range of ± 8⋅108 m−1, which corre-
sponds, to a field of ± 13 T.

The shift in momentum caused by the in-plane
field is taken into account by Fourier trans-
formation ψQD(r),φE(r) FT−−→ ψQD(k),φE(k)
and addition of a momentum contribution
ℏ(Δkx,Δky)= (By,Bx)Δz, which finally leads to
the relation between the signal I(Bx,By) and the
considered wavefunctions

I(Bx,By) ∝∑
l

∣∣∣∫ ∫
ψQD∗(kx,ky)

φE
1l(kx −Δkx,ky −Δky)dkxdky

∣∣∣2. (3)

In Fig. 3 the different contributions to the sum
(rightmost column) are shown in table form for
the quantum dot states p− and p+ and the three
Landau states l = 0, –1, –2. The color scales
ranges between 0 and a maximum value, which
is given in the bottom left of each plot. From
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these numbers, it can be seen that the contribu-
tion to I(Bx,By) rapidly decreases with increas-
ing ∣l∣. This is because with increasing angular
momentum, the radius of the cyclotron orbit in-
creases, which reduces the spatial overlap with
the dot states. This leads to a fast convergence,
in the symmetric gauge, with respect to increas-
ing l and justifies the restriction to l = 0, –1, –2.
For the higher lying p+-state, we find that in-
deed, the magneto-tunneling amplitude gives an
accurate representation of the original quantum
dot wavefunction. For the lower p−-state, we
also find that the experimental data (Fig. 2, bot-
tom), is well-reproduced by the calculated sum.
In this case, however, the magneto-tunneling
maps do not match the shape of the dot wave-
function. The leftmost column in Fig. 3 shows
that – apart from a rotation by π/2 – the p−- and
p+-states are almost indistinguishable. It there-
fore comes as a surprise that their magneto-
tunneling maps are so different. It shows that
not only the amplitude of the wavefunctions is
relevant for the tunneling but also their phase.

This can be derived analytically for a circular
dot where the two p-states lQD =± 1, have the
same or the opposite sense of rotation as the
emitter states. If we only take the angular part
Mθ of the overlap integral in Eq. (1), and con-
sider the emitter state with angular momentum
l = –1, we find:

Mθ =
∫ 2π

0
e−ilQDθe−iθdθ=

{
2π for lQD = −1
0 for lQD = +1

(4)

This explains why, at a high magnetic field of
9 T, the overlap of the p+ level with the l = –1
emitter state is almost an order of magnitude
smaller (0.82) than with the p− dot state (5.93).
Therefore, the p+-state is mainly mapped out
by the ‘sharp tip’ of the l = 0 emitter state,
so that the map gives an accurate image of
the wavefunction in momentum space. On the
other hand, the magneto-tunneling map of the
p−-state is dominated by the contribution of the
l = –1 ‘annular tip’ at high magnetic fields and
this contribution is maximum when the wave-
functions are concentric (unshifted), i.e., for
Bx = By = 0. This leads to the pronounced max-
imum in the center of the magneto-tunneling
map found in both experiment and theory at
Bz = 9 T.

In conclusion, we demonstrated that magneto-
tunneling spectroscopy under vertical magnetic
field is able to give informations about the am-
plitude of the investigated wavefunctions (e.g.,
it gradually becomes more circular with in-
crease Bz field) and about its phase; an infor-
mation usually not available.
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An optical nanoantenna enhances ultrafast nonlinear
spectroscopy of a single nanoparticle

T. Schumacher, D. Ullrich, K. Kratzer, M. Hentschel, M. Lippitz and H. Giessen1

Nanoobjects with a size between 1 nm and
100 nm show fascinating properties which de-
viate strongly from bulk behavior. The plasmon
resonance of metal nanoparticles and the elec-
tron confinement in quantum dots are promi-
nent examples. However, even with the best
preparation methods, the individual objects dif-
fer from each other in size, shape, or local
environment, rendering necessary single ob-
ject experiments. As the light-matter interaction
strength scales with the number of electrons in-
volved, the signals of an individual nanoobject
become very weak. Especially the nonlinear
signals, which are already weak for bulk mate-
rial, become difficult if not impossible to detect.
An optical nanoantenna that concentrates the
electromagnetic field on the individual nanoob-
ject promises enhancement of such weak non-
linear signals.

Optical nanoantennas are comparable to their
well-known radiofrequency counterparts. The
antenna concentrates the electromagnetic radi-
ation in its feed gap and is thus very sensi-
tive to dielectric variations in this high-field
region. Here, we demonstrate the antenna ef-
fect using the periodic variation in a parti-
cle’s dielectric function that is caused by pump-
pulse triggered mechanical breathing oscilla-
tions [1,2]. The plasmonic nanoantenna is re-
alized using another, bigger metal nanostruc-
ture which interacts with the nanoparticle via
plasmonic dipole coupling. As in the radiofre-
quency equivalent we expect an enhancement of
the weak modulation signal and a spectral shift
to the antenna resonance. In the following we
demonstrate this idea.

Our structure is fabricated by electron beam
lithography on a glass substrate (Fig. 4(a)). Both

gold particles are disc-shaped and 30 nm in
height. The smaller disc (nanoparticle) has
40 nm in diameter, the bigger disc (antenna)
70 nm diameter. The fundamental optical mode
of both discs is a dipole mode with a reso-
nance in the visible wavelength range. The op-
tical near field in a plane through the structure’s
top is shown in Fig. 4(b) and 4(c). When placing
the small nanoparticle into one of the high-field
regions we find a strong plasmonic interaction,
as seen from the modification in the field distri-
bution (Fig. 4(c)).

Figure 4: Basic concept of an antenna for a plas-
monic particle: (a) SEM picture of the antenna struc-
ture. (b) Field distribution of an antenna and (c) the
coupled pair. (d) Plasmon hybridization scheme for
single and coupled particles. (e) Calculated sig-
nal strength by varying the nanoparticle’s dielec-
tric properties εparticle of a coupled system (red line)
compared to an uncoupled nanoparticle (black line).
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Figure 5: Experimental results compared to simulations: The inset in (a) gives an example for the tran-
sient transmission trace, measured at a single probe wavelength. The corresponding mechanical spectrum
(a) shows two dominating frequencies in the measured signal: One of the antenna at 22 GHz and one of
the nanoparticle at 36 GHz. (b) Oscillation amplitude for both modes as function of probe wavelength.
(c) Numerical simulations of the oscillation amplitude spectrum.

The fundamental effect of the antenna can al-
ready be understood by the plasmonic analog
of hybridization of orbits in molecular physics:
The plasmon hybridization model [3] is based
on dipole-dipole interactions. The dipolar plas-
monic eigenmodes of the two particles have dif-
ferent eigenenergies due to the different parti-
cle size. When the dipoles influence each other
the modes hybridize. This results in a symmet-
ric bonding (ω+) and an antisymmetric anti-
bonding (ω−) eigenmode with different ener-
gies as illustrated in Fig. 4(d). These eigenen-
ergies depend strongly on the optical proper-
ties of each of the involved nanoparticles which
makes these plasmonic structures promising
candidates for our nanoantenna. By coupling
a tiny plasmonic structure (nanoparticle) to a
bigger one (antenna), a very weak variation of
the nanoparticle’s optical properties can have a
strong effect on the coupled eigenmodes.

Numerical simulations allow us to calculate
the optical extinction spectra of the plasmonic
nano-structures. The calculated plasmon reso-
nance of the nanoparticle is found at a wave-
length of 550 nm. The coupled eigenmode ω+

of the paired structure is around 660 nm (ar-
rows in Fig. 4(e)). The black curve in Fig. 4(e)
shows how the spectrum of a single nanopar-
ticle changes when we assume a tiny pertur-
bation Δεparticle of its optical properties. The
signal shape stems from the derivative of the

Lorentzian shaped plasmon resonance. The red
curve in Fig. 4(e) shows the spectral variation of
the coupled structure when again disturbing the
optical properties of the nanoparticle only. We
find a shift of the signal to the resonance of the
coupled antenna structure and the desired signal
enhancement. Both are the characteristic signa-
tures of an antenna.

In our experimental realization we cause the
transient variation of the particle’s optical prop-
erties Δεparticle by mechanical oscillations of the
particle itself. We employ an ultrafast pump-
probe scheme. A constant pump pulse triggers
the mechanical oscillation by impulsive heating
of the nanoparticle. A probe pulse (wavelength
tunable 530 – 750 nm) interrogates the varia-
tion of the optical extinction spectrum after a
variable time delay. This wavelength-dependent
variation of the extinction is directly correlated
to the mechanical oscillation. Thus we are able
to measure the mechanical oscillation by de-
tecting the structure’s optical transient absorp-
tion as function of the delay between pump and
probe pulse.

In the coupled structure, the pump pulse ex-
cites the antenna as well as the nanoparticle.
Consequently both start to oscillate. The in-
set in Fig. 5(a) shows a background-subtracted
oscillation trace at 710 nm probe wavelength.
It is obvious that this trace consists of more
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than one harmonic signal. The Fourier trans-
form (Fig. 5(a)) has two clear peaks at 22 GHz
and 36 GHz in the mechanical spectrum. From
single particle measurements we can attribute
the lower mechanical frequency to the antenna
and the higher to the nanoparticle. The Fourier
decomposition thus allows us to distinguish be-
tween the mechanical signals from antenna and
nanoparticle. In Fig. 5(b) we plot the measured
amplitudes of these two Fourier components as
function of probe wavelength. Both are sim-
ilar in spectral shape and follow the coupled
antenna-nanodisc mode. These findings agree
well with a dipole-dipole coupling picture, in
which the mechanical oscillation of the smaller
nanodisc causes a high-frequency modulation
of the coupled mode. Full numerical simula-
tions (Fig. 5(c)) are in good agreement. All
spectral features and signal amplitudes as well
as the amplitude ratio between antenna and
nanoparticle signal are well-reproduced.

To estimate the efficiency of our antenna, we
compare the signal of the antenna-enhanced
nanoparticle with the signal from a single par-
ticle without antenna. The black curve in Fig. 6
shows the signal of a typical single nanodisc of
40 nm diameter. Its maximum oscillation ampli-
tude is about ΔT/T = 6⋅10−6 located at 605 nm
probe wavelength. The antenna enhanced sig-
nal is plotted as the red curve with a maximum
of ΔT/T = 6⋅10−5. The signal is redshifted to the
antenna resonance and enhanced by a factor of
about 10. This proves the functionality of our
antenna and follows the predicted behavior as
plotted in Fig. 4(e).

Figure 6: Enhancement of the oscillation signal by
the nanoantenna: The weak signal of a single disc
with 40 nm diameter (black) is compared to the sig-
nal amplified by the antenna (red). As predicted we
find a redshift and an enhancement of the signal am-
plitude.

In conclusion, we have demonstrated the en-
hancement of a single nanoobject’s nonlinear
signal by a resonant optical nanoantenna. All
antenna features predicted from dipole-dipole
interaction were reproduced by our experimen-
tal results and the corresponding numerical sim-
ulations. Our method of antenna-enhancement
will find applications in the linear and nonlin-
ear spectroscopy of single nanoobjects, ranging
from single protein binding events via nonlin-
ear tensor elements to the limits of continuum
mechanics.
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Observation of shell effects in superconducting nanoparticles of Sn
S. Bose, M.M. Ugeda, C.H. Michaelis, I. Brihuega, M. Ternes, K. Kern, A.M. Garcı́a-Garcı́a1

and J.D. Urbina2

Downscaling a superconductor and enhanc-
ing superconductivity has been a major chal-
lenge in the field of nanoscale superconductiv-
ity. The advent of new tools of nanotechnol-
ogy for both synthesis and measurement of sin-
gle, isolated mesoscopic superconducting struc-
tures has opened up the possibility to explore
new and fascinating phenomena at reduced di-
mensions. One exciting prediction is the occur-
rence of shell effects in clean, superconducting
nanoparticles [1].

Figure 7: Schematic description of shell effects that
lead to an oscillation in the gap value with particle
size. Left panel: Energy band diagram of a small
particle where the discretization of the energy lev-
els is arising from quantum confinement and where
each level has further degeneracies due to geomet-
ric symmetries. In superconductivity only the lev-
els within the pairing region (Debye window), take
part in pairing and consequently superconductivity.
Right panels: Expansion of this pairing region for
three particles with slightly different heights so that
the mean level spacing is similar. The number of lev-
els in this pairing window fluctuates depending on
the position of the Fermi level in the three particles,
which leads to the fluctuation in the gap width.

The origin of shell effects is primarily due to
the discretization of the energy levels in small
particles that leads to substantial deviations of
the superconducting energy gap from the bulk
limit. For small particles, the number of dis-

crete energy levels within the energy window
around the Fermi energy EF in which the super-
conducting pairing occurs fluctuates with very
small changes in the system size. Consequently,
this leads to fluctuations in the spectral density
around EF. In weakly coupled superconductors,
electronic pairing mainly occurs in a window
around EF which has the size of the Debye en-
ergy ED. Therefore, an increase (decrease) of
the spectral density around EF will make pair-
ing more (less) favorable, and will thus increase
(decrease) the superconducting energy gap Δ.
As a consequence, the gap becomes dependent
on the size and the shape of the particle as
schematically illustrated in Fig. 7.

The strength of fluctuations also increases with
the symmetry of the particle, because symme-
try introduces degeneracies in the spectrum. It
is easy to see that these degenerate levels will
enhance the fluctuations in the spectral density
and also in the gap as the number of levels
within ED of EF, and consequently the num-
ber of electrons taking part in pairing, fluctuates
markedly. These degenerate levels are referred
to as ‘shells’ in analogy with the electronic and
nucleonic levels forming shells in atomic, clus-
ter and nuclear physics (see Ref. [1] and refer-
ences therein). For cubic or spherical particles,
this might lead to a large modification of Δ.
Theoretically, these shell effects are described
quantitatively by introducing finite-size correc-
tions to the Bardeen-Cooper-Schrieffer (BCS)
model.

In a recent letter, we have demonstrated for
the first time through low-temperature scanning
tunneling spectroscopic measurements on in-
dividual superconducting nanoparticles of Pb
and Sn, the existence of these shell effects and
the influence of the superconducting coherence
length on them [2].
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Figure 8: (a) 3D representation of the experimen-
tal setup. Superconducting nanoparticles deposited
on a BN/Rh(111) substrate vary in height between
1 nm and 35 nm and are probed individually with
the tip of the STM. (b) Representative 3D im-
age (125×90 nm2) showing the Sn nanoparticles
of varying sizes. (c), (d), Normalized conductance
spectra of Pb (c) and Sn (d) nanoparticles of differ-
ent height. Symbols are raw experimental data, solid
lines are fits using equations (1) and (2).

Figure 8(a) shows a schematic of the exper-
imental measurement where a scanning tun-
neling microscope (STM) tip is used to mea-
sure the tunneling density of states (DOS) of
superconducting nanoparticles of both Pb and
Sn. The nanoparticles of 1–35 nm height were
grown in situ on top of a BN/Rh(111) surface by
means of buffer layer-assisted growth where the

BN having a bandgap of ≈ 6 eV acts as a decou-
pling layer from the underlying metal surface.
A typical representative STM topographic im-
age for Sn nanoparticles with varying size on a
BN/Rh(111) substrate is shown in Fig. 8(b). We
take the height of the nanoparticle as our refer-
ence because it is measured with a high degree
of accuracy with the STM. The differential con-
ductance dI/dV versus V for a selection of Pb
and Sn nanoparticles at a temperature of 1.2 –
1.4 K are plotted in Figs. 8(c) and (d). We fitted
each spectrum with the tunneling equation

G(V ) = GN
d

dV

∞∫

−∞
NS(E)( f (E)− f (E−eV )) dE, (5)

where NS(E) is the quasiparticle excitation
spectrum of the superconductor, f (E) is the
Fermi-Dirac distribution function, and GN is
the normal-state conductance of the tunnel
junction.The quasiparticle excitation spectrum
NS(E) is given by

NS(E,Γ,Δ) =ℜ

⎡
⎣ ∣E∣+ iΓ(T )√

[∣E∣+ iΓ(T )]2 −Δ(T )2

⎤
⎦ , (6)

where Δ(T) is the superconducting energy gap
and Γ(T) is a phenomenological broadening pa-
rameter that incorporates all broadening aris-
ing from any non-thermal sources and that is
conventionally associated with the finite life-
time (Γ∼ ℏ/τ) of the quasiparticles. There is an
excellent agreement between the experimental
data and the theoretical fits, giving unique val-
ues of Δ and Γ (Fig. 9(a) and (b)).

Comparing the raw data for the Pb and Sn,
we observe that there is a gradual decrease
in the zero-bias conductance dip with particle
size for Pb nanoparticles (Fig. 8(c)), whereas
for Sn nanoparticles (Fig. 8(d)) there is a non-
monotonic behavior that strongly depends on
the particle size regime. We observe that al-
though the large Sn particles (> 20 nm) differ-
ing by a size of ≈ 1 nm have similar DOS sig-
nifying similar gaps, there is a large difference
in the DOS and hence Δ, for the smaller Sn par-
ticles (< 15 nm) even if they differ by less than
1 nm in size.
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Figure 9: (a)–(b) Comparison of the variation of the superconducting energy gap (Δ) normalized to the bulk
gap and the broadening parameter (Γ) at low temperature (T = 1.2 – 1.4 K) for Pb and Sn nanoparticles with
different height. The solid lines in (a) are guides to the eye. (c) Variation of normalized Sn gap with particle
height. (d) Variation in the average oscillations in the gap for Pb and Sn with particle height. Filled symbols
are obtained from the experimental data and the solid lines are obtained from theoretical calculations.

The difference in the two systems is shown
more clearly in Fig. 9(a), where we plot the nor-
malized gap width. For Pb, Δ decreases mono-
tonically with decrease in particle size, whereas
there is a huge variation in the gap values for Sn
below a particle size of 20 nm. For these small
sizes, gap values differ even more than 100%
for similar-sized Sn particles and enhancements
as large as 60% with respect to the Sn bulk gap
are found. In both systems however, supercon-
ductivity is destroyed below a critical particle
size, which is consistent with the Anderson cri-
terion [3], according to which superconductiv-
ity should be completely destroyed for parti-
cle sizes where the mean level spacing becomes
equal to the bulk superconducting energy gap.

From the two parameters characterizing the su-
perconducting state of our nanoparticles, Δ and
Γ, only Γ evolves in a similar way as a function
of particle size both for Pb and Sn (Fig. 9(b)).
In both systems, we observe an increase with
reduction in particle size. Interestingly, it seems
that superconductivity is limited to sizes where
Γ<ΔBulk. At smaller sizes superconductivity is
completely suppressed in both systems. This in-
dicates that Γ may have a particular significance
in our measurements. To understand the behav-
ior of Γ with particle size, we invoke the role
of quantum fluctuations in small particles. It is
known from both theoretical calculations and
experiments that there should be an increase
in the quantum fluctuations in confined geome-
tries. Similarly, because in a zero-dimensional
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superconductor the number of electrons taking
part in superconductivity decreases, we expect
an increase in the uncertainty in the phase of
the superconducting order parameter. The in-
creased fluctuations in the superconducting or-
der parameter are expected to increase Γ as fluc-
tuations act as a pair-breaking effect. Therefore,
we associate Γ with the energy scale related to
quantum fluctuations. Our results indicate that
in 0D systems the presence of quantum fluctua-
tions of the phase where Γ>ΔBulk set the limit
to superconductivity and this corresponds to the
size consistent with the Anderson criterion [3].

We focus now on the main result, the variation
of Δ with particle size in Sn nanoparticles, and
the observed striking difference with Pb. To in-
terpret the experimental results we carried out a
theoretical study of finite-size corrections in the
BCS formalism [2]. There, we primarily focus
only on the finite-size corrections to the BCS
gap equation because the corrections to the BCS
mean field approximation lead to a monotonic
decrease in the gap and are not responsible for
the observed oscillations in Sn nanoparticles.
For the correction to the BCS gap equation, two
types of correction are identified, smooth and
fluctuating. The former depends on the surface
and volume of the grain and always enhances
the gap with respect to the bulk. As this contri-
bution decreases monotonically with the system
size, it is not relevant in the description of the
experimental fluctuations.

For Sn, a weak-coupling superconductor, a sim-
ple BCS formalism is capable of providing a
good quantitative description of superconduc-
tivity. As explained in the introduction, the gap
oscillations arise from the discreteness of the
level spectrum (Fig. 7). Furthermore, solving
the BCS equations self-consistently shows that
the presence of degeneracies will enhance the
gap fluctuations [2]. Large degeneracies are typ-
ical for grains with symmetry axes in which the
energy levels are degenerate in a quantum num-
ber. A typical example is the sphere with three

axes of symmetry. In this case, each level in
the energy spectrum with an angular momen-
tum quantum number l is 2l + 1 times degener-
ate.

An important parameter in the BCS formalism
is the effective coupling constant λ which acts
between pairing electrons and is given by the
attractive electron-phonon coupling minus the
Coulomb repulsion. A natural choice for Sn is
λ= 0.25 as this leads to the bulk gap and the co-
herence length consistent with the experimen-
tal values of these observables. The magnitude
of the fluctuations will strongly depend on the
shape of the grain as expected from the theory
of shell effects [1]. From the experimental topo-
graphic images of the nanoparticles, we can in-
fer that the shape is very close to being a hemi-
sphere. However, because of the convolution
between the radius of the probing tip with the
radius of the nanoparticles in STM images this
cannot be said with certainty. A statistical anal-
ysis of the nanoparticle images revealed that the
deviations from an ideal hemispherical shape
should not be larger than 15%. Hence, for cal-
culations, we modeled the shape of the nanopar-
ticles as being a spherical cap with h/R> 0.85.

In Fig. 9(c) we plot the calculated normalized
gap as obtained from BCS theory as a function
of h and superimpose the experimental results
of Sn nanoparticles as filled symbols. Here, the
data are normalized with respect to the average
gap value obtained experimentally for which we
divided the particle size in small bins of 2 nm
width and determined the average of the super-
conducting energy gap in each bin. For a ratio
of h/R ranging between 0.9 and 0.95, we obtain
a reasonably good quantitative matching with
the theoretical results, indicating that finite-size
corrections can satisfactorily explain the results
of Sn nanoparticles [2].

The natural question that follows is why such
oscillations are not observed for Pb nanopar-
ticles (filled triangles in Fig. 9(a)). We recall
that fluctuations in 0D systems have their ori-
gin in the discreteness of the spectrum and any
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mechanism that induces level broadening will
suppress these oscillations. The superconduct-
ing coherence length ξ of Pb (ξ= 80 nm) is
much shorter than that of Sn (ξ= 240 nm) and
will introduce a much stronger level broaden-
ing which is proportional to νF/ξ with νF as
the spectral density at the Fermi energy. More-
over, because interactions are much stronger in
Pb, the lifetime of the quasiparticles is shorter
and a further level broadening is expected. In
Fig. 9(d) we plot the average oscillations ob-
tained from both experiments and theory as
a function of particle height for Pb and Sn
nanoparticles. These average oscillations are
the standard deviation of the gap from the av-
erage value. We observe a good matching be-
tween theory and experiments. We would like to
point out that for Pb, the BCS description is an
oversimplified model which is not able to sat-
isfyingly obtain the correct average gap values.
However, to compute the oscillations in the gap
and to check the suppression of the shell effects,

BCS gives a reasonably good description for the
strong-coupling Pb.

Our results indicate that for any classical BCS
superconductor with large quantum coherence
lengths it is possible to enhance the supercon-
ducting energy gap by large factors (here up to
60%) by tuning only the particle size. This may
prove to be very useful in the case of fullerides
or hexaborides that are known to show a rela-
tively high Tc in the bulk.
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Atomic scale structure of chemically derived graphene
M. Burghard, C. Gómez-Navarro, R.S. Sundaram, K. Kern, J.C. Meyer1, A. Chuvilin1,

S. Kurasch1 and U. Kaiser1

The extraordinary properties of graphene have
triggered an enormous amount of research into
the development of novel synthesis procedures
that yield large quantities of this fascinat-
ing two-dimensional material [1]. One promis-
ing, low-cost, and easily up-scalable approach
involves the chemical reduction of graphene
oxide (GO), obtainable by oxidation of graphite
and subsequent exfoliation in water. As a par-
ticular advantage of GO, it can be deposited in
controllable density onto a large variety of sub-
strates. Upon reduction, the electrical conduc-
tivity of GO is enhanced by several orders of
magnitude (Fig. 10). Further improvement has
been achieved through a chemical vapor depo-
sition (CVD) process performed after the reduc-

tion step [2]. The electrical conductivity of thus
obtained chemically derived graphene (denoted
as CVDGO) lacks behind that of mechanically
exfoliated graphene by only one order of mag-
nitude. Interestingly, the electrical conduction
in such sheets is still governed by thermally ac-
tivated hopping.

Despite this advancement, further optimiza-
tion of the chemical route to graphene requires
detailed information about the atomic struc-
ture of the sheets. We have thoroughly ex-
plored the nature and distribution of the de-
fects in reduced graphene oxide (RGO) us-
ing aberration-corrected, low-energy (80 keV)
transmission electron microscopy (TEM) [3].
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Figure 10: Room temperature electrical conductiv-
ities measured on monolayers of graphene oxide
(GO), chemically reduced GO (RGO), as well as
GO subjected to a chemical vapor deposition-based
healing process (CVDGO). The conductivity of pris-
tine (i.e., mechanically exfoliated) graphene is in-
cluded for comparison.

To this end, free-standing GO membranes were
prepared by dipping a TEM grid with 1 µm-
sized holes into an aqueous dispersion of GO.
The attached GO was then reduced via heating
the grid under high vacuum, which represents
an alternative means to eliminate most of the
oxygen-containing functional groups. Figure 11
depicts a representative TEM image of a RGO
monolayer prepared in this manner. It reveals
a wealth of structural features (marked in dif-
ferent colors), which could not be detected by
previous spectroscopic and microscopic inves-
tigations. The light gray regions are clean, well-
crystallized areas, where the hexagonal lattice
of graphene is clearly visible. Their average
size ranges from 3 nm to 6 nm, and they cover
approximately 60% of the surface. The sheet
furthermore comprises regions where carbona-
ceous adsorbates and also heavier atoms are
trapped (marked in dark gray). As similar fea-
tures are known from TEM examination of me-
chanically exfoliated graphene, they most likely
represent contamination from the environment,
rather than debris originating from the strong

oxidative treatment of the graphite in the ini-
tial fabrication step. Another similarity to ex-
foliated graphene is the formation of larger
holes (marked in yellow) under electron irra-
diation, albeit these emerge somewhat faster in
the present samples. A specific feature of the
RGO is the presence of a significant amount
of topological defects, which can be classi-
fied into extended (clustered) topological de-
fects appearing as quasi-amorphous single layer
carbon structures (marked in blue), and isolated
topological defects (pentagon-heptagon pairs,
marked in green). The extended topological de-
fects cover more than 5% of the surface. Re-
markably, despite the presence of such a sig-
nificant defect density, the long-range orienta-
tion of the hexagonal lattice is maintained, as
has been concluded from both direct images and
diffraction patterns. In general, prolonged irra-
diation by the e-beam resulted in the relaxation
of the topological defects, rather than the cre-
ation of additional defects.

Figure 11: Atomic resolution transmission electron
microscopy (TEM) image of a free-standing, re-
duced graphene oxide (RGO) monolayer. Color is
used to mark the different features. The defect-free
crystalline graphene areas appear light gray while
contaminated regions are shaded in dark gray. Blue
regions correspond to extended topological defects,
and red areas to individual ad-atoms or substitu-
tional atoms. The green areas highlight isolated
topological defects, whereas holes and their edge re-
constructions are colored in yellow. The scale bar
represents 1 nm.
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Figure 12: Close-up TEM image of clustered topo-
logical defects within a RGO monolayer. Carbon
pentagons, hexagons, and heptagons are highlighted
in magenta, blue, and green, respectively. The
blurred central region proved unstable under the
e-beam irradiation. The red dashed line at the bot-
tom marks a strong lattice deformation. Scale bar
corresponds to 1 nm.

In Fig. 12, a more detailed view of clustered
topological defects is presented. From the ab-
sence of such clusters in exfoliated graphene, it
follows that they must have evolved from the
originally strongly oxidized areas in the GO.
It is noteworthy that all carbon atoms within
the defective regions are bonded to three neigh-
bors in a planar sp2-configuration, correspond-
ing to a quasi-amorphous bonding configuration
composed of pentagons, hexagons, heptagons,
and occasionally also octagons. By comparison,

many of the isolated topological defects incor-
porate two separate pentagon-heptagon pairs,
which often act like dislocation cores within the
sheets. Their formation can be ascribed to the
impact of pronounced plastic deformation dur-
ing fabrication of the sheets.

The above observations suggest the following
formation mechanism of RGO: Upon oxidation
of graphite, isolated highly oxidized areas with
a size of a few nm are created while at least
60% of the surface remains undisturbed. Upon
reduction, the oxidized areas are restored to sp2-
bonded carbon networks, which however lack
the perfect crystalline order of intact graphene.
The reduced disordered areas, which are best
described as clustered topological defects, are
seamlessly connected to the crystalline areas,
and may induce strain as well as in-plane and
out-of-plane deformations in the surrounding
RGO. The gained knowledge about the defects
is an important prerequisite for devising strate-
gies to remove them, or alternatively to exploit
them for further attachment of functional moi-
eties.
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D. Olea, M. Burghard, J. Gómez-Herrero, F. Zamora
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Direct synthesis of higher fullerenes and bucky-bowls by
surface-assisted cyclization of aromatic precursors

N. Abdurakhmanova, K. Amsharov, S. Rauschenbach, S. Stepanow, M. Jansen and K. Kern

Carbon based materials such as fullerenes, car-
bon nanotubes and graphene have attracted in-
creasing interest in recent years because of
their remarkable properties and potential ap-
plications. Among these, fullerenes represent
a unique family of cage molecules with a va-
riety of sizes and shapes. Most of the effort
thus far has focused on the study of the C60
fullerene, for which superconducting, high me-
chanical and heat resistance properties were
demonstrated. The investigation of properties
of higher fullerenes is impeded by the lack of
large scale production methods. The synthesis
of higher fullerenes remains a challenge be-
cause of the low yield of the mainly employed
graphite vaporization technique and existence
of isomers. Therefore, synthesis methods are
needed that will produce a single isomer of a
desired fullerene.

A promising route to achieve this goal for the
selective synthesis of fullerenes is based on
planar polycyclic aromatic hydrocarbon pre-
cursor molecules that already contain the car-
bon framework required for the formation of
the target fullerene cage [1]. Such an unfolded
fullerene can be stitched up through the in-
tramolecular cyclodehydrogenation to form the
desired fullerene isomer. Many small curved
fullerene fragments and closed cages have been
obtained by the flash vacuum pyrolysis tech-
nique using such precursor molecules. How-
ever, the yield of the target fullerenes is still
very low (at best 0.1 – 1% for C60). The first
step towards the controlled synthesis of non-
planar carbon molecules was demonstrated on a
Ru(0001) surface, where the surface catalyzed
formation of carbon half-spheres from pla-
nar precursor molecules was tracked by scan-
ning tunneling microscopy (STM) [2]. The so-
called surface-catalyzed cyclodehydrogenation

(SCCDH) technique exhibits a high selectivity
of the dehydrogenation due to the catalytic ac-
tivity of the surface and a high conversion ratio
of the deposited precursors into non-planar cap
structures. This work was recently extended by
Otero et al: [3] who demonstrated the efficient
synthesis of C60 fullerene cages. However, it re-
mained to be shown that no C–C bonds rear-
range in the formation of the most stable com-
pound, the C60 Ih isomer.

In our work [4] we address this important ques-
tion by studying the SCCDH process of specif-
ically designed precursor molecules. We pro-
vide strong evidence that the reaction occurs in-
deed in a selective manner and that only cor-
rectly programmed precursors yield the desired
molecule. The SCCDH process used here con-
sists of the following steps: First, the designated
precursor molecules are deposited by organic
molecular beam epitaxy onto a clean Pt(111)
surface. Second, the sample is annealed to in-
duce the surface assisted reaction yielding par-
tially and fully closed-cage molecules. The ad-
sorbates are characterized by STM after each
step to track the reaction.

Figure 13 shows the precursor molecules em-
ployed in this study. Besides the C60 precur-
sor C60H30 (1) that was also used in [3], we
synthesized a modified C60H30 (2) precursor
to verify the selectivity of the reaction. 2 has
the same chemical formula as 1 but a mod-
ified periphery, i.e., three of its outer ben-
zene rings are shifted to a different position
as indicated in Figs. 13(a)–(b) by the shaded
hexagons. The repositioning of the benzene
rings prevents some folding steps essential to
the fullerene formation. The folding should
thus lead to an open-cage structure (Fig. 13(e)).
Molecule 3 (C84H42) is the precursor for the
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C84(20) fullerene (Fig. 13(f)). The thin lines
connecting the outer carbon atoms show the
C–C bonds to be formed upon dehydrogena-
tion. The products shown in Fig. 13(d)–(f) cor-
respond to the precursors 1–3 where all possible
C–C bonds have been formed without further
C–C bond rearrangements.

Figure 13: Structures of the precursor molecules
and their condensation products. (a)–(c), Precur-
sor molecules used: (a) C60 precursor C60H30 1;
(b) modified C60H30 2; (c) C84H42 3. The lines mark
the C–C bonds that form upon cyclodehydrogena-
tion. (e)–(g), Expected products after the cyclodehy-
drogenation: (d) C60 fullerene; (e) nanotetrahedron;
(f) C84 fullerene.

Figure 14 summarizes our results of the STM
investigations for precursors 1 and 2. Upon de-
position on Pt(111) precursor 1 is imaged as
a triangular protrusion as shown in Fig. 14(a).
After annealing at 480∘C the SCCDH reac-
tion is completed and all molecules transform
into round C60 fullerenes in accordance with
[3]. The STM image of a partially covered sur-
face of 2 shows the three-blade propeller shape
of the precursor with a width of ca. 2.1 nm
and an apparent height of 0.14 nm (Fig. 14(c)).
After annealing at 480∘C for 10 minutes full
conversion into triangular species is observed
(Fig. 14(d)), all having similar size and shape.
This appearance is in accordance with the ex-
pected nanotetrahedron in Fig. 13(e). The ap-
parent height of the final product is ca. 0.28 nm
and the base width is about 1.8 nm as opposed to
0.4 nm and 1.5 nm for C60 produced from pre-
cursor 1 under the same conditions. This obser-

vation gives strong support to the zipper mech-
anism of the reaction, where only preselected
bonds are formed and no C–C bond rearrange-
ment occurs. Therefore the SCCDH process is
selective in nature and it can be further used
to produce specifically designed carbon based
nanostructures.

Figure 14: STM images (25×25 nm2) of C60 cy-
clization process: (a) Precursor 1 as deposited on
Pt(111) and (b) after annealing at 480∘C. (c) Precur-
sor 2 as deposited on Pt(111), the circles mark two
2D-enantiomers of 2. (d) 2 after annealing at 480∘C
for 10 min. Insets (3×3 nm2) show magnified adsor-
bates. (e) Superposition of line scans in the insets of
(b) and (d) (green and red lines respectively), show-
ing that after annealing modified precursor 2 yields
species of lower apparent height compared to pre-
cursor 1.
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These results open up new horizons in the syn-
thesis of carbon nanostructures and as an ex-
ample we demonstrate the efficient synthesis
of the higher fullerene C84. The structure of
the C84H42 precursor molecule is shown in
Fig. 15(c). The molecule is imaged as three dis-
tinct bright lobes with a width of 2.4 nm and
height of 0.14 nm. After annealing to 550∘C the
shape of all the molecules changes and becomes
spherical with a lateral size of ca. 1.7 nm and
an apparent height of 0.42 nm (Figs. 15(b) and
(d)). Under certain conditions the intramolec-
ular structure of the product is resolved (inset
of Fig. 15(b)). The appearance is similar to that
observed for the C84 isomeric mixture and sug-
gests a π-electron system decoupled from the
substrate. Since the possibility of C–C bond re-
arrangement was excluded the product is con-
cluded to be the C84(20) fullerene.

Figure 15: STM images of C84 cyclization pro-
cess: (a) and (c) 25×25 nm2 and 4×4 nm2 images of
Pt(111) after deposition of C84H42; (b) and (d) after
annealing at 550∘C; inset in (b) shows 3×3 nm2 im-
age of C84 with submolecular resolution.

Our STM experiments show that the conversion
ratio of the planar precursor molecules 1, 2, 3
into the corresponding fullerene and open cage
structures is nearly 100%, i.e., no desorption oc-
curs during the annealing and that all precursors
transform into non-planar structures. Our find-
ings demonstrate that the SCCDH method rep-
resents a very efficient path towards the synthe-

sis of fullerenes, open cage structures, hetero-
and endofullerenes. There is essentially no lim-
itation for the variety of organic non-planar tar-
get molecules that could be derived by this ret-
rosynthetic approach. The procedure could be
extended to the fabrication of carbon nanotubes
with well-defined diameter and chirality since
the buckybowls can be viewed as a seed for
carbon nanotube growth using chemical vapor
deposition. Besides the obvious advantages of
the SCCDH synthesis method, there are some
limitations. First, it can only be applied in a
well-defined temperature interval. Our results
show that the annealing temperature required
for completing SCCDH increases with the num-
ber of the C atoms in the precursor molecule,
i.e., 480∘C for 1 and 2 and 550∘C for 3, re-
spectively. On the other hand, annealing to
sufficiently high temperatures of about 720∘C
leads to complete C–C rearrangement and sub-
sequent decomposition of all the carbon struc-
tures into a planar adlayer. These facts signify
that only a small temperature window for SC-
CDH exists for each specimen and that the for-
mation of high-mass fullerenes might be dif-
ficult to achieve on Pt(111). Therefore appro-
priate substrates have to be explored for the
efficient conversion of precursor molecules to
the desired carbon nanostructures. In addition a
low coverage of precursor molecules and strong
molecule-substrate interaction is required to
avoid interlinking of neighboring molecules.

In conclusion, we have shown that the SCCDH
process is highly selective in nature. Therefore,
the final structure of any kind of carbon based
nanostructures such as fullerenes, nanotubes,
etc., can be programmed or built in at the pre-
cursor synthesis stage. Our findings enabled us
to produce the C84(20) fullerene for the first
time. Although the quantities of the final prod-
ucts are too small to permit direct confirma-
tion of the structural uniformity of the fullerene
formed we believe that SCCDH represents an
efficient path for the production of various iso-
merically pure higher fullerenes and open-cage
fullerenes once the respective precursors are
synthesized.
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The SCCDH has been successfully conducted
so far on Pt(111) and Ru(0001) substrates only.
Therefore, other substrates have to be explored
with regard to whether the SCCDH process
can be carried out with optimal efficiency for
the desired carbon nanostructure. Furthermore,
these findings go even beyond SCCDH reac-
tions. They prove the principle suitability of
prefabricated planar precursors for synthesis of
bulk fullerenes.
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Supramolecular intercluster compounds:
From salt-like structures to nanosized objects

F. Gruber and M. Jansen

Intercluster compounds (ICCs) that consist of
different, charged building blocks with sizes ex-
ceeding 1 nm in diameter are a new fascinat-
ing class of compounds. They constitute well-
defined materials with respect to structural or-
der, which allow the study of particle-size-
dependent (nanoscopic) properties without in-
homogeneous signal broadening effects. In the
past, we have realized such ICCs with gold and
silver clusters as cationic building units and var-
ious polyoxometalates and fullerides as anionic
units [1]. The structures of these crystalline
compounds were analyzed by single-crystal X-
ray diffraction showing that in most cases the
pre-fabricated building blocks remained struc-
turally unchanged. The respective structure of
an ICC is controlled by a sensitive competi-
tion between the long-range Coulomb forces
and the diverse family of short-range bond-
ing interactions. Recently, we have extended
this work in two directions: For one, we uti-
lized the well-known diverseness of polyox-
ometalates and metal clusters, to include larger

cluster units. These are either pre-synthesized
or formed in situ from dissolved feedstocks,
with crystallization serving as the selection pro-
cess. The second objective is the removal of the
ligands that separate the cationic and anionic
building blocks, in order to make the materials
more responsive to external electronic or mag-
netic stimuli.

Polymeric silver alkynyl compounds turned out
to be well-suited feedstocks for cationic sil-
ver cluster units, since these compounds de-
compose to oligomeric units of different sizes
while dissolving. Combining such polymeric
silver compounds with different polyoxometa-
lates new classes of ICCs were obtained. The
first is an intercluster sandwich compound [2]
[Ag42(CO3)(C≡CtBu)27(CH3CN)2][CoW12O40]2–
[BF4] 1 consisting of a large silver toroid lo-
cated between two Keggin anions with direct
Ag–O–W bonds between them (Fig. 16(a)).
While the Keggin anion [CoW12O40]

6− en-
tered the intercluster compound with virtually
no change in its composition and structure, the
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silver alkynyl cluster with 42 silver ions was
formed in situ during cystallization. As shown
in Figs. 16(b) and 16(c), the silver cage is built
up from a circular arrangement of nine six-
membered rings of silver ions that are joined by
their trans edges. The geometry of the rings is
not regular; in particular, the hexagons are dis-
torted towards a boat conformation. The Ag–Ag
bond lengths are in the range of 2.859(1) –
3.207(1) Å. Such distances clearly indicate the
presence of d10– d10 interactions. At the mid-
point height of the cylinder, there are six addi-
tional silver ions that link the central carbonate
group to the surface silver atoms. The C–O
bond lengths range from 1.25(1) to 1.26(3) Å,
which is in good agreement with the distances
found in other carbonates.

Figure 16: (a) Polyhedral/ball-and-stick represen-
tation of compound 1. (b) representation of the
[Ag42(CO3)] cluster, and (c) a top-down view in-
cluding ligands.

Each of the oxygen atoms coordinates two sil-
ver ions at distances of 2.038(14) – 2.111(13) Å,
while each silver ion of the inner ring is in
contact with four silver ions of the outer cage.
The whole silver cage is stabilized by a lig-
and sphere of 27 tert-butylethynyl and two ace-
tonitrile molecules. The ligands are arranged in
three rows around the cluster capping triangles
(µ3) and squares (µ4) of silver atoms. The two
additional acetonitrile molecules coordinate to
only one silver atom each. The ‘naked’ silver
cage has a diameter of about 1.1 nm; if one in-
cludes the ligand sphere, the diameter amounts
to 2 nm. The polyoxometalates are situated on
top and beneath the silver toroid, each with the
first layer of three linked [WO6] octahedra com-
pletely surrounded by the silver cage. The dis-
tances between the silver atoms of the cluster
and the oxygen atoms of the polyoxometalates
range from 2.517(1) Å to 2.778(9) Å. Thus they
are comparable to the Ag–O contacts found,
e.g., in Ag2SO4, AgVO3 or AgMnO4.

Two further new ICCs are chain-like interclus-
ter compounds, which were obtained by com-
bining polymeric silver compounds with the
Wells-Dawson polyoxometalate [P2W18O62]

6−.
Compound 2 {[Ag14(C≡CtBu)8(C3H7NO)10]–
[Ag12(C≡CtBu)6Cl(C3H7NO)10]H[P2W18O62]2}n

and compound 3 {[Ag16(C≡CtBu)11(CH3CN)6]–
[P2W18O62]2}n–[Ag14(C≡CtBu)12(CH3CN)2]
constitute the first two chain-like intercluster
compounds with nanometer-sized silver alkynyl
clusters and the polyoxometalate arranged in
an alternating, linear sequence. In both com-
pounds, the linkage of the polyoxometalate
and the silver cluster building blocks is me-
diated by direct Ag–O–W bridges, i.e., these
interfaces are free of ligands. Compound 2
exclusively consists of the intercluster chains
shown in Fig. 17 (upper part). Remarkably, the
Wells-Dawson anions alternate with two differ-
ent kinds of silver cluster units, which on their
part are also alternating on their positions. Both
silver clusters, shown in Figs. 18(a) and 18(b),
had not been encountered previously.
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Figure 17: The chain-like intercluster units of 2 and 3. The Wells-Dawson anions are shown as polyhedra,
the silver clusters in ball-and-stick representation.

They consist of a cage of 12 and 14 silver
ions, respectively, shielded by a ligand sphere of
tert-butylethynyl anions and dimethylformamid
molecules. The Ag+–Ag+ bonds are in the ex-
pected range of 2.841(7) – 3.288(7) Å. Both sil-
ver building units form eight direct bonds to the
neighboring polyoxometalates with distances
from 2.46(4) Å to 2.73(3) Å that correspond to
the sums of the effective radii and thus are com-
parable to the Ag–O distances found in 1.

The crystal structure of 3 contains two dif-
ferent structure motives. One is the silver
alkynyl cluster [Ag14(C≡CtBu)12(CH3CN)2]

2+,
whose composition and structure is equal
to the Ag14 clusters found in previous ICC.
The second one is the intercluster chain
{[Ag16(C≡CtBu)11(CH3CN)6]–[P2W18O62]2}n

(structure shown in Fig. 17 lower part). While
the polyoxometalate entered the chain with vir-
tually no change of composition and structure,

Figure 18: Structure of the silver cluster units of the intercluster compounds 2 ((a) and (b)) and 3 (c) (Ag
pink, O red, Cl green, N blue, C gray, H dark gray).
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a new silver alkynyl cluster with 16 silver ions,
shown in Fig. 18(c), was formed. The sil-
ver cage has a quite uncommon structure,
with Ag+–Ag+ bond lengths of 2.870(2) Å –
3.211(2) Å. It is coordinated by 11 tert-butyl-
ethynyl ligands and 6 acetonitrile molecules.
In addition to the ligand sphere there are
seven direct Ag–O bonds to the neighboring
polyoxometalates, ranging from 2.43(1) Å to
2.78(1) Å.

These successful syntheses of new ICCs
demonstrate that, with the introduction of
polymeric silver compounds as feedstocks,

we can obtain the desired ligand-free inter-
faces between the building blocks. The direct
Ag–O–W bridges connect the building units ei-
ther to macromolecules or to one-dimensional,
supramolecular aggregates. Furthermore, these
new compounds comprise as yet unknown,
large silver alkynyl clusters.
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Interfaces and two-dimensional systems

Two-dimensional systems have played a historical role in the development of our present under-
standing of physics and still represent a fertile playground for the study of fundamental phenomena.
The restricted motion in the out-of-plane dimension contrasted with an in-plane periodicity can be
found in several realizations: In the classical semiconductor heterostructure, at oxide interfaces, at
metal-organic contacts, in superconductors and, naturally, in graphene.

Towards two-dimensional electron systems of highest mobility:
Growth and modeling of suitable

GaAs/AlxGa1−xAs heterostructures
W. Dietsche and R.R. Gerhardts

Probably there are few systems in physics
showing a larger number of fascinating phe-
nomena as the two-dimensional electron sys-
tems (2DES) at semiconductor interfaces. If
exposed to a magnetic field at low temper-
atures, they show the integer and fractional
quantum Hall effects (QHEs) which are caused
by energy gaps originating from Landau quan-
tization and from many particle interactions,
respectively. In both effects the Hall resis-
tance shows, in certain magnetic field intervals,
quantized values of the form Rxy = RK/ν (with
RK = (h/e2)= 25.812807 kΩ the von Klitzing
constant), accompanied by vanishing longitudi-
nal resistance. For the integer QHE ν is an in-
teger and counts the number of fully occupied
(spin-split) Landau levels. For the fractional
QHE one has almost only fractional ν-values
with odd-integer denominators both - found in
experiments and explained theoretically.

With increasing purity of the host semicon-
ductors more exotic states have been discov-
ered including the so-called (ν ) 5/2-state [1].
In this state the electrons are expected to

form a p-wave pair state exhibiting quantized
Hall conductance, which is very unusual at
an even-denominator fraction. This state be-
came the object of much interest since it had
suggested that it behaves non-abelian under
particle-exchange processes. More importantly,
this property makes this system a candidate
for a topological quantum computer with the
quantum operations being performed by the ex-
change of quasiparticles. With non-abelian par-
ticles these processes are expected to be dramat-
ically less susceptible to errors than standard
quantum operations [2].

Unfortunately, the 5/2 state is rather elusive.
Even with the best samples available now, one
needs to reach at temperatures of about 10 mK
to observe the effect. Even so, the electron mo-
bility (at B = 0) must be 107 cm2/Vs or more. It
has been predicted, however, that heterostruc-
tures with much higher mobility, i.e., much less
impurities, would have a far more stable 5/2
state which would therefore be accessible at
considerably higher temperatures.
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In recent years we have made considerable
progress towards improving the purity of the
heterostructures grown by molecular-beam epi-
taxy (MBE) and reach now electron mobilities
close to 2⋅107 cm2/Vs routinely. The experi-
mental observation of the 5/2 state is shown
in Fig. 19 where the longitudinal and the trans-
verse resistance is plotted vs. magnetic field. A
very deep minimum in the longitudinal resis-
tance and a clear plateau in the transverse re-
sistance signal a robust 5/2 state.

Figure 19: Measured longitudinal (Rxx) and Hall
(Rxy) resistances versus magnetic field B.

Further improvement of the electron mobility
does not only require improved purity of the
MBE process but also a better theoretical under-
standing of the interplay of the different com-
ponents of the semiconductor structures. These
include for example the dependence of the 2D
electron density and of the mobility of the 2DES
on the amount and positioning of the doping,
the quantum well thickness, the distance to the
surface, etc. Also important are less obvious
properties like unintentional deep impurities in
the AlGaAs or the possible ordering in the dop-
ing layer. The role of many of these parame-
ters is usually known only qualitatively from the
practical experience of the MBE growers.

Before a complete theory, covering all possi-
ble phenomena, can be attempted, it is neces-
sary to verify the most important properties of
a basic structure, like the distribution of elec-
trons within the structure caused by position-
ing and intensity of doping. Therefore, a sim-
ple but sufficiently flexible model of a doped

GaAs/AlxGa1−xAs heterostructure was consid-
ered, as sketched in Fig. 20. Many experiments
in the von Klitzing department require ungated
samples, which must be covered with GaAs cap
layers, to avoid instabilities due to Al-atoms at
the sample surface. Such samples are known
to have a large density of surface states at the
free surfaces. These surface states, located ener-
getically deep in the fundamental bandgap, put
strong limitations on the effectiveness of dop-
ing.

Figure 20: Sketch (not to scale) of the conduc-
tion-bandedge of a AlxGa1−xAs/GaAs undoped het-
erostructure with pure GaAs (x = 0) in wl < z<wr
(the well) and in sl < z< cl and cr < z< sr (the caps).
For a quantum well structure we take xl = xr ≈ 0.3,
for a single-interface structure xl ≈ 0.3 and xr = 0.
Si-doping is confined to planes at z = dl and z = dr.

We have investigated the electron distribution
in the heterostructure as a consequence of dop-
ing, considering three different types of electron
states: The surface states already mentioned,
the states of the required 2DES near the inter-
face at wl, and possible states located near the
doping planes [3]. Changing the amount of dop-
ing, we found three different regimes. For low
doping, only surface states are occupied, not the
desired 2DES. For intermediate doping the de-
sired 2DES is populated and its electron den-
sity increases nearly linearly with the density
of the dopant. This intermediate-doping regime
is limited by a high-doping regime, in which a
parallel channel is formed which absorbs nearly
all electrons added by further doping, while the
electron density of the desired 2DES remains
constant [3]. In the following we describe these
results for a simple special case.
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We consider only a single doped AlxGa1−xAs
layer to the left of the interface at wl, and as-
sume xr = 0 and nDr = 0. We also restrict the dis-
cussion to shallow H-type donor-states (extent
≈ 10 nm, energy about 10 meV below the con-
duction bandedge (CBE)), and neglect localized
deep donor-states (energy about 100 meV be-
low the CBE), which occur for x> 0.2 and may
be ionized or not, depending on the amount of
total doping. For simplicity we take as ‘donor
density’ nDl the difference of the area densities
of the Si donors and of the occupied deep donor
levels.

Figure 21: The effective conduction-bandedges
of a heterostructure with undoped GaAs in
–10 nm< z< 990 nm and –390 nm< z< –375 nm
and a Al0.3Ga0.7As layer at –375 nm< z< –10 nm
for three doping strengths nDl = νDl⋅1011 cm−2 in the
plane z = –75 nm. The inset shows, for νDl = 5.5, the
bandedge minima and the electron density Nel(z) at
the interface and in the parallel channel.

Figure 21 shows, within the Hartree approx-
imation (at zero temperature), the variation
of the effective potential for three differ-
ent doping levels. Without doping, nDl = 0,
there are no free charges in the system and
the Fermi energy equals the charge neutral-
ity level, EF = Ecnl = 0, which we take as en-
ergy zero, 0.7 eV below the CBE of GaAs.
Then the effective potential reduces to the step

function sketched in Fig. 20. For weak dop-
ing (black line, nDl = 1.5⋅1011 cm−2) all elec-
trons provided by the Si atoms occupy sur-
face states, which, due to their high density
(DS ≈ 4⋅1011/(cm2meV)), pin EF to a value
close to zero. In this weak-doping region the
2DES is not populated and the densities nSl and
nSr of electrons on the left and the right surface
increase linearly with nDl (black and green lines
of Fig. 22(a)).

Figure 22: (a) Electron densities in surface states
(nSl and nSr), in the 2DES near the interface (n if) and
in the parallel channel (npc) as functions of the dop-
ing density nDl, for nDr = 0. Filled circles: self-con-
sistent calculations; lines: a quasi-classical approx-
imation [3]. (b) Self-consistently calculated lowest
energy eigenvalues Eif

n and Epc
n in the potential min-

ima near the interface and at the parallel channel.

Surface and doping charges form dipole poten-
tials, which lower the CBE near the interface at
z = wl. With increasing doping the CBE mini-
mum becomes lower and accommodates bound
states near the interface, with discrete eigenen-
ergies E if

n (n = 1, 2, . . . ). A 2DES with finite
electron density n if occurs at the interface, if
E if

1 <EF, see Fig. 22(b). Such a case of inter-
mediate doping, nDl = 3.5⋅1011 cm−2, is shown
by the dashed green line in Fig. 21. Since the
Hartree potential created by the 2DES adds to
the total effective potential, the latter and the
charge distribution among the states on both
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surfaces and the 2DES must be calculated self-
consistently. In this intermediate doping region
the density n if of the 2DES at the interface in-
creases nearly linearly with the doping density
nDl, and effectively screens the region to the
right of the 2DES from the fields produced to
the left, so that the CBE to the right and the
surface charge density nSr remain practically in-
dependent of nDl, as is seen from Fig. 21 and
Fig. 22(a), respectively.

With increasing nDl the potential minimum
at the doping plane becomes lower and ac-
commodates bound states with eigenenergies
Epc

n , which are also indicated in Fig. 22(b). For
Epc

1 <EF the lowest of these states will be oc-
cupied and, in addition to the desired 2DES, a
parallel channel, i.e., a parasitic second 2DES,
with electron density npc occurs at the dop-
ing plane. The red line in Fig. 21 illustrates
such a situation. The inset shows the region
of the potential minima and the low energy
eigenvalues, together with the electron densi-
ties Nel(z) of the desired 2DES centered around
z = 0 near the interface and of the parallel chan-
nel near z = d l = –75 nm. Once this high-doping
regime with npc > 0 is reached, further increase
of the doping has essentially the effect that the
electron density npc in the parallel channel in-
creases, while the density of the desired 2DES
(and the surface electron densities) practically
remain constant, see Fig. 22(a).

Quantitatively, the results for the electron dis-
tribution over the sample depend, of course,
on its geometry and the Al-content x, which
determines the conduction band discontinuity
ΔEc(x) at the interface. Simple electrostatic
estimates show that, with increasing thick-
ness of the AlxGa1−xAs layer the onset of the
intermediate-doping regime is shifted to lower
doping density nDl. A large spacer thickness
w l – d l reduces the importance of impurity scat-
tering and thus increases the low-temperature
mobility of the 2DES, but it also limits its possi-
ble densities to lower values. These limits can,

on the other hand, be increased, if one intro-
duces additional doping on the right hand side
of the 2DES [3].

The occurrence of a parallel channel, which
usually has low mobility because of intense im-
purity scattering, may disturb resistance mea-
surements, especially if the desired 2DES
shows the QHE. But the electrons in the parallel
channel also may screen the donor potentials,
so that the mobility of the desired 2DES may
even become larger. Charge correlation effects
in such parallel channels may lead to properties
of high-mobility samples, which are not satis-
factorily described by the low-temperature mo-
bility of the system at zero magnetic field.

Here we have not considered the ‘deep donor
states’ which are known to develop as a part
of the Si atoms, if the Al-concentration is large
enough, x> 0.2. Although it seems widely ac-
cepted that in these states the Si atom moves
to an interstitial place and binds two electrons,
so that the state is negatively charged (DX−

center), several details, like the extent of the
state and its energetic distance from the con-
duction band, are still under dispute. Some
sample growers avoid such deep donor lev-
els by embedding the Si donors in sufficiently
wide layers of pure GaAs, introduced into the
thick AlxGa1−xAs layer, and thereby achieve
extremely high mobility [4]. Our theoretical
model can easily be extended to such situations.

The measurements shown in Fig. 19 were per-
formed by Yongqing Li, on a sample grown
with support by Stefan Schmult and Maik
Hauser.
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Evidence for current domains in a microwave exposed
two-dimensional electron system

S.I. Dorozhkin, L. Pfeiffer1, K. West1, K. von Klitzing and J.H. Smet

The magnetoresistance of high mobility 2D
electron systems exposed to microwaves ex-
hibits radiation induced oscillations. Some min-
ima even approach zero within experimental ac-
curacy and transport proceeds in a dissipation-
less fashion [1]. The oscillations are governed
by the ratio of the circular microwave frequency
ω and the cyclotron frequency ωc. Consensus
has been reached by now that they originate
from either (1) disorder assisted indirect optical
transitions and/or (2) a non-equilibrium pop-
ulation of the electronic states [2]. (1) Under
an externally imposed current, the Hall electric
field tilts the Landau levels. The absorption of
a microwave photon is then possible even when
ω/ωc does not take on an integer value. An ex-
cess or deficit in the photon energy can be com-
pensated for by an uphill or downhill spatial dis-
placement of the charge carrier. This is possible
only if short range scatterers are present and the
absorption of the microwave photon is accom-
panied by elastic scattering. The uphill (down-
hill) motion causes a drop (increase) of the re-
sistivity. At higher temperatures when the in-
elastic scattering time is short compared to the
elastic scattering time this displacement mecha-
nism should be prominent. (2) At lower temper-
atures when the inelastic scattering time is long
enough, microwave induced transitions cause
a non-equilibrium population of the electrons
across the spectrum of broadened Landau lev-
els. The distribution function becomes a non-
monotonous function of energy and produces
a qualitatively similar oscillatory contribution
to the dissipative resistivity. Both these mech-
anisms capture nearly the entire phenomenol-
ogy of the experimentally observed oscillations,
but not the emergence of zero resistance states.
Instead they predict that the dissipative resis-
tivity can be negative at small current density

and crosses zero at some finite current density
which we will refer to as j0.

Early on it was recognized that if the resistiv-
ity goes negative by whichever mechanism, the
system would not be able to sustain a time inde-
pendent homogeneous current state [3]. It was
predicted that a static pattern of current domains
would form spontaneously even in the absence
of an external current. Adjacent domains carry
currents of density j0 in opposite directions
and possess opposite Hall electric fields. When
changing the current through the system, the
domain walls will shift in order to accommo-
date the modified imposed current. The dissipa-
tive electric field component is zero in the do-
mains and the observed longitudinal resistance
does not go negative, but is clipped at zero. Di-
rect evidence for the instability and the forma-
tion of domains has been lacking.

Under the experimental conditions, the Hall re-
sistivity is much larger than the longitudinal
resistivity, so that a Hall angle of 90 degree is
a good approximation. The voltage drop Ur1,r2
between two points with coordinates r1 and r2
inside the sample yields in this approximation
immediately the net current Ir1,r2 = Ur1,r2 / ρH
flowing in between these points. Hence, a mea-
surement of this local Hall voltage would be
able to unveil the current distribution across the
sample and in particular the existence of current
domains. This is in principle possible, although
challenging, in a scanning single-electron tran-
sistor (SET) arrangement. Here, we have cho-
sen a simpler, coarse implementation to detect
the Hall voltage and current distribution in dis-
crete steps across the sample. The sample not
only has contacts along its perimeter, but is also
fitted with an array of internal contacts. The
geometry is depicted in an inset in Fig. 23(a).
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Figure 23: (a) Time dependence of the microwave induced photo-voltages. Photovoltages were measured
simultaneously across different pairs of adjacent contacts of column B. Curves are offset for clarity. At t = 0
the microwave radiation has been turned off. The data were recorded for a field B = –95 mT at a temperature
of 0.5 K. The incident microwave radiation has a frequency f = 48.1 GHz and a power of P = –2 dBm. The
inserts at the top show a schematic of the sample with internal and external voltage probes. These probes
are denoted by a column letter (A-C) and a row number (1-5). The left and right insert also contain closed
loops, which indicate the net Hall current flow direction in between the contacts, corresponding to the two
different voltage levels of the telegraph signals. (b) Magnetic field dependence of the characteristics of the
telegraph signals. Left axis: The average amplitude of the photo-voltage pulses, Apulse (blue diamonds), and
the average time between pulses, Tpulse (green triangles), for the telegraph signal measured at a temperature
of 0.5 K between contacts B1 and B2 at a microwave frequency f = 50 GHz with power P = –1 dBm. Also
shown is the magnetoresistance recorded between contacts C1 and B1 (black curve) as well as C5 and B5
(gold colored curve). The inset clarifies the definition of pulse amplitude Apulse, the time between pulses
Tpulse.

A coarse distribution of the Hall voltage is ob-
tained by recording the voltages across all ad-
jacent contact pairs of a single column. In ad-
dition time is introduced as a crucial parame-
ter. Photo-voltages are tapped from a set of four
adjacent contact pairs across the sample width.
They are amplified and all simultaneously mea-
sured with a multi-channel high speed oscillo-
scope.

The outcome of such an experiment is shown in
Fig. 23(a) for contacts of column B [4]. Curves
are offset for clarity. The data were recorded in
the absence of net current flow. At time t = 0
the microwave radiation is turned off in order

to display the zero voltage level for all sig-
nals (t> 0). Contrary to expectation the volt-
ages measured in the presence of microwaves
(t< 0) are not constant in time under certain
experimental conditions but rather switch be-
tween two different values. The signals are rem-
iniscent of so-called popcorn or bi-stable noise,
also commonly referred to as random telegraph
signal. Even though these pulse sequences in
Fig. 23 look quite regular, we commonly ob-
served more erratic sequences. The voltages be-
tween different contact pairs all switch syn-
chronously. The development of a non-zero
voltage UBi,Bj implies that a net Hall current
IBi,Bj = UBi,Bj

ρH
flows in between contacts Bi and
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Bj and this current switches between two differ-
ent values. If no net current flows through the
sample, these currents should produce closed
loops. In the insert to Fig. 23, we give two
schematics of the simplest net current distri-
bution compatible with the two voltage levels
(configurations I and II) measured for each pair
of contacts. We restricted ourselves to current
loops of the same sign, compatible with the
measured voltages and the Hall resistance sign,
and to the minimal number of loops necessary
to reproduce the measured voltages.

The pulse sequences are characterized by two
very different time scales: The pulse length and
the switching time corresponding to the pulse
fronts. The former reflects the time the sys-
tem stays within a given current configuration.
The latter is determined by the system dynam-
ics during the transition between the two cur-
rent configurations. The switching time is al-
ways very short. We can only give an upper
limit for it, because of the necessity of a low-
pass filter to remove the high-frequency noise.
It is less than 10−5 s. The pulse width strongly
depends on the experimental conditions (see be-
low), but clearly the ratio of the pulse length to
the switching time can exceed 1000.

We stress that the voltage pulses were ob-
served only in the regime where the longitudinal
magnetoresistance tends to zero, i.e., where a
microwave induced zero resistance state forms.
This assertion is proved in Fig. 23(b). It plots
the magnetic field dependencies of the longi-
tudinal magnetoresistance measured at the top
(contacts C5 and B5) and bottom (contacts C1
and B1) of the Hall bar as well as the am-
plitude of the photovoltage pulses (for contact
pair B1,B2) and the average time between two
pulse events Tpulse. Both the pulse amplitude
and Tpulse show narrow peaks located within
the magnetic field interval where the magneto-
resistance approaches zero and exhibits a wide
minimum.

Not only the magnetic field but also the bath
temperature and the microwave power strongly

affect the pulse amplitude and the average time
between two pulses Tpulse. Both quantities de-
crease with increasing temperature as seen in
Fig. 24. The influence of the temperature on the
pulse amplitude is weak. The average pulse dis-
tance Tpulse however drops down more than one
order of magnitude when temperature increases
from 0.5 K in Fig. 24(a) to 1.3 K in Fig. 24(b).
The temperature dependence of T −1

pulse is dis-
played in Fig. 24(c). The high-temperature part
can be described by a thermal activation law
T −1

pulse ∝ exp(−Ea/kBT) with an activation en-
ergy Ea = 3 K. The data saturate at low temper-
ature, which may be caused by sample heating.

Figure 24: Temperature dependence of the tele-
graph signals. Raw experimental data for
f = 50 GHz, P = –1 dBm, and B = 97 mT at T = 0.5 K
(a) and 1.3 K (b). Only a small part of the traces
with a total length of 5 s is shown. (c) The inverse
of the average pulse distance W = T −1

pulse, versus the
inverse temperature. Solid circles are the data points
obtained from the data traces partly shown in (a) and
(b). The solid line corresponds to thermally activated
behavior T−1

pulse ∝ exp(−Ea/kBT) with Ea = kB⋅3.0 K.
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The observation of synchronous photo-voltage
pulses can be interpreted within existing the-
ories predicting the formation of current do-
mains. At present, we do not see an alternative
explanation. The voltage/Hall current domains
form when the incident radiation is strong
enough to render the dissipative resistivity ρLat
low current density negative, because a homo-
geneous current state in a system with nega-
tive resistivity is unstable with respect to any
potential or current fluctuations. Static domain
configurations in the presence of disorder have
been addressed using a Lyapunov functional as
a way to determine the stability and steady state
of the system. Here, each Hall voltage or cur-
rent configuration would be ascribed to a partic-
ular domain pattern. The Lyapunov functional
can have nearly equivalent minima and ther-
mal fluctuations for example cause spontaneous
transitions between them. This is supported by
the temperature dependent behavior of Tpulse in
Fig. 24. Upon increasing the temperature, the
system remains in a particular configuration for
a reduced time only. The existence of two nearly
equivalent minima or current configurations is
in some sense coincidental. It depends on de-
tails such as the sample geometry, the long-
range random potential and the microwave field
distribution. Therefore, we anticipate that such
spontaneous transitions can only be observed in
some narrow range of experimental parameters.
Indeed, this is consistent with our findings.

In conclusion, time-dependent behavior is ob-
served in microwave-induced voltages tapped
off from internal contacts. Random telegraph
signals, which are synchronous for different
pairs of contacts, are observed. They imply ir-
regular transitions between two different volt-
age/current distributions in the sample. This
time-dependent behavior is restricted to the nar-
row magnetic field range where the magneto-
resistance drops to zero as a result of the in-
cident microwave radiation. It provides com-
pelling evidence for the predicted intrinsic in-
stability of the system under such conditions
and inhomogeneous current flow in the form
of a current domain pattern. Domain formation
frequently occurs in systems that are kept un-
der a sustained non-equilibrium as here and in
some cases these are true examples of sponta-
neous symmetry breaking because two or more
domain patterns are equally possible.
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Magnetic and transport properties of YBCO-based trilayers
with ultra-thin ferromagnetic LCMO barriers

S. Soltan, J. Albrecht, G. Logvenov and H.-U. Habermeier

Currently, investigations of proximity effects
occurring at interfaces of complex oxides with
strong electron correlation attract increasing
attention. This is a consequence of the sub-
stantial progress in complex oxide thin film
technology during the past decade, yield-
ing single crystal-type epitaxial thin films
and excellent heterostructure growth control.
By combining different oxide layers, inter-
faces with functionalities different from the
constituents have been realized including a
high mobility electron gas, interface supercon-
ductivity and interface magnetism [1]. Cur-
rently, the interest in interfaces between ferro-
magnetic manganites (e.g., La2/3Ca1/3MnO3–
LCMO) and high-temperature superconduc-
tors (e.g., YBa2Cu3O7–YBCO) is stimulated
not only by fundamental questions aimed
to understand the relation between the elec-
tronic and crystallographic structures and thus
the interface properties but also by po-
tential applications of oxide superconduc-
tor/ferromagnet/superconductor (SFS) Joseph-
son junctions in superconducting electronics
and quantum computing. Here, supercurrents
flowing across the junctions are the property of
interest. Whereas progress in understanding of
the interface physics of oxide heterostructures
with antagonistic long-range order (e.g., fer-
romagnetism and superconductivity) has been
made during the past years [2] little is known
about the feasibility to fabricate cuprate based
oxide SFS junctions and a subsequent explo-
ration of their properties is missing. The diffi-
culty to accomplish this goal is a technological
one and arises from the length scales required to
obtain a supercurrent flowing across the inter-
face which is determined by the relation of the
thickness of the barrier and the superconduct-
ing coherence length, ξ. In YBCO the super-

conducting coherence length is extremely small
and highly anisotropic (ab-YBCO = 1.2 nm,
ξc−YBCO = 0.1 – 0.2 nm). To realize planar junc-
tions, the barrier thickness must be in the range
of ξ, therefore heterostructures with copper
oxygen (CuO2) planes perpendicular to the bar-
rier with thicknesses ≈ 1nm are required; they
are experimentally achievable if one can de-
posite high quality (110) oriented YBCO films
with a ferromagnetic layer in between. In these
heterostructures ξab is pointing perpendicular to
the film plane. We show that it is possible to
create such barriers of LCMO in between two
layers of optimally doped YBCO that fulfill the
prerequisites for the fabrication of oxide SFS
Josephson junctions.

As a first step towards this goal we prepared
trilayer structures where the superconducting
CuO2 planes can be either parallel or per-
pendicular to the interfaces and investigated
their structural quality, magnetic and trans-
port properties across the ferromagnetic layer.
The latter case can be achieved by a prepa-
ration process according to the previously de-
veloped template technique. A template layer
of non-superconducting PrBa2Cu3O7 (PBCO)
with a thickness of 50 nm is deposited by
PLD on SrTiO3 (STO) single crystals with
(110) orientation at T = 650∘C and an oxygen
pressure of 40 Pa. Subsequently, the desired
YBCO/LCMO/YBCO heterostructures are de-
posited at 730∘C at the same oxygen pressure.
Full oxygenation has been achieved by anneal-
ing the samples at 530∘C in oxygen of 105 Pa
for 30 minutes followed by a slow cooling to
room temperature. Samples have been prepared
consisting of YBCO layers with orientations in
either (110) or (001) direction with LCMO lay-
ers in between with a thickness of nominally
1 nm or 2 nm, respectively.
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Figure 25: (a) Sketch of the samples used in this work. An ultra-thin ferromagnet is neighbored by two
YBCO layers. (b) Θ–2Θ scans of the trilayer, (c) Pole-figure for YBCO (117) plane.

In Fig. 25(a) a sketch of one of the samples
used in this study is displayed. It corresponds
to a nominally 1 nm thick LCMO film in be-
tween two 50 nm thick YBCO films with (110)
orientation. LCMO films with a thickness of
about 1 nm consist of about 3 unit cells (u.c.);
therefore two out of three u.c. are exposed to
a neighboring YBCO layer and their proper-
ties are strongly influenced by them, as found
in many studies of LCMO/YBCO hybrids and
superlattices.

The film orientation and phase purity (see
Fig. 25(c)) of these heterostructures were
checked by X-Ray Diffraction techniques
(XRD). The pole figure for the YBCO (117)
plane is shown in Fig. 25(b). The pole figure
was taken at the angle 78.07∘, where there
are only diffraction peaks originating from the
YBCO (117) plane and no overlap with diffrac-
tion peaks of the LCMO occurs.

To characterize these heterostructures the mag-
netization versus magnetic field, M(H) and
temperature, M(T) has been measured using
a SQUID magnetometer. Figure 26 shows
data from a YBCO/LCMO/YBCO trilayer with
(110) orientation of the YBCO layers and
a nominally 1 nm thick LCMO barrier layer
in an external field of 100 Oe oriented par-
allel to the film plane and perpendicular to

the CuO2 planes. The figure displays the zero
field cooled Mzfc(T) (blue) as well as the field
cooled Mfc(T) (red) magnetization data. The in-
set shows the blown-up data for the temperature
range 100 K<T < 300 K.

Figure 26: Magnetization measurements – zero
field cooled Mzfc(T) (blue) and the field cooled
Mfc(T) (red) – in an external field of 100 Oe par-
allel to the film plane and perpendicular to the
CuO2 YBCO planes of a YBCO–LCMO–YBCO
trilayer with a 1 nm LCMO barrier. The in-
set shows the blow-up of the temperature range
100 K< T < 300 K to identify the ferromagnetic
transition TCurie ≈ 250 K.

The curves show a diamagnetic signal at
T ≈ 85 K, which is identified as the supercon-
ducting transition temperature Tc. The mag-
nified curve shows a positive signal below
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T ≈ 250 K which is considered as a transition
to the ferromagnetic ordered state. We con-
clude, that the trilayer with a 1 nm thick LCMO
film has a superconducting transition tempera-
ture Tc ≈ 85 K and a ferromagnetic Curie tem-
perature TCurie ≈ 250 K close to the bulk value
TCurie ≈ 275 K. It is remarkable that a 3 u.c.
thick LCMO layer shows such a high ferromag-
netic ordering temperature.

Figure 27: The magnetization versus magnetic field
M(H) measured at T = 5 K (blue) and at T = 100 K
(red) for (110) oriented samples with a LCMO bar-
rier thickness of 2 nm (top) and 1 nm (bottom).

Figure 27 shows the magnetization curves
M(H) for (110)-oriented samples measured at
T = 5 K (blue) and at T = 100 K (red). The ex-
ternal field was applied parallel to the film sur-
face, i.e., perpendicular to the CuO2 planes. The
hysteresis loops of YBCO/LCMO/YBCO tri-
layers at T = 5 K (blue) show similar behavior
as a single superconducting YBCO film with
strong pinning. We find a large irreversibil-
ity and a strong diamagnetic slope of the vir-
gin curve. The maximum value of the mag-
netization (≈ 5⋅10−4 emu) is found for (110)
YBCO/LCMO/YBCO trilayer with 1 nm thick
LCMO layer grown on STO (110). For the
sample with a 2 nm thick barrier a value of
≈ 2⋅10−4 emu was measured. This difference
might be caused by the presence of a supercur-
rent across the 1 nm LCMO barrier in the (110)
YBCO/LCMO/YBCO trilayer. The thickness of
superconducting layers is in both cases less than
the magnetic penetration depth. At T = 100 K,
well above the superconducting transition, we
see a hysteresis loop typical for a ferromag-
netic material. For both samples with 1nm and
2 nm thick LCMO layer we find comparable
values for coercive field, remanence and satu-
ration magnetization. The result identifies the
LCMO layer to be in both cases in a ferromag-
netic state, the relevant data for all samples are
given in Tab. 1.

Table 1: Summary for all prepared samples of YBCO/LCMO/YBCO on SrTiO3
(001) and (110) orientations. The all ordering temperature extracted from the mag-
netization measurements.

YBCO / LCMO / YBCO Substrate Orientation Tsc [K] Tfm [K] Ms [emu]

001 85 220 2.11⋅10−6
50 nm / 1 nm / 50 nm SrTiO3

110 86 250 1.07⋅10−6

001 85 210 1.90⋅10−6
50 nm / 2 nm / 50 nm SrTiO3

110 84 240 0.75⋅10−6
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Figure 28: IV-curves of (a) (110) and (b) (001) ori-
ented YBCO-based trilayers with a 1 nm LCMO
barrier.

Finally, current voltage (IV) characteristics
across the ferromagnetic junctions with a
LCMO barrier of 1 nm thick for both (001) and
(110) cases have been measured at ≈ 5 K where
the YBCO blocks are in the superconduct-
ing state. For this purpose the mesa-type junc-
tions structure have been fabricated with lateral
dimension of 300 µm× 200 µm using conven-
tional photolithography and ion milling. The re-
sults are depicted in Fig. 28. In case of the (110)
sample with 1 nm LCMO barrier (red curve) we
find a current voltage characteristic with critical
current Ic ≈ 1⋅10−5 A up to which value there
is no dissipation and electrical voltage across
the barrier (V = 0). In comparison, IV-curve for
(001) sample with 1 nm LCMO barrier does not

indicate any superconducting transport at all.
The final proof that the observed superconduct-
ing current is caused by the spin-triplet mech-
anism of the electrical transport current across
the thin ferromagnetic barrier can only be found
after systematic study of this type of structures
with reduced junction area. This has to include
the temperature and magnetic field dependence
of the superconducting critical current, Ic(H).
These experiments are currently underway.

In conclusion, we have successfully fabricated
ultra-thin ferromagnetic LCMO layers in be-
tween two epitaxially grown YBCO films in
(001) and (110) orientation, respectively. For
both orientations of the superconductors we
have found a clear ferromagnetic response of
1 nm and 2 nm thick LCMO films. These oxide
SFS trilayers with (110) YBCO electrodes and
thin LCMO barriers allow the realization of
the oxide SFS Josephson junctions with a fer-
romagnetic barrier thickness thinner than the
corresponding coherence length. First transport
measurements indicated the finite supercurrent
flowing across this barrier.
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Raman scattering at pure graphene zigzag edges
B. Krauss, P. Nemes-Incze1, V. Skakalova, L.P. Biro1, K. von Klitzing and J.H. Smet

The electronic states associated with a graphene
edge have been the focus of intense theoretical
research even before the experimental isolation
of graphene. The edge is either formed by car-
bon atoms arranged in the zigzag or armchair
configuration as shown in Fig. 29(a). Zig-zag
edges are composed of carbon atoms that all

belong to one and the same sublattice, whereas
the armchair edge contains carbon atoms from
either sublattice. This distinction has profound
consequences for the electronic properties of
the edge states. For instance a ribbon terminated
on either side with a zigzag edge has an almost
flat energy band at the Dirac point giving rise to
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Figure 29: Raman double resonance mechanism in graphene and at the edge. (a) Atomic structure of the
edge with armchair (blue) and zigzag (red) chirality. The edge can transfer momentum along the defect
wavevector d⃗a and d⃗z (blue and red arrows, respectively). (b) Schematic illustration of the double resonance
mechanism responsible for the defect induced D peak (see text). (c) First Brillouin zone of graphene and the
double resonance mechanism in top view. Only the armchair edge supports elastic intervalley scattering of
the electrons or holes.

a large peak in the density of states. The charge
density for these states is strongly localized
on the zigzag edge sites. Such localized states
are entirely absent for a ribbon with armchair
boundaries. A plethora of different effects as-
sociated with the distinct electronic structure
of these graphene edges has been predicted by
theory. Devices with pure edge chirality to ex-
ploit the specific properties of each edge config-
uration have been put forward. For zigzag rib-
bons electrostatically controllable valley filters
and valves have been dreamed up as devices ex-
ploiting the unique features of graphene.

To unlock this physics at the edge of graphene,
one should first be able to produce devices that
possess boundaries with a pure edge chirality
and to identify that they have high chiral pu-
rity. The observation that mechanically exfoli-
ated flakes frequently exhibit corners with an-
gles that are an odd multiple of 30∘ initially
raised hopes in the community that one edge at
such a corner is of the pure zigzag type, while

the other possesses the armchair configuration.
Atomic resolution scanning tunneling micros-
copy (STM) and transmission electron micros-
copy (TEM) at first sight seem predestined to
demonstrate that this statement is correct. In
practice however TEM at the edge is too in-
vasive. The edge is modified in situ and be-
comes decorated with unintentional dirt. STM
was successfully used to produce and visual-
ize edges on highly oriented pyrolytic graphite
(HOPG). However these edges are not of pure
chirality, and since flakes are commonly pro-
duced on an insulating SiO2 layer, STM is ham-
pered. Inelastic light scattering has been put for-
ward as a potential technique to unequivocally
distinguish clean armchair and zigzag edges.
The so-called defect or D peak serves as the
litmus test. This peak originates from a dou-
ble resonance process. One of the possible pro-
cesses is elucidated in Fig. 29(b) and 29(c) in
momentum space. An electron-hole pair is cre-
ated (illustrated by the green arrow) by an in-
coming photon with energy ℏωin in one of the
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valleys located at the K-point (or K′) of the Bril-
louin zone boundary. The electron (or hole) is
then inelastically scattered by a large momen-
tum (⃗q) zone boundary phonon (black arrow)
to an inequivalent Dirac valley at the K′-point
(or K-point). An elastic backscattering event re-
turns the electron (or hole) to the original val-
ley (blue arrow in Fig. 29(b)), where it com-
pletes its Raman roundtrip transition by recom-
bining with its companion hole (or electron) in
the course of emitting Raman light at frequency
ωout.

In view of the small photon momentum, Raman
emission occurs only if the elastic backscatter-
ing process involves a momentum transfer equal
to –⃗q (both in absolute value and direction) in
order to fulfill overall momentum conservation.
This can not be accomplished by a zigzag edge.
Along the crystallographic edge direction, mo-
mentum remains conserved. Backscattering can
only proceed in a direction perpendicular to the
edge. For a zigzag edge the momentum can only
be transferred in a direction d⃗z which does not
allow the electron to return to the original valley
in reciprocal space (Fig. 29(a) and 29(c) red ar-
row). Conversely, an armchair edge can convey
momentum in the proper direction (⃗da). All in
all, only an armchair edge would contribute to
the Raman D peak. A zigzag edge would remain
invisible in the D peak.

Several Raman studies were reported on flakes
exhibiting corners that are odd multiples of 30∘.
In all cases, the Raman defect line (D peak)
from both edges showed similar intensities. The
disparity was less than a factor of 2, and the D
peak certainly did not vanish for one of the sides
as expected and predicted by theory. An exam-
ple is shown in Figs. 30(a) and 30(b). Here the
Raman measurements were performed with a
scanning confocal setup using circularly polar-
ized light. From these experiments on mechan-
ically exfoliated flakes either one of two con-
clusions must be drawn: The theory on the in-
elastic light scattering at the graphene edge is
flawed or neither of the edges microscopically
consists of pure zigzag chirality even though the

average direction aligns with the zigzag crys-
tallographic orientation. Most likely, the second
scenario holds, and both edges are composed of
a mixture of both zigzag and armchair sections.
Note that there are no geometrical constraints
which would prevent forming an edge solely out
of armchair terminated sections with a different
orientation so that on average the edge follows
the zigzag crystallographic direction.

Figure 30: (a) Spatially resolved Raman D peak
intensity of a micromechanically cleaved graphene
sample. The angles were determined from the AFM
image shown in (b).

This setback has stimulated the search for
anisotropic etching procedures that rely on the
distinct chemical stability and reactivity of both
edge types in order to create edges with a spe-
cific chirality. Recently two such techniques
have emerged. The first method relies on the
dissociation of carbon located at the graphene
edge into Ni nanoparticles, which subsequently
act as catalysts for the hydrogenation of carbon
at high temperature. A second method is based
on the carbo-thermal reduction of SiO2 to SiO
which consumes carbon from the edge in the
process. The reaction converts unintentional de-
fects or pre-patterned round holes into hexagons
all of which have their sides aligned along the
same crystallographic orientation. The orienta-
tion of the flake was verified using atomic res-
olution STM images away from the edge but in
the vicinity of the etched holes, and the edge
direction was confirmed to be along the zigzag
direction. An example of these hexagons is dis-
played in Fig. 31(e).
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Figure 31: AFM images and Raman maps of graphene flakes containing round or hexagonal (top or bottom
panels, respectively) holes. (a) and (e) AFM images of the round and hexagonal holes. (b) and (f) Intensity
map of the Raman G peak. The G peak intensity is uniform across each flake except at the location of
the holes. These holes appear black (no graphene). The region where the AFM image was taken has been
demarcated by a rectangle. (c) and (g) Intensity map of the disorder-induced D peak. The D peak intensity
is high in the vicinity of round holes (c). On the contrary, the D peak intensity is not enhanced near the
hexagonal holes in (g). (d) and (h) The full Raman spectrum recorded on a round and a hexagonal hole
marked in (a) and (e).

The Raman investigations were carried out on
samples prepared with this last method produc-
ing hexagonal holes. For the sake of compar-
ison, we also examine edges of round holes in
graphene obtained under conditions where etch-
ing is isotropic. For round holes such edges
consist inevitably of a mixture of armchair
and zigzag sections. Figure 31 displays Raman
maps of the G and D peak intensity for the
round (panel (b) and (c)) and hexagonal holes
(panel (f) and (g)). The G peak associated with
the zone-center in-plane stretching eigenmode
reveals sp2 carbon-carbon bonds. White and

black correspond to high and zero intensity, re-
spectively. Obviously the intensity is low at the
round and hexagonal holes, as can be verified
by comparing with the AFM images on the
left. The intensity does not vanish because the
diffraction limited laser spot is comparable in
size with the etched holes. The D peak inten-
sity is large near the round holes. The important
result can be seen in the D peak intensity map
of the sample with hexagonal holes (Fig. 31(g)).
The intensity is homogeneous across the sam-
ple, and no maxima appear near the hexagonal
holes as it is the case for round holes.
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Panel (d) shows the full Raman spectrum
recorded at the round hole marked with the red
square in Fig. 31(a). It can be compared with the
spectrum (Fig. 31(h)) obtained from the hexag-
onal hole demarcated in blue in panel (e). As
the intensity of all Raman peaks also depends
on, e.g., the amount of graphene probed, laser
intensity etc., it is common not to look at the
absolute intensity but rather at the ratio of two
peaks. Here we focus on the ratio of the D to
the G peak intensity I(D)/I(G). The D peak in-
tensity for the hexagonal hole is one order of
magnitude smaller than that for the round hole
(26%). The D peak intensity for regions with-
out holes (bulk) is not zero but approximately
equal to 0.02. We attribute this to some im-
perfections generated during the preparation of
the sample. This background is also visible in
the Raman map in Fig. 31(c) and 31(g). The
laser beam exposes part of the bulk region, and
the exposed surface represents a large fraction
in comparison with the one-dimensional edge.
Therefore this background should be subtracted
from the measured peak intensities. Taking this
into account the ratio I(D)/I(G) for the bound-
aries of the hexagonal holes is up to a factor of
30 smaller than for the edges of round holes.

It points to a strong discrimination between the
different crystallographic chiralities.

In summary, we have demonstrated that hexag-
onal holes obtained by anisotropic etching are
bounded predominantly by zigzag edges which
do not contribute to the D peak in Raman spec-
troscopy. Conversely, the absence of a signifi-
cant D peak near such edges supports a posteri-
ori the validity of the Raman theory which has
been developed for graphene edges but could
not be confirmed on the corners of mechani-
cally exfoliated flakes. The fabrication of edges
with a clean zigzag configuration represents a
powerful additional capability in the graphene
toolbox. It may be used as a straightforward
technique to identify the crystallographic orien-
tation of graphene flakes. By appropriate pre-
patterning, hexagons may be arranged so as
to form constrictions or one-dimensional chan-
nels terminated on either side by pure zigzag
edges. Also more advanced low-dimensional
structures, such as quantum dots bound exclu-
sively by zigzag edges, are conceivable.

1 Research Institute for Technical Physics and Materials
Science, Budapest, Hungary

Orbital reflectometry of oxide heterostructures
E. Benckiser, M.W. Haverkort, A. Fraño, O.K. Andersen, G. Cristiani, H.-U. Habermeier,

A.V. Boris, I. Zegkinoglou, V. Hinkov and B. Keimer

The electronic properties of transition metal ox-
ides (TMOs) are determined by the interplay of
the spin, charge, and orbital degrees of freedom
of the valence electrons. In bulk TMOs, spatial
variations of the d-orbital occupation are known
to generate a multitude of electronic phases
with radically different macroscopic properties,
and the influence of ‘orbital reconstructions’ on
the physical properties of surfaces and inter-
faces is currently a subject of intense investiga-

tion. At present, however, only the spatial aver-
age of the orbital occupation can be determined
in a facile and quantitative manner, by means
of X-ray linear dichroism (XLD), a method that
relies on the excitation of core electrons into
the valence d-orbitals by linearly polarized pho-
tons. Methods used to determine site-specific
variations of the orbital occupation in the bulk
are mostly qualitative and/or require extensive
model calculations that add substantial uncer-
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tainties. Even less information is available on
orbital polarization profiles near surfaces and
interfaces, which are currently in the center of
a large-scale research effort driven by prospects
to control and ultimately design their electronic
properties [1]. Since the orbital occupation de-
termines the electronic bandwidth and the mag-
netic exchange interactions at and near the inter-
faces, detailed experimental information on the
orbital polarization is essential for the design of
suitable heterostructures.

Figure 32: Momentum-dependent X-ray reflectiv-
ity of the (4 u.c. // 4 u.c.)× 8 LNO–LAO superlat-
tice for photon energies of (a) E = 8047 eV (Cu
Kα; hard X-rays), (b) E = 854.7 eV (Ni L3), and
(c) E = 872.2 eV (Ni L2). All data have been nor-
malized to 1 at qz = 0. The measurements in the soft
X-ray range have been performed with σ and π po-
larization of the incident X-rays (see sketch in (a)).
The solid black line is the best fit to the data when
using the Parratt algorithm. The fitted parameters,
roughness and thickness, are summarized in the ta-
ble below. The estimated error bars of the individ-
ual thicknesses and roughnesses are approximately
± 0.5 Å.

Here we show that it is possible to derive quan-
titative, spatially resolved orbital polarization
profiles from soft X-ray reflectivity data, with-
out resorting to model calculations. We demon-
strate that this new method is sensitive enough

to resolve differences of ≈ 3% in the occupa-
tion of Ni eg orbitals in adjacent atomic layers
of a superlattice, comprised of the paramagnetic
metal LaNiO3 (LNO) and the band insulator
LaAlO3 (LAO). The Ni3+ ions in LNO have a
3d7 electron configuration, and the nearly cubic
crystal field of the perovskite structure splits the
atomic 3d orbital manifold into a lower-lying
triply-degenerate t2g level occupied by six elec-
trons and a higher-lying doubly-degenerate eg
level with a single electron. While in bulk LNO
the two Ni eg orbitals (with x2–y2 and 3z2–r2

symmetry) are equally occupied, model calcu-
lations have suggested that the x2–y2 (in-plane)
orbital can be stabilized by epitaxial strain and
confinement in a superlattice geometry [2,3].

We have used pulsed laser deposition to grow
a (4 u.c. // 4 u.c.)× 8 LNO–LAO superlattice on
a SrTiO3 (STO) substrate (u.c.: pseudo-cubic
unit cell). The high crystalline quality and
strain-state of the sample were verified by
X-ray diffraction and reciprocal-space map-
ping. Transport and optical ellipsometry mea-
surements in combination with low-energy
muon spin rotation show that 4 u.c. thick LNO
layer stacks in LNO–LAO superlattices are
metallic and paramagnetic.

The reflectivity measurements in specular ge-
ometry for photon energy 8047 eV, far from
resonance in the hard X-ray range reflect the
high quality of the investigated superstructure
(Fig. 32(a)). At energies corresponding to the Ni
L3,2 resonances at 854.7 eV and 872.2 eV, we
observed superlattice peaks up to the third or-
der, denoted by SL (00l), l = 1, 2, 3 in Fig. 32.
To obtain a structural model of our superlat-
tice, we fitted the q-dependent data using our
newly developed reflectivity analysis program
ReMagX (‘X-ray magnetic reflectivity tool’
www.mf.mpg.de/remagx.html).

Figure 33(a) shows the X-ray absorption spec-
tra (XAS) measured in fluorescence-yield (FY).
Due to the vicinity of the strong La M4 white
lines, the Ni L3 line is only seen as a shoul-
der around 855 eV (see inset), but the Ni
L2 white line is clearly observed at 872 eV.
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Figure 33: (a) Polarization-dependent XAS spec-
trum across the Ni L2,3 edges for E ∥ x (in-plane)
and E ∥ z (out-of-plane) polarization. In the inset the
spectrum for E ∥ x in the full energy range includ-
ing the La M4,5 white lines is shown. (b) Polar-
ized spectra after substraction of a Lorentzian pro-
file fitted to the La M4 line shown together with re-
sults for Ni3+ XAS spectra with 5.5% higher x2–y2

occupation, obtained from the cluster calculation.
(c) difference spectra (E ∥ x – E ∥ z) calculated from
the measured (blue points) and calculated data (or-
ange line) shown in the middle panel.

The dichroic difference spectrum, shown in
Fig. 33(c), clearly shows dips at the Ni L3
and L2 white line energies, which we at-
tribute to natural linear dichroism, reflecting an
anisotropy of the charge distribution around the
Ni ions. To obtain a quantitative estimate of the
imbalance in eg band occupation, we applied
the sum rule for linear dichroism, which re-
lates the total integrated intensity of the polar-
ized spectra to the hole occupation. By defining
the orbital polarization as

P =
(nx2−y2 −n3z2−r2)

(nx2−y2 +n3z2−r2)
, (7)

with nx2−y2 and n3z2−r2 being the numbers of
electrons, we obtained P = 5± 2%. In addition
we performed a cluster calculation (Fig. 33(b)),
well-reproducing the observed dichroic differ-
ence for P = 5.5± 2%, in good agreement with
the result obtained from the sum rule. While in

XAS the averaged absorption of the LNO layers
is measured, i.e., XAS∝ 1

ω Im
(
f LNO
A + f LNO

B

)
for LNO layer stacks composed of two inner
layers with scattering factor f LNO

A and two in-
terface layers with f LNO

B (inset in Fig. 34), the
intensity of the (002) superlattice reflection of a
symmetric superlattice is mainly determined by
the difference F(002) ∝ (1 − i)

(
f LNO
B − f LNO

A

)
.

Taking advantage of this relation, we studied
the energy dependence of the reflected inten-
sity across the Ni L-edge for constant momen-
tum transfers qz in the vicinity of the (002)
superlattice peak and found a pronounced po-
larization dependence for σ and π polarized
light (Fig. 34; for the scattering geometry see
the inset in Fig. 32). A qualitative comparison
with the dichroic signal observed in the absorp-
tion spectra already shows a clear enhancement,
which indicates a modulation of orbital occu-
pancy within the LNO layer stack.

In order to confirm this conclusion and extract
quantitative information about the orbital oc-
cupation, we simulated the constant-qz scans
(right panels of Fig. 34), based on the struc-
tural parameters derived from qz-dependent re-
flectometry and the optical constants obtained
from FY-XAS. To model the observed polar-
ization dependence, a dielectric tensor ε̂ of
at least tetragonal symmetry has to be taken
into account. Within the framework of the op-
tical approach for multilayers, we implemented
formulae derived in magnetooptics. We mod-
eled our data with LNO layer stacks split into
four unit-cell thick layers, labeled A and B
in the following (inset in Fig. 34). For each
layer A and B we assumed a dielectric ten-
sor of tetragonal symmetry with complex en-
tries εjj (j = x,z) related to the scattering factors
f LNO
A and f LNO

B . In the case of a homogeneous
LNO stack with B and A layer having the same
dichroism, the measured averaged dichroism
was taken as input, i.e., εxx and εzz obtained
from the XAS for E ∥ x and E ∥ z, respectively.
The simulated constant-qz scans for the homo-
geneous LNO stack cannot reproduce the large
anisotropy observed in the experiment (see light
blue/orange lines in the right panels of Fig. 34).
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Figure 34: Energy scans of the reflectivity data with constant momentum transfer qz at two values close to
the (002) superlattice peak chosen from the q-dependent profiles (Fig. 32): qz = 0.409 Å−1 (top panels) and
qz = 0.415 Å−1 (bottom panels). While the experimental data are shown in the left panels, in the right ones
the corresponding simulated curves for LNO layers with (i) homogeneous orbital occupation within the LNO
layer stack (shifted by 4×10−5 for clarity) and (ii) modulated orbital occupation of PB = 7± 3% higher x2–y2

band occupation in the interface layers and PA = 4± 1% higher x2–y2 band occupation in the inner layers.
Experimental data and simulations are shown for σ and π polarization of the incoming photons. To correct
for the difference in absolute reflected intensity for σ and π polarization due to the vicinity of the Brewster
angle, we multiplied the data for π polarization with the factor cos(2θ)−2 obtained by approximation from
the Fresnel formulae. The inset shows a sketch of the investigated LNO–LAO superlattice with layer stacks
of four pseudo-cubic unit cells (u.c., see the red box). The modulation of the Ni 3d eg orbital occupation
along the superlattice normal z is depicted by a different mixture of x2–y2 and 3z2–r2 orbitals and modeled
with different scattering tensor f LNO

A/B (see text). The orbital occupation imbalance has been overstated for
clarity.

We therefore considered the case of a modu-
lated LNO stack with different x2–y2 band oc-
cupation in layers A and B, keeping the av-
eraged dichroism of 5.5± 2% obtained from
XLD fixed. The best agreement of simulations
and experiment is found for a stacking sequence
BAAB with PB = 7± 3% higher x2–y2 popula-
tion in the interface layers B and a PA = 4± 1%
higher x2–y2 population in the inner layers A.

In order to compare our results to the predic-
tions of ab initio electronic-structure calcula-
tions [2,3], we have performed LDA + U calcu-
lations for the particular superlattice geometry
studied in this work with 4 u.c. LNO. Using
equation (7), we obtain an orbital polarization
of 6% (3%) for the outer (inner) NiO2 layers

B (A), in excellent agreement with the experi-
mental result. Based on these LDA + U studies
we can attribute the layer-dependent modula-
tion of the orbital occupancy to a difference in
the bonding patterns of Ni ions in inner and
outer layers. Since the bonding pattern is bulk-
like in the inner layers, the relatively small or-
bital polarization is mostly due to strain. For
Ni ions in the outer layers, on the other hand,
the kinetic energy-gain by out-of-plane hop-
ping across the interface is suppressed due to
the closed-shell configuration of the neighbor-
ing Al3+ ion and its reduced hybridization with
oxygen. This explains the preferential occupa-
tion of the in-plane orbital in Ni ions adjacent
to the LAO layer.
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Portrait of the potential barrier at metal-organic nanocontacts
L. Vitali, G. Levita, R. Ohmann, K. Kern, A. Comisso1 and A. De Vita1

Electron transport through metal-molecule con-
tacts greatly affects the operation and perfor-
mance of electronic devices based on organic
semiconductors and is at the heart of molecu-
lar electronics exploiting single-molecule junc-
tions [1]. The electronic structure at the inter-
face between a bulk metal and an organic semi-
conductor thin film has been extensively stud-
ied and is commonly described in the frame-
work of a band alignment model at the interface
[2]. In the single-molecule case, however, this
model faces its limits. Chemical bonding be-

tween an organic molecule and a metal surface
can result in significant charge transfer and rear-
rangement, which depend critically on the local
atomic geometry. In this situation of a strongly
hybridized electronic system, a good indicator
of the physical and chemical processes deter-
mining the molecule-metal contact is the work
function, which for metal substrates is defined
as the energy difference between the vacuum
level far above the surface and the Fermi level
(see also Fig. 35(a)).

Figure 35: Potential barrier across the plane of a molecule-metal nanocontact. (a) Sketch of the work func-
tion on a clean metal (blue arrow) and at a conducting metal/organic interface (red arrow). (b) STM image of
a deprotonated PVBA molecule adsorbed on Cu(111) measured in constant-current mode (–0.1 V; 0.5 nA)
(inset shows a sketch of the adsorption geometry). (c) Simultaneously acquired map of the potential bar-
rier across the molecular plane extracted from measuring the tunneling current as a function of tip-sample
displacement (see bottom of (a)) at each point. (d) Work-function variation ΔΦ= 2(ΦMol –ΦCu) along the
molecular axis.
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A quantity closely related to the work func-
tion is the local barrier height experienced by
tunneling electrons during scanning tunneling
microscopy (STM) measurements. This barrier
can be used to measure a ‘position dependent
work function’. Here we measure for the first
time the local spatial variation of the potential
barrier of a single molecule-metal contact. As
a model system we use 4-[trans-2-(pyrid-4-yl-
vinyl)] benzoic acid, hereafter PVBA, deposited
in ultrahigh vacuum conditions on a copper
surface. The low-temperature STM measure-
ments reveal variations up to 1 eV across the
organic molecule. The giant modulation re-
flects the interaction between specific molecu-
lar groups and the metal and illustrates the crit-
ical processes determining the interface poten-
tial. Guided by our results we introduce a novel
scheme to locally manipulate the potential bar-
rier of the molecular nanocontacts with atomic
precision.

The topographic image of a single isolated
PVBA molecule adsorbed on Cu(111) is shown
in Fig. 35(b). Two white lobes and one ma-
jor depression area can be recognized. The
latter, which is associated with the oxygen-
terminated molecular side, enables the assign-
ment of the molecular orientation. The lo-
cal potential barrier is obtained by fitting the
tunneling current recorded while varying the
tip-sample distance (z). These two are related
through I ∝ exp(−2

√
2mΦ/ℏ× z ), where m is

the electron mass and Φ is the averaged work
function Φ= (ΦT +ΦS)/2 of tip and sample. The
averaged work function can be extracted from
the measurements as the slope of the logarith-
mic current plot as a function of z (Fig. 35(a)).
The potential barrier mapped for all lateral (x,y)
tip positions across the nanocontact is reported
in Fig. 35(c), revealing a characteristic spatial
dependence. Knowing the molecular structure
and its adsorption orientation, this spatial de-
pendence can be correlated with specific molec-
ular groups. A potential-barrier increase is seen
on the molecule, reflecting the shape of its
(hetero-) aromatic backbone, whereas a reduc-
tion is observed in a rim region surrounding

the molecule and is strongest near the oxy-
gen termination. The relative variation of the
work function with respect to the clean sub-
strate measured along the molecular axis is re-
ported in Fig. 35(d). This has been calculated as
ΔΦ= 2(ΦMol –ΦCu), where ΦMol and ΦCu are
the barriers measured on the molecule and on
the clean substrate, respectively. In this way, the
variation of the work function across the molec-
ular plane is independent from the work func-
tion of the tip.

To correlate these observations with the molec-
ular structure, we modeled the interaction of
a single PVBA molecule with the supporting
metal by means of density functional theory cal-
culations using the Quantum-ESPRESSO pack-
age (for details see Ref. [3]). We find that in
its stable configuration the molecule is ad-
sorbed planar on the surface and is chemically
bonded through its terminal oxygen and the ni-
trogen atoms, to Cu atoms of the first surface
layer. Owing to the strong reactivity of the car-
boxyl group on adsorption on the Cu surfaces,
the molecule is deprotonated. Our calculations
indicate that the molecule-substrate interac-
tion induces a substantial rearrangement of the
electron-density distribution on the molecule
and in its proximity on the metal surface. This
provides the most robust indicator of the local
modification of the surface dipole and of a mod-
ulation of the local potential barrier.

The electron-density distribution depicted in
Fig. 36 shows the accumulation (red) and deple-
tion (blue) regions at the molecule. The main
observed features are (1) a modulation of the
charge rearrangement on the molecular body
with a partial electron accumulation on the
molecule (Fig. 36(a)) and (2) a depletion from
the surface regions immediately close to the
molecular ends, more pronounced and laterally
extended at the carboxyl end of the molecule
(Fig. 36(b)). The calculations reveal a net nega-
tive electric-dipole distribution aligned with the
z-axis and located on the aromatic groups. Inte-
gration over this region gives an estimated total
dipole of –0.47 D. This also enables estimation
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of an excess effective charge of the molecule of
about –0.1 e. Using the dipole value and model-
ing the molecule as a flat capacitor the potential
energy drop across the interface is estimated as
0.23 eV, which is in fair agreement with the ex-
perimentally determined work function increase
above the aromatic backbone.

Figure 36: Charge-transfer map of deprotonated
PVBA absorbed on Cu(111). (a) Side view. (b) Top
view. Blue areas represent electron depletion, red ar-
eas electron accumulation. The color scale denotes
the local electron-density displacement in units of
Å−3. (c) Electron-density displacement in the z di-
rection for different positions around the Cu–O
bond. These are obtained by averaging the electron
density in slices in the xy-plane, as indicated as a
black rectangle in (b).

The second key feature of the molecule-
substrate interaction is the formation of an ex-
tended electron-depletion rim region surround-
ing the molecule (Fig. 35(c)). This is interpreted
as a screening effect originating from the net

negative charge distribution associated with the
molecule, leading to an opposite charging in
the surroundings. The depletion is more signif-
icant in the vicinity of the electronegative oxy-
gen atoms bonded with the metal substrate. The
lower potential barrier observed in front of the
carboxyl group reflects the strong chemical in-
teraction between the surface and this group,
which is the principal anchoring point on the
substrate for the adsorbed molecule. To form
a σ-bond with the oxygen atoms of the neu-
tral PVBA molecule, electrons from the sur-
rounding metal region must be provided, lead-
ing to a depletion of charge (Fig. 36(b)). The
electron-density displacement as a function of
the z coordinate, calculated for different posi-
tions along the molecular main axis, is reported
in Fig. 36(c). Purely negative displacement pro-
files indicating electron depletion are obtained
in a region of the surface extending up to 2.5 Å
from the carboxyl group. This effectively de-
termines a positive vertical dipole density most
pronounced in the area surrounding the Cu–O
bond in agreement with the barrier minimum
position in Fig. 35(d).

The capability to manipulate the built-in po-
tential at the metal-molecule interface is of
paramount importance for applications of or-
ganic molecules in any device entailing charge
injection. To this end the extreme sensitivity to
local charge rearrangements opens up new pos-
sibilities.

In Fig. 37 we demonstrate a dramatic local
decrease of the work function (about 1.4 eV)
by bonding a single copper atom to the pyri-
dine end of two PVBA molecules. Whereas
the drop of ΔΦ at the oxygen-terminated side
of the molecular complex resembles that ob-
served for the single PVBA molecule ad-
sorbed on Cu(111), a very significant de-
crease of the work-function is now visi-
ble at the center of the metal-organic com-
plex, where the Cu adatom is located. The
electron-density displacement map, shown in
Fig. 37(d), supports the experimental evidence.
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Figure 37: Manipulation of the potential barrier by
coordination bonding. (a) Sketch of the metal-or-
ganic complex. Two PVBA molecules are coordi-
nated by a single Cu atom at the N terminations.
(b) STM topographic image of the complex on
Cu(111). (c) Measured variation of the work–
function difference ΔΦ along the molecular axis.
(d) Charge-transfer map of the complex.

Charge accumulation (red) and depletion areas
(blue), not visible at the height position of this
projection, indicate the presence of a positive
induced dipole associated with electron-density

transfer from the molecule through the bridg-
ing Cu atom. Furthermore, on the formation of
a metal-organic bond at the N termination of
PVBA, a reorganization of charge occurs at the
molecular backbone. This lowers substantially
the effective electronic potential energy at the
pyridine group with respect to the clean copper
surface.

We believe that our findings relating the chem-
ical bonding of PVBA to Cu(111) and the
potential-barrier profile measured by STM may
apply more generally to the formation of a po-
tential barrier at the contact between an organic
molecule and a metal electrode. In addition to
illustrating these relations for a specific model
system, our study reveals that the potential bar-
rier can be monitored and manipulated in a con-
trolled and defined way with atomic precision.
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Unconventional superconductivity

Almost 100 years after its discovery, superconductivity remains one of the favorite playgrounds
for solid state physicists. In this section, new theoretical developments on the unconventional
properties of non-centrosymmetric superconductors and on the isotope effect in multi-band su-
perconductors are presented. Of relevance for the pseudogap problem in high-Tc cuprates, the
Ginzburg region close to the two dimensional quantum phase transition to a nematic state has
been investigated. A general method using maximum entropy has been developed to improve an-
alytical continuation of imaginary axis, necessary to compute response functions such as optical
conductivity in strongly correlated systems. First-principle methods have been used to investigate
the competition between magnetism and superconductivity in newly discovered BiOCuS, and to
study the conduction of confined electrons in nickelate heterostructures that could potentially lead
to high temperature superconductivity in these artificial structures. Finally, from the experimental
side, a new millikelvin high resolution spectroscopic imaging STM has been set up and tested.
It will afford to study superconductors with very low critical temperatures (e.g., heavy fermions
compounds).

New gauge modes in non-centrosymmetric superconductors
D. Manske, L. Klam and D. Einzel1

Triplet superconductors are believed to be more
exciting and interesting than singlet supercon-
ductors, because they open a new degree of
freedom – the spin. Unfortunately there are
very few examples of confirmed spin triplet su-
perconductors. According to Anderson’s theo-
rem [1] a necessary precondition for triplet su-
perconductivity is time reversal symmetry and,
in addition, the existence of an inversion cen-
ter. Based on this argument, the discovery of
bulk superconductivity in CePt3Si without in-
version symmetry by Bauer et al. in 2004 [2]
seemed quite surprising and attracted great in-
terest, since signatures of a singlet as well as
a triplet order parameter were observed in dif-
ferent response and transport measurements.
The resolution of this contradiction was pointed
out in the PhD-work by L. Klam [3]: The ab-

sence of an inversion center in the crystal struc-
ture gives rise to an antisymmetric spin-orbit
coupling (ASOC) characterized by γk, which
invalidates the classification of the supercon-
ducting order parameter with respect to spin
singlet/even parity and spin triplet/odd parity.
Thus, a linear combination of a singlet and
triplet component to the gap is, in general, pos-
sible for non-centrosymmetric superconductors
(NCS).

For analyzing the consequences of an ASOC
we have derived response and transport func-
tions for NCS from a kinetic theory. The start-
ing point is a generalized von Neumann equa-
tion which describes the evolution of the mo-
mentum distribution function in time and space,
and we have derived a linearized matrix-kinetic
(Boltzmann) equation in ω–q space.
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This resulting kinetic equation is a 4× 4 ma-
trix equation in both particle-hole (Nambu) and
spin space [3]. We have explored the Nambu-
structure and solved the kinetic equation quite
generally by first performing an SU(2) rota-
tion into the band-basis and second applying
a Bogoliubov-transformation into quasiparticle
space. The theory is particle-hole symmetric,
applies to any kind of antisymmetric spin-orbit
coupling, and holds for arbitrary quasiclassi-
cal frequency and momentum with ω≪EF and
∣q∣≪ kF [3]. In the following, we present one
important highlight of our theory: The discov-
ery of new gauge modes in NCS.

The gauge modes need to be derived from
the phase fluctuations of the order parameter
δΔ−

µ on both sheets of the Fermi surface de-
noted by µ,ν=±. Using the equilibrium gap
equation and a separable pairing-interaction
Vµν

kk′ =Γs + µνΓt∣γ̂k∣∣γ̂k′ ∣ where Γs and Γt repre-
sent the singlet and triplet contribution, we start
our analysis at (η= vk⋅q and λ is the Tsuneto
function [4]) from

∑
ν

δΔ−
ν (k)

∣Δν(k)∣∑k′
V µν

kk′
ω2 −η2

ν
4∣Δν(k′)∣λν(k′) =

∑
k′ν

V µν
kk′

ωδξ+ν (k′)+ηνδξ−ν (k′)
2Δν(k′)

λν(k′) .
(8)

These are two coupled equations (for µ =±)
which determine the phase fluctuations of the
order parameter δΔ−

ν (k)/2∣Δν(k)∣. In NCS,
one finds fluctuations on both spin-orbit split
bands. In order to calculate the dispersion of
the gauge modes, it is convenient to introduce
as an additional parameter the strength of the
spin-orbit coupling α, which can be used as ex-
pansion parameter:

γk = αγ̂k ; γ̂k =
γk√
⟨∣γk∣2⟩

Thus, the energy dispersion ξ and the order pa-
rameter Δ, which results from a linear combina-
tion of singlet- and triplet pairing, on both bands
read

ξ±(k) = ξk ±α∣γ̂k∣ ; Δ±(k) = ψ±dα∣γ̂k∣ ,
where ψ and d denote the strength of the singlet
and triplet order parameter, respectively.

Decoupling amplitude (δΔ+
µ ) and phase fluctuations (δΔ−

µ ) leads to

δΔ−
+

2∣Δ+∣ =
∑

p,p′
B+(p)A−(p′)

[∣γ̂p∣+ ∣γ̂p′ ∣
]
+B−(p)A−(p′)

[∣γ̂p′ ∣− ∣γ̂p∣
]

∑
p,p′

A−(p)A+(p′)
[∣γ̂p∣+ ∣γ̂p′ ∣

]

δΔ−
−

2∣Δ−∣ =
∑

p,p′
B+(p)A+(p′)

[∣γ̂p′ ∣− ∣γ̂p∣
]
+B−(p)A+(p′)

[∣γ̂p∣+ ∣γ̂p′ ∣
]

∑
p,p′

A−(p)A+(p′)
[∣γ̂p∣+ ∣γ̂p′ ∣

] ,

with the abbreviations

Aµ =
ω2 −η2

µ

2∣Δµ∣ λµ , Bµ =
ωδξ+µ +ηµδξ−µ

2Δµ
λµ .

Since the denominator is the same for the phase fluctuations on both bands, the gauge modes are
obtained from the poles of δΔ−

µ /2Δµ:

〈
ω2 −η2−

4∣Δ−∣ λ−∣γ̂k∣
〉〈

ω2 −η2
+

4∣Δ+∣ λ+
〉
+

〈
ω2 −η2−

4∣Δ−∣ λ−
〉〈

ω2 −η2
+

4∣Δ+∣ λ+∣γ̂k∣
〉
= 0 , (9)
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with ⟨...⟩ = ∑
k
.... This is a fourth order equa-

tion in ω which can be solved analytically
(not shown). However, we are interested in
the asymptotic behavior ω,q→ 0, only. In this
limit, the Tsuneto-function is just constant w.r.t.
the frequency and momentum transfer. In order
to continue an analytical evaluation, it is conve-
nient to expand the solution to the lowest order
in the spin-orbit coupling parameter α:

ω2
1,2 =

1
2

[ ⟨η2∣γ̂k∣λ⟩
⟨∣γ̂k∣λ⟩ +

⟨η2λ⟩
⟨λ⟩

]
+O(α2)±

[
1
2

∣∣∣∣ ⟨η2∣γ̂k∣λ⟩
⟨∣γ̂k∣λ⟩ − ⟨η2λ⟩

⟨λ⟩
∣∣∣∣+O(α2)

] (10)

Here, we neglected the effect of the spin-orbit
split bands, since ξµ(k)= ξk + µα∣γ̂k∣ α→0−→ ξ(k).
The prefactors of both O(α2)-terms are lengthy
and not shown here. Note that ∣γ̂k∣ does not
cancel in the numerator and denominator. Thus,
there are two distinct dispersions, even for arbi-
trary small ASOC.

Performing the momentum-integration over the
Fermi surface it is now possible to examine the
dispersion of the gauge modes for low frequen-
cies and different type of ASOC. Thus, we get
for ω,q,α→ 0 and ∣γ̂k∣∝ sinθ (Rashba-type of
ASOC, as e.g., in CePt3Si):
⟨η2∣γ̂k∣λ⟩
⟨∣γ̂k∣λ⟩ =

1
4

v2
F∣q∣2 (11)

For a γ̂k-vector with cubic or tetrahedral sym-
metry (as e.g., in Li2PdxPt3−xB or Ln2C3 with
Ln = La,Y), one obtains
⟨η2∣γ̂k∣λ⟩
⟨∣γ̂k∣λ⟩ =

1
3

v2
F∣q∣2 . (12)

For the highly symmetric cubic point group,
this result is not surprising, since the first term
γ̂k ∝ k̂ is pseudo-isotropic. Interestingly, the
second term for the cubic symmetry does not af-
fect the prefactor 1/3. Finally, for small ASOC
the dispersion of both gauge modes reads:

ω2
+ =

1
3

v2
F∣q∣2 +O(α2) Anderson-Bogoliubov mode

ω2
− =

⎧⎨
⎩

1
4 v2

F∣q∣2 +O(α2) for G =C4v

1
3 v2

F∣q∣2 +O(α2) for G = O and G = Td

Figure 38: Illustration of the new gauge modes for
NCS of tetragonal (green), tetrahedral and cubic
symmetry (both in red) before charge renormaliza-
tion. Both modes disperse for small momenta linear
in q, but reveal different slopes.

Thus, we found two gauge modes with linear
∣q∣-dispersion for NCS (Fig. 38 for a schematic
illustration). Of course, in charged Fermi sys-
tems, the gauge modes are shifted to the plasma
frequency, usually above the pair-breaking con-
tinuum, but this does not change the different
behaviors in the slope. One gauge mode (ω+)
can be identified (for α→ 0) as the well-known
Anderson-Bogoliubov mode. The second one
(ω−) appears only for broken inversion symme-
try and depends on the symmetry of the spin-
orbit vector γ̂k (which is determined by the
symmetry of the crystal structure). Thus, the
second mode is a characteristic fingerprint of
the presence of an ASOC and unique to NCS.
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Isotope effects in multi-band models for superconductivity
A. Bussmann-Holder, A. Simon, H. Keller1, R. Khasanov2, A.R. Bishop3 and A. Bianconi4

Multi-band models for superconductivity have
been considered soon after the BCS theory in
order to take into account the realistic electronic
structure of many superconductors. A realiza-
tion of these ideas has only been seen in 1982
in Nb doped SrTiO3 and later on been discussed
for cuprate superconductors. After the discov-
ery of MgB2 with clear signatures of multi-gap
superconductivity, many new and also known
superconductors have been classified as multi-
band multi-gap superconductors. The most re-
cent and prominent example is the class of
Fe based superconductors, where mixed pair-
ing symmetries are discussed. Especially, in this
latter compound recent experiments on isotope
effects on the superconducting transition tem-
perature Tc have arrived at controversial results,
namely a conventional isotope effect exponent
α [1,2] and a sign reversed one [3,4].

This finding was the motivation to evaluate the
isotope effect exponent α numerically within
the two-band model, without employing ap-
proximations. In this model isotope effects can
arise either from a single band, from both
bands, or from the interband interactions Vij.
The size of the isotope effect when stemming
from a single band is observed to be crucially
dependent on the ratio of the two superconduct-
ing gaps in the two bands (Fig. 39) and the re-
lated value of Tc.

For the larger gap the isotope exponent ap-
proaches the BCS value with decreasing Tc,
whereas for the smaller gap it tends to zero in
this limit. For elevated values of Tc both expo-
nents converge to the same value, namely 0.25,
i.e., half the BCS value. In the case that both
superconducting channels in the two bands are
phonon mediated, the full BCS value results, as
one would expect. If – on the other hand – both
pairing channels stem from other than lattice

mediated mechanisms then the isotope effect
vanishes. An interesting aspect relates to the in-
terband pairing channel which alone could be
a lattice mediated one, with the two intraband
channels stemming from other interactions. In
this case (see inset to Fig. 39) a very strong de-
pendence of the isotope exponent α on Tc is
seen: It increases strongly with increasing Tc to
reach a maximum at a substantially enhanced
value as compared to the BCS value and then to
decrease slowly with further increases in Tc.

Figure 39: The isotope exponent α as a function
of Tc. The open circles refer to the isotope expo-
nent stemming from the larger gap channel being
phonon (ωi) mediated and the smaller one originat-
ing from any other pairing interaction, whereas the
open squares refer to the reversed situation. The in-
set to the figure shows the dependence of α on Tc
if only the interband interaction Vij is due to elec-
tron-phonon interactions.

The above results apply to harmonic cases. Lat-
tice anharmonicity is known to affect the iso-
tope exponent, but taken this also into account
is beyond the present approach. To conclude,
a numerical investigation of the isotope effect
arising in a multi-band superconductor reveals
that the isotope effect depends on the supercon-
ducting transition temperature and the pairing
channel. It is suppressed from the BCS value as
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long as single intraband pairing potentials are
lattice mediated. It can become zero, if both po-
tentials stem from other pairing sources. It can,
however, not be sign reversed, which does not
imply that the corresponding experiments are
wrong, but that some novel mechanism must
be at work. An isotope exponent larger than the
BCS one can result under the assumption that
only the interband pairing potential is phonon
mediated.
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Ginzburg region and pseudo gap near a nematic instability
J. Bauer, W. Metzner, P. Jakubczyk1 and H. Yamase2

Instabilities of the normal metallic state lead to
a rich variety of quantum phase transitions in
interacting electron systems. Near a quantum
critical point electronic excitations are strongly
scattered by order parameter fluctuations such
that Fermi liquid theory breaks down [1]. The
fluctuation effects and the ensuing non-Fermi
liquid behavior are particularly pronounced in
two-dimensional systems. It is therefore not
surprising that quantum critical fluctuations are
frequently invoked as a mechanism for the
enigmatic strange metal behavior observed in
cuprate superconductors and other layered cor-
related electron compounds.

Theoretical works mostly focussed on the quan-
tum critical point and its extension into the
quantum critical regime at finite temperature,
where quantum fluctuations are particularly im-
portant. Less attention has been paid to the
Ginzburg region near the critical temperature,
which is characterized by strongly interacting
classical order parameter fluctuations. This is
somewhat unwarranted since classical critical
fluctuations also affect electronic excitations
very strongly.

A quantum phase transition in two-dimensional
electron systems which has attracted consider-
able recent interest is the transition to a so-
called nematic state [2], where the point group
symmetry of the underlying square lattice is
spontaneously broken to rectangular symme-
try. There is growing evidence that a nematic
phase is realized in the ruthenate compound
Sr3Ru2O7. Signatures of a nematic instabil-
ity have also been observed in cuprate high-
temperature superconductors and other strongly
correlated electron materials.

The nematic phase is characterized by a real
scalar (Ising-type) order parameter of the form

φ=
∫ d2k

(2π)2 dk ⟨nk⟩ , (13)

where dk = coskx – cosky is a form-factor with
d-wave symmetry and ⟨nk⟩ is the momentum
distribution function of the electrons. The or-
der parameter is finite in the nematic state and
vanishes in the symmetric phase. A schematic
phase diagram for the case of a continuous
quantum phase transition is shown in Fig. 40.
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Figure 40: Schematic phase diagram in the plane
spanned by the non-thermal control parameter δ and
temperature T . The solid line is the phase bound-
ary and the dashed line indicates the boundary of
the Ginzburg region in the symmetric phase.

The non-thermal control parameter δ can be the
electron density, a magnetic field, or another
tunable parameter. The phase boundary near the
quantum critical point is strongly affected by or-
der parameter fluctuations.

We have computed the shape of the phase
boundary and the size of the Ginzburg region
by analyzing the appropriate quantum Landau-
Ginzburg action

S [φ] = T∑
ωn

∫ d2q
(2π)2 φq,ωn

(
δ+q2 +

∣ωn∣
∣q∣

)
φ−q,−ωn

+u
∫ 1

T

0
dτ

∫
d2rφ4(r,τ) , (14)

where φ(r,τ) is the fluctuating space and time-
dependent order parameter field, and φq,ωn with
ωn = 2π n T are its Fourier components. Per-
forming a renormalization group analysis we
have obtained the following analytic results.
The phase boundary near the quantum critical
point has the form

δc(T )−δqc = AcT ln
T0

T
+BcT+O(T 4/3 lnT ) , (15)

where δqc is the position of the quantum crit-
ical point, while T0, Ac and Bc are non-
universal constants. Note that we present the
phase boundary in the form δc(T) instead of
Tc(δ) for the sake of simplicity. The leading
small-T behavior of the crossover line indicat-
ing the boundary of the Ginzburg region above
the transition line in the phase diagram is the

same as that of δc(T), with the same prefactor
Ac. However, the subleading term of order T has
a different prefactor, such that the size of the
Ginzburg region obeys

δG(T )−δc(T ) ∝ T . (16)

Hence, the region governed by interacting (non-
Gaussian) classical order parameter fluctuations
is rather large.

Critical order parameter fluctuations provide
a strong scattering mechanism for electronic
excitations, which can destroy Landau quasi-
particles such that the basis of Fermi liquid
theory breaks down. At the nematic quantum
critical point and in the quantum critical regime
above it, the ensuing non-Fermi liquid behavior
has been studied already some time ago [3]. It
was found that the system remains metallic, but
excitations decay very rapidly except at ‘cold
spots’ on the Brillouin zone diagonal.

We now show that critical order parameter
fluctuations can lead to another drastic effect,
namely the formation of a pseudogap in the
spectral density A(k,ω) of single particle exci-
tations. In the Ginzburg region, classical fluc-
tuations with ωn = 0 dominate, while quantum
fluctuations (with ωn ∕= 0) can be neglected. It
was found already previously [3] that the scat-
tering of electrons at classical nematic fluctua-
tions leads to a large electronic self-energy with
an imaginary part of the form

ℑΣ(k,ω) =
gd2

kF

4vkFξ2
0

Tξ
1√

1+[(ω/vkF−∣k−kF∣)ξ]2
, (17)

where kF is the point on the Fermi surface
closest to the momentum k, vkF is the Fermi
velocity, while g< 0 and ξ0 parameterize the
strength and the momentum dependence of the
nematic fluctuations. The correlation length ξ
diverges upon approaching the nematic transi-
tion line. From Onsager’s exact solution of the
two-dimensional Ising model it is known that
ξ is proportional to the inverse distance from
the critical line, that is, it diverges very rapidly.
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Figure 41: Spectral function A(k,ω) as a function
of ω for a momentum k on the Fermi surface away
from the Brillouin zone diagonal, for several tem-
peratures T above the critical temperature Tc. The
pseudogap forming upon approaching Tc is clearly
seen.

The imaginary part of the self-energy in
Eq. (17) has a peak at ω= vkF ∣k – kF∣, cor-
responding to the excitation energy of the
electrons in the absence of fluctuations. This
peak becomes larger and sharper for increas-
ing ξ. The self-energy captures the many-
body contributions to the spectral function of
single-electron excitations A(k,ω). A peak in
ℑΣ(k,ω) at ω= vkF ∣k – kF∣ leads to a sup-
pression of spectral weight in A(k,ω) at the
same energy. For a sufficiently large correlation
length ξ this can lead to the formation of a pseu-

dogap in the spectral function, as illustrated in
Fig. 41, where A(kF,ω) is plotted for various
temperatures T above the critical temperature.
Due to the prefactor d2

kF
in Eq. (17), the pseudo-

gap is also proportional to d2
kF

. In particular, it
vanishes on the Brillouin zone diagonal.

This is strikingly reminiscent of the pseudogap
observed in the single-particle excitation spec-
trum measured by angular resolved photoemis-
sion spectroscopy for underdoped cuprate su-
perconductors below a pseudogap temperature
T★. However, nematic fluctuations in the charge
channel as discussed above cannot account for
a spin gap, which accompanies the pseudogap
in A(k,ω) in underdoped cuprate superconduc-
tors.
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Analytical continuation of imaginary axis data
using maximum entropy

O. Gunnarsson, M.W. Haverkort and G. Sangiovanni

For strongly correlated systems analytical
methods usually involve uncontrolled approx-
imations. Therefore stochastical methods such
as quantum Monte-Carlo (QMC) or quantum
cluster methods are often used. Apart from sta-
tistical errors, these methods often produce very
accurate results, but the results are obtained
on the imaginary time or frequency axis. This
leaves the problem of analytically continuing

the results to the real frequency axis, which is
an ill-posed problem. Small changes in the data
on the imaginary axis can lead to large changes
on the real axis. Since the imaginary axis data
contain statistical noise, the analytical continu-
ation is very difficult.
This problem can be treated within the Bayesian
theory [1]. The problem is regularized by intro-
ducing an entropy in terms of the deviation of
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the real axis output spectrum from some default
function. The importance of the entropy is con-
trolled by a parameter α, which is determined
using statistical arguments [1]. This method is
referred to as the Maximum Entropy (MaxEnt)
method. It has been rather successful in per-
forming analytical continuations.

We have studied [2] how the accuracy of this
method can be improved. The error in the out-
put spectral function can be split up in a statis-
tical error, due to the noise in the input data,
and a systematic error, due to the deviation
of the default function from the true spectrum.
The choice of α determines the relative size of
these errors. In the classical MaxEnt method the
most probable α is chosen [1]. We find that this
choice can make the statistical error unneces-
sary large.

The input data is typically given as a number
Nsample of samples, Gν(τ), where each sam-
ple gives a (noisy) version of the imaginary
time function G(τ). We find that the accuracy
can sometimes be improved by splitting up the
samples in Ncalc sub sets (batches). We then
perform Ncalc MaxEnt calculations, each with
Nsample / Ncalc samples, and then average the re-
sults, instead of performing one MaxEnt calcu-
lation with Nsample samples. This ‘batching’ ap-
proach reduces the statistical error at the cost of
an increase in the systematic error.

We have also studied the possibility of an iter-
ative MaxEnt method, where the output is used
to define a new default function. This usually
works poorly. Although there is an improve-
ment in the systematic error, we find that this
is usually overwhelmed by an increase in the
statistical error. However, if the data are split in
batches, as discussed above, the importance of
the statistical error can be reduced to the point
where the approach improves the total accuracy.

We focus on a response function, the opti-
cal conductivity σ(ω). A typical σ(ω) is intro-
duced, which in the following will be referred
to as the ‘exact’ σ(ω). This model of σ(ω)
can be transformed accurately to the imaginary

axis. Statistical noise with the magnitude σ0 are
added to the imaginary axis data, which is then
transformed back to the real axis, using vari-
ous modifications of the MaxEnt method. If a
given method worked perfectly, the σ(ω) that
we started from would be recovered. The devi-
ation

w =
∫ ∞

0
[σexact(ω)−σcalc(ω)]2dω

≡ wstat +wsyst ,
(18)

from the ‘exact’ σ(ω) is then a measure of the
accuracy of different approaches. Here we have
also introduced statistical and systematic errors.

Figure 42: Statistical (wstat), systematic (wsyst) and
total (w) errors in MaxEnt calculations for the spec-
trum and default model in the inset, using 100 sam-
ples, each with the accuracy σ0. The thick full red
line shows w when one MaxEnt calculation is per-
formed using all 100 samples and the thick broken
blue line the result when 5 MaxEnt calculations are
averaged, each calculation using 20 samples. The
cross corresponds to a classical MaxEnt calculation
for σ0 = 0.01, which gives α≈ 40, used in the figure.
The figure illustrates that the error can be substan-
tially reduced by batching the data.

The inset of Fig. 42 shows the default model
used to calculate the entropy as well as the the
model optical conductivity. From this model,
we generate data for imaginary time with 100
samples, each with the statistical noise σ0. For
σ0 = 0.01, a classical MaxEnt calculation pre-
scribes the value α= 40, which is used in the
following. Figure 42 shows the statistical and
systematic errors as a function of σ0. The figure
illustrates that the statistical error (green dotted
curve) is much larger than the systematic error
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(black dotted curve). This is also illustrated in
Fig. 43(a). This shows the result of 20 MaxEnt
calculations with different realizations of the
noise, each with 100 samples with the accu-
racy σ0 = 0.01. The thick red line shows the ex-
act spectrum. The calculated spectra (thin green
lines) scatter strongly around the exact result, il-
lustrating the large statistical error. On the aver-
age, these spectra also deviate somewhat from
the exact result, illustrating a small systematic
error.

We next group the 100 samples in Ncalc = 5
batches, each with 20 samples, and perform
5 MaxEnt calculations. The statistical noise of
the data in each MaxEnt calculations is then
increased by a factor

√
5. This increases both

the systematic and statistical errors of each
calculation somewhat. Averaging these calcu-
lations, however, reduces the statistical error
by a factor 5. In Fig. 42 this leads to a large
net reduction in the statistical error (dotted red
line), which more than compensates for the in-
crease of the systematic error (thin chain blue
line). This is also illustrated in Fig. 43(b), which
shows 20 such results, each one obtained by
averaging 5 MaxEnt calculations with 20 sam-
ples, but with different realizations of the noise.
As is also illustrated in Tab. 2, the spread be-
tween the curves is substantially smaller than in
Fig. 43(a), while the systematic error is some-
what larger. This leads to a substantial improve-
ment in the total error (thick broken blue curve
in Fig. 42).

Figure 43: Optical conductivity using different methods. 100 samples, each with the accuracy σ0 = 0.01
were given. (a) Each curve shows results of a classical MaxEnt calculation using all 100 samples. The figure
shows 20 such curves, each corresponding to a different realization of the noise. (b) Each curve shows the
average of five MaxEnt calculations, each using 20 samples. (c) Each curve shows the results of iterating the
calculations in (a) once, using the output in (a) as a default function in the next MaxEnt calculation. (d) Each
curve shows the results of iterating MaxEnt calculations five times. Ncalc = 100 was used, and the default
function was obtained from the average of these Ncalc calculations.
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Table 2: Statistical (wstat), systematic (wsyst) and
total (w) errors in the present MaxEnt calculations.
100 samples, each with the accuracy σ0 = 0.01,
were split up in Ncalc batches with 100 / Ncalc sam-
ples and used in Ncalc calculations. The average of
the outputs was used as a default model, perform-
ing Niter iterations.

Ncalc Niter wstat×104 wsyst×104 w×104

1 1 6.7 1.4 8.1
5 1 1.4 2.1 3.5
1 2 14 1.3 15

100 5 0.4 0.9 1.3

To provide a criterion for how to split up the
data in batches, we have estimated the change
in the statistical error when Ncalc is changed [2].
We compare calculations with Ncalc = Nsample
and Ncalc = Nsample / 2 batches. In the second cal-
culation the statistical error is larger and the
systematic error is smaller. If the total differ-
ence between the two calculations is larger than
twice the estimated statistical difference, this
suggests that the reduction of the systematic er-
ror outweighs the increase of the statistical er-
ror and the second calculation is assumed to be
more accurate. In this way Ncalc is reduced un-
til this prescription predicts no further improve-
ment.

Once a MaxEnt calculation has been performed,
one can try to improve the default function by
using the output spectral function as a new de-
fault function. Such an iterative approach, how-
ever, is usually found to lead to poor results, as
is illustrated in Fig. 43(c). The spread between
between different calculations is larger than in
the non-iterated case in Fig. 43(a), due to an
increased statistical error. We next split up the
samples in Ncalc batches. Performing Niter = 5 it-
erations, the total error is reduced, as is shown
in Fig. 43(d). The use of Ncalc = 100 drastically
reduces the statistical error. The following it-
erations increase the statistical error substan-
tially, but it nevertheless remains small. At the
same time the iterations reduce the systematic
error, so that both are improved compared with
the non-iterated case (see Tab. 2 and compare

Fig. 43(d) with Figs. 43(a) and (b)). We have not
found a reliable criterion for when to stop the it-
erations.

We are now in the position to discuss the lim-
its of accuracy that can be obtained in this ap-
proach. As before, we consider 100 samples
with the accuracy σ0 = 0.01 and allow for any
combination of α, Ncalc ≤ 100 and Niter ≤ 40.
Since the exact result is known, we can test
which combination gives the smallest error.
This leads to the results shown in Fig. 44.

Figure 44: Accuracy w of MaxEnt calculations for
100 samples, each with accuracy σ0 = 0.01. ‘One
calc.’ uses all samples in one MaxEnt calculation.
‘Several opt.’ and ‘Several est.’ split up the samples
in several batches and average the resulting MaxEnt
calculations. ‘Several opt.’ does this in the optimal
way and ‘Several est.’ uses a prescription for finding
the splitting when the exact result is not known. ‘It-
erated’ in addition uses the output spectral function
as default model in an iterative approach. The cross
shows the result of a classical MaxEnt calculation.

The curve ‘One calc.’ shows the result of a tra-
ditional MaxEnt calculation, using all the sam-
ples in one calculation. A classical MaxEnt cal-
culation prescribes α≈ 40, which is shown by
a cross. This value of α is not optimal, and
a larger α would have given a smaller error.
We next introduce batching of the samples. We
find the number of batches which gives the best
agreement with the ‘exact’ σ(ω). This (‘Several
opt.’) leads to a much higher accuracy for small
values of α. For large values of α, one batch
gives the best accuracy, and the curve falls on
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top of the curve ‘One calc.’. In actual applica-
tions, when the exact result is not known, the
criterion for dividing the samples in batches has
to be used. This approach (‘Several est.’) leads
to almost as good results. Finally, the curve
‘Iterated’ shows results when iterations are al-
lowed. This leads to a substantial improvement
in the accuracy.
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Superconductivity in BiOCuS:
A Fe-based superconductor without iron

L. Ortenzi, L. Boeri, O.K. Andersen, I.I. Mazin1 and S. Biermann2

Following the report of superconductivity with
a critical temperature (Tc) of 28 K in F-doped
LaOFeAs hundreds of new compounds have
been synthesized. Their common structural mo-
tive is the presence of planar MX layers, in
which M atoms form a square lattice, tetrahe-
drally coordinated with the X atoms placed al-
ternatingly above and below the hollow center
of the squares. The resulting electronic struc-
ture, which is characterized by a competition
between metal-metal and metal-ligand interac-
tion [1], is very rich, and gives rise to a variety
of low-temperature electronic phenomena de-
pending on the nature of the atoms forming the
MX layers. The most famous examples in this
class are the iron pnictides and chalchogenides
(M = Fe; X = pnictogen or chalchogen), char-
acterized by a phase diagram, in which super-
conductivity with Tc’s as high as 56 K, is of-
ten accompanied by magnetism and structural
distortions. First-principles calculations predict
a weak electron-phonon (EP) coupling and a
strong tendency to magnetism, which hint to an
exotic origin for superconductivity.

In this work [2], we have studied with first-
principles calculations a more controversial ex-
ample of superconductor in this class, the
recently-discovered BiOCu0.9S. BiOCuS is

a band insulator, which crystallizes in the
ZrCuAsSi-type structure of the 1111-family
of Fe-based superconductors (M = Cu; X = S).
When doped with x≈ 0.1 Cu vacancies, a Tc of
5.8 K was reported [3].

We have shown that this compound displays
at the same time a strong tendency to itiner-
ant (ferro)magnetism and a spectacularly strong
electron-phonon (EP) coupling, hinting to un-
conventional, triplet p-wave superconductivity
and conventional, singlet s-wave superconduc-
tivity respectively. Using calculations in the
linear-response for the EP interaction, and in
the local spin density functional version of the
random-phase approximation (RPA) for spin
fluctuations, we have constructed an effective
phase diagram as a function of doping and
Stoner parameter. We found that, as the EP
coupling is spectacularly large, it is likely that
a conventional superconductivity, although de-
pressed by spin fluctuations, is more stable than
an unconventional (e.g., p-wave) one. However,
it appears though that a small variation of pa-
rameters can reverse the situation and bring
triplet superconductivity or long-range mag-
netism. The top and bottom panel of Fig. 45
show the band structure and partial densities of
states (DOS) of BiOCuS in two different energy

71



Selected research reports Unconventional superconductivity

ranges; in both cases, the zero of the energy is
set at the top of the valence band for the un-
doped compound.

Figure 45: top: Band structure of BiOCuS, shaded
according to the partial Cu dxz+yz (left) and S px+y
(right) characters: The continuous and dashed-dot-
ted lines mark respectively the position of the Fermi
level in the undoped compound and that corre-
sponding to the filling d6 of Fe-pnictides (see text);
the corresponding DOS is also shown. bottom: A
blow-up of the low-energy band structure; the dotted
and dashed line mark the position of the Fermi level,
corresponding to a hole doping x = 0.1 and x = 0.5,
respectively in RBA.

First we use the top panel, which shows the
electronic structure in an energy range ≈ 7 eV
below the top of the valence band, to discuss
the general features of the electronic structure
of MX-compounds. Looking at the color and
size of the symbols, which are proportional
to the partial Cu d- and S p-character of the
bands, we can anticipate the behavior of the
EP interaction and magnetism at different elec-
tron fillings. The Cu d-states (red) are cen-
tered around ≈ –2 eV. They hybridize strongly
with the S p-states (green), forming antibonding
bands within ≈ 1 eV below the semiconducting
gap. The EP matrix element is large for these
bands, as the electronic states are very sensi-
tive to changes in the the Cu–S interatomic dis-
tance. On the contrary, the deeper, non-bonding,
Cu d-bands, centered around ≈ –3 eV, are less
sensitive to the Cu–S hopping parameters and

exhibit a much weaker EP interaction. In Fe
pnictides, the Fermi level cuts this region of the
band structure, as indicated by the blue dashed-
dotted line at ≈ –1.6 eV in the figure. The ten-
dency to magnetism is instead strong through-
out the entire Cu d-band, since the Stoner pa-
rameter of Cu is large (ICu ≈ 0.9 eV).

The lower panel shows a blow up of the band
structure in an energy range of ≈ –1 eV, which
is relevant to understand the superconductivity
in hole-doped BiOCuS (BiOCu1−xS). The dot-
ted and dashed lines indicate the position of
the Fermi level for x = 0.1, corresponding to the
superconducting samples, and x = 0.5, which is
the highest doping level considered in our study.
At x≈ 0.1, the Fermi level sits on a peak of
the DOS (N0 = 2.1 st/eV spin). For hole dop-
ings x≤ 0.5, the Fermi level cuts a doubly-
degenerate band, of dominant Cu dxz, dyz and
S px, py characters; from the previous discus-
sion, we expect that the electronic states in this
energy range will experience at the same time
a strong EP interaction and a large tendency
to magnetism. Spin-Density Functional Theory
(SDFT) calculations confirm this picture and
permit to quantify the relative importance of the
two coupling channels to the superconducting
pairing.

This is illustrated in Fig. 46, where we show
the phase diagram of BiOCu1−xS, as a function
of doping and Stoner parameter I, which we
use as a proxy for the tendency to magnetism.
The phase diagram is defined by the isocon-
tours of the effective coupling constant in the
singlet channel (λΔ = λep – λs

sf), which enters the
expression for the critical temperature (Tc) of an
EP coupling superconductor, in the presence of
paramagnons [4]

Tc =
ω log

1.45
exp

{
−(1+λZ)

λΔ−µ∗(1+0.5 λΔ
1+λZ

)

}
; (19)

here λZ = λep + λs
sf. For the triplet channel, the

same expression can be used with the sub-
stitution: λΔ→ λt

sf; λZ → λt
Z = λep + λt

sf, where
λt

sf = 1
3 λ

s
sf.
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To calculate the EP coupling constant λep, we
employed the linear response and the rigid
band approximation for doping. For x≤ 0.5, we
found that the spectral distribution of the EP
coupling is constant, and that, to a 10% ap-
proximation, the total EP coupling constant can
be rewritten as: λep = N0Vep, with Vep ≃ 0.9 eV
spin f.u.

Figure 46: Phase diagram of BiOCu1−xS, defined
by λΔ as a function of doping (x) and Stoner pa-
rameter I. whose value is represented by the color
scale. The two horizontal dashed lines correspond
to ILDA = 0.53 eV and IGGA = 0.67 eV. The vertical
dashed line indicates the doping for which super-
conductivity was observed in [3]. In the region (FM)
the system shows a FM instability, defined by the
condition (N0 I ≥ 1); elsewhere the system is para-
magnetic (PM). Below the bold line (which marks
the condition Ts

c = T t
c) the ground state is a conven-

tional singlet superconductor. Above the bold line a
triplet superconducting state is more stable. The iso-
lines λΔ = 0.6 and λt

sf = 0.6 indicate the values of I, x
which reproduce the experimental Tc = 5.8 K of [3]
in the singlet and triplet channel respectively.

For the coupling constant to spin fluctua-
tions,we used the following expression

λs
sf(x) =

3
2

N 2
0 (x) I2

1− I N0(x)
, (20)

where I is, in the LDA parlance, the Stoner pa-
rameter. In BiOCu1−xS its self-consistent val-
ues, estimated from the splitting ΔE = m I be-
tween majority and minority bands in the fer-
romagnetic (FM) state, is I = 0.53 eV in the
local spin density approximation (LSDA) and
I = 0.67 eV in the Generalized Gradient Ap-
proximation (GGA), independent of doping.
Both values are sufficiently large to satisfy the
Stoner criterion for ferromagnetism (I N0 > 1)

at x = 0.1, where N0 = 1.93 states/eV spin, and
indeed at this doping the ground state of the
system is ferromagnetic (FM), both in the GGA
and in the LSDA [2]. So far, however, exper-
iments have seen no trace of static magnetism
in BiOCu1−xS. This discrepancy comes from
the well-known tendency of LDA calculations
to overestimate the static magnetism close to a
magnetic quantum critical point (QCP). In this
spirit, in order to study the interplay between
SF and EP interaction in BiOCu1−xS, we in-
troduced a phenomenological Stoner I, reduced
from its LDA value, and treated it as a free pa-
rameter. The resulting phase diagram in the
(I,x) plane is shown in Fig. 45.

First, we note that if we neglect the effect
of spin fluctuations (λs

SF = 0), Eq. (19) gives a
Tc of 33 K for x = 0.1, where λep = 1.73 and
ω log = 263 K (µ★ = 0.1). The experimental Tc is
5 times smaller (Tc = 5.8 K), and corresponds
to a three times smaller coupling constant in
Eq. (19). This discrepancy calls for an impor-
tant role of spin fluctuations, Eqs. (19) and (20).
Depending on the relative strength of the cou-
pling constants for EP interaction and SF, and
hence on the value of λΔ, the phase diagram it
is divided in three regions.

If λΔ≫ µ∗ a conventional EP superconductiv-
ity, albeit depressed by spin fluctuations, is
a stable zero-temperature ground state (region
SC in Fig. 46). As the Stoner parameter is in-
creased λΔ goes down, and a competing insta-
bility against a triplet state emerges when the
critical temperature in the singlet channel T s

c ,
defined by Eq. (19), becomes equal to that in the
triplet channel (T t

c) (boldest line in Fig. 46). Fi-
nally, as the tendency to magnetism is increased
even further, the Stoner criterion N0 I > 1 is sat-
isfied, and the system becomes ferromagnetic
(region FM in Fig. 45).

One can see that, had we used the LDA or
GGA value for I, for dopings close to x = 0.1,
we would have found BiOCuS inside the FM
region. However, at x = 0.1 experiments see
no trace of static FM order, a sign of inade-
quacy of the mean field character of magnetism
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in LSDA. Reducing the LDA value of I to
Ieff = 0.51 eV suppresses the magnetic instabil-
ity at x = 0.1; a reduction to Ieff = 0.39 eV brings
the estimated triplet Tc into agreement with the
experimental one, and a reduction to 0.25 eV
does the same with the conventional singlet Tc.

For typical itinerant magnets renormalizing
ILDA by ≈ 30 – 40% provides reasonable agree-
ment with the experimental magnetic suscepti-
bilities, in the same ballpark as the reduction
introduced above.

In other words, BiOCu0.9S is a unique exam-
ple where a spin fluctuations driven triplet su-
perconductivity is nearly degenerate with the
phonon-driven singlet superconductivity, and
the critical temperature is sizable for both sym-
metries. Given that the actual BiOCu0.9S sam-
ples are rather dirty, one may conjecture that
samples studied in [3] are on the conventional
side of the phase diagram, but the fact that su-
perconductivity appears to be so difficult to re-
produce may be due to the fact that slightly dif-
ferent samples may appear outside of the stabil-
ity range of singlet pairing in the phase diagram
in Fig. 46. In principle, one can use pressure and
doping, which control I and N0, to move around
intentionally in the proposed phase diagram.

This tunability comes about because of the
combination of two factors: An exceptionally

strong EP interaction in the singlet channel that
is essentially canceled out in the triplet chan-
nel, and a strong spin fluctuations coupling
that competes with EP interaction in the singlet
channel.

The occurrence of these two large coupling con-
stants can be seen as the result of three con-
curring elements: A strong d–p hybridization,
that causes large EP matrix elements; the large
value of the Stoner parameter of Cu, that causes
a strong tendency to magnetism; and, finally,
the presence of a large peak in the electronic
DOS, which favors FM and enhances the cou-
pling constants for superconductivity both in
the singlet and triplet channel.
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Thickness and cation control of conduction
in nickelate heterostructures

X. Yang and O.K. Andersen

A hundred years after the discovery of super-
conductivity, no new superconductor has yet
been found by design, but merely by chance,
or by following empirical rules which the next
discovery then proved to be of limited validity.
The discoveries of the A15 compounds in the
seventies, the cuprates in the eighties, MgB2 in

2001, and the iron pnictides in 2008 all testify to
this. Despite 25 years’ intensive research, high-
temperature superconductivity in the cuprates
has not been understood and no superconduc-
tor with Tc higher than 150 K has been found
since 1993. This record-holding material is
triple layer, pressurized HgBa2Ca2Cu3O8. Even
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in cases like MgB2 where the superconductiv-
ity mechanism has been understood, this has not
helped to design a better superconductor.

Recently, it has recently become possible to
grow oxide heterostructures with great preci-
sion, specifically by pulsed laser deposition
(PLD) or molecular beam epitaxy (MBE). This
opens the possibility to produce materials with
desired physical properties, for instance by
manipulating the nearly localized 3d-electrons
in transition metal oxides. This is becoming
a major activity in our institute. Chaloupka
and Khaliullin [1] speculated that by confin-
ing a single layer of LaNiO3 with electronic
configuration d7 between layers of a lattice-
matched, insulating perovskite such as LaAlO3

or LaGaO3, one might be able to force the Ni
3d (eg) electron into the planar x2– y2 orbital as
in the d9 cuprates, and maybe in this way obtain
high-temperature superconductivity.

Figure 47 illustrates the principle of this con-
finement: Bulk LaNiO3 is a (pseudo)cubic,
paramagnetic metal with electronic configura-
tion Ni 3d7, i.e., with one electron in a doubly-
degenerate eg band. Its two Wannier orbitals,
x2– y2 and 3z2– 1, are shown respectively inside
the black and yellow frames, and are seen to
have antibonding pdσ tails on the neighboring
oxygens. Being formed from orbitals with re-
spectively ∣m∣= 2 and 0, the two eg Bloch sums
cannot hybridize when k is in a (110) plane,
and it is therefore simple to understand the eg
band structure along the red path in the cubic
Brillouin zone (BZ). We see that the x2– y2

band disperses with kx and ky, but not with
kz, and that the 3z2– 1 band disperses mainly
with kz. At their common bottom, at (0,0,0),
the bands have pure Ni 3d character, i.e., in the
k = 0 Bloch sums, the O 2p tails cancel. At their
common top, at (1,1,1) π

a , the bands have maxi-
mal oxygen antibonding character.

Figure 47: Brillouin zone, Ni eg Wannier orbitals (x2– y2 black, 3z2– 1 yellow), eg energy band, and struc-
ture of cubic bulk LaNiO3. The Fermi level is at 0 eV.
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Figure 48: Structure, DFT energy bands, and Fermi surface of LaNiO3/LaAlO3 heterostructure. Similarly
for the LaNiO3/YScO3 heterostructure. The bands are plotted along lines with the same horizontal projec-
tion as in the second line of Fig. 47 and with kz = π

c ∼ π
2a , except Γ= (0,0,0). The red dot-dashed line is at

(kx,ky) = ( 1
2 , 1

2 ) π
a . The Fermi surfaces are plotted in the kz = 1

2
π
c plane.

Hence, the entire dispersion is due to hopping
via oxygen. Shown in the second line of the fig-
ure are the bands along the blue paths in the
BZ. Here, they hybridize as indicated by the
mixed black and yellow colors. In this cubic
bulk structure, the two eg orbitals are degener-
ate, e.g., the x2– y2 and 3z2– 1 projected densi-
ties of states are identical, and so are the num-
bers of x2– y2 and 3z2– 1 electrons obtained by
integrating up to the Fermi level (≡ 0).

However, substitution of every second NiO2
layer by an ‘insulating’ AlO2 layer, as shown
on the left-hand side of Fig. 48, forces the
Bloch waves to vanish near the insulating lay-
ers whereby the waves with kz ≲ 1

2
π
a become

forbidden. This changes the energy of the
waves with 3z2– 1 character, but not of those
with x2– y2 character. One therefore expects the
nearly 2D eg band of such a 1/1 heterostruc-
ture to look like the cubic band at some ef-
fective kz-value, which depends on the scat-
tering properties of the insulator and lies in

the range between 1
2
π
a and π

a , i.e., like those
in the second line of Fig. 47, with the (000)-
(00 1

2) bit excluded. Figure 48 now shows that
this holds surprisingly well. The band structures
in Fig. 48 result from density-functional (GGA)
calculations with structural optimization for
two 1/1 heterostructures, LaNiO3/LaAlO3 and
LaNiO3/YScO3 [2]. Like for the cubic case, the
eg band has been colored according to its or-
bital character, but all bands are now included
in order to show that the eg band is placed in
a 2 – 3 eV gap above the Ni t2g and oxygen
p bands, and below the Ni 4s, La or Dy 5d, and
Al 3sp or Sc 3d bands. We see that the confine-
ment in LaNiO3/LaAlO3 has pushed the bot-
tom of the (3z2– 1)-like band up to 0.5 eV below
the Fermi level, and in LaNiO3/YScO3 has even
emptied this upper eg band.

Hence, the GGA Fermi surface of the alumi-
nate has two sheets while that of the scandate
has only one, and the latter is very similar in
shape and character (predominantly x2– y2) to
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the ones in the cuprates with the highest Tc max

[2,3]. Also Coulomb correlation will tend to re-
duce the Fermi surface to one sheet [2], but the
effect is smaller than the one seen in Fig. 48
which is obtained by change of cations.

Moving apical oxygen closer to Ni by the ap-
plication of tensile strain, we have found to be
inefficient in emptying the (3z2– 1)-like band
in LaNiO3/LaAlO3 [2]. The reason is, that the
bottom of the 3z2– 1 band in the heterostruc-
ture has little oxygen character because for the
cubic band, the oxygen character and thereby
the strain dependence increases from zero at the
bottom to a maximum at the top.

Adding more insulating layers helps a bit in
emptying the upper band by diminishing the
kz-dispersion seen along ΓZ in Fig. 48. Adding
more NiO2 layers, or rather: Failing to grow
intact single NiO2-layers, should be devastat-
ing because interlayer hopping between 3z2– 1
orbitals splits the (3z2– 1)-like bands by about
0.5 eV and thereby makes the lowest band dip
below the Fermi level.

What determines the shape of the (x2– y2)-like
Fermi-surface sheet is its hybridization with
the axial (m = 0) orbital [3]. As was men-
tioned above, this hybridization vanishes for
kx = ky and is maximal near (kx,ky) = (1,0) and
(0,1) π

a (R), where it pushes the energy of the
saddle-point down. Hence, if we imagine con-
tinuing the trend seen in Fig. 48 by moving the
energy of the axial orbital higher and higher
above that of the (x2 – y2)-orbital, the saddle-
point would move up towards the center of that
band, whereby the Fermi surface would turn by
45∘ around the (1,1) π

a point (A). This shape is
the one found for cuprates such as La2CuO4
with fairly low Tc max, while cuprates with high
Tc max have Fermi-surface sheets like the one
calculated for LaNiO3/YScO3 and shown in the
right-hand side of Fig. 48.

The upper parts of Fig. 49 now show schemati-
cally how the energy of the axial orbital is con-
trolled in a nickelate heterostructure (left) and
in a cuprate (right).

Figure 49: Comparison between nickelate and
cuprate axial-orbital levels and conduction band
Wannier functions.

In the nickelate, the axial orbital is the fol-
lowing linear combination of atomic orbitals:
Ni 3d3z2−1 antibonding to the two neighbor-
ing apical-oxygen 2pz orbitals, each of which
bond to their neighbor cation axial orbital, i.e.,
Al 3s 3pz or Sc 3d3z−1. We wish to push the en-
ergy of the axial orbital up above εF so that
the Fermi surface has merely one sheet. The
effective O 2pz orbitals should therefore push
the Ni 3d3z2−1 level up as much as possible,
and in order to accomplish this, the cation or-
bital should push the O 2pz level down as lit-
tle as possible. Hence, a cation should be cho-
sen whose covalent interaction with apical oxy-
gen is as small as possible. In this respect Sc is
far better than Al, and among the possible insu-
lators which are lattice matched with LaNiO3,
we have found YScO3 and PrScO3 to be the
best. Habermeier has now been able to pro-
duce heterostructures of PrNiO3 and PrScO3,
albeit not (yet) with PrNiO3 monolayers. For
PrNiO3/3(PrScO3) we found the bottom of the
3z2– 1 band to lie even a bit higher than for
LaNiO3/YScO3, and the Wannier orbital calcu-
lated for this single conduction band is shown
at the bottom left in Fig. 49. On the nickel atom
at (0,0,0), this orbital has pure x2– y2 character,
which antibonds to x on the oxygens at (± a

2 ,0,0)
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and to y on those at (0,± a
2 ,0). Each of these

4 oxygen orbitals bond to 3z2– 1 on the nick-
els at (±a,0,0) and (0,±a,0), and the latter an-
tibond perpendicular to the plane of the figure
to z on the apical oxygens at ±(±a,0,∼ c

4) and
±(0,±a,∼ c

4 ). The latter finally bond so weakly
with the Sc 3z2– 1 orbitals at ±(±a,0, c

2 ) and
±(0,±a, c

2 ), that this is cannot be seen in the fig-
ure.

We now compare with the cuprates. They have
configuration d9 with the x2– y2 orbital half
full and 3z2– 1 full, so that there is no pd
bond between Cu and apical oxygen, which is
therefore far away. In this case, the axial or-
bital is Cu 4s antibonding to the two neighbor-
ing apical-oxygen 2pz orbitals, each of which
bond to their neighbor cation axial orbital, e.g.,
La 3z2– 1, and antibond to Cu 3z2– 1. For the
cuprates it has been found, but not understood,
that the closer the calculated energy of the ax-
ial orbital is above εF, the higher is the mea-
sured Tc max [3]. Now, in this case one wants to
minimize the pushing up of the Cu 4s level by
the apical-oxygen 2pz orbital, and that happens
when the distance to apical oxygen is large, as
in HgBa2CuO4. The axial level can however not
lie lower than the pure Cu 4s level, except in
multi-layer cuprates (HgBa2Ca2Cu3O8), where
this levels splits.

For such cuprates, the most bonding linear com-
bination yields a Fermi surface sheet whose
shape is almost as extreme as the one seen on
the bottom right-hand side of Fig. 48. Increas-
ing the number of CuO2 layers beyond 3 has not
lead to any increase of Tc max, probably because
the interlayer coherence gets lost, but nick-
elate heterostructures point to another route:
For those materials, the axial-orbital level ap-
proaches εF from below, and the challenge is to
shift it to slightly above εF. When this is done,
the nickelate conduction band orbital is quite
similar to that of the cuprate as shown at the
bottom of Fig. 49.

In the calculations described so-far, all Ni atoms
were forced to be equivalent, i.e., we did not al-
low for the charge- and spin-density wave in-

stabilities common in bulk nickelates. There-
fore, we have now performed LAPW GGA + U
calculations with larger cells for a number
of nickelate heterostructures, as well as for
HgBa2CuO4, searching for the leading insta-
bility as we increase the value of the on-site
Coulomb interaction U (J = 0.75 eV). For the
90 K cuprate HgBa2CuO4, the leading instabil-
ity is antiferromagnetism, as expected, and it
occurs for U ≳ 1 eV. For LaNiO3/YScO3, the
result is the same, thus boosting our hope that
properly grown scandates will show supercon-
ductivity. For LaNiO3/LaAlO3, however, the
leading instability, which sets in for U ≥ 4 eV
when J = 0.75 eV, and earlier when J = 1 eV,
is to a magnetic, charge disproportionated
(2 d7 −→ d6 + d8) insulator. This is consistent
with recent experiments [4].

Figure 50: Schematic illustration of 2d7 → d6 + d8

charge disproportionation.

So we need to understand why the aluminate,
but not the scandate, disproportionates. As il-
lustrated in Fig. 50, charge disproportionation
is a q = (1,1,0) π

a charge- and spin-density wave,
in which the oxygen octahedra breathe alterna-
tively in and out around Ni by approximately
± 4 pm. Crudely speaking, the contracted sites
have no eg electrons and the expanded sites
have two, d↑3z2−1 and d↑x2−y2 . Such an insta-
bility is believed to be driven by the lattice
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and Hund’s-rule couplings. Obviously, increas-
ing the crystal-field splitting between the on-
site energies of the 3z2– 1 and x2– y2 Wannier
orbitals makes charge disproportionation less
favorable, and this is consistent with Fig. 48.
The results of our calculations allow us to be
more explicit: In the non-magnetic metallic
state (Fig. 48), the lower and upper eg bands are
separated for all (kx,ky), except at one point, ne-
glecting kz, which is along the kx = ky line (AZ)
where the bands cannot hybridize. Charge dis-
proportionation will now tend to gap each eg

band around the lines bisecting the q-vectors,
and in order that sufficient energy be gained,
the result should be an insulator. This means
that where the two bands come closest, i.e.,
along AZ, the two gaps should overlap. The
gap required is thus larger than the separa-
tion between the x2– y2 and 3z2– 1 bands at
k = ( 1

2 , 1
2 ) π

a , which is indicated by red stippled
lines in Fig. 48. This is the crystal-field splitting
relevant for charge disproportionation, and it is
clearly much smaller for the aluminate than for
the scandate. In the insulating, charge dispro-
portionated state which our GGA + U calcula-
tions find, the direct gap is between the two e↑g
bands at ( 1

2 , 1
2 ) π

a , and is of size ≈ 0.7 eV. In the

↓ channel, the gap is larger and is between the
t2g and eg bands. Due to oxygen covalency, the
magnetic moment is 1.5 rather than 2 µB on the
expanded Ni site, and 0.5 rather than 0 µB on the
contracted Ni site.

We thus predict that in order to produce metal-
lic, and maybe even superconducting nickelate
heterostructures, it is first of all essential that
the NiO2 layers be single and, secondly, that
they be separated by an insulator whose cation
counter to Ni interacts only weakly with apical
oxygen, e.g., to use scandates instead of alumi-
nates.
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Setup of a millikelvin spectroscopic imaging STM
M. Enayat, U.R. Singh, S. White and P. Wahl

Heavy fermion compounds are now known for
almost 40 years, and still many of their prop-
erties are only poorly understood. Among the
most spectacular surprises encountered in these
materials is the emergence of superconductiv-
ity out of magnetically ordered phases. Though
this happens often at low transition tempera-
tures around 1 K and below, magnetic impuri-
ties in conventional superconductors act as pair-
breaking scatterers and suppress superconduc-
tivity.

The investigation of the electronic structure of
heavy fermion materials requires an extremely
high energy resolution to be able to track the
dispersion of the heavy electron bands and of-
ten very low temperatures below 1 K to enter the
interesting regimes of the phase diagram. Fur-
thermore, the electronic structure is not inher-
ently symmetric with respect to the Fermi en-
ergy, as is for example in the case of many su-
perconductors for energies sufficiently close to
the Fermi energy. Therefore, a characterization
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both in the occupied as well as the unoccupied
states is a necessity to obtain a full picture of
the electronic structure. The rich physics of the
heavy fermion materials due to the interaction
of delocalized conduction electrons with local-
ized spins makes these systems ideal candidates
for studies by spectroscopic imaging STM.

Spectroscopic Imaging STM potentially offers
insight into the electronic structure via a char-
acterization of quasi-particle interference pat-
terns, which has recently been demonstrated
for the first time for a heavy fermion mate-
rial, URu2Si2, in studies performed at temper-
atures down to 1.7 K [1,2]. The quasi-particle
interference patterns, which could be detected
in thorium-doped URu2Si2 revealed how the
heavy electron bands interact with the hidden-
order phase.

Most heavy fermion materials exhibit very rich
low-temperature phase diagrams, showing su-

perconductivity in close vicinity of or even co-
existing with magnetic phases. To explore the
physics of heavy fermion materials, we have
constructed a spectroscopic imaging STM for
operation at temperatures below 100 mK, oper-
ating in magnetic fields up to 14 T. First mea-
surement results are shown. Besides the mate-
rial properties specifically in the case of heavy
fermion compounds emerging only at tempera-
tures well below 1 K, the additional benefit of
operating an STM at these temperatures is an
improved energy resolution. The energy resolu-
tion of tunneling spectroscopy depends on the
temperature of the STM tip.

Our setup comprises a low-temperature scan-
ning tunneling microscope (STM) operating at
temperatures below 10 mK optimized for spec-
troscopic mapping over extended periods of up
to one week. Samples are cleaved in cryogenic
vacuum in a home-built cryogenic cleaving
mechanism and immediately transferred into

Figure 51: (a) Topography of a cleaved NbSe2 surface measured at a Mixing Chamber temperature of 9 mK
(raw data). Besides the surface atomic structure, a modulation due to formation of a charge density wave can
be seen, (b) line cut along an atomic row, it can be seen that the residual noise is below 5 pm. (c) Tunneling
spectrum showing the superconducting gap of NbSe2 measured at TMXC = 9 mK.
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Figure 52: Tunneling Spectroscopy of a gold-aluminum junction at a temperature of 9 mK. (a) Tunneling
spectroscopy as a function of applied magnetic field. The superconducting gap disappears at magnetic fields
on the order of 30 mT. (b) Tunneling spectra as a function of lock-in modulation. (c) Comparison of a spec-
trum calculated for an electronic temperature of 150 mK to a measured spectrum. (d) Tunneling spectroscopy
at different conductances down to point contact.

the STM head. To prevent thermal radiation
from heating the STM head, the sample trans-
fer is performed through two radiation shields
which can be opened by a custom designed
mechanism, the coldest one is at 1 K. Here
we present first measurement results, showing
topographic images obtained on NbSe2 at a
Mixing chamber temperature of 9 mK as well
as tunneling spectroscopy of a gold-aluminum
junction to demonstrate the energy resolution.

Figure 51 shows a topography of a NbSe2 sur-
face revealing atomic resolution as well as the
known charge density wave order [3]. From line
cuts, the vertical stability of the instrument can
be estimated, which is better than 5 pm.

For testing the energy resolution of the instru-
ment, we have measured an aluminum-gold
tunneling junction. The energy resolution is
limited by the width of the Fermi edge due to
the finite temperature of the experiment, but
contains also contributions due to electronic and
RF noise.

Aluminum becomes superconducting below
1.2 K and its properties in the superconducting
phase are well-described by BCS theory. From
a comparison of the calculated gap structure
with measured spectra, the extrinsic broadening
can be determined. Figure 52 displays tunnel-
ing spectra acquired at the base temperature of
the instrument (below 10 mK) at various mag-
netic fields. The coherence peaks and the super-
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conducting gap can be clearly seen, the gap dis-
appears for magnetic fields of ≈ 30 mT, signifi-
cantly larger than the critical field HC ≈ 10 mT
of bulk aluminum. We also find that the conduc-
tance inside the gap comes close to zero. There
is a small residual conductance inside the tun-
neling gap, which can be either due to a detuned
phase of the lock-in amplifier which is used to
measure the conductance or due to a gold coat-
ing of our aluminum tip, which would be super-
conducting due to the proximity effect. In this
case, the conductance inside the gap would also
remain finite [4]. Comparison with the density
of states as calculated from BCS theory shows
that the resolution of our instrument currently is
on the order of 30 µV.

While the energy resolution of our instrument
is not yet pushed to its ultimate limit, namely

the thermal broadening at 10 mK, it is already
sufficient to perform tunneling spectroscopy
of unconventional superconductors and heavy
fermion compounds.
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Tailoring material properties

The knowledge of the composition and atomic structure of a chemical compound is only the first
step in rating its usability as a material in a technical process, in batteries, fuel cells or electronic
devices. Small deviations in the composition (doping), defects, morphology, size, dimensionality
and surface effects, all these characteristics may change the physical properties by several orders of
magnitude, compared to the bulk values. These characteristics are additional degrees of freedom in
the development of materials, provided their effect on the properties and the underlying mechanism
are understood. Examples of this field of research are assembled in this chapter and provide insight
into grain boundary effects in proton-conducting perovskites, explain the changes of conduction
properties in nanocrystalline SrTiO3 and present a novel nanostructured iron fluoride as promising
material for lithium batteries. With a new mask technology, the delay time of organic thin-film
transistors was reduced by two orders of magnitude, reaching the Megahertz region. The intrinsic
n-doping of epitaxial graphene mono- and bilayer could be compensated by depositing strong
electron acceptor molecules on the surface, thus tailoring the band structure.

Grain boundaries in BaZrO3 proton conductors:
Space charge effects and dopant segregation

M. Shirpour, B. Rahmati1, W. Sigle1, P.A. van Aken1, R. Merkle, C.T. Lin and J. Maier

Solid oxide fuel cells (SOFCs) as a clean and
efficient power generation system typically re-
quire high working temperatures when oxide
ion conductors are used as electrolyte, whereas
oxide-based proton conductors exhibit a high
ionic conductivity already at distinctly lower
temperatures. Moreover, the use of proton con-
ducting electrolytes leads to water formation at
the cathode rather than at the anode and hence
avoids fuel contamination, in contrast to oxygen
ion conductors. In the last four decades, proton
conductivity has been observed in many oxides.
Among the perovskites, Y-doped BaZrO3 [1]
with high proton conductivity and good chem-
ical stability against CO2, is the most inter-
esting candidate. The Y3+ ion substituting for
Zr4+ in BaZrO3 leads to formation of positively
charged oxygen vacancies (V∙∙

O ), which enable

water to be incorporated leading to mobile pro-
tonic defects (OH∙

O): The OH-part of the water
molecule occupies the oxygen vacancy, while
the remaining H-part combines with a regular
O2− to form two OH− groups in the bulk (the
resulting OH− in a regular O2− site corresponds
to a defect with a positive charge relative to the
perfect lattice). Proton conduction then occurs
by phonon-assisted detachment of the proton
from such a OH− by a neighboring O2−.

The main drawback which currently limits ap-
plication of this material is the high resistiv-
ity of its grain boundaries [2] combined with
low grain growth during sintering. Thus a de-
tailed understanding of the barium zirconate
grain boundary properties (structural as well as
electrochemical) is not only of fundamental in-
terest, but also of practical relevance.
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Figure 53: Positively charged grain boundary core,
depletion of positive carriers and accumulation of
negative defects; depletion of major charge carriers
in adjacent space charge layers leads to highly resis-
tive grain boundaries.

The blocking character of the grain boundaries
can in principle be caused by continuous amor-
phous or crystalline secondary phases covering
the grain boundaries, but TEM pictures (see
inset in Fig. 56) indicate clean grain bound-
aries. Another possible reason, shown by the
Stuttgart team to be relevant for oxygen conduc-
tors with large bandgap such as ZrO2, CeO2 or
SrTiO3 [3], is the presence of an excess posi-
tive charge in the grain boundary core and re-
sulting depletion of holes and oxygen vacan-
cies (positive charge carriers) in the adjacent
space charge zone (Fig. 53). But also protonic
defects (OH− on O2−site) are effectively posi-
tively charged and should become depleted. In
order to investigate if this effect is responsi-
ble for the observed significant interfacial resis-
tances, large-grained Y-doped BaZrO3 samples
were grown with the help of an infrared image
furnace. These large grains allowed us to study
single grain boundaries by applying circular mi-
croelectrodes. Figure 54 shows such microelec-
trodes contacted under a microscope by Pt tips.
In this way impedance spectra with and with-
out DC bias could be recorded. The observed
resistivity and capacitance of the grain bound-
aries and in particular their voltage dependence
clearly indicate space charge layers to be re-
sponsible for the GB impedance.

Figure 54: (a) Large-grained Y-doped BaZrO3 sam-
ple, (b) impedance measurement across a single
grain boundary.

The blocking character of GBs can be recog-
nized in the AC-impedance spectra by the ap-
pearance of a second semicircle at lower fre-
quencies. Bulk and grain boundary conductiv-
ities of 6 at.% Y-doped BaZrO3 samples with
smaller size are shown in Fig. 55. The as-
sintered sample was exposed to high temper-
atures only briefly (hot-pressing for 5 min at
1600∘C). Additional annealing (20 h at 1700∘C
in air) does not change the bulk conductivity,
but strongly increases the GB conductivity al-
though the grains do not grow (i.e., the number
of GB in the sample remains constant).

Since at these high temperatures the dopant
cations become mobile, quantitative energy-
dispersive X-ray spectroscopy (EDXS) in the
TEM was used to determine the composition
at the grain boundaries. Figure 56 shows a line
scan across a GB in annealed Sc-doped BaZrO3
with pronounced dopant segregation. The av-
eraged results from a number of GBs show a
slight segregation of negatively charged dopants
(Y3+ and Sc3+ on Zr4+ site) to the grain bound-
ary region (core and/or adjacent space charge
layers) for the as-sintered samples. The dopant
segregation to the GB region is much stronger
for the additionally annealed samples, which
exhibit the higher electrical conductivity.
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Figure 55: Bulk (solid symbols) and GB (open
symbols) conductivity of as-sintered and addition-
ally annealed 6 at.% Y-BaZrO3.

Also the variation of the GB electrical prop-
erties with dopant concentration profile can
be explained within the space charge model.
During high-temperature annealing the positive
core charge can (partly) be compensated by ac-
commodation of dopants in the GB core di-
rectly diminishing the core charge. Addition-
ally, dopant accumulation in the space charge
layers leads to decreased proton depletion and
thinner space charge zones, also resulting in
lower GB resistivity. The fact that both dopants
(Sc3+ with negligible and Y3+ with significant
size mismatch) show comparable GB segrega-
tion indicates that here dopant segregation is
mostly driven by electrostatic interaction be-
tween the negatively charged dopant and pos-
itively charged core and elastic driving forces
are less important.

Previous studies on SrTiO3 bicrystals indicated
that for these low-angle grain boundaries the
positive core charge is caused by special struc-
tural features: An array of dislocation cores
with – due to steric restrictions – partially filled
oxygen columns, i.e., positively charged oxy-
gen vacancies are an indispensable part of the
core structure, the partial removal of ‘bulky’
O2− ions is energetically favorable as far as the
grain boundary structure is concerned [3]. It is
not known how general this observation is, but
the frequent appearance of blocking GB with
positive core charge in acceptor-doped perov-
skites is indeed striking. While dopant or impu-
rity segregation into interstitial sites in the GB

core would increase its positive excess charge,
introducing substitutional acceptor dopants into
the core (Y3+ or Sc3+ on Zr4+ site, Cs+ on
Ba2+ site) allows one to deliberately decrease
the core charge as shown above.

Figure 56: EDXS-line scan on the grain boundary
of annealed Sc-doped BaZrO3. Inset: bright field
TEM image.

The described results do not only clearly reveal
ionic space charge effects to be the cause for the
enormous grain boundary resistances in proton-
conducting perovskites, but also give us advice
how to mitigate the effect or even turn it into
a benefit. If, namely, one succeeds, by grain
boundary engineering, to invert the sign of the
potential, one could even use the space charge
zones as ‘protonic highways’.
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Giant variations of ionic and electronic charge carrier
concentrations upon down-sizing SrTiO3

G. Gregori, P. Lupetin and J. Maier

While nanoelectronics deals with the impact of
interfaces and size on the electronic properties,
nanoionics is concerned with those effects on
the charge carriers chemistry that occur when
also ions are allowed to redistribute. This is not
only of importance for boundary zones but even
more so in the exciting mesoscopic range where
the grain size is on the order or below the char-
acteristic decay length λ★ of a space charge zone
[1–3].

It is now well established that, in several mixed
conducting oxides, the positively charged grain
boundary cores induce a redistribution of the
mobile charge carriers, which results in an en-
richment of excess electrons and a depletion
of electron holes as well as of oxygen vacan-
cies. Clearly, the electric conduction properties
within this space charge zone deviate signifi-
cantly from the bulk conditions.

Here, we report on the striking effects that the
transition from macrocrystalline to nanocrys-
talline SrTiO3 brings about in terms of con-
duction properties of the material. The result
is equivalent to a variation of the oxygen par-
tial pressure by as much as 12 orders of mag-
nitude. In addition to the variation of n- and p-
conductivity by 3 orders of magnitude, the oxy-
gen vacancy conductivity is depressed by 6 or-
ders of magnitude [4].

SrTiO3 nanopowders were sintered using the
high-pressure spark plasma sintering technique.
In this way, pellets with effective grain sizes be-
tween 30 and 50 nm and densities above 90%
of the theoretical value were obtained [4]. The
samples were found to contain 0.01 – 0.02 at.%
of acceptors. For such an impurity content, 2λ★
exceeds the average grain size (for 0.02 at.% ac-
ceptor concentration, λ★∼= 50 nm at 544∘C).

Figure 57: Conductivity versus oxygen partial pres-
sure P measured at 544∘C [4]. The symbols are as-
signed as follows: red open squares refer to the bulk
of the microcrystalline SrTiO3 obtained by coars-
ening the nanocrystalline sample; blue open trian-
gles to the grain boundaries of the microcrystalline
SrTiO3; grey diamonds to nano SrTiO3 50 nm; solid
red to nano SrTiO3 with the effective grain size
of ≈ 30 nm. The green line illustrates the conduc-
tivity behavior of the microcrystalline bulk calcu-
lated according to the defect chemistry of SrTiO3
for m = 0.01 at.%. The horizontal line represents the
sum of p- and n-type conductivity at Pmin corre-
sponding to 2 F

√
un up KB.

Figure 57 illustrates the dependence of the
conductivity (measured by electrochemical
impedance spectroscopy) on the oxygen par-
tial pressure P at 544∘C. The green line
is obtained for an acceptor concentration of
0.01 at.% (544∘C) using the well-known bulk
defect chemistry and mobility data for the
charge carriers of SrTiO3 [5]. This curve de-
scribes very well the experimental data of the
bulk of the sample coarsened at 1250∘C (red
open squares). The green line can be decon-
voluted into an electronic conductivity (green
dashed line) and a constant ionic conductivity
σν, which is naturally well-observed around the
minimum.
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The electronic conductivity is composed of an
n-type branch (σn) that is seen at very low P
and a p-type branch (σp) with a transition occur-
ring at ≈ 10−16 bar. In the n-type regime, the in-
corporated oxygen increasingly consumes con-
duction electrons (oxidation of Ti3+ to Ti4+).
At higher P, the incorporated oxygen generates
holes (oxidation of O2− to O−).

Notably, σp and σn are coupled by the band-
band mass action law KB = p⋅n (p: hole concen-
tration; n:excess electron concentration). The
coupling with the outer oxygen partial pressure
P is described by the mass action law for the
oxygen incorporation. It suffices to consider the
p-regime, where K0 = p2/(ν⋅P1/2), ν being the
vacancy concentration. As the variation of ν
with P is negligible and approximately fixed by
the acceptor level (≈m/2, m: acceptor concen-
tration), the ion conductivity is constant. From
these considerations, it follows that σn ∝P−1/4

and σp ∝P+1/4. At the partial pressure at which
the transition from n to p-type conductivity oc-
curs (Pmin), both n- and p-type conductivities
assume the same value given by F

√
un up KB,

F being the Faraday constant and un and up the
mobility of electrons and holes. These are well-
established features for acceptor doped alkaline
earth titanates.

Now let us turn to the nanocrystalline SrTiO3.
The sample with the smallest effective grain
size (30 nm) exhibits the most remarkable re-
sults: Compared with the coarsened sample, σp
is depressed by more than 3 orders of magni-
tude while the n-type conductivity is enhanced
by 2 orders of magnitude. The absence of any
flattening (the narrow smooth region around the
minimum is due to summing σn and σp) in the
nanocrystalline curves means that the ionic (va-
cancy) conductivity is depressed by at least 3
orders of magnitude. Most striking is the gi-
ant shift of the minimum towards higher partial
pressures (by 12 orders of magnitude). Remark-
ably, if the nanocrystalline sample is coarsened
(1250∘C), then its conductivity values (open red
symbols) perfectly match with the green line in
Fig. 57.

Figure 58: Calculated charge carrier profiles (a)
in pure oxygen and (b) for P = 10−22 bar for the
0.01 at.% acceptor doped sample at T = 544∘C and
ΔΦ0 = 0.5 V. The colors are assigned as follows:
blue to holes, green to vacancies, and red to elec-
trons. The dashed lines correspond to the coarsened
sample L> λ★ while the solid lines represent the
profiles when L< λ★.

All these features including this enormous shift
of the minimum by 12 decades are a conse-
quence of the grain size reduction and can be
explained by the mesoscopic core-space charge
model [4]. It is important to note that, within the
space charge zone, all the carrier concentrations
have to follow the space charge potential result-
ing from the core charge. As the core charge is
positive, p(x) is depressed by a factor κ(x) with
κ(x) = exp (eΔΦ(x)/RT), where ΔΦ(x) is the
space charge potential, e the elementary charge
and RT the Boltzmann term. The electron con-
centration n(x) is enhanced by the same factor,
while ν(x) is depressed by κ(x)2 owing to the
double charge. Figure 58 illustrates this situa-
tion [3].
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Here, in the nanocrystalline situation, it is con-
venient to adopt the approximation of flat con-
centration profiles. Under this assumption, the
equations shown above (band-band mass action
law and oxygen incorporation) can be used by
replacing the bulk concentrations with the con-
centrations directly adjacent to the core (i.e., at
x = 0, designated with the lower index 0 and
κ0 = exp (eΔΦ0/RT)). It can be derived that all
these features including the extreme variation
of the partial pressure at the p/n minimum –
Pmin(L→ 0) = κ4

0 ⋅Pmin(L→∞) [4] – can be ex-
plained by a space charge potential ΔΦ0 of
0.53 eV, which is quite typical for SrTiO3 ce-
ramics.

Despite the huge variations of σn(P) and σp(P)
on size reduction, the minimum conductivities
should stay invariant in the framework of the
considerations above. The fact that the exper-
imental data deviate from the expected value
(Fig. 57) is primarily due to the P-dependence
of ΔΦ(x). Confinement effects on the electronic
and ionic energy level should not be of signifi-
cant influence at these grain sizes.

In summary, we reported on the conductivity
of nanocrystalline SrTiO3 as a function of oxy-
gen partial pressure and compared it with the
properties of the coarsened material. It is re-
markable how well these significant variations
and in particular the shift of the p-n transi-
tion partial pressure by as many as 12 decades
can be understood in terms of the generalized
ionic-electronic space charge model. The re-
sults make nanocrystalline SrTiO3 a most im-
pressive master example of defect chemistry in
the nano-regime and demonstrate the enormous
power of size as degree of freedom in modern
materials research.
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A novel nanostructured iron fluoride cathode material
for rechargeable lithium batteries

C.L. Li and J. Maier

To realize lithium batteries with satisfactory
power and energy densities, exploring new elec-
trode materials with optimized microstructure
and morphology is the key. While for the anode
a variety of options are available, innovations
on the cathode still are very rare. Iron trifluo-
ride has attracted substantial interest due to its
electromotive force (emf) value of 2.7 V (versus
Li) and large theoretical capacity of 237 mAh/g
[1]. In view of the large bandgap and high
ionicity of metal-fluoride bonds in transition
metal fluorides, shrinking grain size by nano-
decoration technologies provides one of the

few possibilities to improve the electrochemi-
cal activity of such insulating fluorides. High-
energy mechanical ball-milling combined with
conductive carbon additives (> 15 wt%) has
been demonstrated to be an effective method
to create highly reactive carbon-metal-fluoride
nanocomposites (CMFNCs). Here, we report
briefly on synthesizing a promising iron triflu-
oride with a novel structure containing a low
amount of hydration water (FeF3⋅0.33 H2O).
The synthesis succeeds by using the ionic liq-
uid 1-butyl-3-methylimidazolium tetrafluorob-
orate (BmimBF4) close to room temperature
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[2]. The ionic liquid serves not only as a non-
aqueous solvent and a soft template for nano-
structure control, but also as the necessary flu-
oride source. Compared to mechanical ball-
milling and aqueous chemical approaches, this
non-aqueous chemical synthesis exhibits a va-
riety of advantages, including low-temperature
conditions without the necessity of further cal-
cination, precise control of crystallization and
ordered microstructure, effective prevention of
particle growth and agglomeration. Compared
with the poorly conductive ReO3-type FeF3,
the FeF3⋅0.33 H2O cathode exhibits an unusual
tunnel structure [3], which we hold responsi-
ble for the substantial Li storage capacity and
perhaps also for the good Li ion transport in
view of structural stability. Another advantage
of the FeF3⋅0.33 H2O material lies in the self-
assembly of a mesoporous morphology, which
is beneficial for electrolyte penetration and may
be also for the interfacial processes. In addi-
tion, the electronic conductivity is good as well.
Therefore, enhanced cycling and rate perfor-
mances of FeF3⋅0.33 H2O are expected without
in situ carbon coating. Figure 59 shows the pos-
sible synthesis mechanism.

A crystallographic view of orthorhombic
FeF3⋅0.33 H2O along [001] direction is pre-
sented in Fig. 60(a). Two kinds of octahedra
(Fe(1)F6 and Fe(2)F6) based on different Fe
sites are connected with each other by corner-
sharing of coordinating F vertices to generate
a roomy hexagonal cavity, with an oxygen
atom in the center. In contrast to the ReO3-
type FeF3, a unique one-dimensional tunnel
evolves along [001] direction with all the O–F
distances being greater than 3 Å. Figure 60(b)
refers to the microstructure and reveals typ-
ical pompon-like clusters with various sizes
from 200 nm to 500 nm. These large clusters
are made up of many smaller spherical sponges
(inset of Fig. 60(b)). Interestingly, the sponge-
type aggregate is formed by self-assembly of
a stack of needle-shaped nanoparticles, which
stretch outwards from the aggregate core. The
high-resolution transmission electron micro-
scope (HRTEM) image (Fig. 60(c)) from the
edge region of mesoporous aggregate reveals
well-crystallized nano-needles of about 10 nm
in diameter, which grow along [100] direction.
The corresponding diffractogram shown in the
inset confirms the distinct crystal symmetry of
FeF3⋅0.33 H2O.

Figure 59: Scheme of hydrated iron-based fluoride formation mechanism from BmimBF4 ionic liquid and
Fe(NO3)3⋅9 H2O precursors.
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Figure 60: (a) Projections of orthorhombic FeF3⋅0.33 H2O along [001] direction, with one-dimensional
tunnel structure built by hexagonal cavities along [001] direction to accommodate ionic storage and mi-
gration. Two kinds of FeF6 octahedra based on different Fe sites are shown in azure. (b) TEM images of
FeF3⋅0.33 H2O powders, inset: HRTEM image of a perfect and isolated sponge-type aggregate character-
ized by mesoporous morphology. (c) HRTEM image of a needle-shaped nanoparticle located at the edge of
sponge shown in (b), inset: The diffractogram of typical crystal structure. (d) Voltage vs. discharge capacity
profiles of FeF3⋅0.33 H2O electrode during the second cycle in a rate range of 0.1 – 1C, under a voltage range
of 1.6 – 4.5 V at 25∘C, inset: Discharge capacity as a function of cycle number in a rate of 0.1C.

This hierarchy, from fine nano-needles around
10 nm to self-assembled mesoporous sponges
or pompons with the sizes of hundreds of
nanometer, is considered to be beneficial to
electrolyte infiltration and electrochemical re-
activity. The soft template of ionic liquid is be-
lieved to play a dominant role in the microstruc-
ture evolution.

A galvanostatic charge-discharge was per-
formed for the carbon-free FeF3⋅0.33 H2O as
cathode for lithium cells in a voltage range of
1.6 – 4.5 V at 25∘C, as shown in Fig. 60(d). At

a rate of 0.1C, about 0.66 Li+ per formula
is able to intercalate, resulting in a capacity
as high as about 150 mAh/g. Accordingly, a
Li insertion number of 2/3 is likely to corre-
spond to the capacity limit given structural sta-
bility during electrochemical cycling, indicat-
ing that at maximum two Li+ can be accom-
modated in one hexagonal cavity. On the ba-
sis of the above discussions, it may be specu-
lated that Li ions in FeF3⋅0.33 H2O mainly mi-
grate along the characteristic one-dimensional
tunnel pathway in [001] direction. This is fur-
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ther indicated by the sloped reaction plateaus
of 2.7 V, which suggests a solid-solution behav-
ior. This single-phase process is totally different
from the multiphase transformation mechanism
of ReO3-type FeF3. A reversible discharge ca-
pacity of 115 mAh/g at 0.1C can be achieved
after 50 cycles (inset of Fig. 60(d)). No evi-
dent electrochemical degradation was observed
at elevated current density, and a reversible
capacity of nearly 120 mAh/g is achieved at
1C. The structural and morphological optimiza-
tions of the fluoride-based cathodes synthesized
by the ionic-liquid-assisted method are signif-
icantly beneficial for the accomplishment of
high-power lithium batteries.

In summary, a novel iron trifluoride material
was detected that is highly suited as a cath-
ode for lithium batteries. It was synthesized
through an ionic liquid assisted precipitation

method and found to be characterized by both
open tunnel structure and mesoporous morphol-
ogy. The existence of the small amount of hy-
dration water is expected to be crucial for the
significant modification of the crystal structure
of FeF3 and the generation of favorable Li+

transport and storage sites. This prototype of
a hydration-water-induced microstructure may
trigger further exploration in this direction for
obtaining improved cathode materials for high-
power lithium batteries.
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Megahertz operation of organic thin-film transistors
F. Ante, D. Kälblein, H. Ryu, U. Kraft, T. Egerer, U. Zschieschang and H. Klauk

The maximum frequency fT at which a field-
effect transistor can switch or amplify electrical
signals is determined by its transconductance
gm and its gate capacitance Cgate, the latter of
which has an intrinsic component CG and a par-
asitic component Cpar

fT =
gm

2πCgate
=

gm

2π(CG + Cpar)
. (21)

The transconductance gm is a measure for the
response of the drain current (ID) of the transis-
tor to changes in the applied gate-source volt-
age VGS. In the linear regime of operation, the
transconductance is given by

gm =
∂ID

∂VGS
=

µCdiel W
L

VDS , (22)

where µ is the charge-carrier mobility in the
semiconductor, Cdiel is the capacitance of the
gate dielectric per unit area, W is the channel

width, L is the channel length, and VDS is the
applied drain-source voltage.

Figure 61 schematically shows the areas of the
transistor that contribute to the intrinsic gate ca-
pacitance CG (the channel area; marked in red)
and to the parasitic capacitance Cpar (the gate-
to-contact overlap areas; marked in green). As
can be seen, CG is determined by the channel
area (W⋅L) and Cpar is determined by the area
by which the gate electrode overlaps the source
and drain contacts (W⋅2ΔL):

CG = Cdiel W ⋅L ; Cpar = Cdiel W ⋅2ΔL , (23)

where L is the channel length and ΔL is the gate-
to-contact overlap. Thus, the cutoff frequency
fT can be written as follows

fT =
µVDS

2πL(L + 2ΔL)
. (24)

91



Selected research reports Tailoring material properties

Figure 61: Schematic cross-section and schematic top view of an organic thin-film transistor, showing the
areas of the transistor that contribute to the intrinsic gate capacitance CG (channel area; marked in red) and
to the parasitic gate capacitance Cpar (gate-to-contact overlap areas; marked in green). CG is the product of
the gate-dielectric capacitance per unit area, Cdiel, and the channel area (W⋅L); Cpar is the product of Cdiel
and the area by which the gate electrode overlaps the source and drain contacts (W⋅2ΔL).

Equation (24) shows that the cutoff frequency
of a field-effect transistor depends on four pa-
rameters: The carrier mobility (µ), the applied
voltage (VDS), the channel length (L), and the
gate overlap (ΔL).

Organic thin-film transistors (TFTs) are field-
effect transistors in which the semiconductor
is a polycrystalline layer of conjugated organic
molecules [1]. Unlike transistors based on in-
organic semiconductors, organic TFTs can be
fabricated at temperatures below the glass tran-
sition temperature of common polymers, and
hence on flexible plastic substrates [2].

Over the past 25 years, the carrier mo-
bility of organic TFTs has been improved
from 10−5 cm2/Vs to about 1 cm2/Vs, mainly
through the development of novel conjugated
organic semiconductors, better purification of
the compounds, and improvements in the thin-
film morphology. Although these developments
continue, it is unlikely that mobilities substan-
tially above 1 cm2/Vs will become common-
place in organic TFTs. Also the voltage at
which the TFTs are operated is usually dictated
by the supply voltage of the integrated system
(usually the battery voltage) and thus cannot be
easily increased beyond a few volts.

Realistic improvements in the cutoff frequency
of organic TFTs therefore require that the chan-
nel length L and the gate overlap ΔL be made
as small as possible. In Fig. 62 the cutoff fre-
quency calculated from Eq. (24) is plotted as
a function of L and ΔL for µ = 1 cm2/Vs and

VDS = 3 V. The enormous benefit of even mod-
est reductions in the lateral TFT dimensions L
and ΔL is clearly seen.

Figure 62: Cutoff frequency calculated from
Eq. (24) plotted as a function of the channel length L
and the gate-to-contact overlap ΔL for a charge-car-
rier mobility of 1 cm2/Vs and a drain-source volt-
age of 3 V. The benefit of reducing the lateral TFT
dimensions L and ΔL is clearly seen.

Organic TFTs with channel lengths and gate
overlaps down to about 20 µm can be easily fab-
ricated by patterning the gate electrode and the
source and drain contacts using commercially
available shadow masks [3] that are made by
cutting openings into a thin polyimide film us-
ing a laser. The various layers of the TFTs are
then patterned simply by evaporating the mate-
rials (aluminum for the gate electrodes, conju-
gated molecules for the semiconductor, gold for
the source and drain contacts) through the open-
ings in the mask onto a suitable substrate.
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Figure 63: Photographs of a polyimide shadow mask and of a shadow-mask-patterned organic TFT with a
channel length and gate overlap of 20 µm, and current-voltage characteristics of the TFT.

Figure 63 shows a photograph of a polyimide
shadow mask, a photograph of a shadow-mask-
patterned organic TFT with a channel length
and gate overlap of 20 µm, and the current-
voltage characteristics of the TFT. The gate di-
electric is a combination of ≈ 3 nm thick AlOx
(obtained by briefly exposing the Al gate to an
oxygen plasma) and a ≈ 2 nm thick alkylphos-
phonic acid self-assembled monolayer (SAM)
formed spontaneously on the AlOx surface
from a 2-propanol solution. The capacitance
of the ≈ 5 nm thick AlOx/SAM gate dielec-
tric is 0.8 µF/cm2. The charge carriers in
the organic semiconductor (dinaphtho-thieno-
thiophene, DNTT) have a mobility of about
1 cm2/Vs.

According to Eq. (24), the maximum frequency
expected for the TFT shown in Fig. 63 is
about 40 kHz (L =ΔL = 20 µm, µ = 1 cm2/Vs,
VDS = 3 V), which corresponds to a signal delay
(τ ) of 12.5 µsec (2 τ= 1/ f). To verify this pre-
diction we have fabricated ring oscillators based
on TFTs like the one shown in Fig. 63 on a flex-
ible plastic substrate and measured the signal

delay of the ring oscillators. For a supply volt-
age of 3 V we have measured a signal delay of
30 µsec, which is reasonably close to the theo-
retically predicted value of 12.5 µsec.

The resolution of polyimide shadow masks can
be enhanced down to about 10 µm [4], but
not beyond that. To fabricate organic TFTs
with a channel length and gate overlap be-
low 10 µm we have recently begun to employ
high-resolution silicon stencil masks that have
been developed and are fabricated at the Institut
für Mikroelektronik Stuttgart (IMS Chips). The
stencil masks are produced by etching open-
ings (defined with high precision and excellent
reproducibility by electron-beam lithography)
into a 20 µm thick silicon membrane that is sup-
ported by a silicon-on-insulator (SOI) wafer [5].
Silicon stencil masks were initially conceived
for ion-projection lithography [6], but it turns
out they are also useful to pattern the various
layers of organic TFTs, with significantly better
resolution than what is possible with polyimide
shadow masks.
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Figure 64: Photograph and a scanning electron microscopy (SEM) image of a silicon stencil mask, pho-
tograph of a stencil-mask-patterned TFT with a channel length of 1 µm and a gate overlap of 5 µm, and
current-voltage characteristics of the TFT.

Figure 64 shows a photograph and a scanning
electron microscopy (SEM) image of a silicon
stencil mask designed and fabricated in col-
laboration with IMS Chips, a photograph of
a stencil-mask-patterned TFT with a channel
length of 1 µm and a gate overlap of 5 µm, and
the current-voltage characteristics of the TFT.
The functional materials of the TFT, including
the gate dielectric (AlOx/SAM) and the organic
semiconductor (DNTT), are the same as for the
TFT in Fig. 63.

Based on the lateral dimensions (L = 1 µm,
ΔL = 5 µm) and the charge-carrier mobility
(µ = 1 cm2/Vs), a cutoff frequency of 4 MHz
(corresponding to a signal delay of 125 nsec)
is expected for this transistor at VDS = 3 V. The
signal delay we have measured on ring oscil-
lators fabricated using high-resolution stencil
masks is 300 nsec at 3 V [7], which is again rea-
sonably close to the predicted value of 125 nsec.

Figure 65: Literature overview of signal delays re-
ported for organic TFTs in the literature since 1995
(blue data points), and our data (red data points) ob-
tained using polyimide shadow masks (L = 20 µm)
and using silicon stencil masks (L = 1 µm).

Figure 65 provides an overview of signal de-
lays that have been reported for various or-
ganic TFT technologies in the literature since
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1995 (blue data points). The signal delays we
have measured for our polyimide shadow-mask
technology (L =ΔL = 20 µm) and our silicon-
stencil-mask technology (L = 1 µm, ΔL = 5 µm)
are shown for comparison (red data points). As
can be seen, reducing the feature size of the
TFTs from 20 µm down to a few microns im-
proves the dynamic performance of the transis-
tors by two orders of magnitude.
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Band structure engineering of epitaxial graphene
on SiC by molecular doping

C. Coletti, C. Riedl, D.S. Lee, B. Krauss, K. von Klitzing, J.H. Smet, U. Starke and L. Patthey1

Epitaxial graphene grown on silicon carbide
(SiC) offers realistic prospects for large scale
graphene samples. However, the as-grown
graphene layers are electron doped as a result
of the graphene/SiC interface properties. Ac-
cordingly the Fermi energy, EF, is displaced
away from the Dirac point energy ED. This sit-
uation is visualized by a schematic sketch of
the π-band dispersion around the Dirac point
in Fig. 66(a). In order to exploit many of the
unique properties of graphene as semimetal also
in SiC based epitaxial graphene, the intrin-
sic doping has to be reversed, which means
that the electrons have to be extracted out of
the graphene layer. In order to reach charge
neutrality (ED ≈EF) for epitaxial graphene,
p-doping must compensate the intrinsic n-
doping. This situation is sketched in Fig. 66(b),
whereas panel (c) exemplifies the true p-
type regime in order to round up the pic-
ture. In the present report we show that the
excess negative charge in epitaxial graphene
can be fully compensated by functionalizing

the graphene surface with the strong elec-
tron acceptor (electron affinity Eea = 5.24 eV)
molecule tetrafluoro-tetracyanoquinodimethane
(F4-TCNQ).

Figure 66: Position of Dirac point and Fermi level
for monolayer epitaxial graphene on SiC(0001) as a
function of doping. Panel (a) stands for the intrinsic
n-doping of an as grown monolayer, panel (b) for a
charge neutral monolayer, and panel (c) visualizes
truly p-doped monolayer graphene.

Epitaxial graphene was grown in ultrahigh vac-
uum (UHV) by thermal Si sublimation on hy-
drogen etched, atomically-flat 6H-SiC(0001)
crystals. The quality of the graphene layers
was characterized using low-energy electron
diffraction (LEED). The doping level of the
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graphene layers was monitored with angle re-
solved photoemission spectroscopy (ARPES)
measurements of the π-band dispersion around
the K-point of the graphene Brillouin zone.
In-house measurements were carried out using
monochromatic He II radiation (hν= 40.8 eV)
from a UV discharge source. As shown on
the left side of Fig. 67 for an as-grown mono-
layer of graphene on SiC(0001) the Fermi
level EF is located about 0.42 eV above the
Dirac point ED. This corresponds to the well-
established charge carrier concentration value
of n≈ 1⋅1013 cm−2 for as grown graphene. Sub-
sequently, F4-TCNQ molecules were deposited
on the graphene/SiC substrates by thermal
evaporation from a resistively heated crucible.
For increasing amounts of deposited F4-TCNQ
EF moves back towards ED indicating electron
transfer from the graphene to the molecular
layer. After deposition of a 0.8 nm thick layer
of molecules, charge neutrality is reached, i.e.,
EF = ED (right side of Fig. 67). For a nominal
thickness of the molecular film above 0.8 nm
no additional shift of the Fermi energy is ob-
served which indicates that the charge transfer
saturates. Additional core level photoemission
and integrated valence band spectroscopy mea-
surements indicated that only two of the four

C≡N groups of the molecule are involved in
the charge transfer process [1]. This points to a
model of upright standing molecules on the sur-
face as indicated in the center sketch of Fig. 67.
We note, however, in addition, that the fluori-
nation of the molecule is essential for reaching
charge neutrality, since with normal TCNQ the
Dirac energy is shifted only by 170 meV [1].

For a detailed quantitative determination of
the carrier concentrations, Fermi surface maps
were extracted from high-resolution ARPES
data acquired using synchrotron radiation at the
Swiss Light Source (SLS) of the Paul Scherrer
Institut (PSI), Switzerland, at the Surface and
Interface Spectroscopy beamline (SIS). Fig-
ure 68 compares the π-band dispersion (a)–(c)
and constant energy maps (d)–(f) at EF for a
clean graphene monolayer (a),(d), an interme-
diate F4-TCNQ coverage (b),(e) and charge
transfer saturation at full coverage (c),(f). The
charge carrier concentration can be derived pre-
cisely from the size of the Fermi surface pock-
ets as n = (kF–kK)

2/π, where kK denotes the
wavevector at the boundary of the graphene
Brillouin zone. The Fermi surface pocket radius
is extracted by using Lorentzian fits of the max-
ima of the momentum distribution curves of the
electronic dispersion spectra in panels (a)–(c).

Figure 67: Dispersion of the π-bands measured by UV excited ARPES around the K point of the graphene
Brillouin zone for an as-grown graphene monolayer on SiC(0001) (left side) and for a charge neutral same
sample after deposition of a F4-TCNQ molecule film of 0.8 nm thickness (right side). The momentum
scans are taken perpendicular to the ΓK-direction in reciprocal space. The schematic structure of F4-TCNQ
molecules deposited on top of a graphene layer grown on SiC is shown in the central sketch.

96



Tailoring material properties Selected research reports

Figure 68: Dispersion of the π-band around the K
point of the graphene Brillouin zone measured by
ARPES with synchrotron light in scans oriented par-
allel to the ΓK-direction for (a) a pristine epitaxial
graphene monolayer, (b) an intermediate F4-TCNQ
coverage and (c) the F4-TCNQ coverage leading to
charge neutrality. Panels (d) through (f) show the
corresponding constant energy maps at EF. From
these Fermi surface maps we extract a charge carrier
concentration of (7.3± 0.2)⋅1012 cm−2 for the pris-
tine graphene, (9± 2)⋅1011 cm−2 for the intermedi-
ate coverage and (1.5± 2)⋅1011 cm−2 for full cover-
age. All the spectra shown were acquired with cir-
cular polarized light with a photon energy of 30 eV
and at a sample temperature of 80 K.

The corresponding carrier concentrations are
7.3⋅1012 cm−2, 9⋅1011 cm−2 and 1.5⋅1011 cm−2

for the clean graphene monolayer, the interme-

diate and the higher coverage, respectively. The
error bar for the resulting carrier concentrations
is ± 2⋅1011 cm−2 and was determined from the
variance of the Lorentzian fits.

Graphene bilayers exhibit a more complex π-
band structure. Two branches are visible for
both conduction and valence band. The band
shift caused by the intrinsic n-doping of epitax-
ial graphene bilayers on SiC is slightly lower
than in the case of monolayers, namely about
0.3 eV. In addition, the electric dipole present
at the graphene/SiC interface imposes an elec-
trostatic asymmetry between the layers which
causes a bandgap to open by roughly 0.1 eV
as seen from the ARPES data in Fig. 69(a). In
the figure bands obtained from tight-binding
calculations are superimposed to the dispersion
plot. This facilitates an analytical evaluation of
the Dirac energy position and the size of the
bandgap. The calculations are based on a sym-
metric bilayer Hamiltonian as described by Mc-
Cann and Fal’ko [2]. Similar to the monolayer
case, F4-TCNQ deposition onto this sample
causes a progressive shift of the bilayer bands,
i.e., a reduction of the intrinsic n-type doping.
This is illustrated in the measured and calcu-
lated dispersion plots in Fig. 69(b)–(d). Concur-
rent with the drop of EF – ED, the size of the
bandgap increases as seen from the bands fitted
with the tight binding simulations.

Figure 69: ARPES band structure plots measured perpendicular to the ΓK-direction for an epitaxially
grown graphene bilayer on SiC(0001) (a) without F4-TCNQ coverage and (b)–(d) with increasing amounts
of F4-TCNQ. Bands calculated within a tight binding model are superimposed to the experimental data. (e)
Evolution of the energy gap Eg, the gap midpoint or Dirac point ED, the minimum of the lowest conduction
band Econd and the maximum of the uppermost valence band Eval as a function of molecular coverage. The
definition of the energies is included in panel (c).
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The band fitting retrieves the energy at the bot-
tom of the lowest conduction band Econd and
at the top of the uppermost valence band Eval.
From these values the energy gap Eg and the
mid gap or Dirac energy ED are derived. The
corresponding energies are marked in panel
(c). The evolution of the characteristic ener-
gies of these fitted bands with the amount of
deposited molecules is plotted in Fig. 69(e).
The bandgap Eg increases from 116 meV for
a clean as-grown bilayer to 275 meV when
a 1.5 nm thick layer of F4-TCNQ molecules
has been deposited. We verified that no further
charge transfer occurs for higher amounts of
deposited molecules. The Fermi energy moves
into the bandgap for a molecular layer thickness
of 0.4 nm. Hence the bilayer is turned from a
conducting system into a truly semiconducting
layer. The increase of the bandgap indicates that
the molecular deposition increases the on-site
Coulomb potential difference between both lay-
ers. From the tight binding calculations we get
an increase in the on-site Coulomb interaction
from 0.12 eV for a clean bilayer to 0.29 eV for
a bilayer with a molecular coverage of 1.5 nm.
This increase can be attributed to an increased
electrostatic field due to the additional dipole
developing at the graphene/F4-TCNQ interface.

The charge neutralization in the graphene lay-
ers by F4-TCNQ deposition was corroborated
by Raman spectroscopy analysis of the shift
of the G-phonon peak position. By monitor-
ing peaks in the Raman spectra related to the
molecule itself we noted that during laser illu-
mination the deposited molecules are gradually
removed by evaporation accompanied by a si-
multaneous shift of the G-peak. Laser heating
can therefore be used to trim the molecule cov-
erage and hence tune the charge carrier concen-
tration in graphene. In a confocal arrangement
it should therefore be possible to spatially mod-
ulate the doping level [1]. The notable fact, that
the molecules remain stable under ambient con-
ditions and at elevated temperatures, as well as
the possibility to applied the molecular layer via
wet chemistry, make this doping method very
attractive since its incorporation into existing
technological processes appears feasible [1]
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Structure and properties of crystalline compounds

The first contribution in this chapter starts with a historical retrospection. Cinnabar is known to
mankind since millennia. Nevertheless the knowledge of its properties still exhibits gaps, making
it worthwhile to further investigate such crystalline compounds by applying state of the art ex-
perimental and theoretical methods. Indeed, it is the combination of theory and experiment that
provides new insight into the relations of structures and properties. This was demonstrated too by
the analysis of the magnetic properties of Cs2AgF4. Purely theoretical work requires at the end
experimental validation. However, it has its own value, when stimulating new experiments as in
the case of the layered iridium oxides, or when complementing experimental data at conditions
where experiments are quite difficult, like in the low temperature part of the phase diagrams of
quasi-ternary semiconductors. The synthesis and characterization of crystalline compounds be-
comes more demanding, when a well-defined doping or disorder has to be considered, as shown in
two contributions in this chapter. They deal with new insight into the phase diagrams of electron-
and hole-doped iron-based superconductors based on properties measured on single crystals, and
with the possibility of determining the structure of partially disordered compounds from X-ray
powder diffraction data by combining the maximum entropy method with charge flipping.

Phononic properties of cinnabar:
Ab initio calculations and new experimental results

R.K. Kremer, M. Cardona, R. Lauck, G. Siegle, A. Muñoz1, A.H. Romero2 and M. Schmidt3

Cinnabar (α-HgS) is the main ore for the pro-
duction of mercury and, in powdered form, con-
stitutes the red pigment vermillion which was
already used in pre-Columbian Peru as early
as 500 BC (Chavin Empire). Large scale min-
ing of cinnabar is known to have taken place
after the conquest of the Inca Empire (1532
AD) in connection with the extraction of silver
from low grade ores. It probably led to the first
pre-industrial source of Hg environmental pol-
lution. Evidence for the use of cinnabar as a pig-
ment is also found in Mesoamerica, dating back
to the Olmec culture (≈ 800 BC), where it was
utilized in ceremonial burials and for coloring
beautiful ceramic figurines.

In the Eastern World, China, today the main
producer of mercury, was early using cinnabar
as a pigment. The best known use is found in the
lacquerware of the Song Dynasty (1000 AD).

Cinnabar is applied, still today, in traditional
Chinese medicine (as Zhu Sha) to treat a variety
of ailments including colds, insomnia, restless-
ness and, less dangerously since applied exter-
nally, skin disorders. Because of the existence
of large cinnabar deposits, vermillion was also
used in Spain and Italy to illuminate ancient
manuscripts.

The extraction of mercury from cinnabar is al-
ready documented in Teophrastus of Eresus’
‘Book on Stones’ (≈ 315 BC): ‘Native cinnabar
was rubbed with vinegar in a copper mortar
with a copper pestle’, thus describing what
is probably the first mechano-chemical reac-
tion. Pliny the Elder (23-79 AD), in his natu-
ral history [1], describes not only the mechano-
chemical but also the distillation method which
seems to have originated from Dioscorides
(40–90 AD).
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Cinnabar is the stable form of HgS under nor-
mal temperature and pressure. Besides, a zinc-
blende-type modification of HgS, metacinnabar
(β-HgS), also exists. We have described its elec-
tronic and vibronic properties in the Annual Re-
port of 2009.

Despite the wide technological importance of
cinnabar there is limited knowledge of its elec-
tronic and lattice dynamical properties. In this
contribution we focus on the phonon and ther-
modynamic properties of cinnabar. Especially,
we calculate the phonon dispersion relations
and compare theoretical results with our new
experimental data and data available in the lit-
erature. The reader may find a more detailed
discussion of the electronic structure and de-
rived optical properties of cinnabar including a
comparison of the calculated dielectric function
with unpublished experimental data in [2].

Cinnabar has two chiral (enantiomorphic) struc-
ture modifications (space groups no. 152 (D4

3)
and no. 154 (D6

3), the primitive cell is composed
of two coaxial helices, one with three S atoms,
the other with three Hg atoms). These modifi-
cations rotate the plane of polarization of light
propagating along the c-axis in opposite direc-
tions (optical activity).

The ab initio calculations have been performed
with two different implementations of Density
Functional Theory, the VASP and the ABINIT
code [2]. The latter was used to obtain the vibra-
tional properties. To this end the dynamical ma-
trices were calculated for a grid of 6×6×3 and
four different grid shifts, with a total of 83 ma-
trices (including the Γ point) and a Fourier in-
terpolation was carried out in order to increase
the density of q points.

We display in Fig. 70 the phonon dispersion
relations of cinnabar. The 6 atoms per prim-
itive cell give rise to 18 vibrational modes,
3 of which have zero frequency at Γ (acous-
tic modes). Thus we are left with 15 modes,
5Γ3 doublets (ir and Raman active), 2Γ1 sin-
glets (Raman active) and 3Γ2 singlets (ir ac-
tive). The ir active modes split into longitudi-
nal and transverse, depending on whether the

E-field is parallel or perpendicular to the scat-
tering vector, the splitting being determined by
Born effective charges. It is worth noticing that
the five Γ3 doublets (≈ 43 cm−1, ≈ 85 cm−1,
≈ 122 cm−1, ≈ 263 cm−1 and ≈ 321 cm−1) split
linearly in k along the Γ-A direction. This split-
ting is induced by the chirality of the structure
and should be responsible for optical activity re-
lated to the ir-active phonons.

Figure 70: Calculated phonon dispersion of α-HgS.
The calculations have been performed without tak-
ing spin-orbit coupling into account. Calculations
carried out by taking spin-orbit coupling into ac-
count revealed changes of the Γ-point phonon ener-
gies compared to these results of less than ≈ 1.5%.

Regrettably there are no experimental data
available for the phonon dispersion relations
throughout the whole Brillouin zone. The only
experimental phonon data published are those
obtained with Raman and ir spectroscopy at the
zone center [3]. These agree reasonably well
with our calculations, especially if one consid-
ers the complexity of the crystal structure of α-
HgS, with six atoms per unit cell.

Figure 71 shows the phonon density of states
(PDOS) calculated from the dispersion rela-
tions and its decomposition into S-like and Hg-
like partial components. As expected, the low-
frequency band (0 – 100 cm−1) corresponds
mainly to Hg vibrations whereas that between
230 cm−1 and 350 cm−1 is mainly sulfur-like.
It is interesting to notice that the intermediate
band, between 110 cm−1 and 190 cm−1, is al-
most pure sulfur-like.
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Figure 71: Phonon density of states (PDOS); partial
contributions from Hg and S and the total PDOS are
displayed.

The PDOS displayed in Fig. 70 was used to cal-
culate the total energy, F(T), and the specific
heat at constant volume, Cv(T), by taking the
second derivative of the total energy. In order
to compare with experimental data we have ex-
tended available low-temperature heat capacity
measurements up to ≈ 350 K on several sam-
ples comprising natural and artificial crystals of
α-HgS including such with isotope enrichment
either for Hg or S. These have been grown by
conventional vapor phase transport techniques
[4].

To emphasize the low-temperature regime and
to follow deviations from Debye’s T3-power
law our experimental data are shown in a Cp/T3

plot. Figure 72 illustrates the very good agree-
ment of our experimental data with those of
Khattak et al. and the agreement of the data ob-
tained on natural or artificial α-HgS crystals.
The Cp/T3-plot reveals the characteristic max-
imum at ≈ 10 K which had actually been ob-
served at 7 K for the zincblende modification
(β-HgS). The position of this maximum is usu-
ally determined by the lowest maximum of the
PDOS which, according to Fig. 71 appears at
65 K. The ratio 65/10 = 6.5 is typical for the
maximum of Cp/T3 in many semiconductors.
Near the maximum in Cp/T3 the theory points
fall short by about 3.5%. Above 20 K, up to
250 K there is good agreement of experimental
and theoretical results. Above 250 K the theo-
retical data approach the Petit-Dulong limit of

6×R, where R is the molar gas constant, some-
what slower than the experimental data. Almost
perfect agreement is achieved when thermal ex-
pansion effects are taken into account [2].

Figure 72: Cp/T3 versus T representation of our
heat capacity data. Natural α-HgS sample: ∘; artifi-
cial vapor phase grown sample: ♦. The solid line rep-
resents our theoretical data. Data by Khattak et al.
[5] are represented by □.

Measuring the heat capacity of isotope enriched
samples can by favorably employed to test the
ab initio calculations. Isotope enrichment of
one of the constituents of α-HgS allows to se-
lectively alter its mass and thus induce small
variations in the phonon dispersion relations. In
view of the clearly structured spectrum of the
PDOS, isotope enrichment of Hg or S is ex-
pected to change the heat capacity in different
temperature regimes. The small differences in
the heat capacity of the isotope enriched sam-
ples with respect to the samples prepared from
the elements with the natural isotope composi-
tion are barely seen in the Cp/T3-plot. We have
demonstrated that the small changes can be
clearly revealed in the logarithmic derivatives
of Cp/T3 versus the isotope masses (Fig. 73).

Two pronounced features are observed in the
logarithmic derivative versus the mass of the
S constituent (Fig. 73(a)), a rather pronounced
sharp peak at ≈ 6 K and a broad hump with
maximum at ≈ 100 K and probably a shoul-
der at ≈ 50 K. The broad feature reflects the
two broad S-like bands in the PDOS between
150 cm−1 and 180 cm−1 and between 250 cm−1

and 350 cm−1.
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Figure 73: Logarithmic derivatives with respect
to the masses m of the constituents Hg or S,
d ln(Cp/T3)/d ln m, of the experimental heat ca-
pacities. (a) Compares α-natHgnatS with a sam-
ple of α-natHg34S. (b) Logarithmic derivative cal-
culated by comparing samples of α-natHgnatS and
α-198.9HgnatS. Different symbols (∘, □) indicate in-
dependent runs on samples of the same prepara-
tion. The (red) solid lines represent the logarithmic
derivatives obtained from our theoretical data calcu-
lated for various isotope masses.

The origin of the sharp low-temperature peak
at 10 K is not immediately obvious from the
PDOS. We attribute it to a small mixture of
Hg- and S-like phonons which also explains the
small spike in the S-like phonon partial DOS
at about 50 cm−1. All features, especially the
broad hump peaking at ≈ 100 K, are fairly well-
reproduced in position and magnitude by the re-
sults of our calculations (Fig. 73).

The agreement between experiment (two sep-
arate runs on two separately prepared samples
from the same batch of isotopically enriched
Hg) and theory for the logarithmic derivative
w.r.t. the mass of the Hg atoms. A peak occurs

in the logarithmic derivative at ≈6 K which cor-
responds well with the position expected from
theory. But the experimental peak overshoots
the theoretical calculation by almost a factor of
three. The origin of this difference might be due
to a small traces of metacinnabar β-HgS in our
sample or other related effects. β-HgS has a sig-
nificantly higher low-temperature heat capacity
than α-HgS, in Cp/T3 representation the peak
is by a factor of three higher than that of α-HgS
[2]. Comparing the heat capacities of the two
modifications of HgS we estimate that a 1.5%
admixture of β-HgS into our sample, probably
hardly noticeable by visual inspection, would
be sufficient to explain the increase of the mag-
nitude of the 6 K peak in the logarithmic deriva-
tive versus the Hg mass of α-HgS. The high cost
of mercury isotopes has prevented a more de-
tailed analysis of this anomaly.

In summary, we present a discussion of the lat-
tice dynamical properties of cinnabar, α-HgS.
We compare up-to-date ab initio calculations
of the phonon dispersion with experimental re-
sults and find good agreement of experiment
and theory.
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Antiferromagnetic interlayer coupling driven by magnetic
dipole-dipole interactions in the layered ferromagnet Cs2AgF4

J. Köhler, J. Tong, R.K. Kremer, M.-H. Whangbo and A. Simon

Cs2AgF4 consists of AgF4 layers made up
of corner-sharing AgF6 octahedra containing
Ag2+ (d9) ions (Fig. 74). It has an orthorhom-
bic structure [1] in which the AgF6 octahe-
dra undergo a cooperative Jahn-Teller distortion
with their elongated Ag–F bonds lying in the
plane of each AgF4 layer. Cs2AgF4 exhibits a
ferromagnetic-like phase transition that occurs
below TC ≈ 15 K. The orbital order within each
AgF4 layer is such that the magnetic orbitals of
adjacent Ag2+ ions are orthogonal to each other,
thereby leading to no overlap between them
and hence a ferromagnetic spin exchange be-
tween neighboring Ag2+ ions results. Cs2AgF4

exhibits a very small spontaneous magnetiza-
tion at H = 0 Oe indicating that the interaction
between adjacent ferromagnetic AgF4 layers is
primarily antiferromagnetic. This implies that
the interlayer coupling is weak as indicated by
the magnetic saturation near 5 kOe, and shows
that the magnetism in Cs2AgF4 has mainly 2D
character.

Figure 74: Perspective view of the crystal structure
of Cs2AgF4. Cs atoms: large circles; the AgF6 octa-
hedra are emphasized.

In order to explore the nature of the interlayer
interaction in Cs2AgF4 below TC, we have ex-
amined the temperature dependence of its mag-
netization and specific heat in external magnetic
fields and performed electronic structure calcu-
lations [2]. The ferromagnetic AgF4 layers line
up with the field so that the overall magnetiza-
tion readily grows to full saturation (Fig. 75),
and the phase transition becomes more smeared
out.

Figure 75: Magnetization hysteresis curve mea-
sured for Cs2AgF4 collected at T = 5 K (open circles,
the solid line is a guide for the eye). The inset shows
the field dependence of the magnetic saturation of
Cs2AgF4 at T = 3 K.

The temperature dependence of the specific heat
Cp of Cs2AgF4 in the absence of an exter-
nal magnetic field Cp shows an anomaly at
TC = 14.2 K (Fig. 76). It indicates the onset of
magnetic ordering between ferromagnetic AgF4

layers. Remarkably, the shape of the anomaly
deviates considerably from a λ-type anomaly
expected for a typical long-range 3D mag-
netic ordering, see lower inset of Fig. 76. The
magnon contribution to the heat capacity linear
in T can be gained from the heat capacity data
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through a Sommerfeld-type representation by
plotting Cp/T versus T2. The linear magnon
contribution is well-seen as an intersection with
the vertical axis (upper inset of Fig. 76).

Figure 76: Specific heat Cp at zero field as a func-
tion of T . The inset at the bottom right corner shows
a zoomed-in view of Cp versus T around TC, and the
inset at the upper left corner shows Cp/T as a func-
tion of T2.

To probe the nature of the long-range order-
ing in more detail, we measured Cp in small
magnetic fields H ranging from 0 Oe to 500 Oe
(Fig. 77). With increasing H the specific heat
anomaly becomes weaker without shifting its
position and eventually disappears when H is
higher than 200 Oe.

The field dependence of the specific heat
anomaly is reversible, i.e., when the applied
field is removed, the anomaly (green triangles)
returns practically with no change in shape

from that (black squares) observed before ap-
plying an external field. The total entropy in the
anomaly amounts to approximately 1% of the
expected value Rln2 (R is the molar gas con-
stant) by subtracting a proper estimate of the
phonon contribution to the specific heat and by
integrating Cmag/T , indicating that the essen-
tial fraction of the entropy has already been re-
moved by short range ordering above TC.

This means that increasing the extent of inter-
layer ferromagnetic coupling reduces the spe-
cific heat anomaly, given the field dependence
of the magnetization vs. temperature discussed
in the previous section.

Figure 77: Temperature dependence of the specific
heat at different fields ranging from 0 Oe→ 500 Oe
→ 0 Oe. The 0 Oe (1) curve refers to the zero-field
data before applying an external field, and the 0 Oe
(2) curve has been measured after the magnetic field
had been switched off. The lines are guides for the
eye.

Figure 78: Ordered spin states of Cs2AgF4 defined in terms of the (2a, 2b, c) supercell, where the unshaded
and shaded circles represent the up-spin and down-spin Ag2+ sites, respectively. The three numbers in each
parenthesis from left to right refer to the relative energies (in meV per 4 FUs) determined from GGA + U
calculations with U = 0, 3 and 5 eV, respectively.
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Spin polarized ab initio GGA + U calculations
using the VASP code for the ferromagnetic state
of the orbital-ordered structure of Cs2AgF4 (at
6 K) show a bandgap even for U = 0, which in-
creases with increasing the U value. To deter-
mine the values of three different intra layer
spin exchanges J1 – J3 and an interlayer spin ex-
change J4 by a mapping analysis, we have cal-
culated the total energies for five ordered spin
states of Cs2AgF4, see Fig. 78.

Table 3: Relative MDD interaction energies (in
kBK per 4 FUs) calculated for the four spin ar-
rangements of Cs2AgF4.

∥ to layer ⊥ to layer

Interlayer FM 0.31 0.13
Interlayer AFM 0.00 0.21

The spin exchanges are dominated by strong
ferromagnetic NN spin exchange J1 (≈ 100 K),
as expected. The interlayer spin exchange
J4, however, is found to be very weak,
J4 / kB ≤ 0.1 K (especially in view of the ten-
dency of GGA + U calculations which typi-
cally overestimate the spin exchange by a fac-
tor of 3 to 4) and of the order of the mag-
netic dipole-dipole (MDD) interactions. J4 is
ferromagnetic. In order to analyze the effect
of magnetic dipole-dipole (MDD) interactions,
we have considered four different spin arrange-
ments of Cs2AgF4 that are made up of ferro-
magnetic AgF4 layers stacked parallel and an-
tiparallel (fm and afm arrangement) and with
the spin moments in each layer either oriented
parallel (∥) or perpendicular (⊥) to the lay-
ers. According to these calculations the pre-
ferred interlayer coupling is antiferromagnetic
with spins oriented parallel to the layer (Tab. 3).
This finding is consistent with the observed an-
tiferromagnetic interlayer coupling in Cs2AgF4
from the magnetization measurements and al-
lows to understand the experimental observa-
tions.

Adjacent AgF4 layers in Cs2AgF4 prefer an
antiferromagnetic coupling due to MDD in-
teractions. In the absence of a field and be-
low TC, Cs2AgF4 undergoes a ‘phase tran-
sition’ in which most AgF4 layers are anti-
ferromagnetically coupled with a small frac-
tion of ferromagnetically-coupled AgF4 layers.
This leads to a small magnetization plateau
below TC. The presence of a small frac-
tion of ferromagnetically-coupled layers among
mostly antiferromagnetically coupled layers al-
lows to understand the peculiar Cp anomaly.
Deviations from a sharp λ-type anomaly are
ascribed to dynamic fluctuation between the
two regions. With increasing H, there occur
more ferromagnetically oriented layers so that
the magnetization plateau increases and en-
tropy favors a maximum random distribution of
the ferromagnetically-coupled layers among the
antiferromagnetically-coupled layers. Disorder
prevents effective interlayer magnetic ordering
and the Cp anomaly becomes reduced and even-
tually disappears.

In summary, the new layered perovskite-type
quantum antiferromagnet Cs2AgF4 exhibits pe-
culiar magnetic properties which are ascribed to
strong intra layer ferromagnetic spin exchange
but very weak interlayer spin exchange com-
peting with magnetic dipole-dipole coupling.
Cs2AgF4 is an antiferromagnet below ≈ 14 K,
but already very small magnetic fields are suffi-
cient to overcome the weak interlayer coupling
and to align the weakly coupled ferromagnetic
layers.
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Spin-orbit entanglement in iridium oxides:
Novel ground states and excitations

G. Jackeli, J. Chaloupka and G. Khaliullin

The transition metal compounds with par-
tially filled d-levels show a plethora of physi-
cal phenomena including unconventional super-
conductivity, colossal magnetoresistivity, large
thermopower, multiferroic properties etc. In
the undoped compounds, a strong intra-atomic
interactions localize the d-electrons in Mott-
Hubbard or charge-transfer insulating regimes,
and the low-energy physics of such insulators,
in some cases, is described in terms of spin-
only Hamiltonians. This happens when the or-
bital degeneracy of a d-level of a transition
metal ion is lifted as in the case of, e.g., high-
Tc cuprates. However, often, a transition metal
ion possesses an orbital degeneracy in addi-
tion to that of spin origin. Typically, the or-
bitals form a long-range-ordered pattern, driven
by Jahn-Teller or exchange interactions, and or-
bital ordering stabilizes various types of ordered
magnetic phases. In other circumstances, the
orbitals may remain in a quantum disordered
state down to the lowest temperatures as in the
case of, e.g., cubic titanates, while the spins are
slowly fluctuating about an ordered state.

Here we discuss yet another situation, when a
strong relativistic spin-orbit (SO) coupling en-
tangles locally the spin and orbital degrees of
freedom. The physics of such systems drasti-
cally differs from that of compounds where SO
coupling is of a perturbative nature, as the form
of magnetic interactions is no longer dictated by
a global spin rotational symmetry alone.

The SO coupling is strong for the late transi-
tion metal ions such as Ir, Os, Rh, Ru. Indeed,
optical data on Ir4+ impurities suggests a fairly
high value of the SO coupling λ≈ 380 meV.
This far exceeds possible intersite interactions
between the t2g orbitals and spins in the insu-
lating iridates, and hence is able to lock them

together forming a total angular momentum lo-
cally. In the following, we consider iridium ox-
ides Sr2IrO4 and A2IrO3 (A = Li, Na) from this
perspective.

We begin by introducing the local magnetic de-
grees of freedom. In the low-spin d5 configura-
tion of Ir4+ ion a hole resides in t2g manifold of
xy, xz, yz orbitals, and has an effective angular
momentum l = 1

∣lz=0⟩ ≡∣xy⟩, ∣lz=±1⟩ ≡− 1√
2
(i ∣xz⟩± ∣yz⟩) .

The SO coupling is described by the single ion
Hamiltonian H0 = λ l⃗ ⋅ s⃗, where λ> 0 and s⃗ is a
hole spin operator. The lowest energy level of
H0 is a Kramers doublet of isospin states, ∣↑̃⟩
and ∣↓̃⟩

∣↑̃⟩= 1√
3
∣0,↑⟩−

√
2
3 ∣+1,↓⟩ ,

∣↓̃⟩= 1√
3
∣0,↓⟩−

√
2
3 ∣−1,↑⟩ .

(25)

Notice that the wavefunctions of the Kramers
doublet are given by a coherent superposition of
different orbital and spin states, leading to a pe-
culiar distribution of spin densities in real space
(Fig. 79(a)). This will have important conse-
quences for the symmetry of the intersite inter-
actions. We will demonstrate that the very form
of the exchange Hamiltonian depends on bond
geometry, due to a spin-orbit entangled nature
of the ground state wavefunctions.

As a first example of a spin-orbit coupled
Mott insulator, we discuss the layered com-
pound Sr2IrO4, a t2g analog of the undoped
high-Tc cuprate La2CuO4. It undergoes a mag-
netic transition at ≈ 240 K displaying a weak
ferromagnetism (FM). The puzzling fact is
that ‘weak’ FM moment is unusually large,
≃ 0.14 µB which is two orders of magnitude
larger than that in La2CuO4 causing debates on
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whether the ground state is FM with strongly re-
duced moment or strongly canted antiferromag-
net (AF).

Figure 79: (a) Density profile of a hole in the
isospin up state. It is a superposition of a spin up
hole with lz = 0 (middle) and spin down one with
lz = 1 (right) states. Panels (b) and (c) show, respec-
tively, 180∘ and 90∘ Ir–O–Ir bond geometry with
the corresponding orbitals active along these bonds.
The black (white) dots stand for the iridium (oxy-
gen) ions.

In Sr2IrO4, a square lattice of Ir4+ ions
is formed by corner-shared IrO6 octahedra,
slightly elongated along the c-axis and rotated
about it by α≃ 11∘. In the undistorted struc-
ture, the overlap matrix of active orbitals along
180∘ Ir–O–Ir bond (Fig. 79(b)) determines the
form of the corresponding superexchange spin-
orbital model. By projecting the latter onto the
isospin states Eq. (25), and accounting for the
rotations of IrO6 octahedra one finds an ex-
change Hamiltonian for isospins [1]. The dom-
inant part of the Hamiltonian, neglecting the
Hund’s coupling JH = 0, has the following form
on a nearest-neighbor (NN) ij bond

H ij = J S⃗i ⋅ S⃗j + Jz Sz
i Sz

j + D⃗ ⋅ [⃗Si × S⃗j
]
, (26)

where S⃗i is the S = 1/2 operator for isospins (re-
ferred to as simply spins from now on) and
D⃗ = (0,0,–D) defines Dzyaloshinsky-Moriya in-
teraction induced by the rotations of IrO6 octa-
hedra. Remarkably, the symmetric Jz and anti-
symmetric D anisotropies are solely determined

by the rotation angle of IrO6 octahedra α. The
Hamiltonian (26) can in fact be mapped to
the AF Heisenberg model by a staggered ro-
tation of S⃗ around the z-axis by an angle ±φ,
with tan(2φ)= D/J. Thus, at JH = 0, there is no
true magnetic anisotropy. Finite JH induces the
anisotropy term of easy-plane form, which con-
fines the spins in the IrO2 plane and selects
canted antiferromagnetic structure with canting
angle φ.

For a weak tetragonal distortion, as in Sr2IrO4,
one finds the large spin canting angle φ≃α, i.e.,
the ordered spins rigidly follow the staggered
rotations of octahedra. This explains the unusu-
ally large value of a ‘weak’ FM moment. It
also suggests a strong magnetoelastic coupling
and related phonon anomalies at the magnetic
transition. We also predict the formation of a
novel composite excitation of hybrid magnon-
phonon nature in Sr2IrO4, which could be de-
tected by various spectroscopic probes such as
Raman scattering. The formation of the spin-
orbit entangled ground state and the canted AF
order with easy-plane anisotropy, predicted the-
oretically in [1], has been recently confirmed
by the resonant X-ray scattering experiments on
Sr2IrO4 [2].

We now turn to the discussion of a family
of very recently synthesized iridates A2IrO3

(A = Li, Na). These compounds show the in-
sulating behavior and their high-temperature
magnetic susceptibilities obey the Curie-Weiss
law with an effective moment corresponding to
S = 1/2 per Ir ion. However, the nature of the
ground state formed by these effective spin one-
half degrees of freedom is not yet clarified ex-
perimentally.

In A2IrO3 compounds, the Ir4+ ions form
weakly coupled honeycomb-lattice planes. In
contrast to the previous example of Sr2IrO4,
the IrO6 octahedra share the edges, and Ir ions
can communicate through two 90∘ Ir–O–Ir ex-
change paths (Fig. 79(c)) or via direct overlap
of their orbitals. We find that this peculiar bond-
ing geometry leads to an exchange Hamiltonian
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drastically different from that of a 180∘ geome-
try. Most importantly, the very form of the ex-
change interaction depends on the spatial ori-
entation of a given bond. The strong entangle-
ment of spin and orbital degrees of freedom in
the Kramers doublet translates bond-directional
nature of the electron orbitals into an anisotropy
of magnetic interactions [1]. Collecting the pos-
sible exchange processes and projecting them
onto the lowest Kramers doublet Eq. (25), we
obtained [3] the following spin Hamiltonian on
a given NN ij bond

H (γ)
ij =−J1 Sγi Sγj + J2 Si⋅Sj . (27)

Figure 80: Hexagonal cluster of A2IrO3 (A = Li, Na)
layered compound with 90∘ Ir–O–Ir exchange
bonds. The Kitaev part of the interaction on three
types of bonds is shown.

Here, spin quantization axes are taken along
the cubic axes of IrO6 octahedra. In a hon-
eycomb lattice formed by Ir ions, there are
three distinct types of NN bonds referred to as
γ= (x,y,z) bonds because they host the Ising-like
J1 coupling between the γ components of spins
(Fig. 80). The first part of Eq. (27) is thus noth-
ing but the FM Kitaev model, and the J2 term is
a conventional AF Heisenberg model. As the ra-
tio of exchange constants J1 and J2 depends on
many microscopic parameters [3], we param-
eterize the exchange couplings as J1 = 2α and
J2 = 1–α and discuss the ground state phases

of Kitaev-Heisenberg model (Eq. (27)) in the
whole parameter space 0≤α≤ 1.

At α= 0, we are left with the Heisenberg model
exhibiting the conventional Néel order on a
honeycomb lattice. The opposite limit, α= 1,
corresponds to the exactly solvable Kitaev
model. Its ground state is spin-disordered and
supports the emergent fractional gapless excita-
tions represented by Majorana fermions. Spin-
spin correlations are, however, short-ranged and
confined to NN pairs. Because of its unique
properties relevant also to a quantum computa-
tion problem, the Kitaev model has received a
great deal of attention in the physical commu-
nity.

Interestingly, the model is exactly solvable
at α= 1

2 , too. At this particular point, the
anisotropic Hamiltonian (Eq. (27)) can be
mapped to that of a simple FM Heisenberg
model via four-sublattice unitary transforma-
tion [3]. Thus, at α= 1

2 , i.e., at J1 = 2 J2, the ex-
act ground state of the model is a fully polarized
FM state in the transformed basis. In the origi-
nal spin basis, the resulting order corresponds to
a stripy AF pattern of magnetic moments as de-
picted in Fig. 81. Note that such a stripy order,
despite being of AF type, is fluctuation-free at
α= 1

2 and would thus show a fully saturated AF
order parameter. Moreover, in such a stripy AF,
the energy of spin-wave excitation near the or-
dering wavevector follows ωq ∼ q2 dispersion,
instead of sound-like behavior ωq ∼ q as in the
case of conventional isotropic AF.

Figure 81: Phase diagram of Kitaev-Heisenberg
model (27): With increasing α, the ground state
changes at α≃ 0.4 from the Néel AF order to the
stripy AF state (being the exact solution at α= 1

2 )
and to the Kitaev spin liquid at α≃ 0.8.
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We have studied the phase behavior of model
(Eq. (27)) by the exact diagonalization method
and a complementary spin-wave analysis in [3].
The obtained phase diagram is shown in Fig. 81.
The classical phase boundary between Néel
and stripy AF orderings is at α= 1

3 . However
the quantum fluctuations which are more pro-
nounced in the former phase shift the phase
boundary to a larger value α≃ 0.4 at which the
first-order transition takes place. With further
increasing α, a second- (or a weakly first-) order
transition from stripy AF to a spin-liquid state
takes place at α≃ 0.8. Remarkably enough, the
spin-liquid phase occupies a sizable portion of
the whole phase diagram, reflecting the robust-
ness of the Kitaev model to external perturba-
tions.

At present, experimental data are rather insuf-
ficient to conclusively locate the position of
A2IrO3 compounds in our phase diagram. We
hope that our results will motivate further ex-
perimental studies of layered iridates and sim-
ilar compounds of late transition metal ions,
where the long-sought quantum spin liquid state
of matter and a celebrated Kitaev model physics
might be within reach.
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Ab initio prediction of low-temperature parts of the quasi-ternary
phase diagrams for the semiconductor AlX–GaX–InX

(X = As or Sb) systems
I.V. Pentin, J.C. Schön and M. Jansen

Knowing the thermodynamically stable phases
of chemical compounds as a function of state
variables (T , p, x i) is of fundamental impor-
tance for many fields in science and technology.
This information is conventionally encoded in
equilibrium phase diagrams, which are descrip-
tive in nature and need to be determined exper-
imentally. Missing information, e.g., an omit-
ted thermodynamically stable compound, is in-
evitably detrimental to the reliability of this tool
in practical materials science. But mapping the
phase diagram via experiments at low tempera-
tures is quite difficult, since it is often nearly im-
possible to access the thermodynamic equilib-
rium due to the low speed of the solid state re-
actions at those conditions. Nevertheless, such
information is no less important than the one
about the solidus-liquidus regions of the phase

diagrams: The location of the miscibility gap
informs the possible working conditions of the
final products, especially their long term stabil-
ity, because a decomposition of the solid solu-
tion at low (room) temperatures will massively
impair their functions.

Thus, we have developed a methodology that
allows us to compute the low-temperature part
of a phase diagram without any experimental
input, including both ordered phases and solid-
solution phases [1]. The starting point is the ob-
servation that the (meta)stable phases capable
of existence correspond to locally ergodic re-
gions on the enthalpy landscape of the chem-
ical system under investigation. At low tem-
peratures, these regions are basins around lo-
cal minima of the potential energy, while at el-
evated temperatures locally ergodic regions can
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encompass many (often structurally related) lo-
cal minima. A prominent example of the latter
case are the many disordered arrangements of
atoms that contribute to a disordered alloy or
solid-solution phase.

Finding these regions requires the use of an un-
biased global optimization method to identify
local minima, as well as a local optimization
procedure for the subsequent refinement at an
ab initio level. For the global search, we permit
free variation of the atom positions and cell pa-
rameters, keeping the ionic charges fixed, where
the energy is computed using an empirical po-
tential, or at an ab initio level (c.f. Annual Re-
port 2009 p. 28). These global searches are per-
formed for many different compositions in the
given chemical system, and several numbers of
formula units Z in the simulation cell. Note that
one is interested not only in the thermodynami-
cally stable phases, but also in as many of the
metastable ones as possible. After a structure
candidate has been found, it is locally optimized
at an ab initio level. If many local minima ex-
hibit the same cation-anion superstructure, we
generate additional ternary structures belong-
ing to the same superstructure, and locally opti-
mize them at an ab initio level. One should note
that this general procedure does not rely on any
underlying lattice or any information regard-
ing the existence or non-existence of ordered
crystalline compounds or solid-solutions in the
chemical system. By analyzing the large set of

local minima found, we can identify possible
crystalline or solid-solution phases. In a second
step, we compute their free energies at an ab ini-
tio level and determine the thermodynamically
stable ones. Finally, the phase diagram can now
be obtained by means of the so-called convex
hull method.

The most important steps beyond the standard
CALPHAD approach are the knowledge of all
possible stable and metastable phases in the sys-
tem and the availability of the additional infor-
mation about the enthalpies of formation for the
binary, ternary, etc., compounds derived from
the calculated data. This greatly improves both
the qualitative aspects of the phase diagram and
the quantitative prediction of the location of
the miscibility gap in, e.g., a quasi-ternary sys-
tem in comparison with results obtained using
only the quasi-binary data typically available
from experiment. If one constructs a miscibil-
ity gap based only on the data about the quasi-
binary systems – a common approach in phase
diagram investigations, one will never observe
any miscibility gaps higher in temperature than
the highest critical temperature of decomposi-
tion observed for the three quasi-binary sys-
tems. But additional data for the enthalpies of
formation of the quasi-ternary compounds ob-
tained with our approach allow us to predict the
full miscibility gaps in the quasi-ternary system
of interest.

Figure 82: Five isothermal projections of the misci-
bility gap in the AlSb–GaSb–InSb system, based on
the HF-calculations.

Figure 83: Five isothermal projections of the misci-
bility gap in the AlAs–GaAs–InAs system, based on
the HF-calculations.
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As example systems with potential applications
serve the quasi-ternary (Al,Ga,In)-arsenides
and -antimonides [2,3]. We find that both sys-
tems exhibit a thermodynamically stable solid
solution-like phase at low temperatures, where
cations and anions are arranged according to the
sphalerite type, regardless of whether the en-
ergy was calculated on a Hartree-Fock or den-
sity functional basis. In the case of the AlSb–
GaSb–InSb system (Fig. 82), we have found
that the low-temperature phase diagram exhibits
a dome-shaped miscibility gap with a maximum
inside the ternary region. This is in stark con-
trast to the results obtained from extrapolating
only the quasi-binary data, where the maximum
of the gap is located on the GaSb–InSb bound-
ary. In contrast, in the case of the AlAs–GaAs–
InAs system (Fig. 83), our calculations show

that there is no miscibility gap at temperatures
above the highest critical temperature for the
binaries: The maximum of the miscibility gap
should lie on the (Al,In)As boundary at a tem-
perature of about 500 – 550 K. Considering the
fact that the critical parameters in the literature
based on extrapolation from high-temperature
solidus-liquidus data for the quasi-binary com-
pounds, exhibit a spread of several hundred de-
grees, the theoretical values we find should be
expected to be considerably more reliable.
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Aliovalent ion-doped pnictides of BaFe2As2:
Crystal growth, transport and magnetic properties

Y. Liu, D.L. Sun and C.T. Lin

Similar to the high-Tc cuprates and sodium
cobaltates, the newly discovered iron-based
superconductors of ReOFeAs (1111) and
AFe2As2 (122) are characterized by a sand-
wich structure with a charge reservoir block
of ReO (Re = La, Pr, Sm, Ce, Nd, and Gd) or
A (A = Ba, Sr, Ca, and Eu), alternating with
FeAs conducting layers stacked along the c-
axis. With aliovalent ions doping in the ReO
or A layer, charge carriers can be induced into
the FeAs layer and a superconducting dome
presents itself in the phase diagram with un-
der, optimal and over doped regimes. These
are observed in the two representative systems:
LaFeAs[O1−xFx] [1] and Ba1−xKxFe2As2 [2].
In addition to doping the ReO or A layer, su-
perconductivity can be also induced by doping
aliovalent ions in the FeAs conducting layer,

such as the transition metals doped compounds
of BaFe2−xMxAs2, where M = Co and Ni.

Soon after the exploration of the new super-
conductors, more attention was focused on the
growth of iron-based superconducting single
crystals instead of synthesis of polycrystalline
samples, because inherent anisotropy due to the
layered structure is canceled in poly-crystals.
Moreover, polycrystalline samples consist of
numerous grain boundaries and defects that
would weaken any conclusions on the trans-
port or magnetic properties of the sample. The
single crystal form can also provide more de-
tails of the physical, chemical, structural and
anisotropic properties through magnetization
and resistivity measurements, as well as in neu-
tron diffraction experiments. Therefore, it is
crucial to grow single crystals for these in-
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vestigations. In this study, the single crystals
of pnictide doped with aliovalent ions were
grown using the self-flux method. Through
measurements of transport and magnetic sus-
ceptibility, we present the phase diagrams of the
electron-doped BaFe2−xMxAs2 (M = Co, Ni) as
well as the hole-doped Ba1−xKxFe2As2 and
BaFe2−xMnxAs2 single crystals.

Starting materials of high purity Ba and K
lumps, and Fe, Co, Ni, Mn, and As powders
were prepared with a nominal composition. An
additional amount of FeAs was served as a
flux at a ratio of 1(Ba1−xKxFe2As2) : 5(FeAs) or
1(BaFe2−xMxAs2, M = Co, Ni, Mn) : 5(FeAs).
The mixtures were loaded in a ZrO2 crucible
and an Al2O3 stick sized ø 2×50 mm inserted
into the mixture to serve as a ‘seed’ for creat-
ing a nucleation center. The whole preparation
experiment was carried out in a glove box with
argon atmosphere. The crucible was sealed in
a quartz ampoule with 250 mbar argon atmo-
sphere. The quartz ampoule was heated up to
1190∘C for 10 h, and then slowly cooled down

at a rate of 2∘C/h, followed by decanting the
FeAs flux at 1090∘C. By the use of the ‘seed’,
the heat convection can flow from the hotter to
the colder end of the Al2O3 stick, so as to cre-
ate a cold nucleus center and avoid numerous
nuclei occurring in the melt. Subsequently large
crystals were grown by this method.

The phase purity of the single crystals was ex-
amined with a standard θ – 2θ scan with an
X-ray diffractometer (Philips PW 1710) using
Cu Kα radiation. The composition was deter-
mined by energy dispersive X-ray spectroscopy
(EDX). Resistivity and magnetic susceptibil-
ity measurements were performed on a phys-
ical property measurement system (PPMSTM,
Quantum Design) and SQUID-VSM magne-
tometer (Quantum Design), respectively.

The typical single crystals of potassium doped
Ba0.68K0.32Fe2As2 with platelet dimensions
of (5×3×0.2) mm were obtained by the self-
flux, as shown in Fig. 84(a). Due to the high
vapor pressure of K, large or thick crys-
tals are difficult to form by the flux method.

Figure 84: As-grown single crystals of (a) Ba0.68K0.32Fe2As2, (b) BaFe1.77Mn0.23As2,
(c) BaFe1.85Co0.15As2, and (d) BaFe1.91Ni0.10As2, (e) X-ray diffraction patterns showing the (00l) peaks
with clean background. Laue X-ray spots indicating the tetragonal structure in both insets of (c) and (d).
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Much larger single crystals with dimensions of
up to ø 40×5 mm were obtained for the transi-
tion metals Co, Ni, and Mn doped samples, as
shown in Figs. 84(b)–(d). The as-grown crystal
plane was characterized by the X-ray diffrac-
tion patterns in Fig. 84(e) and only the (00l) re-
flections are observed. The clean background
suggests no trace of the FeAs flux or impu-
rity phases. The single crystals were further
characterized with Laue X-ray diffraction and
show clear spots with tetragonal structure for
BaFe1.85Co0.15As2 and BaFe1.91Ni0.09As2 sin-
gle crystals, as shown in the insets of Figs. 84(c)
and (d), respectively. Based on the high-
angle diffractions in Fig. 84(e), the c-axis lat-
tice parameters of the samples can be estimated.
The c-axis lattice parameter is 13.012 Å for
the parent compound of BaFe2As2. Doping in
the A layer, namely out-of-plane doping, gives
rise to an expansion of the c-axis to 13.27 Å
for single crystal Ba0.68K0.32Fe2As2. Both Co
and Ni doping in the FeAs layer, namely in-
plane doping, lead to a slight contraction of
the c-axis to 12.97(4) Å and 12.97(2) Å for
BaFe1.85Co0.15As2 and BaFe1.91Ni0.09As2, re-
spectively. The results are consistent with the
substitution for Fe2+ (0.65 Å) ions with the
smaller ionic radius of Co2+ (0.61 Å) and Ni2+

(0.55 Å). In contrast to Co and Ni doping,
the larger Mn2+ (0.83 Å) doping displays a
slight expansion of the c-axis to 13.04(3) Å
for BaFe1.90Mn0.10As2. Interestingly, the Mn-
doped samples show the absence of supercon-
ductivity.

Figures 85(a)–(b) show the temperature depen-
dence of resistivity and magnetic susceptibil-
ity for Ba0.68K0.32Fe2As2, BaFe1.91Ni0.09As2,
and BaFe1.85Co0.15As2 single crystals, which
display sharp superconducting transitions at
38.5 K, 25 K and 19 K, respectively. The shield-
ing fraction close to 100% demonstrates the
bulk nature of the superconductivity for the
K, Co and Ni doped crystals. There is a
dramatic difference on normal-state transport
properties between the in-plane and out-of-
plane doped samples in Fig. 85(a). For the
out-of-plane doped Ba0.68K0.32Fe2As2, a down

bending behavior of resistivity is observed
with decreasing temperature. However, a linear
temperature-dependent resistivity is observed in
the in-plane doped BaFe1.85Co0.15As2. As for
BaFe1.91Ni0.09As2, an upturn curvature in resis-
tivity results from the enhanced disorder in the
FeAs layer. The residual resistivity ratio (RRR)
defined as ρ(300 K)/ρn is 8.7, 2.7 and 2 for
the Ba0.68K0.32Fe2As2, BaFe1.85Co0.15As2, and
BaFe1.91Ni0.09As2, where ρn corresponds to the
resistivity above Tc, respectively.

Figure 85: Temperature dependence for the sam-
ples Ba0.68K0.32Fe2As2, BaFe1.91Ni0.09As2, and
BaFe1.85Co0.15As2 of (a) the resistivity, (b) the mag-
netic susceptibility with a magnetic field of 10 Oe
applied perpendicular to the c-axis. (c) Temperature
dependence of BaFe2−xMnxAs2 single crystals with
a magnetic field of 1 T applied perpendicular to the
c-axis.
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Figure 86: Phase diagrams of the hole-doped Ba1−xKxFe2As2, BaFe2−xMnxAs2 and the electron-doped
BaFe2−xCoxAs2, BaFe2−xNixAs2 single crystals. The dashed lines in the left panel correspond to the phase
diagram of polycrystalline samples [2], while those in right panel were obtained from single crystals, repro-
duced from [3].

The small RRR values suggest strong impurity
scattering when doping in the FeAs conducting
layer. Of special interest is an observation in the
Mn doped BaFe2−xMnxAs2 with 0.05≤x≤0.23,
which display the absence of superconductivity
but in which a spin density wave (SDW) transi-
tion appears, as shown in Fig. 85(c). The SDW

transition temperature decreases steadily with
increasing Mn doping levels. Mn doping only
induces a magnetic and semiconducting ground
state, instead of the nonmagnetic and metallic
state with superconductivity that were induced
in the Co-doped BaFe2−xCoxAs2 [3].

Table 4: Superconducting transition temperatures Tc (onset) and spin density wave transition temperatures
Ts versus the various doping levels (x) of the in-plane electron-doped BaFe2−xCoxAs2, BaFe2−xNixAs2 as
well as hole-doped BaFe2−xMnxAs2 and the out-of-plane hole-doped Ba1−xKxFe2As2 single crystals.

x Tc [K] Ts [K]

Parent compound BaFe2As2 140
Hole-doped Ba1−xKxFe2As2 0.29 37.5

(out-of-plane doping) 0.32 38.5
0.37 39
0.65 24
0.86 9

BaFe2−xMnxAs2 0.05 118
(in-plane doping) 0.10 100

0.22 8
0.23 0
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x Tc [K] Ts [K]

Electron-doped BaFe2−xCoxAs2 0.08 18
(in-plane doping) 0.11 20

0.13 25
0.15 24.5
0.18 22.5
0.26 10
0.39 6

BaFe2−xNixAs2 0.05 18
(in-plane doping) 0.07 13

0.09 19
0.14 13

Combining the results obtained through the
transport and magnetization measurements of
the parent compound of BaFe2As2, the hole-
doped Ba1−xKxFe2As2 and BaFe2−xMnxAs2,
as well as the electron-doped BaFe2−xCoxAs2

and BaFe2−xNixAs2 single crystals, we sum-
marize the data in Tab. 4 and plot the phase
diagrams in Fig. 86. For the Ba1−xKxFe2As2,
the optimal doping level of K = 0.37 results in
the maximal transition temperature Tc ≈ 39 K,
which well matches the data obtained with
polycrystalline samples. The Tc decreases with
both decreasing and increasing of the doping
levels, namely under and over doped levels,
which results in a dome shape in the phase di-
agram. For the Co doped BaFe2−xCoxAs2, the
superconducting dome shifts slightly towards
higher doping levels compared to the results by
Chu et al: [4]. For Ni doped samples, the doping

range characteristic of superconductivity nar-
rows compared to the previous results. Never-
theless, to the best of our knowledge, the Tc’s
observed in optimally doped Ba1−xKxFe2As2
and BaFe2−xCoxAs2 are the highest that have
been reported on single crystals. The slight shift
of optimal doping content suggests that the pre-
vious phase diagrams need to be modified.
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The maximum entropy method and charge flipping,
a powerful combination to visualize the true nature of structural

disorder from in situ X-ray powder diffraction data
A. Samy, R.E. Dinnebier, S. van Smaalen1 and M. Jansen

Introduction
Rietveld refinement is considered to recover the
maximum amount of information that is con-
tained in powder diffraction data. Nevertheless,
this amount is smaller than that contained in a
complete set of observed structure factor am-
plitudes. The correlations between the different
crystallographic parameters as well as the appli-
cation of constraints and restraints can often not
be avoided in Rietveld refinement. In case of an
ordered crystal structure, the refinement process
is able to reconstruct the phases of structure fac-
tors with reasonable accuracy even if the struc-
ture model is not perfect. However, if the crys-
tal is disordered, (except for simple cases) the
refinement process is not easy, typically requir-
ing the introduction of rigid bodies, constraints,
restraints and anharmonic ADPs to reach con-
vergence. In such cases the structural model ob-
tained from Rietveld refinement needs to be ver-
ified and improved. This can be achieved by
the Maximum Entropy Method (MEM), which
can be used as a complementary method for de-
riving the most probable electron density from
limited information by maximizing the entropy.
Recent progress in synchrotron powder X-ray
diffraction techniques, including third genera-
tion synchrotron sources, low-noise image plate
detectors (IP), new optical systems, and analyt-
ical methods enables the extraction of structure
factor amplitudes with high accuracy. These de-
velopments not only increase the success rate
of crystal structure determination from powder
diffraction data, but also (by determining the
charge density distribution using the MEM) al-
low for the investigation of advanced structural
features such as disorder, diffusion pathways in
ionic conductors, electron density due to chem-
ical bonds and nano-applications.

However, the reconstruction of the accurate
electron density from the experimental data suf-
fers from model biasing effects in addition to
the artifacts caused by the incompleteness of
the data set. The MEM electron densities de-
pend on the lack of completeness of the under-
lying data set. Efforts have been undertaken to
overcome these limitations, by introducing al-
ternative weighting factors that force the dis-
tribution of the residuals of the final structure
factors towards the required Gaussian distribu-
tion. In particular for powder diffraction data,
heavily overlapping reflections (where only the
sum of the individual intensities of the overlap-
ping peaks is available) can be handled using
so called G-constraints, thus avoiding a model
bias due to the separation of the measured in-
tensity into contributions from the reflections
belonging to this overlap group. The combina-
tion of the MEM and Rietveld methods was in-
troduced in 1995 and is called the REMEDY-
cycle, after the name of the computer program.
In this method, the structure model is iteratively
improved by replacing the values of the cal-
culated structure factors (Fcalc) from Rietveld
refinement by the corresponding values of the
observed structure factors Fobs obtained from
MEM calculations.

Here we present a new combination of the
MEM and the method of charge flipping (CF).
Reflection phases from CF were introduced for
two purposes: Firstly, to improve the accu-
racy of the phases obtained from the Rietveld
method and secondly as a fast method to vi-
sualize the type of disorder independent of the
Rietveld model. This approach not only suc-
ceeded in revealing the basic features of the
crystal structure, but also fine details as the type
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of disorder (rotational and/or conformational
disorder), and the type of thermal vibrations. In
general, different types of structure factor am-
plitudes and phases imposing different types of
constraints were subjected to the MEM with the
aim of acquiring the least biased electron den-
sity.

Results and discussion
Six types of MEM-electron density maps have
been calculated for ordered δ-K2C2O4, disor-
dered α-Rb2C2O4 and disordered α-Rb2CO3 so
as to visualize and understand the disorder in
the latter two compounds. The MEM ordered
densities vary in the amount of bias towards
the structure models, which affects the ampli-
tudes and phases of the structure factors. The
completely biased densities ρMEM

(calc) (Fig. 87) give
an indication of the amount of information that

can be extracted by the MEM from the data.
Comparison of ρMEM

(calc) (Figs. 88(a1), (b1), (c1))
with the corresponding model densities shows
that the latter are much more structured than
the former, especially in the cases of the ox-
alates. This strongly suggests that the highly-
structured densities of the models actually are
artifacts. A smooth character is also found for
the MEM-densities based on the experimental
data (Figs. 88 and 89). Differences with ρMEM

(calc)
can be analyzed on the basis of difference den-
sities

ΔρMEM
(I) = ρMEM

(I) −ρMEM
(calc) , (28)

where (I) stands for one of the six types
of maps: obs, obs + G, LeBail + G, obs + CF,
obs + CF + G and LeBail + CF + G (Fig. 87).

Figure 87: Flowchart, showing the procedure for extracting the different types of structure factors and
phases used to reconstruct the different types of electron density maps from powder diffraction data. The
procedures combining MEM and CF are framed by a dashed line.
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Figure 88: MEM-electron density maps for the crystal structures of ordered δ-K2C2O4 in (a) and disor-
dered α-Rb2C2O4, α-Rb2CO3 in (b) and (c) respectively with different data subsets of Fcalc (a1,b1,c1),
Fobs (a2,b2,c2), Fobs + G-constraints (a3,b3,c3) and FLeBail + G-constraints (a4,b4,c4). The iso-levels and the
values of volume and area of the special iso-surfaces are displayed.

Figure 88 presents comparative considerations
of the electron densities of the three compounds
with different data subsets as calculated above;
the enclosed volume and area of the iso-surfaces
are indicated in the maps. For each compound
all four maps have similar appearances. Nev-
ertheless differences are found between any
MEM density and the corresponding reference
MEM density based on Fcalc. These differences
can be visualized by difference maps. Phases
from CF are combined with either the observed

structure factors from Rietveld refinements or
the observed structure factors obtained by the
Le Bail procedure (Fig. 87). The first conclu-
sion is that for all three compounds the main
features of the densities are also reproduced
by these two maps (Figs. 88 and 89). Turned
around, this implies that the completely model-
free approach of charge-flipping with LeBail-
fitting provides a reasonable to good description
of the crystal structure, including features due
to disorder.
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Figure 89: MEM-electron density maps for the crystal structures of ordered δ-K2C2O4 in (a) and disordered
α-Rb2C2O4, α-Rb2CO3 in (b) and (c) respectively based on reflection phases from Charge Flipping with two
different types of amplitudes. (a1), (b1), (c1) ∣FLeBail∣, and (a2), (b2), (c2) ∣Fobs∣.

The electron densities of ordered δ-K2C2O4,
disordered α-Rb2C2O4, and α-Rb2CO3 have
successfully been reconstructed from X-ray
powder diffraction data by the maximum en-
tropy method (MEM). The MEM has been ap-
plied in a series of calculations ranging from
calculations completely biased by the model to
model-free calculations. The first observation is
that for each compound all MEM calculations
lead to similar densities, which give good rep-
resentations of the crystal structure including
disorder and anharmonic atomic displacements
(Figs. 88 and 89). In particular this implies that
crystal structures including positional and ori-
entational disorder of functional groups can be
determined from X-ray diffraction data without
the intervention of a structure model: Struc-
ture factor amplitudes are obtained by Le Bail
fits to the diffraction data and structure factor
phases are determined by charge flipping with
histogram matching.

The MEM employs phased structure factors as
input (F constraint), while part of the diffrac-
tion information can be available as sums of
intensities of groups of overlapping reflections
(G constraint) typically obtained from powder
diffraction. The MEM with Fobs as ‘experimen-
tal data’ (structure factor phases from the model

and structure factor amplitudes by LeBail de-
composition biased by the model) leads to den-
sities that differ by the least amount from the
model. Stepwise replacing more of the mod-
els by experimental-based information leads to
increasing differences to the model densities.
Part of these differences will be due to inaccu-
rate values for amplitudes or phases of reflec-
tions or to intrinsic features of the MEM re-
lated to the use of the G constraint. However,
for another part these differences will reflect
anisotropic ADPs (ordered δ-K2C2O4) not used
in the model, and they indicate better represen-
tations of the disorder in α-Rb2C2O4 and α-
Rb2CO3 by the MEM than is given by the mod-
els.

The most important result is that completely ab
initio electron-density distributions have been
obtained by the MEM applied to the combina-
tion of structure factor amplitudes from Le Bail
fits with phases from charge flipping. This new
combination of the MEM and the method of
charge flipping can thus be used for the deter-
mination of partially-ordered crystal structures
from powder diffraction data.

1 Universität Bayreuth
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