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ABOUT THE HEXAGON ON THE TITLE PAGE

Projection of the crystal structure of La3I3Au along [111] with lanthanum (silver) octahedra
centered by auride (golden) and surrounded by iodine ions (violet). The La6Au octahedra are
condensed via common edges to helical chains alonga-, b-, c-directions. Upon contact with water
or ethanol La3I3Au produces a crimson-colored Au precipitate similar to the purple of Cassius due
to formation of approximately 5 nm gold particles.

Hj. Mattausch, L. Kienle and A. Simon; Ch. Zheng (DeKalb, IL, USA)

[Zeitschrift für anorganische und allgemeine Chemie630, 2367–2372 (2004)]



In this report we intend to give an impression of the manifold scientific activities at the
Max-Planck-Institut f̈ur Festk̈orperforschung during the year 2004. In the first part, we
present a selection of some of the most relevant results from our Departments and Sci-
entific Service Groups. In the second part, we give a complete list of publications as
well as other useful information on our Institute. Details can be found on our web page
www.fkf.mpg.de .

On December 31st, 2004, the external Department of our Institute at the Grenoble High
Magnetic Field Laboratory was closed. This marks the end of a long and highly successful
cooperation with the French Centre National de la Recherche Scientifique.

We thank all the members of the Institute in Stuttgart and Grenoble 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 – Grenoble DAS KOLLEGIUM

May 2005
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General information on Abteilungen and Scientific Service Groups

Chemistry
JANSEN’s department puts
its main emphasis on ba-
sic research in the field of
preparative solid state chem-
istry with the goal of de-
veloping modern materials.
Classes of materials cur-

rently under investigation include oxides and
nitrides of metals and nonmetals as well as
fullerenes, e.g., new binary and ternary ox-
ides synthesized under high oxygen pressure,
ionic conductors, structural oxide-ceramics and
pigments, amorphous inorganic nitridic cova-
lent networks, or endohedral fullerenes and
fullerides.
Besides employing traditional solid state syn-
thesis methods, a large number of alternative
techniques is used, e.g., the sol-gel process,
synthesis under high pressure, via an rf-furnace,
at low temperatures in liquid ammonia, by elec-
trochemical methods, or by low-temperature
atomic beam deposition. Optimizing the syn-
theses of these materials is only a first, though
crucial step, however. In addition, their chemi-
cal and physical properties, in particular optical,
electrical and magnetic behavior, are analyzed
both at high and low temperatures, with par-

ticular emphasis on X-ray diffraction and spec-
troscopic methods. This provides the basis for
placing the results in the proper context regard-
ing structure-property relationships and modern
concepts of bond-theory. A long-term goal of
the department is to increase the predictabil-
ity 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 in-
volves both theoretical and synthetic aspects.
On the theoretical side, structure candidates
are determined by studying the energy land-
scapes of chemical systems using global explo-
ration techniques, while on the preparative side
kinetically controlled types of reactions that
allow low-temperature synthesis of (possibly
metastable) compounds are being developed.
[81,89]
o

LHS: When simultaneously evaporating graphite and
a metal in an rf-furnace (shown), endohedral fullerenes
can be synthesized in relatively high yields. RHS: Syn-
thesis at high oxygen pressures produces novel materials
with interesting electronic, chemical and physical proper-
ties. Compounds such as Ag13OSO6 (shown) are charac-
terized using various spectroscopic, physical and diffrac-
tive methods.

MAIER’s department is con-
cerned with physical chem-
istry of the solid state, more
specifically with chemical
thermodynamics and trans-
port properties. Of particular
interest are ion conductors

(such as proton, metal ion and oxygen ion con-
ductors) and mixed conductors (especially pe-
rovskites). A major theme is the understanding
of mass and charge transport, chemical reactiv-
ities and catalytic activities in relation to defect
chemistry. Besides the clarification of local
properties in terms of elementary mechanism,
also their superposition to the overall system
property is investigated (inhomogeneous sys-
tems, especially multiphase systems and func-

tional ceramics). In this context interfaces and
nanosystems are in the focus of interest. The re-
search ranges from atomistic considerations and
phenomenological modeling to electrochemical
and thermochemical experiments. Since elec-
trochemical investigation immediately affects
the coupling of chemical and electrical phe-
nomena, the research is directed towards both
basic solid state problems as well as for the
technology of energy and information conver-
sion (fuel cells, Li-batteries, chemical sensors).
[75,77,79]

Ionic and electronic charge carriers (point defects) are
the relevant particles as far as chemical kinetics and mass
transport is concerned. They are establishing the inter-
action with the neighboring phases and act on electrical
and chemical driving forces.
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General information on Abteilungen and Scientific Service Groups

SIMON’s department em-
phasizes the investigation of
metal-metal bonding with
main group,d- and f-metals.
The purpose of the work is
on one side the development
of structural concepts (e.g.

condensed cluster concept) and on the other
side the search for new materials, their phase
relationships and relations between structure,
chemical bonding and properties.
Targets are metal-rich compounds of transi-
tion metals, particularly oxides and halides,
reduced rare earth metal halides, hydride, car-
bide, boride, boride carbide, aluminide and sili-
cide halides of the rare earth metals, alkali and
alkaline earth metal suboxides and subnitrides.
Electron microscopy is used to characterize mi-

crocrystalline phases up to full structure refine-
ment as well as analysis of real structure. Su-
perconductivity is of special interest following
a chemical view of the phenomenon in terms
of a tendency towards pairwise localization
of conduction electrons in a flat band–steep
band scenario. New colossal magnetoresistance
materials result from an interplay ofd- and f-
electrons.
Other fields of interest are structures of molecu-
lar crystals, in particular,in situ grown crystals
of gases and liquids. Experimental techniques
like diffractometry with X-rays and neutrons,
XPS, UPS, HRTEM and measurements of mag-
netic susceptibility as well as electrical trans-
port properties are used. [11,87,93,99]

Ba14CaN6Na14 – subnanodispersed salt in a metal.

Physics
KEIMER’s department stud-
ies the structure and dynam-
ics of highly correlated elec-
tronic materials by spectro-
scopic and scattering tech-
niques. Topics of particular
current interest include the

interplay between charge, orbital and spin de-
grees of freedom in transition metal oxides
and the mechanism of high-temperature super-
conductivity. Experimental techniques being
used include elastic and inelastic neutron scat-
tering, normal and anomalous X-ray scattering,
Raman scattering off and in resonance as well
as in high magnetic fields, spectral ellipsometry
(including synchrotron radiation as a source),
and optical and X-ray measurements under high
pressure and high magnetic fields.
Experiments at external neutron sources are car-
ried out on a regular basis, and a spectrometer
at the new research reactor FRM-II in Munich
has recently been completed. The latter instru-
ment uses a novel combination of triple axis and
neutron spin echo techniques to optimize the
energy resolution and allow the determination

of lifetimes of magnetic and lattice vibrational
excitations throughout the Brillouin zone. The
group operates a high-magnetic field facility for
X-ray scattering at the National Synchrotron
Light Source (NSLS) at Brookhaven National
Lab (USA). At the NSLS and at the ANKA syn-
chrotron in Karlsruhe, the group also operates
Fourier ellipsometers for the far infrared spec-
tral range. Close collaborations also exist with
the crystal growth service group at the MPI-
FKF where large, high-quality single crystals
of oxide compounds are prepared with state-
of-the-art optical furnaces, as well as with the
high pressure and technology service groups.
[23,55]

Investigation of a mosaic of crystals of a high-
temperature superconductor with neutron beams (yellow).
Neutrons are elementary particles that generate a mag-
netic 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.
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Research efforts in KERN’s
department are centered on
nanometer-scale science and
technology, primarily focus-
ing on solid state phenom-
ena that are determined by
small dimensions and inter-

faces. Materials with controlled size, shape and
dimension ranging from clusters of a few atoms
to nanostructures with several hundred or thou-
sand atoms, to ultrathin films with nanometer
thickness are studied.
A central scientific goal is the detailed under-
standing of interactions and processes on the
atomic and molecular scale. Novel methods
for the characterization and control of processes
on the atomic scale as well as tools to ma-

nipulate and assemble nanoobjects are devel-
oped. Of particular interest are: fundamentals
of epitaxial growth and self-organization phe-
nomena, atomic scale fabrication and character-
ization of metal, semiconductor and molecular
nanostructures, quantum electronic transport in
nanostructures, atomic scale electron spectros-
copy and optics on the nanometer-scale. As
surface phenomena play a key role in the un-
derstanding of nanosystems, the structure, dy-
namics and reactivity of surfaces in contact with
gaseous or liquid phases are also in the focus of
interest. [39,48,64,84]
o

The scanning tunneling microscope image in the logo
of the Abteilung Kern shows a silver dendrite grown at
130 K on a platinum (111) surface.

Electronic properties of
heterostructures, quantum
wells, superlattices, and car-
bon nanotubes, in particu-
lar the influence of quantum
phenomena on the transport
and optical response are the

main topics in theVON KLITZING’s depart-
ment. Optical and transport measurements in
magnetic fields up to B = 20 Tesla and tem-
peratures down to 20 mK and scanning probe
techniques are used to characterize the sys-
tems. The quantum Hall effect is studied by
analyzing time-resolved transport, edge chan-
nels, the behavior of composite fermions and
the response on microwave radiation. Electron-
phonon interactions in low-dimensional sys-
tems and the phonon transmission through
interfaces are investigated with ballistic phonon
techniques. Time-resolved photoconductivity,
luminescence, and Raman measurements in
magnetic fields are methods of characterizing

the low-dimensional electronic systems. A
strong current interest is the preparation of
nanostructures either by self-organized growth
or by synthetic routes. Coupled two- and zero-
dimensional electronic systems are produced
by highly specialized molecular beam epi-
taxy growth and by electron beam lithography.
Phenomena like electron drag, Kondo reso-
nance, single electron transistor and the inter-
action between electron and nuclear spins are
investigated. The experiments are supported
within the group by theoretical investigations
of the transport and dynamic response of these
low-dimensional electronic systems. [52,67,71]
o

Demanding technologies are needed for the prepara-
tion of devices used in quantum transport experiments.
The figure shows a typical example where the combina-
tion of interrupted epitaxial growth, special etching pro-
cesses, focused ion beam writing, contact diffusion, and
gate evaporation leads to two electron layers with a dis-
tance of only 10 nm and separate contacts.
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Theory
Condensed matter consists of
atoms bound in a state where
the quantum-mechanical ki-
netic energy of the electrons
and the Coulomb interac-
tions between the nuclei and
electrons are in balance. The

electrons play the key role in determining not
only the cohesive, but also the electrical, mag-
netic, and optical properties of matter. In the
ANDERSENdepartment, we attempt to improve
the understanding of such properties by per-
forming electronic-structure calculations and
by developing methods. This involves: Per-
forming density-functional (DF-LDA) calcula-
tions for materials of current interest, improving
the Muffin-Tin Orbital (MTO) method, deriving
system-specific model Hamiltonians, and solv-

ing these. Using downfolding and formation of
Nth order MTOs, we can generate truly minimal
basis sets which select a group of electronic
energy bands, a single band, or merely the oc-
cupied part of a band. This we have used e.g. to
construct localized Wannier functions and Hub-
bard Hamiltonians for 3d-bands with strong
electronic correlations. When correlations are
strong, the electron-phonon interaction is mod-
ified. How this influences physical properties,
we have studied for high-temperature supercon-
ductors and for alkali-doped fullerides using
exact diagonalization and dynamical mean field
theory. [14,26]
o

One of the three congruentt2g NMTO Wannier-like
orbitals for V2O3. Lobes of opposite signs are respec-
tively red and blue.

Electronic properties of
solids are analyzed and com-
puted in METZNER’s depart-
ment with a main empha-
sis on systems where elec-
tronic correlations play a cru-
cial role, such as cuprates,

manganites and other transition metal oxides.
Besides symmetry-breaking phase transitions
leading to magnetism, orbital and charge or-
der, or superconductivity, correlations can also
cause electron localization and many other
striking many-body effects not described by the
generally very successful independent electron
approximation. Our present research focuses in
particular on high-temperature superconductors
with their complex interplay of magnetic, su-
perconducting and charge correlations, and also
on manganites and vanadates, whose electronic
properties are determined by the interplay of
orbital, spin and charge degrees of freedom.
Another topic is the influence of lattice degrees

of freedom on electronic properties, via Jahn-
Teller distortion and electron-phonon inter-
action. Besides bulk properties of one-, two-
and three-dimensional systems also problems
with a mesoscopic length scale such as quan-
tum dots and inhomogeneous quantum wires
are studied. The correlation problem is attacked
with various numerical and field-theoretical
techniques: exact diagonalization, density ma-
trix renormalization group (DMRG), dynamical
mean-field theory (DMFT), functional renor-
malization group and (1/N)-expansion. Modern
many-body methods are not only being applied,
but also further developed within our group.
[29,31]
o

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 de-
grees of freedom.

4



General information on Abteilungen and Scientific Service Groups

Scientific Service Groups

The CHEMICAL SERVICE

GROUP (Kremer) develops
techniques, provides experi-
mental facilities and carries
out measurements to support
all experimental groups of
the Institute with the charac-

terization of the electrical transport and mag-
netic properties of new compounds and sam-
ples. This objective requires a great versa-
tility of the available experimental methods
including the development and cultivation of
experimental techniques to perform measure-
ments on chemically highly sensitive and reac-
tive small samples under inert protective con-
ditions. Available are SQUID magnetometers,
ac-susceptometers which allow measurements
down to 0.3 K and magnetic fields up to 12 T,

ac- and dc-electrical transport measurements
in magnetic fields up to 12 T and temperatures
down to 0.3 K. Materials currently under inves-
tigations are novel superconductors, unusual
magnetoresistive materials, low-dimensional
and frustrated magnetic systems and systems
with unusual magnetic ground states. Typical
examples of systems under investigation are the
RE2C2X2 (RE = Y, La; X = Cl, Br, I) supercon-
ductors, the 40 K superconductor MgB2, spin-
Peierls compounds, low-dimensional quantum
chain systems, the magnetoresistive rare earth
halide GdI2. [59]
o

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

The COMPUTER SERVICE

GROUP (Burkhardt) runs the
Institute’s central mail, print,
software, backup and web
servers, as well as the nine
servers providing department
specific services. All these

servers use the Linux operating system. The
server storage subsystems are designed redun-
dantly using RAID technology and are backed
up on a daily basis via the Tivoli Storage Man-
ager (TSM) backup and archive service. Cur-
rently the total backup data volume is approach-
ing 20 Tbyte.
In the last four years the group integrated more
than 500 new PCs into the network, bringing
the estimated total number to about 1000 PCs
used as desktops and for data acquisition pur-
poses. Out of these about seventy percent run
Windows and thirty percent run the Linux oper-
ating system.

In 2004 the Andersen and Metzner theory
groups acquired an IBM Bladecenter System
with 70 JS20 PowerBlades (140 CPUs) as their
main computational resource. The machine
runs unter SuSE Linux Enterprise server, but it
is source code compatible to our AIX machines
IBM p655 (32 POWER4 CPUs) and IBM SP
(60 POWER3 CPUs). To the users of the the-
ory groups they all look alike as they use the
same set of compilers, libraries and batch sys-
tems.
Four Linux clusters with a total of 138 Intel
Xeon (IBM xSeries 335) and 64 AMD Athlon
CPUs (FSC hpcline) are a cost effective and
rapidly growing computational resource for the
Jansen, Maier and Metzner departments.

View inside the Tape library of the DV-FKF. Every
night the data of 150 computers in the Institute is backed
up. At the moment the total TSM backup and archive
volume amounts to 24 Terabytes.
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The CRYSTAL GROWTH

SERVICE GROUP (Lin) ap-
plies, modifies and devel-
ops techniques, such as trav-
eling solvent floating zone
with infrared image furnace,
Bridgman, top seeded solu-

tion growth, flux and Czochralski methods to
grow single crystals from the melt or solu-
tion. A wide variety of crystals have been
supplied to the physics and chemistry depart-
ments at the MPI-FKF and to outside collabora-
tors. These range from isotopically pure semi-
conductors to fullerenes and transition metal
oxides. Two floating zone furnaces are used
predominantly to grow large single crystals of
transition metal oxides for neutron and opti-

cal spectroscopy. Typical examples are super-
conducting oxides Bi2Sr2Can�1CunO2�4n�δ,
REBa2Cu3O7�δ, RE2�xMxCuO4, and cobal-
tates NaxCoO2. Gas phase methods are mod-
ified to grow crystals of II-VI and III-V com-
pounds with defined isotopic components from
low amounts of source materials. The grown
crystals are accurately characterized through
the measurements of superconductivity, mag-
netization, and structure. The in situ observa-
tion using high-temperature optical microscopy
reveals oxides melting/dissolution, nucleation
and phase transformation under various growth
conditions. [17]

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

Research within the HIGH

PRESSURESERVICE GROUP

(Syassen) is concerned with
the effects of hydrostatic
pressure on structural, lat-
tice dynamical, and elec-
tronic properties of crys-

talline solids and their high-pressure phases.
Advantage is taken of recent developments
in diamond anvil cell techniques, including
progress in analytical methods that utilize syn-
chrotron X-ray radiation (diffraction as well as
inelastic scattering), synchrotron infrared ra-
diation, and laboratory-based low-temperature
optical spectroscopy.
The subjects of interest range from improv-
ing the understanding of chemical bonding and
phase formation at high densities to illuminat-

ing the interplay between subtle changes in
crystal structure, electron delocalization, mag-
netism, and superconductivity in correlated
electron systems of different dimensionality.
In terms of materials, the interest in cova-
lently bonded semiconductors and nanostruc-
tures continues, while the ’simple’ alkali metals
have attracted attention due to their surprisingly
complex structural and electronic behavior at
high density. The main focus, though, is on
the physics of transition metal compounds with
metal ions in high oxidation states, i.e. systems
being located close to the insulator–metal bor-
derline and undergoing pressure-driven Mott-
like delocalization transitions. [61]

Schematic view of a diamond window high-pressure
cell.

The CENTRAL INFORMA-
TION SERVICE(Marx/Schier)
for the institutes of the CPT
division of the Max Planck
Society, located at the Max
Planck Institute for Solid
State Research in Stuttgart,

has access to many external commercial
databases (especially from the host STN Inter-

national, Fachinformationszentrum Karlsruhe).
The information service offers searches for
scientists at Max Planck Institutes, which can-
not be done by themselves due to complexity or
lack of access.
Furthermore, the scientists are welcome to ask
for help and support concerning end user data
bases and in all questions related to scientific
information. Today, databases are a major tool
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in processing the actual information flood in
science. Bibliographic databases provide links
to the original scientific literature. They are
mostly online versions of printed abstract ser-
vices like Chemical Abstracts or Physics Ab-
stracts. Compound or material related searches
are done in the files of the Chemical Abstracts
Service (CAS), which also cover material sci-
ence and physics.
Beside these databases, covering general top-
ics of science, there are many highly special-
ized databases on specific topics like computer
science, material science, engineering, envi-
ronmental sciences and many others. In addi-

tion various national and international patent
files are available. Factual databases enable
to search numerical data like chemical and
physical properties of substances. The Science
Citation Index provides the possibility to re-
trieve the citing papers of publications as well
as total citation statistics of scientists, institutes
or research disciplines for research evaluation.
[103]

The archives of science are growing from the flood of
information: one of the about 60 million substances in the
compound file of the American Chemical Abstracts Ser-
vice. Effective databases and search systems in conjunc-
tion with document delivery systems produce relief.

The INTERFACE ANALYSIS

SERVICE GROUP (Starke)
investigates the atomic and
electronic structure of solid-
solid and gas-solid inter-
faces. Using electron spec-
troscopy techniques, quan-

titative low-energy electron diffraction, scan-
ning probe microscopy and secondary ion mass
spectrometry (SIMS), the atomic geometry and
morphology as well as the chemical composi-
tion and bond coordination are determined for
the sample surface and its immediate vicinity.
Thin films and burried interfaces are accessi-
ble by sputtering techniques or sample cleavage
methods.
Experimental facilities available include a time-
of-flight SIMS machine to quantify the chemi-
cal composition at the surface, within the film
and at interfaces. Chemical and electronic prop-
erties 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 morphol-
ogy can be studied using an atomic force mi-
croscope and a white-light interferometer. The
research activities of the group are directed to-
wards growth and analysis of surfaces and ultra-
thin films of novel materials for semiconductor
technology, e.g., wide bandgap semiconductors
(SiC, GaN), metal silicides, as well as epitaxial
metal films.
Material growth, heterojunctions, metallization
and ferromagnetic layers are investigated on an
atomic level for a detailed understanding of the
fundamental interactions involved in the growth
process. In addition, molecular adsorbates are
studied on these surfaces as model systems for
a variety of applications. [50]
o

Chemical composition, electronic structure and
atomic geometry are investigated for complex compound
systems such as 4H-SiC (bottom). Scanning probe tech-
niques provide real-space images (background), electron
diffraction yields accurate geometry data (right), photo-
electron spectra are analyzed for chemical information
(left).
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Main subject in the MBE
SERVICE GROUP (Dietsche/
Schmidt) is the preparation
and characterization of III/V
and group IV semiconduc-
tor heterostructures. We ap-
ply molecular beam epitaxy

(MBE) for the material systems AlGaAs/GaAs
and InGaAs on GaAs substrate, and SiGe/Si on
Si substrate.
Our main interest is the preparation of low-
dimensional nanostructures. Lateral confine-
ment is achieved by island formation in epi-
taxial growth of strained heterostructures. We
are particularly interested in controlling the
spatial position of self-assembled nanostruc-

tures. For this purpose we grow quantum dots
on lithographically pattered substrates, and in-
vestigate an atomic-layer precise in situ etch-
ing technique based on AsBr3. The group IV
element MBE activities concentrate on the self-
assembly of Ge/Si nanostructures and on de-
vices such as inter- and intraband tunneling de-
vices. Another subject is the formation of free-
standing semiconductor nanotubes. The prepa-
ration is controlled by selective under-etching
of strained epitaxial semiconductor bilayers.
[35]

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

The OPTICS ANDSPECTROS-
COPY SERVICE GROUP

(Kuhl) comprises the spec-
troscopy service lab and the
ultrafast optics lab. The
spectroscopy service lab pro-
vides experimental facilities

for studying the optical properties of condensed
matter by standard spectroscopic techniques.
The laboratory is equipped with commercial
grating and Fourier-spectrometers which allow
absorption and reflection measurements over
the total range from the ultraviolet to the far
infrared. Data can be routinely taken at temper-
atures between 4 K and 300 K.
Recently, the sample characterization tech-
niques have been extended by standard Raman
spectroscopy. The primary research subject of
the ultrafast optics lab are time-resolved stud-
ies of ultrafast optical and electrical phenomena
in solids. Several pico- and femtosecond laser
systems including devices for the generation of
sub-10 fs pulses as well as for the amplification
of 150 fs pulses to 5µJ at 200 kHz are available.
Broad tunability of the photon energy is attain-

able by optical parametric amplifiers. Time-
resolved photoluminescence, pump-probe ex-
periments, degenerate four-wave-mixing and
coherent Raman techniques are employed to in-
vestigate the coherent and incoherent relaxation
dynamics of excitons, free carriers (electrons
and holes) and phonons as well as carrier trans-
port phenomena.
Materials preferentially under investigation are
III-V and II-VI semiconductors, in particu-
lar low-dimensional systems (quantum wells,
quantum wires, and quantum dots). The vari-
ation of the relaxation processes and times as
a function of the dimensionality of the carrier
system are a central topic of the research.
Important current research projects are deal-
ing with coherent light/matter coupling, control
of light/matter interaction by nanostructuring,
generation and dynamics of coherent phonons,
generation and characterization of ultrashort
optical, electrical and terahertz pulses. [41,45]
o

Optical parametric amplifier generating tunable fem-
tosecond pulses for coherent semiconductor spectroscopy.
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The TECHNOLOGY SER-
VICE GROUP (Habermeier)
offers service work in the
fields of thin film prepara-
tion, microlithography and
fabrication of contacts to
semiconductors and ceramic

materials. The experimental facilities include
high vacuum evaporation and sputtering (dc, rf
and reactive) techniques. Additionally, pulsed
laser deposition systems are installed to pre-
pare thin films with complex chemical compo-
sition such as high-temperature superconduc-
tors (HTS), sodium cobaltates, and perovskites
with colossal magnetoresistance (CMR). Dry
etching techniques complement the spectrum
of experimental techniques available. The re-
search activities are closely related to the ser-

vice 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 epi-
taxial strain in CMR and HTS thin films. Addi-
tionally, the preparation and investigation of
magnetic and superconducting oxide super-
lattices (manganites, ruthenates and cuprates)
and their mutual electronic interaction as well
as the study of special oxide heterostruc-
tures are designed for polarized spin injection,
exchange bias effects and magnetic flux-line
pinning phenomena are of central interest. [20]
o

Pulsed laser deposition has become a widespread
technique for the fabrication of epitaxial thin films of mul-
ticomponent materials like doped lanthanum manganites
and superconducting materials.

The X-RAY DIFFRACTION

SERVICE GROUP(Dinnebier)
provides X-ray diffraction
measurements of single crys-
tals and powders in the labo-
ratory at room and low tem-
perature. Research within

the X-ray diffraction service group is mainly
concerned with the determination of crys-
tal structures and microstructural properties
(strain, domain size) of condensed matter from
powder diffraction data. In addition, method-
ological development within this area is pur-
sued. Special expertise in the field of solution
and refinement of crystal structures from pow-
der diffraction data can be provided. Scientific

cooperation in the field of nonroutine struc-
ture determination (phase transitions, disor-
der, anisotropic peak broadening, etc.) from
powders is offered. This includes the perfor-
mance of experiments at synchrotron and neu-
tron sources at ambient and nonambient condi-
tions. Materials currently under investigation
include organometallic precursors, binary and
ternary oxides, ionic conductors, electronic and
magnetic materials, and rotator phases. [95]
o

Quasispherical molecule of tetrakistrimethylstan-
nylsilane with underlying two dimensional image plate
powder diffraction pattern. The superimposed Bragg
reflections demonstrate the difference in resolution be-
tween laboratory and synchrotron data.
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Superconducting materials

An important area of research in the Institute is work on superconducting materials, in
particular MgB2, NaxCoO2�yH2O and cuprate high-temperature superconductors. For
MgB2, the role of Mg has been studied, in particular its contribution to bonding and its
ionicity. The effects of band filling and interband scattering on superconductivity properties
are revealed by an analysis of doping effects. The work on NaxCoO2�yH2O has focused on
materials aspects. One contribution describes a method for growing high-quality NaxCoO
single crystals and studies the hydration process and the dependence of the properties on the
Na content. A second contribution focuses on the growth of single phase epitaxial films with
a broad range of Na concentrations. The cuprates continue to attract much interest, being
strongly correlated systems with many competing interactions and instabilities. X-ray scat-
tering has been used to search for stripe or charge density wave instabilities. It was found
that such effects do not exist for YBa2Cu3O6�x. The interplay between electron-phonon
and electron-electron interactions has been studied. Applying the fluctuation exchange ap-
proximation, spin fluctuations and, in particular, the resonance peak have been investigated.
The competition between antiferromagnetism and superconductivity is illustrated using a
renormalization group approach.

Ionicity versus covalency in MgB2: the hidden role of Mg

S. Deng, A. Simon, J. K̈ohler and A. Bussmann-Holder

The discovery of two superconducting gaps in
MgB2 shows that extensions of BCS theory
are needed in order to understand this sys-
tem. While many approaches concentrate on
the large leadingσ-gap of�6.5 meV, the role
played by the small ‘π’-gap of the order of
� 1.5 meV is rather ignored. This gap is crucial
in reaching the high superconducting transition
temperatureTc of MgB2 of 39 K.

In most previous studies, Mg is considered as
nearly fully ionized. In our work, the or-
bital composition states�k� j� are analyzed with
Akj

RL, where �k� j�=∑RL Akj
RL �ϕ

kj
RL�, �ϕkj

RL�

are atom-centered linear muffin-tin orbitals
(LMTOs) [1]. For full potential (FP) calcula-
tions we have chosen muffin-tin (MT) radii de-
fined by the maximum of overlapping Hartree
potentials of two neighboring atoms (2.913 a.u.

for Mg and 1.68 a.u. for B). Within the tight-
binding (TB)-LMTO method an expansion of
the MT radii is performed until the unit cell
is filled which yields radii of 3.231 a.u. and
1.865 a.u. for Mg and B, respectively. The
calculated orbital compositions agree very well
for both methods. The bonding property of an
electronic state with respect to a specific atomic
pair is analyzed by using a newk, j-dependent
bonding indicator based on thecrystal or-
bital Hamiltonian population (COHP), namely,
COHPRL�RL� =∑k�j COHPkj

RL�R�L� , where R is
the position vector of the atom under con-
sideration and L is a shorthand symbol for
quantum numbers l and m. In analogy to
COHP, negative/positive values of COHPkj

R�R�

quantitatively indicate the covalent bond-
ing/antibonding interaction between atoms atR
andR�.
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Figure 1: (a) Bandstructure of MgB2 (TB-LMTO). Special points near the Fermi level are denoted asΓ3,
M4, A3, points at the Fermi level are numbered 1 to 12. Orbital topologies are shown in (b) for selected
points with different shades for positive and negative lobes at iso-value surfaces drawn at 0.035 (Γ3), 0.04
(M4), 0.04 (A3), 0.04 (7, bottom), 0.014 (7, top), 0.02 (9, bottom), 0.02 (9, top). The orbitals for nonspecial
points 7 (blue) and 9 (red) are represented by their real (bottom) and imaginary (top) part. Note that only
the surfaces shown in (b) have been calculated by approximating the LMTOs with Slater-like tight-binding
bases. In (c) the COHPkj

R�R� values for the band statesΓ3, M4, A3, 7 and 9 are given, representing the bonding
(–) and antibonding (+) interactions between nearest neighbor B atoms as well as Mg and B atoms in MgB2.

The calculated bandstructure of MgB2 is shown
in Fig. 1(a). Specific electronic states atEF are
numbered, and ‘flat band’ states located slightly
aboveEF are denotedΨΓ�3, ΨA�3, ΨM�4. In
Fig. 1(b) representative band orbitals are shown
in order to obtain a visual illustration of the
chemical bonding type. The corresponding val-
ues of COHPk�jR�R� are indicated in Fig. 1(c). The
orbital compositions of all these states are given

in Tab. 1. The selected Fermi states numbered
in Fig. 1(a) can be grouped according to their lo-
cations. States (1, 6, 7, 12) are on the 2D small
cylinder Fermi surface, while (2, 5, 8, 11) are
on the 2D large cylinder surface. As expected
and shown in Tab. 1, the contributions of Mg
to these states are nearly negligible and vanish
completely at the A point where the two degen-
erate states are pure B 2px�y hybrids.
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Table 1: Orbital compositions for band states of MgB2 denoted in Fig. 1 obtained from TB-LMTO calcula-
tions. The values are given in % fors-, p-, d-like states of Mg ands, p states of B. The ‘–’ sign means 0 or
negligible contribution.

States s px + py pz dx2�y2 + dxy d3z2�1 dxz + dyz

Mg B Mg B Mg B Mg Mg Mg

Γ3 – – – 89.61 – – 10.39 – –
1 – 4.17 1.74 83.28 – – 10.80 – –
2 – 0.03 4.17 86.23 – – 9.06 0.50 –
3 – – – – 12.58 62.00 – – 25.41

M4 – – – – – 64.42 – – 35.57
4 – – – – 7.05 61.82 – – 31.13
5 – – 3.63 87.22 – – 9.16 – –
6 – – 1.57 87.65 – – 10.68 0.09 –

A3 – – – 100.00 – – – – –
7 – 7.03 – 89.73 0.20 – – – 3.04
8 – – – 93.90 – – – – 6.11
9 25.95 – 17.83 – – 30.4 25.83 – –
10 – – 39.44 – – 34.33 26.23 – –
11 – 0.43 – 93.30 0.74 – – – 5.53
12 – 7.70 – 89.08 – – – – 3.22

The only contribution of Mg to the cylindrical
surfaces isd-like and has the important effect
to provide, though little, dispersion to bands
alongΓ–A. Neglecting thed-like state the sec-
tion areas of the small 2D cylinder become
1165.5 and 2041.9 Tesla for the de Haas – van
Alphen frequenciesF0

1, F0
2, respectively, to be

contrasted to the experimental values of 540
and 1530 Tesla. Inclusion of these states im-
proves the former results to 747 and 1510 Tesla
in agreement with earlier results, but with the
distinction that here a clear assignment of the
origin of this improvement can be made.

States 3, 4 and M4 (slightly aboveEF) repre-
sent states on the 3D hole-like surface, while
states 9, 10 are located on the large 3D electron-
like surface. From Tab. 1 it is obvious that
in both cases a significant contribution to the
two surfaces comes from Mg electronic states
where a dominating component is againd-like
on the hole-type 3D sheet, whiles-, p- andd-
like states contribute to the electron-type 3D
surface. These results clearly show that Mg is

not fully ionized but carries an important cova-
lent character that even dominates the bonding
properties between the boron layers and has im-
portant impact on the smallπ-gap.

As an advantage of COHPkj
R�R� the bonding

properties of states atEF can be directly ob-
tained, which clearly shows that theδ-type
Mg–B bonding interaction is comparable in size
to the average of theπ-type B–B interaction.
This leads to a dominant covalent contribution
of Mg d-like electronic states to the 3D sheets
(see Fig. 1(c)), which is a consequence of the
symmetry of the electronic states of the B6 rings
with their node-like structure, see Fig. 1(b), fa-
voring d- or p-like states in order to optimize
the Mg–B multicenter bonding. The strongest
direct interlayer B–B interaction (M4) indicated
by the COHPkj

B�B� values for the states shown
in Fig. 1(a) is 0.0009. Our results thus reveal
a substantially different origin of the 3D ‘π’-
states, as compared to previous calculations.
While in the xy-plane the bonding originates
from the π-type B-pz-pz covalent interaction,
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in the z-direction the bonding is essentially
theδ-type Mg–B covalent interaction mediated
substantially throughp-, d-like Mg states.

The quantitatively derived in-plane B–B bond-
ing properties (see Fig. 1(c)) have been shown
to couple most strongly to theE2g phonon mode
[2,3], and this coupling leads to the large gap.
The character of the 3D states as shown in
Fig. 1(c) (M4 and 9) clearly indicates that their
coupling to optical modes is less pronounced as
compared to that of the 2D states, because the
relevant bonding is much weaker. As a con-
sequence only a small gap originates. In view
of the multigap structure interband coupling has
to be considered which leads to a pairwise ex-
change betweenπ- andσ-related states, which
in turn enhancesTc considerably. This pairwise
exchange is generally believed to be driven by

the strongly anharmonicE2g phonon through a
multi-phonon process. The fact that Mg con-
tributes only to the interaction of the 3D Fermi
states along thez-direction provides an addi-
tional reason for the ‘robustness’ of the small
gap besides the small interband impurity scat-
tering by Mg defects. The importance of the
covalent character of Mg–B multicenter bonds
also gives an answer to the limited substitu-
tional and defect chemistry of MgB2.

[1] Deng, S., A. Simon, J. Köhler and
A. Bussmann-Holder. Journal of Superconductivity
16, 919–922 (2003).

[2] Kong, Y., O.V. Dolgov, O. Jepsen and O.K. Andersen.
Physical Review B64, 020501 (2001).

[3] An, J.M. and W.E. Pickett. Physical Review Letters
86, 4366–4369 (2001).

Band filling and interband scattering effects in MgB2: C vs. Al doping

J. Kortus (Institut de Physique et de Chimie des Matériaux de Strasbourg);
O.V. Dolgov and R.K. Kremer; A.A. Golubov (University of Twente)

Now, after a few years of intense experimen-
tal and theoretical research the main features
of superconductivity in MgB2 seem well under-
stood as due to a phonon mediated mechanism
with different coupling strengths to the elec-
tronicσ- andπ-bands [1], which leads to the ap-
pearance of two distinct superconducting gaps.
At present, MgB2 appears to be the first sys-
tem for which multiband superconductivity has
independently been evidenced by several exper-
imental techniques.

As for any anisotropic order parameter, scatter-
ing by nonmagnetic impurities should have a
pair-breaking effect. Interband impurity scatter-
ing should lead to a decrease ofTc and if strong
enough to a single (averaged) order parameter.
The interband impurity scattering between the
σ- andπ-bands is exceptionally small, due to
the particular electronic structure of MgB2, so

that in the superconducting state, the two gaps
in theσ- and theπ-bands are preserved even in
‘dirty’ samples with a considerably reducedTc

and a broad range of normal state resistivities.

The decrease ofTc has been experimentally
demonstrated by a series of substitution exper-
iments in which Mg has been replaced by con-
siderable fractions of Al and B by C. (Fig. 2). It
has also been observed that theσ-gap decreases
with decreasingTc and approaches the weak
coupling value of 2∆ /kB Tc = 3.5 atTc�25 K.
In most experimental reports theπ-gap is found
to be independent of theTc of the sample and
to remain close to�2 meV seen for undoped
samples.

In the following we will argue that one essential
ingredient to understand the behavior ofTc is
the effect of band filling of holes in theσ-band
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due to electron doping. To understand the be-
havior of theπ-gap as function of doping one
additionally needs to consider interband scatter-
ing. While band filling will decrease the super-
conducting gaps, interband scattering will de-
crease the value of the larger gap andincrease
the smaller one. These two effects may com-
pensate for the smallerπ-gap and enable us to
explain the observed nearly constant value of
the small gap.

Figure 2: Critical temperatureTc as function of Al
(filled symbols) and C (open symbols) versus dop-
ing concentration taken from literature. The lines
present estimates based on Eliashberg theory with
different levels of approximation: dotted line with
DOS from rigid band model, dashed line with DOS
from virtual crystal approximation and solid line
with DOS and phonon renormalization from virtual
crystal approximation. The horizontal dotted line is
the lower limit for interband scattering only.

First, we will focus on the doping dependence
of the critical temperature. Figure 2 summarizes
experimental results from different groups.Tc

as function of Al and C doping shows very sim-
ilar behavior if the C doping is scaled by a fac-
tor of two as compared to the Al doping. This
follows naturally from the definition of the C
doping concentration per boron atom, as ex-
pressed in Mg1�xAl x�B1�yCy�2, with x (y) for
the amount of Al (C) doping. The importance of
the band filling is already indicated by the hor-
izontal dotted line�25 K. This value would be

the lower limit ofTc due to the pair breaking ef-
fect of interband scattering only. If interband
scattering would be the only relevant mecha-
nism no sample should show aTc lower than
indicated by the horizontal line. This is clearly
not the case as shown in Fig. 2.

MgB2 has a total of 0.26 holes: 0.15 holes in
both σ-bands and the remaining 0.11 holes in
the holeπ-band. Al and C substitution will both
dope electrons and therefore reduce the num-
ber of holes. In a rigid band model the elec-
tron doping would be defined with respect to
the total number of holes in MgB2 and sim-
ply corresponds to a shift of the Fermi level.
For small doping theσ-band density of states
(DOS) is practically constant as expected from
the quasi two-dimensional character of theσ-
bands. After adding 0.15 electrons theσ-bands
become nearly filled and the DOS starts to de-
crease rapidly. The coupling of theσ-holes to
the optical bond-stretchingE2g phonons drives
the superconductivity in this material and de-
terminesTc. Therefore, we just scale the band
split electron-phonon Eliashberg functionsα2

ij F
and theµ�-matrix with the the change of theσ-
or π-band DOS as function of doping. We use
the Eliashberg functions for pure MgB2 calcu-
lated from first-principles linear response the-
ory, which have been used successfully to de-
scribe the specific heat [2], tunnelling and pen-
etration depth.

The dotted line shown in Fig. 2 corresponds
to the rigid band scaling. The decrease inTc

for small doping concentrations is well repro-
duced and originates from the smallkz disper-
sion of theσ-bands along theΓ–A line. The
σ-band Fermi surfaces are not perfect cylinders
but are slightly warped (see Fig. 3, Ref. [1]). For
large doping concentration,Tc obtained from
this simple model decreases faster than ob-
served in experiment. This is not surprising be-
cause we used the unperturbed bandstructure of
pure MgB2 not taking into account neither alter-
ations of the bands due to doping nor the change
of the phonon frequencies.
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To correct for this discrepancy we further cal-
culate the change of the DOS using the vir-
tual crystal approximation (VCA) and replace
the Mg atom with a virtual atom with charge
Z = x ZAl + (1�x) ZMg and recalculate the elec-
tronic bandstructure self-consistently using the
full potential LMTO method. Using the DOS
from the VCA to scaleα2

ij F we solve the Eliash-
berg equations and obtain a slower decrease of
Tc (dashed line in Fig. 2) closer to the experi-
mental observations.

Doping will also lead to a hardening of the
E2g phonon branch which will decrease the
electron-phonon couplingλ�1/ω2. In order to
take this effect into account we also calculated
the E2g–Γ-point frequency in the VCA using
linear response methods. The final result from
scalingα2

ij F by the DOS and theE2g phonon
frequency is shown by the solid line in Fig. 2.
The agreement with experiment improves sig-
nificantly.

Band filling, however, is not sufficient to under-
stand the evolution of the superconducting gaps
with doping, since there should be no difference
in behavior between Al and C doping, because
both are electron dopants. The additional in-
gredient to understand the difference is differ-
ent interband scattering by the Al and C dopant
species.

In Fig. 3(a) we plot the experimentalσ- and
π-gaps for Al doped crystals as obtained by
Gonnelliet al. [3] and by Puttiet al. [4] as func-
tion of the critical temperature of the samples.
Together with the experimental data we display
the results from the solution of the two-band
Eliashberg equations without interband scatter-
ing but the Eliashberg functions scaled by the
change of DOS and phonon frequency as de-
scribed above. The agreement with experiment
is reasonable.

Based on a critical assessment of all available
experimental data we conclude that there is no
clear evidence for a merging of the two gaps for

Mg1�xAl xB2 (x�0.21) and we therefore con-
clude that interband scattering in Al doped sam-
ples is small, even at high doping concentra-
tions.

Figure 3: Al doping (a): Superconductingσ-gap
(upper curve and filled symbols) andπ-gap (lower
curve and open symbols) as a function of criti-
cal temperatureTc obtained from the solution of
the Eliashberg equations with scaledα2

ij F without
interband scattering (solid lines) compared to ex-
perimental results (�) [3] and (�) [4]. C dop-
ing (b): The solid lines show the solution of the
Eliashberg equations with an interband scattering
rate of γinter = 2000�y cm�1 compared to the exper-
imental results (�) [3]. The limiting cases of in-
terband scattering only (dotted lines) or scaling of
α2

ij F (dash-dotted lines) are also shown. The dashed
straight line indicates the BCS gap relation for∆/Tc.

Recent experimental results for C doped sin-
gle crystals indicate for the first time a merg-
ing of the two superconducting gaps. This is
a clear manifestation of interband scattering.
In Fig. 3(b) we show the experimental results
[3] together with our Eliashberg theory calcula-
tions. In difference to the previous case we now
include interband scattering in our calculations,
which will also cause an additional reduction of
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Tc. Using a simple linear increase of the inter-
band scattering rate with the doping concentra-
tion according to (γinter = 2000�y cm�1), we find
e.g. for 10–15% C concentration an additional
decrease ofTc by about 6 K.

The two limiting cases (interband scattering
only, scaling of α2

ij F) are also shown in
Fig. 3(b). The decrease of the DOS causes a
decrease of both gaps, as can be seen from the
dash-dotted lines. In contrast the interband scat-
tering will decrease theσ-gap andincrease the
π-gap. Both effects can compensate giving the
result represented by solid line in Fig. 3. It in-
cludes the effects of the scaledα2

ij F and the ef-
fects of interband scattering. Compensation of
interband scattering and band filling effects can
therefore explain the experimental observation
of a nearly constantπ-gap as a function of dop-
ing, which has been an open puzzle. The differ-
ence in the magnitude of the interband scatter-
ing for Al and C doping can be rationalized as
due to the different sites occupied by the C and
Al dopant atoms. Interband scattering due to
doped C atoms replacing B atoms is much more
likely than for Al doping. Theσ-bond orbitals
are located in the boron plane and there is not
much weight of theσ-bands in the Mg plane.

The π-orbitals are also centered at the boron
plane, but extend further out towards the Mg
plane. For this reason impurities in the boron
plane are more effective interband scatterers.

In summary, we have shown that the variation in
Tc of Al and C doped samples of MgB2 can be
understood mainly as due to a simple effect of
band filling. Further, we suggest that the nearly
constantπ-gap as function of doping can be un-
derstood due to a compensation of band filling
and interband scattering. The compensation of
these effects shifts the merging point of both
gaps to higher doping concentrations and lower
Tc.

[1] Kortus, J., I.I. Mazin, K.D. Belashchenko,
V.P. Antropov and L.L. Boyer. Physical Review
Letters86, 4656–4659 (2001).

[2] Kong, Y., O.V. Dolgov, O. Jepsen, O.K. Andersen,
J. Kortus, A.A. Golubov, B.J. Gibson, K. Ahn and
R.K. Kremer. MPI-FKF Annual Report, 68–71
(2001).

[3] Gonnelli, R.S., D. Daghero, G.A. Ummarino,
A. Calzolari, V. Dellarocca, V.A. Stepanov,
S.M. Kazakov, J. Jun and J. Karpinski.
cond-mat/0407267 (2004).

[4] Putti, M., M. Affronte, P. Manfrinetti and
A. Palenzona. Physical Review B68, 094514 (2003).

Growth and investigation of NaxCoO2 single crystals

D.P. Chen, A. Maljuk, G. G̈otz and C.T. Lin

The recent discovery of superconductivity with
Tc up to 5 K in the hydrated layered cobaltate
compound NaxCoO2�yH2O has obtained con-
siderable attention. Experimental and theoret-
ical proposals have been put forward in favor
of an unconventional pairing mechanism, pos-
sibly even with spin triplet pairing. The es-
sential structural element is CoO2, layers that
are composed of edge sharing CoO6 octahedra.
The subsequent triangular coordination of the
Co sublattice is thought to favor frustrated elec-

tronic and magnetic ground states. Indeed, the
electronic and magnetic properties of the wa-
ter free mother-compound NaxCoO2 are very
unusual. For instance, the large value of the
thermoelectric power and its strong suppression
upon application of a magnetic field have been
the subject of intense research.

In order to establish a solid understanding of the
interesting but complex physics involved in this
class of cobaltates, the availability of high qual-
ity and well-characterized single crystals is an
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important task. Furthermore, an important re-

quirement is that these crystals are of sufficient

size as to enable the investigation with experi-

mental techniques like neutron scattering or op-

tical spectroscopy. In the following we report

on the growth of NaxCoO2 single crystals, the

control of their Na content and the incorpora-

tion of water as to induce superconductivity.

Large and high quality single crystals were ob-

tained with a floating zone furnace using a

growth rate of�2 mm/h in flowing oxygen at-

mosphere. A typical crystal ingot is shown in

Fig. 4(a). The ingot was cut into several pieces

and single crystals were obtained by mechani-

cal cleaving. Due to their layered structure the

single crystals typically have a platelet like mor-

phology (see Figs. 4(b) – (d)).

Figure 4: The typical Na0�70CoO2 crystals grown
by floating zone method and three typical morpholo-
gies showing the layered structure.
(a) As-grown crystal ingot (b) after cutting the
as-grown crystals, (c) the cracked layers perpen-
dicular to the c-axis after Na deintercalation to
Na0�3CoO2, (d) the ‘booklet’-like structure of the
hydrated Na0�3CoO2�1�3H2O.

The superconducting phase was obtained with
a two-step procedure. First we deinterca-
lated a significant amount of sodium using
Br2�CH3CN as an agent for duration of around
100 hours. The obtained change in sodium
content is approximately proportional to the
bromine concentration in the CH3CN agent.
Subsequently, the sample was washed with
acetonitrile. In a second step the sample was
hydrated by exposing it to water vapor or im-
mersing it in liquid water for a duration of
5 days. Photographs of as-grown, Na dein-
tercalated, and hydrated crystals are shown in
Figs. 4(b) – (d).

The hydration process has been investigated
in more detail by performing X-ray diffrac-
tion (XRD) experiments. The X-ray pat-
terns reveal that the starting material can al-
ready contain a certain amount of water that
is absorbed from humid air forming the phase
NaxCoO2�0�6H2O. Further hydration of the
sample has been achieved by immersing it in
liquid water such that only the upperc surface
was uncovered and thus exposed to air. This al-
lowed us to perform XRD measurements on this
entire sample surface.

Repeated measurements of the002 reflections
were carried out to observe the rapid ex-
pansion of thec-axis lattice parameter from
about 11.15̊A in the dry mother-compound, to
13.85Å in the Na0�3CoO2�0�6H2O, and 19.21̊A
in Na0�3CoO2�1�3H2O, as shown in Fig. 5. The
structures for the nonhydrated and the two rela-
tively stable hydrated phases is clearly revealed
during the hydration. These phases can be
readily identified in the X-ray scattering exper-
iments and thus can be used to quantify the hy-
dration process and to determine the reaction ki-
netics.

Figure 5 shows that the increase of inten-
sity for the 002 reflection for the phase with
y = 1.3�H2O during the hydration process is ac-
companied by a corresponding decrease of in-
tensity of the002 reflections of the other two
phases with y = 0.6 and 0, respectively.
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Figure 5: The X-ray diffraction patterns for
Na0�3CoO2�yH2O measured while the sample was
immersed in water. The initial compound contained
two phases of y = 0.6 and 0 (0 min) in air and the
phase y = 0.6 was diminished after heating of 150ÆC.

The fraction of the fully hydrated phase can be
seen to increase continuously as a function of
time on the expense of the other two phases
(y = 0.6 and 0). A nearly pure phase with y = 1.3
was observed throughout the sample volume
within about 10 days. Clearly, due to the lay-
ered structure the water diffusion is gradually
and occurs only parallel to the layered struc-
ture since thec-face is robust and does not pro-
vide a diffusion path. It is noticed that the
phase y = 0.6 reappeared frequently. We suspect
that the partial dehydration of the fully hydrated
phase occurred during the night when the water
level was reduced and the specimen was partly
dried.

For the fully hydrated crystals we measured the
magnetic susceptibility using an a.c. technique
and zero field cooling measurements upon heat-
ing from 1.8 K in a 10 Oe applied field. The
results show the onset of a superconducting
transition around 4.9, 4.6, 4.0, 3.8, 3.5 and 2.8 K
for samples with a sodium concentration of
x = 0.42, 0.32, 0.35, 0.26, 0.28 and 0.38, respec-
tively. The transition width was observed to dif-
fer significantly from sample to sample. This is
likely related to an inhomogeneous sodium con-
centration and degree of hydration. For sam-
ples with x�0.22 and x� 0.47 we could not
observe a superconducting transition.

Figure 6: Superconducting phase diagram as a
function of the Na content. The solid circles cor-
respond to the onset temperature. The dashed bar
marks the metal-insulator transition (MIT) in non-
hydrated Na0�5CoO2.

Figure 6 shows the evolution ofTc as function
of sodium concentration that is clearly at vari-
ance with the dome shape dependence ofTc

that has been reported for powder specimens of
NaxCoO2�1�3H2O [1]. This difference may be
attributed to a larger spread of both the sodium
and the water contents in the polycrystalline
samples. The variable Na content determines
the Co oxidation state (with Co4� at x = 0 and
Co3� at x = 1) and therefore has a direct impact
on the electronic doping and the subsequentTc

values. The role of the intercalated water is dis-
cussed rather controversially. It may directly
contribute to the charge redistribution due to its
effect on the CoO2 layer thickness. It has also
been proposed that the formation of Na�H2O�4

clusters screens the charge carriers within the
CoO2 layers against the disorder in the partially
occupied Na sites and thereby enables the for-
mation of a superconducting state. The avail-
ability of high quality single crystals of suffi-
cient size has motivated further experiments us-
ing transport and optical spectroscopy, which
can provide further insight into this interesting
topic.
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To summarize, we have grown large single crys-
tals of the compound NaxCoO2 using the opti-
cal floating zone technique. Subsequent treat-
ments have been applied in order to decrease the
Na content and to intercalate water molecules.
We find that both the nonhydrated and the fully
hydrated crystals are exceptionally sensitive to
the ambient conditions. The superconducting

transition temperature of the NaxCoO2�1�3H2O
is less sensitive to the Na content than previ-
ously reported for polycrystalline sample. The
highestTc = 4.9 K is observed at x�0.42.

[1] Schaak, R.E., T. Klimczuk, M.L. Foo and R.J. Cava.
Nature424, 527–529 (2003).

[2] G. Baskaran. cond-mat/0306569 (2003).

High quality epitaxial growth of NaxCoO2 thin films by
PLD technique

Y. Krockenberger, I. Fritsch, G. Cristiani and H.-U. Habermeier

Transition metal oxides have been studied for
decades due to their unconventional electronic
and magnetic properties based on strong elec-
tron correlations. After the discovery of su-
perconductivity at high transition temperatures
in cuprates and colossal magnetoresistance in
manganites this field gained tremendous atten-
tions, both, scientifically as well as technologi-
cally.

Recently, superconductivity has been
discovered in sodium-cobalt-oxohydrates
with the nonstoichiometric composition
Na0�3CoO2�1.3H2O. These are hexagonal struc-
tures with a triangular Co lattice and CoO6 oc-
tahedra forming the CoO2 layer intercalated by
Na content of the parent NaxCoO2 compounds,
the electronic correlations can be tuned and
a rich phase diagram for electronic and mag-
netic properties was established. Furthermore,
the discovery of excellent thermoelectric char-
acteristics of NaxCoO2 intensified the efforts
to prepare NaxCoO2 in the form of thin films.
The conversion of heat into electrical energy is
quantified by the figure of merit for the conver-
sion efficiencyZ = S2

ρκ , whereS is the Seebeck

coefficient,ρ the electrical resistivity andκ the
thermal conductivity. It was found that single
crystals of theγ-phase Na0�5CoO2 have high
thermoelectric power (�100µV/K at 300 K)
and low electrical resistivity (� 200µΩ cm at
300 K), and the dimensionless figure of merit
Z T (T is the absolute temperature) exceeds
unity at 800 K. These properties make the
hexagonal structured NaxCoO2 suitable as a
thermoelectric material.

The abundance of crystallographic phases
correlate with the sodium content in the
NaxCoO2 (0� x�1) system, i.e.,α-NaxCoO2

(0.9� x� 1), α�-NaxCoO2 (x�0.75), and
γ-NaxCoyO2 (0.55� x

y �0.7). In addition,
phases likeβ-NaxCoO2 with x�0.67 or the H1
and H2 phase enrich the possible crystal struc-
tures. Nevertheless, the fundamental structure
of NaxCoO2 consists of Na and a CdI2-type
CoO2 sheet alternately stacked along thec-axis.
From the viewpoint of crystallographic charac-
teristics, a tremendous effect can be observed
by crossing the borderline at x�0.9 since the
c-axis expands by more than 5Å (see Fig. 7).
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Figure 7: The c-axis doping dependence for
NaxCoO2 reported from various authors and the
black line is a linear fit of all data points. The ques-
tion mark denotes the x-range, where no reliable
data have been found.

The transport characteristics of NaxCoO2

showed, that the CoO2 layer is responsible for
the electric conduction, whereas the Na layer
obtrudes to act as a charge reservoir to stabilize
the crystal structure. This means that the Na
content can control the carrier density andS in
cobalt oxides is enhanced by the ratio between
the degeneracies of electronic states of Co3�

and Co4� ions. The high-temperature limit ofS
is expressed by Eq.(1), wheree is the absolute
value of electron charge,kB is the Boltzmann
constant,g3 andg4 are the numbers of config-
urations of Co3� and Co4� ions, respectively,
and x is the concentration of Co4� ions:

S ��
kB

e
ln

�
g3

g4

x
1�x

�
� (1)

Applying this equation, the theoretical value of
S increases tremendously for x�1.0.

Some attempts to improve the thermoelectric
properties in the ceramics ofγ-NaxCoO2 by ad-
justing x in this way have been reported. How-
ever, very little research has been carried out
onα-phase NaxCoO2, particularly on thin films.
In this study, epitaxially single phase thin films
of α-NaxCoO2 where grown on (001) oriented
SrTiO3 substrates. The main exigency will be
to stabilizeα-phase NaxCoO2 in thin film form.

As starting materials for the fabrication of tar-
gets to be utilized in a conventional pulsed laser
deposition system we used Na2CO3 (Aldrich,
99.995%) and Co3O4 (Aldrich, 99.995%). Mix-
tures of Na2CO3 and Co3O4 (Na:Co ratio is 2:1)
were carefully ground and calcined at 750ÆC for
12 h in air in a Co coated alumina crucible. This
mixture was ground and then reacted at 850ÆC
for another 12 h. The material was then pressed
to a pellet and kept at 870ÆC for 50 h in oxygen
atmosphere resulting in a homogeneous target
containing large visible NaxCoO2 crystals with
0.7� x �1.0 as well as Na2CO3.

From these NaxCoO2 targets, high quality thin
films have been grown by pulsed laser deposi-
tion. The growth process is visualized in Fig. 8,
where growth temperature and the oxygen pres-
sure is plotted.

Figure 8: Process parameters for high quality epi-
taxial thin films.

Using a KrF laser withλ= 248 nm, 1.8 J/cm2,
and 5 Hz, NaxCoO2 was deposited at a growth
temperature of 500ÆC with 1�10�2 mbar of oxy-
gen as oxidizing agent (step 1). The aver-
age growth rate inc-axis direction was about
0.2Å/pulse. The main difficulty one has to
cope with is the high vapor pressure of sodium
oxide and thus a deviation from the original
target composition is caused. After deposition,
an annealing step is essential to improve the
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Figure 9: (a) X-Ray diffraction pattern of a Na0�6CoO2 thin film. (b) ϕ-scan of the (102) peak of a
Na0�6CoO2 thin film.

crystallinity of the thin film. We found that an-
nealing in ambient oxygen pressure and high
temperatures (�850ÆC) leads to high quality
thin films (see Figs. 9(a) and (b)) with smooth
surface structure (see Fig. 10) whereas only
poor quality samples were obtained by skipping
the annealing step [1].

Figure 10: Surface morphology.

According to our investigation one can vary the
sodium content in the NaxCoO2 thin film within
0.5� x�0.67 by adjusting the growth temper-
ature. As it is shown in Fig. 11 temperature-
dependent resistivity measurements on thin
Na0�6CoO2 films exemplify the metallic behav-
ior of layered cobaltates. Hence, the impact
of different substrate materials may also play
a crucial role in gaining high crystallinity. A
novel process step (3) enables us to enhance
this region up to x = 1.0. After the annealing
in ambient oxygen atmosphere the pressure is
reduced down to 1�100 mbar and the temper-
ature is decreased to 750ÆC. Since our setup
endues a multitarget holder system, a Na2CO3

target was installed and so we could generate
a Na2O flux which easily diffuses into the epi-
taxial grown Na0�6CoO2 film. The dominating

parameter now is simply the time. With this
novel method of cap-layer doping one can grow
single phase epitaxial thin films of theα-phase
Na1�0CoO2.

Figure 11: Resistivity data for thin NaxCoO2 film
with x�0.6 on (001) SrTiO3 (STO) and (100)
SrLaGaO4 (SLGO) substrates.

In conclusion, we have developed a technol-
ogy to prepare single phase, epitaxially grown
NaxCoO2 thin films in a wide range of Na con-
centrations. These films will be used for further
fundamental studies of electronic correlations
in hexagonal structures, especially thermoelec-
tric effects.

[1] Krockenberger, Y., I. Fritsch, G. Cristiani,
A. Matveev, L. Alff, H.-U. Habermeier and B. Keimer.
Applied Physics Letters86, 191913 (2005).
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Oxygen superstructures throughout the phase diagram
of (Y,Ca)Ba2Cu3O6�x

J. Strempfer, I. Zegkinoglou, U. R̈utt, C. Bernhard, C.T. Lin and B. Keimer;
M. v. Zimmermann (HASYLAB, Hamburg); Th. Wolf (IFP, FZ Karlsruhe)

The two-dimensional strongly correlated elec-
tron system in the layered copper oxides
is known to be susceptible to at least two
types of instabilities at nonzero doping: high-
temperature superconductivity, and ‘stripe’ or-
dering of spin and charge degrees of freedom.
The question of whether fluctuating stripes are a
prerequisite for high-temperature superconduc-
tivity remains one of the central unanswered
questions in the field. Several experimental
techniques are suitable as probes of stripe or-
der and fluctuations, including X-ray scattering,
magnetic and nuclear neutron scattering, NMR
and nuclear quadrupole resonance (NQR), and
scanning tunneling spectroscopy. X-rays cou-
ple directly to the charge, and the high photon
energy ensures that both static charge ordering
and charge excitations up to high energies can
be detected. Notably, X-ray superstructure re-
flections due to static stripe ordering were ob-
served in Nd substituted La2�xSrxCuO4 follow-
ing an initial observation by neutron diffraction.
Furthermore, a recent X-ray scattering study of
underdoped YBa2Cu3O6�x has uncovered dif-
fuse features whose temperature dependence
was reported to exhibit an anomaly around the
‘pseudogap’ temperature [1]. This anomaly was
interpreted as a signature of electronic stripe
formation. In this system, however, superstruc-
tures due to oxygen ordering with wavevectors
depending sensitively on the oxygen content are
also observed [2]. As both phenomena are as-
sociated with lattice distortions and are thus ex-
pected to be intimately coupled, it is difficult to
establish which features of the X-ray data origi-
nate in short-range oxygen ordering, and which
can be attributed to electronic stripe ordering or
fluctuations.

In order to answer this question unambiguously,
we have investigated the X-ray diffuse intensity
in underdoped, optimally doped, and overdoped

�Y�Ca�Ba2Cu3O6�x single crystals [3]. Exper-
iments were conducted at the Hamburger Syn-
chrotronstrahlungslabor (HASYLAB) and the
Advanced Photon Source (APS) using high-
energy X-rays above 100 keV, which probe the
sample bulk due to the high penetration depth.

The intensities of X-rays scattered from the
underdoped, optimally doped and overdoped
�Y�Ca�Ba2Cu3O6�x fully untwinned single
crystals are shown in Fig. 12. The diffuse fea-
tures shown are�5 orders of magnitude weaker
than the main Bragg reflections.

Figure 12: The diffuse scattering intensities in
Y1�yCayBa2Cu3O6�x. (a) Scans along (h 0 2.5) for
the ortho-III phase of YBa2Cu3O6�75, together with
a simulation (solid line). (b) (h 0 5.6) scan for both
YBa2Cu3O6�92 (�) and Y0�8Ca0�2Ba2Cu3O6�95 (Æ).
(c) l-scans of YBa2Cu3O6�92 at bothT = 10 K and
T = 300 K along (4.25 0l). The insets in (a) and (b)
show the ortho-III and ortho-IV patterns, respec-
tively, where large full (open) circles denote occu-
pied (unoccupied) oxygen sites.
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The intensity is peaked at positions cor-
responding to superlattice wavevectors
(0.33 0 0) for YBa2Cu3O6�75, and (0.25 0 0)
for YBa2Cu3O6�92 and Y0�8Ca0�2Ba2Cu3O6�95

(Figs. 12(a) and (b)), indicating short-range su-
perstructures with periodicities equal to three
and four elementary orthorhombic unit cells,
respectively. As a function of the wavevector
componentl perpendicular to the copper ox-
ide layers (Fig. 12(c)), the intensity shows a
modulation with a periodicity characteristic of
interatomic distances within the unit cell, in
particular the distances between the copper ox-
ide chain and plain layer and the apical oxygen.
The diffuse scattering thus results from lattice
displacements encompassing the entire unit cell
induced by oxygen vacancy ordering.

The periodicities, intensities and correlation
lengths of the four-cell superstructures observed
in YBa2Cu3O6�92 and Y0�8Ca0�2Ba2Cu3O6�95

crystals are virtually identical within the statis-
tical accuracy of the data. Charge density wave
or stripe correlations are expected to be charac-
terized by a wavevector that depends strongly
on the charge carrier concentration, and by an
amplitude that is strongly reduced in heavily
overdoped samples. As the charge carrier con-
centration in the CuO2 layers is very different in
the two samples (whereas their oxygen content
is nearly identical), we conclude that charge or-
der or fluctuations within the layers can at most
give a minor contribution to the diffuse inten-
sity.

While the four-cell superstructure in optimally
and overdoped Y1�yCayBa2Cu3O6�x has not
been observed before, the three-cell superstruc-
ture in underdoped YBa2Cu3O6�75 is known as
the ortho-III phase. In analogy to the under-
doped samples we hence attribute the diffuse
features in�Y�Ca�Ba2Cu3O6�x samples with
x�0.95 to an ortho-IV oxygen ordered phase
characterized, on average, by a sequence of
three full and one empty CuO chain. Because
of the low density of oxygen defects, regions of
the ortho-IV phase are expected to be small and

dilute. This explains the large width of the su-
perstructure peaks of∆h = 0.29(1) r.l.u. in this
compound.

The temperature dependencies of the integrated
intensities of the ortho-V, ortho-III and ortho-
IV peaks are shown in Figs. 13(a) – (c). They
further confirm that all features originate in
oxygen ordering rather than charge instabilities
in the CuO2 layers. Independent of the dop-
ing level, the superstructures persist well above
room temperature, with no anomalies observed
at the superconducting transition temperature or
other temperatures associated with the onset of
electronic instabilities.

Figure 13: Temperature dependencies of the in-
tegrated intensity of (a) the (4.4 0 2.5)/(4.6 0 2.5)
reflections in YBa2Cu3O6�65, (b) the (4.33 0 2.5)/
(4.66 0 2.5) reflections in YBa2Cu3O6�75 and (c) the
(5.25 0 5.5) reflections in YBa2Cu3O6�92. The insets
in (a) and (b) show the respective Q-scan at low tem-
perature.

Maps of the diffuse intensity in the
(h k 5.5) and (h 0 l) scattering planes for the
Y0�8Ca0�2Ba2Cu3O6�95 sample are shown in
Fig. 14. Similar maps for the YBa2Cu3O6�92

sample are nearly indistinguishable from those
of Fig. 14, in accord with Fig. 12(b). Panel (a)
shows that the superstructure is only observed
along thea-direction, that is, perpendicular to
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the CuO chains. Diffuse features induced by
charge density wave ordering along the chains
are not observed above background. X-ray sig-
natures of electronic instabilities both in the
chains and in the layers must therefore be much
weaker than the manifestations of the short-
range oxygen vacancy order we observe.

Figure 14: Contour plots of the diffuse intensity
in the (a) �hk5�5� plane and (b)�h0l� plane of
Y0�8Ca0�2Ba2Cu3O6�95. The main Bragg reflections
are masked.

This is underscored by an investigation of
YBa2Cu4O8. Since this material does not
sustain oxygen defects, diffuse scattering due
to stripe or charge density wave ordering
should be much more easily visible than in
YBa2Cu3O6�x. However, no such intensity is
observed at least down to the intensity level of
the diffuse peaks in the optimally doped com-
pound.

In conclusion, we have observed a super-
structure with a four-unit-cell periodicity in
�Y�Ca�Ba2Cu3O6�x materials with x�0.95.
The superstructure involves atomic displace-
ments throughout the unit cell, but its origin can
unambiguously be attributed to a short-range
ordering of oxygen vacancies. This is supported
by three independent observations: the simi-
larity of the diffuse scattering patterns of the

YBa2Cu3O6�92 and Y0�8Ca0�2Ba2Cu3O6�95 com-
pounds, which have similar oxygen contents but
different charge carrier concentrations; the ab-
sence of diffuse reflections in the scattering pat-
tern of the YBa2Cu4O8 compound, which con-
tains no oxygen vacancies; and the persistence
of the diffuse intensities up to temperatures well
above room temperature.

Charge density modulations along the CuO
chains of YBa2Cu3O6�x have been addressed
both in the experimental and in the theoretical
literature. Experimental evidence includes vari-
ations of the NQR frequencies of both chain
and plane63Cu nuclei, as well as spatially peri-
odic modulations of the tunnelling conductance
in scanning tunneling microscopy (STM) stud-
ies. These observations have been interpreted
in terms of either charge density wave corre-
lations or Friedel-type oscillations around oxy-
gen defects in the chains. Subtle modulations
of the valence electron density along the chains
may be too weak to be observed by X-rays in
the presence of much stronger diffuse scatter-
ing from short-range ordered oxygen defects
(which involves all core electrons). However,
our observation of significant interchain corre-
lations in the positions of oxygen defects may
lead to a more quantitative understanding of the
NQR and STM results. Indeed, correlations be-
tween charge density modulations on different
chains observed in STM images may well orig-
inate in the correlations between oxygen vacan-
cies reported here.

As an integral part of the lattice structure of
optimally doped YBa2Cu3O6�x, probably the
most extensively investigated high-temperature
superconductor – stoichiometric YBa2Cu3O7 is
overdoped and difficult to prepare – the oxy-
gen ordering-induced superstructure may also
be relevant for the interpretation of a variety
of other spectral features. In particular, this
component of the real lattice structure should
be taken into account when interpreting phonon
anomalies in underdoped and optimally doped
YBa2Cu3O6�x, which are expected to be sensi-
tive to the local lattice displacements reported
here. Finally, based on our findings we suggest
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to investigate short-range correlations between
oxygen defects and their potential impact on
spectroscopic features in other families of high-
temperature superconductors as well.

[1] Islam, Z., S.K. Sinha, D. Haskel, J.C. Lang, G. Srajer,
B.W. Veal, D.R. Haeffner and H.A. Mook. Physical
Review B66, 092501 (2002).

[2] Andersen, N.H., M. v. Zimmermann, T. Frello,
M. Käll, D. Mønster, P.-A. Lindgård, J. Madsen,
T. Niemöller, H.F. Poulsen, O. Schmidt,
J.R. Schneider, T. Wolf, P. Dosanjh, R. Liang and
W.N. Hardy. Physica C317-318, 259–269 (1999).

[3] Strempfer, J., I. Zegkinoglou, U. Rütt,
M. v. Zimmermann, C. Bernhard, C.T. Lin, T. Wolf
and B. Keimer. Physical Review Letters93, 157007
(2004).

Electron-phonon coupling in high-Tc cuprates

O. Rösch and O. Gunnarsson

The description of high-temperature supercon-
ductors has usually focused on the importance
of the Coulomb interaction. More recently,
however, the electron-phonon interaction has
also attracted substantial interest. This is, in
particular, due to the observation in photoemis-
sion of a kink in the electron dispersion at about
70–80 meV binding energy. The kink was as-
sociated with strong coupling to a boson. A
natural candidate is the so-called half-breathing
phonon, i.e., an in-plane bond-stretching mode
(see upper right inset in Fig. 15), which has
the appropriate energy. This phonon shows
a large softening upon doping and it has a
large width in the doped system. This im-
plies an appreciable electron-phonon coupling
to the doped carriers. Based on the phonon
width and softening, conventional theory leads
to an estimateλ�0.2–0.3 for the dimension-
less electron-phonon coupling strength. Al-
though appreciable, this coupling is substan-
tially smaller than what was deduced from the
kink in the dispersion.

Due to the importance of the Coulomb interac-
tion, it is natural to use a generalizedt-J model
for describing phonons. Thet-J model is de-
rived from a three-band model of a CuO2 layer,
including a Cudx2

�y2 and two Op-orbitals.

Figure 15: Phonon dispersion in the (1,0) and (1,1)
directions according to experiment for doping x = 0
(black curve) and x = 0.15 (blue). Theoretical re-
sults (red) for x = 0.125 show the calculated soften-
ing from the experimental x = 0 results. The aver-
age over boundary conditions is shown and the bars
show the spread due to different boundary condi-
tions. The insets show the movements of oxygen
atoms (open circles) in the CuO2 plane in relation to
Cu atoms (filled circles). There is a strong softening
in the (1,0) direction, while the softening in the (1,1)
direction is weaker.

By projecting out the Op-orbitals and double
occupancy of the Cud-orbital, the t-J model
is obtained. Each site is occupied by either a
Cu d-hole or a Zhang-Rice singlet, composed
of a Cu d-hole and an Op-hole. The doping
x gives the fraction of singlets, which serve as
charge carriers. To obtain the electron-phonon
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coupling, the atoms are displaced. This leads
to a change of the hopping integraltpd and the
charge transfer energy∆ between Cu and O
atoms. Previous works on thet-J model have
made different assumptions about the relative
importance of the modulation oftpd and∆ and
obtained different conclusions about the relative
importance of the coupling to on-site and off-
site terms in thet-J model.

We have therefore derived at-J model with
phonons, considering both modulation oftpd

and∆. We find that the modulation oftpd dom-
inates, but that the destructive interference with
the modulation of∆ cannot be neglected [1].
This is due to a stronger distance dependence
of tpd than∆ and to a partial cancellation be-
tween two terms caused by the modulation of∆.
We furthermore find that the electron-phonon
coupling to the off-site terms is much weaker
than to the the on-site terms in thet-J model.
The on-site coupling is rather strong, due to the
large magnitude of the Zhang-Rice singlet en-
ergy (�4–5 eV). For a system with a rigid lat-
tice, this is an uninteresting constant. The sin-
glet energy is, however, strongly modulated by
tpd, leading to a rather strong electron-phonon
coupling.

To study the softening of the half-breathing
phonon, we have solved thet-J model us-
ing exact diagonalization. The parameters are
t = 0.47 eV andJ�t = 0.3. All possible elec-
tronic states of a 4�4 cluster are included and
sufficiently many phonon states are taken into
account to obtain converged results. To re-
duce the finite size effects, we consider peri-
odic, antiperiodic and mixed boundary condi-
tions and use the average. Figure 15 shows
results for the half-breathing�q � �ξ�0�� and
breathing�q � �ξ�ξ�� phonons. Similar results
have been obtained by Khaliullin and Horsch
using a slave boson approach. The figure illus-
trates that the electron-phonon coupling to the
Zhang-Rice singlet gives a reasonable softening
of the (half-)breathing phonons.

The electron-phonon interaction is usually
studied for noninteracting electrons, i.e., the
Coulomb repulsion is neglected. The electron
and phonon self-energies can then be expressed
in terms of the coupling strengthλ. For in-
stance, from the imaginary part of the phonon
self-energy one obtains the phonon broadening
and from the electron self-energy the kink in
the electron dispersion. These results could,
however, be drastically modified in a system
of strongly interacting electrons, e.g., a high-Tc

cuprate.

To study this we have used sum rules [2]. We
consider thet-J model with electron-phonon
interaction only due to the dominating on-site
coupling. From a sum rule for the density re-
sponse derived by Khaliullin and Horsch, we
obtain an approximate sum rule for the phonon
self-energy

1
πN ∑

q ��0

1
g2

q

∞�

�∞

�ImΠ�q�ω��dω� 2x�1� x� � (2)

where N is the number of sites,gq is a coupling
constant,Π�q�ω� is the phonon self-energy for
momentumq and frequencyω. This sum rule
shows that the phonon self-energy is strongly
reduced by correlation effects as the doping x is
reduced. To see if there is a similar reduction
for the electron self-energy, we derive the sum
rule for x = 0

1
π

∞�

�∞

ImΣep�k�ω� i0��dω�
1
N∑q

�gq�
2 � g2

av� (3)

whereΣep�k�ω� i0�� is the difference between
the electron self-energies for systems with and
without electron-phonon interaction. The same
result is obtained for the absolute value of the
lowest order (ing2

q) self-energy of noninter-
acting electrons. This leads to the important
conclusion that while the phonon self-energy
is strongly reduced by correlation effects for
small x, this is not the case for the electron self-
energy.
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Figure 16: Frequency integrals over the imaginary
parts of the phonon self-energy forq = (1,0)π�a
and x = 1/12 and the electron-phonon contribution to
the k-averaged electron self-energy for x = 0. The
results are divided by coupling constants. The
self-energies were given a 0.2 eV (full width at half
maximum) Lorentzian broadening. The figure il-
lustrates how these quantities converge to approxi-
mately 2x�0.17 (Eq.(2)) and unity (Eq.(3)) for the
phonon and electron self-energy, respectively.

The large difference between Eq.(2) and Eq.(3)
is due to a strong asymmetry of the problem
in the limit x�0. Each carrier (Zhang-Rice
singlet) interacts with many phonons, but each
phonon interacts with few carriers. When a
phonon is created, the system can respond to
the perturbation by transferring singlets to sites
with Cu 3d-holes. If there are few singlets, i.e.,
x is small, the response of the system is weak
and the phonon self-energy is small. Since
typically x�0.1, this drastically reduces the
phonon softening and width. The sum-rule in
Eq.(3) can be understood if we notice that a sin-
glet with the wavevectork, created in photoe-
mission spectroscopy, can easily be scattered by
phonons to other statesk�q, since only a frac-
tion (1 – x) of these are occupied by other sin-
glets. We therefore expect the electron-phonon
interaction to cause a large contribution to the

electron self-energy for a finite but small doping
x. For similar reasons, there should be no reduc-
tion � x in the phonon induced carrier-carrier
interaction, which could be important for super-
conductivity.

We have studied a 4�3 t-J cluster with coupling
to all the (half-)breathing phonons, assumed to
have the frequencyωph = 0.5 eV. The model is
solved using exact diagonalization. Figure 16
shows the frequency integrals of the imaginary
parts of the electron and phonon self-energies
as a function of the integration limitω. The
limit ω�∞ corresponds to the sum rules Eq.(2)
and Eq.(3). To obtain dimensionless quantities,
the coupling constants have been divided out.
The figure illustrates that the integral forΣ con-
verges to unity, as it should, and that the approx-
imate sum rule forΠ is rather accurate, since the
integral converges to approximately 2x.

For noninteracting electrons, ReΣ�ω� �–λω.
We can use this to define an apparent electron-
phonon coupling strengthλΣ = –dReΣ�ω��dω,
appropriate for the electron self-energy. In a
similar way we can define aλΠ from ImΠ, ap-
propriate for the phonon self-energy. For the
example in Fig. 16 we then findλΣ = 0.6 and
λΠ = 0.2. This means that correlation effects
makeλ appear a factor three larger for the elec-
tron self-energy than the phonon self-energy in
this example. It is important to take this into
account when deducingλ from phonon widths
or softenings and it implies that the electron-
phonon interaction could be more important for
electronic properties in strongly correlated ma-
terials than had been assumed previously.

[1] Rösch, O. and O. Gunnarsson. Physical Review
Letters92, 146403 (2004).

[2] Rösch, O. and O. Gunnarsson. Physical Review
Letters93, 237001 (2004).
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Spin excitations in high-Tc cuprates: the role of the resonance peak

D. Manske; I. Eremin (Freie Universität Berlin)

In the past, the understanding of the ele-
mentary excitations in conventional supercon-
ductors measured by tunneling spectroscopy
played a crucial role in accepting the picture
of electron-phonon-mediated Cooper-pairing.
Thus, today, elementary excitations in the
cuprates are of central interest in order to un-
derstand the mechanism for high-Tc supercon-
ductivity. In general, one expects that due to
the presence of antiferromagnetic spin fluctu-
ations a strong renormalization of the spectral
density resulting in a kink-like change of the
quasiparticle velocity may occur [1]. This is
the case because the self-energyΣ�k�ω� of the
quasiparticles gets a pronounced structure due
to coupling to spin excitations as illustrated in
Fig. 17. Some features seen in recent angle-
resolved photoemission spectroscopy (ARPES)
are attributed to this effect.

Figure 17: Illustration of the coupling between
quasiparticles and spin fluctuations characterized
by the susceptibilityχ�q�ω�. The Dyson equation
G�1 = G�1

0 –Σ relates the bare Green’s functionG0

with the renormalized oneG�k�ω�. U (Ueff) denotes
a bare (renormalized) Hubbard coupling constant.

A second important step for analyzing the pair-
ing mechanism in high-Tc superconductors is
the understanding of the spin excitation spec-
trum Imχ�q�ω� directly as observed in inelas-
tic neutron scattering (INS) experiments. Of
particular interest is the fact that INS experi-
ments show a strong feedback effect of super-

conductivity, namely the appearance of a reso-
nance peak only belowTc with a constant ra-
tio ωres�Tc [2]. To investigate this problem we
have used the fluctuation exchange (FLEX) ap-
proach assuming the exchange of antiferromag-
netic spin fluctuations as the relevant pairing
mechanism [3]. Our results for the spin suscep-
tibility employing the one-band Hubbard model
with nearest (t) and next-nearest neighbor (t�)
hopping at optimal doping (x = 0.15) are dis-
played in Fig. 18.

Figure 18: Calculated spin excitation spectrum us-
ing the FLEX approach at an optimal doping con-
centration x = 0.15 and its strong renormalization
below Tc atω=ωres�0.15t. The inset shows how
the resonance frequency depends on doping.

In the normal state our numerical results for the
imaginary part of the dynamical spin suscepti-
bility are well-described by the random phase
approximation expression (Q = �π�π�, tetrago-
nal lattice witha = b = 1):

χ���Q�ω� �
χ��0�Q�ω��

1�Uχ�0�Q�ω�
�2

�U2χ��0�Q�ω�2
(4)

Regarding the superconducting state, we indeed
find a strong renormalization of the spin fluctu-
ation spectra due to a feedback effect of super-
conductivity. To be more precise, a resonance
condition

1
Ucr

� χ�0�q � Q�ω� ωres� � (5)
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which signals the occurrence of a spin-density-
wave collective mode, must be fulfilled in or-
der to observe a resonance peak. In our calcu-
lations we have usedU = Ucr = 4t. For energies
ω�ωres we find a strong suppression ofχ

��

due
to thedx2

�y2-wave symmetry of the supercon-
ducting gap functionφ= Z∆ while for energies
ω�ωres the intensity of the spin spectrum is
only slightly smaller compared to the normal
state one. Comparing our results with experi-
ments by Keimer and co-workers we find fair
agreement. It is interesting to note that the fre-
quency behavior ofχ

��

�Q�ω� shown in Fig. 18
reflects the frequency dependence ofφ�ω� at the
hot spots on the Fermi surface that is calculated
self-consistently.

Figure 19: Calculated constant energy scans for (a)
ωres= 41 meV and (b)ω= 35 meV (contour plot) in
the 1st Brillouin zone.

Let us now turn to a broader analysis of the res-
onance peak. Thus, in a next step we have ana-
lyzed our results for all momenta in the 1st Bril-

louin zone for a fixed frequency (constant en-
ergy scans). This is shown in Fig. 19. We inves-
tigate two cases: first, in Fig. 19(a) we find that
the resonance condition, Eq.(5), is only fulfilled
within a small range around the (transferred)
wavevectorQ, if ω is fixed toωres= 41 meV [4].

Second, we demonstrate what is happeningbe-
low the resonance threshold, i.e.ω�ωres. In
Fig. 19(b) we show the calculated projected mo-
mentum dependence of Imχ�q�ω= 35 meV). In
this case we find that the spin excitations al-
most form a circle around�π�π� with four pro-
nounced peaks at the incommensurate wavevec-
tors �π	 q0�π� and�π�π	 q0�. In addition we
obtain a strong variation of the intensity in the
1st Brillouin zone [4]. The origin of the peaks is
clear: away fromQ we are connecting points at
the Fermi surface which lie closer to the diago-
nal of the Brillouin zone. The superconducting
gap tends to zero there and thus the position and
the intensity of the resonance peak are decreas-
ing. However, for the diagonal wavevectors
�π	 q0�π	 q0� this happens faster than for the
vector�π	 q0�π� or �π�π	 q0�. Therefore, ef-
fectively the latter peaks are ‘closer’ to the res-
onance condition atQ = �π�π�; their intensities
are higher than those for the other wavevectors.
This explains the obtained symmetry of the
dominant spin excitations forω�ωresshown in
Fig. 19(b) and is in good agreement with experi-
ment.

Figure 20: Imχ�q�ω� for fixed qy. The figure illus-
trates the dispersion ofωres(q).
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Finally, what is the dispersion of the resonance
peak? To answer this question we have fixed
qy =π and analyzed Eq.(5) using again the spin
fluctuation-based theory for Cooper-pairing [3].
Our results are displayed in Fig. 20. Simply
speaking, again going away from the points
of the Fermi surface connected by the antifer-
romagnetic wavevectorQ, we are moving to-
wards the diagonal of the Brillouin zone where
the self-consistently calculateddx2

�y2-wave gap
turns to zero. As a consequence the resonance
energyωresshifts to smaller values. This results
in a nearly parabolic shape of the resonance en-
ergy dispersion [4]. This calculated behavior
agrees well with the experimental findings by
P. Bourgeset al. [5].

We thus can conclude that we have an under-
standing of the resonance peak that occurs only
below Tc as a feedback effect of superconduc-
tivity. The peak and its dispersion reflects the
symmetry and the frequency dependence of the

superconducting order parameter and is a fin-
gerprint of dx2

�y2-wave pairing. Our results
strongly support the idea of spin fluctuation-
induced Cooper-pairing in the high-Tc cuprates.
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Functional renormalization group: interaction flow and continuation
into the symmetry-broken regime

C. Honerkamp, S. Andergassen, T. Enss, W. Metzner and D. Rohe;
O. Lauscher and M. Salmhofer (Universität Leipzig)

Competing Fermi liquid instabilities are a
general feature of low-dimensional interact-
ing lattice electron systems. These instabil-
ities are driven by long-lived particle-particle
or particle-hole excitations near the Fermi sur-
face (FS). They can lead to long-range corre-
lations of various types and a destruction of
Fermi liquid behavior. Perturbative renormal-
ization group methods are probably the least bi-
ased approach to study such systems at weak
coupling and low energy scales in a transpar-
ent way. In the last decade various func-
tional renormalization group (fRG) methods
for many-fermion systems have been developed
[1]. These schemes are capable of capturing the
interplay of various low-energy scattering pro-

cesses within certain approximations. However,
the practical experience shows that each scheme
has advantages and disadvantages. This has led
to the development of alternative flow schemes.
They provide the possibility to tackle the com-
peting instabilities from different angles. Be-
low we describe how one can use the interaction
strength as the flow parameter [2]. The idea is to
switch on the interaction strength adiabatically
and to follow the change in the correlations as
the interaction is increased. This defines anin-
teraction flow (IF). Straight-forward perturba-
tion theory could in principle do this to any or-
der, but casting the idea in the form of the fRG
has the advantage that all one-loop corrections
are summed up consistently.
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The class of models we study here is described
by an action of the form

S �∑
k�s

ψ̄k�sQ�k�ψk�s

�
T 3

2N ∑
k�k�

�q
s�s�

V0�k�k
��k�q�

�ψ̄k�q�sψ̄k��q�s�ψk��s�ψk�s� (6)

Here ψ̄�k�s� andψ�k�s� are Grassmann fields
representing fermions with wavevector�k, Mat-
subara frequencyk0 (we write k � �k0��k�) and
spin projections =	1/2. Q�k� denotes the
quadratic part of the action, here given by

Q�k�=
�
�ik0� ε��k�

�
with the dispersionε��k�.

V0�k�k��q� defines the spin-rotationally invari-
ant, frequency- and wavevector-conserving in-
teraction between two fermions. For the re-
pulsive onsite interaction of the Hubbard model
V0�k�k��q�= U �0.

The connected correlation functions of the the-
ory defined by Eq.(6) can be obtained by taking
derivatives of the generating functional

e�W �ξ�ξ̄� �

�
Dψ�k�s�Dψ̄�k�s�e�S�ψ�ψ̄���ψ�ξ� ; (7)

�ψ�ξ�=∑k�s

�
ψ̄�k�s�ξ�k�s�� ξ̄�k�s�ψ�k�s�

�
.

For our purposes it is simpler to work with
vertex functions, which are generated by the
Legendre transform ofW �ξ� ξ̄� with respect to
φ=δW�δξ,

Γ�φ� φ̄� �W �ξ� ξ̄�

�∑
k�s

�
φ̄�k�s�ξ�k�s�� ξ̄�k�s�φ�k�s�

�
� (8)

This functional can be expanded in monomials
of its sources,

Γ�φ� φ̄� � ∑
m�0

1
m! ∑K

γ�m��K�Φm�K� � (9)

K is a multiindex which contains m frequencies,
wavevectors, spins and Nambu indices of theΦ-
fields. Nambu index� stands for̄φ and� for φ.
The γ�m� are the one-particle irreducible (1PI)
m-point vertex functions of the theory. They
are antisymmetric with respect to interchange
of two particle coordinates.

The two-point vertexγ�2� is the inverse of the
full propagator. For spin-rotational and U(1)
invariance the antisymmetric four-point ver-
tex γ�4��k1�k2�k3� for incoming particlesk1�s1,
k2�s2 and outgoing particlesk3�s3, k4�s4 (the
quantum numbers of particle 4 are dictated
by the conservation laws) can be expressed in
terms of a coupling functionV �k1�k2�k3�.

Now let us assume that the quadratic part of the
action depends continuously on a parameter�
while the interaction terms does not contain�.
Then we can derive an exact equation for the
change ofΓ��φ� φ̄� when � is varied by taking
the�-derivative of Eq.(8). Inserting the field ex-
pansion (Eq.(9)) yields an infinite hierarchy of
differential equations. This set of equations de-
fines the renormalization group flow of the 1PI
vertex function with respect to the parameter�.
In order to make this system tractable, one has
to truncate it at some point, and all 1PI vertex
functions with m�4 are set to zero. The re-
maining equations forγ�2�� and γ�4�� are shown
graphically in Fig. 21.

In the interaction flow scheme [2] we first mul-
tiply Q with a scale factor 1/g and split it in two,
yielding

Qg � T ∑
ik0�k̃

ψ̄kg�1�2
�
�ik0� ε��k�

�
ψkg�1�2 ; (10)

g will be the flow parameter. We can absorb
the factor 1/g in rescaled fields̃ψ� ¯̃ψ defined as
ψ̃= g�1�2ψ. With this the interaction term gets
an extra factorg2 when written in terms of the
new fields:

V �4�
g �

1
2N ∑

k�k�
�k�q

s�s�

g2V0�k�k
��k�q�

� ¯̃ψk�q�s ¯̃ψk��q�s�ψ̃k��s�ψ̃k�s� (11)

We observe that changing the scale factor 1�g
in Qg corresponds to changing the strength of
the bare interactions. The rescaled fermions
ψ̃, ¯̃ψ describe a system with a bare interaction
strengthg2 V0. Now we can start atg = 0�, i.e.
at infinitesimally small bare interaction, and use
the flow equations to integrate up to the de-
sired bare interaction, reached atg = 1. We can
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also stop the flow at any other value ofg, with
the functionsgΣ andg2Vg�k�k��k�q� being the
self-energy and interacting vertex function for
the bare interactiong2V0�k�k��k � q�. We call
this theinteraction flow. Then, the RG flow is
started at an initial interaction strengthg2 = 0�,
and the initial interaction isVg�k̃1� k̃2� k̃3�= g2 U.
What is typically encountered at lowT is a
flow to strong coupling, where for a certain
flow parameterg one or several components of
Vg�k̃1� k̃2� k̃3� become large. At that point the
approximations break down, and the flow has
to be stopped. Physical information is obtained
from susceptibilities that can be calculated from
the flow and directly from the�k-dependence of
Vg�k̃1� k̃2� k̃3�. In Fig. 21 we show a summary
of the flow in the two-dimensionalt-t� Hub-
bard model on the square lattice at van Hove
filling as a function of t� and low tempera-
tures. The dominant tendencies agree well with
those found using other RG techniques or re-
lated methods.

Figure 21: RG equations for the two-point and the
four-point vertex. The slashed line denotes a sin-
gle-scale propagatorS��p�. The one-loop graph for

the four-point vertexγ�4�� includes particle-particle
and particle-hole contributions. With our truncation

γ�m�� = 0 for m	 6 the feedback of theγ�6�� on γ�4�� is
neglected.

So far we have only discussed a RG flow where
the effect of self-energy corrections has been
neglected. This approximation will certainly
break down when the couplings get large and it
is desirable to include at least parts of the self-
energy.

There have been several fRG studies [1] which
gave some insights how the normal state self-
energy is altered by the flow of the interactions.
Yet in these works the RG flow still had to be
stopped when the coupling constants became
large. Physically one may expect that in many
cases the opening of a gap in the fermionic

spectrum should regularize this apparent diver-
gence. Recently we have analyzed this process
in the reduced BCS model using the 1PI cutoff-
RG [3]. In this model only particle pairs with
zero total momentum interact with an attractive
coupling constant. A theory with two- and four-
point vertices only can be seen to be exact. The
essential step is to include a small symmetry-
breaking off-diagonal part∆0 into the initial
condition for the self-energy. Now also anoma-
lous propagators appear in the flow when the
cutoff is lowered. They generate an anomalous
interaction vertex which has 4 incoming or 4
outgoing lines. The flow equations for the self-
energy and the interaction vertices as shown in
Fig. 22 can be integrated down to cutoffΛ= 0
without a divergence of the interactions.

Figure 22: Interaction flow of the 2Dt-t� Hub-
bard model on the square lattice at van Hove fill-
ing as a function oft� for T = 0.001t. Uc de-
notes the critical value of bare interaction strength
U at which some components of the coupling
function exceed the perturbative range whenU
is increased from below. The instability is
of antiferromagnetic spin-density-wave type for
�t�� 0.27t a d-wave-like Cooper pairing instabil-
ity for 0.27t��t��0.36t and ferromagnetic for
�t�� 0.36t. Note that for finer discretization of the
coupling function the boundaries of the antiferro-
magneticd-wave crossover shift (discussed in [2]).

A necessary point is a reorganization of the flow
for the four-point vertex proposed recently by
Katanin [4]. TheΛ= 0 result for the anoma-
lous self-energy approaches the BCS result for
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∆0�0. With initial ∆0�0 the flow of the four-
point vertex remains finite. Only for∆0�0, a
combination of normal and anomalous vertices
diverges like 1/∆0. This corresponds to the van-
ishing mass of the Goldstone boson.

So far this scheme has only been applied to
the reduced BCS model or the Cooper+forward
scattering problem where it yields Eliashberg’s
equations. It will however also work for more
general cases where the interplay of particle-
particle and particle-hole processes drives the
system towards a superconducting instability. If
a nonzero∆0 is included in the initial condi-
tions, the flow down toΛ= 0 will converge to
a state with a gapped spectrum and a controlled
magnitude of the interactions. The strength of
this scheme is that no mean-field decoupling

of the interactions is required. In particular,
the attractive interaction which goes into the
equation for the anomalous self-energy is gen-
erated automatically during the flow to all or-
ders in the bare interaction. This should allow
for a much more precise investigation of the
phase diagrams of weakly interacting fermion
systems.

[1] For a short review and references, see
Honerkamp, C. International Journal of Modern
Physics B, cond-mat/0411267 (2005).

[2] Honerkamp, C., D. Rohe, S. Andergassen and
T. Enss. Physical Review B70, 235115 (2004).

[3] Salmhofer, M., C. Honerkamp, W. Metzner and
O. Lauscher. Progress in Theoretical Physics112,
943–970 (2004).

[4] Katanin, A.A. Physical Review B70, 115109 (2004).
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Nanostructures

The interdisciplinary research in the Institute has blossomed into major advances in the
fabrication and investigation of nanostructured materials. Top-down approaches, such as
lithographic techniques or microcontact printing, as well as bottom-up approaches like self-
organized growth are pursued to arrange matter to regular structures of a few hundred
nanometers down to only a few atoms in size. The nanostructures are studied by state-of-the-
art integral and local methods such as scanning probe techniques, high-resolution electron
microscopy or ultrafast optical methods. The following contributions present highlights of
our research on semiconductor nanostructures, carbon nanotubes und nanocomposite pat-
terns.

Material distribution within and around ordered SiGe island arrays

G.S. Kar, S. Kiravittaya, M. Stoffel and O.G. Schmidt

It is foreseeable that the full potential of self-
assembled quantum dots can be unleashed only
if a controlled positioning and high integration
of these nanostructures inside more complex
device architectures can be realized. For this
purpose, self-assembled islands were grown on
patterned substrates. The ability to laterally
align self-assembled islands into dense peri-
odic arrays has opened the path to investigate
novel growth phenomena. Here, we investi-
gate the long-range material distribution of self-
assembled SiGe islands, which are grown on
finite-sized patterned areas on Si (001) [1].

We fabricated patterned areas (60�50µm2)
consisting of an array of trenches and stripes
(320 nm period) by standard electron-beam
lithography and reactive ion etching on Si(001)
substrates. The substrate was then transferred
into a solid source molecular beam epitaxy
chamber and a 50 nm Si buffer layer was grown
at 0.1 nm/s, while the substrate temperature was
increased from 460ÆC to 620ÆC. All subsequent
layers were grown at 620ÆC. Then, 5 or 7 mono-
layers (MLs) of Ge were deposited at a growth
rate of 0.044 ML/s. For the twofold stacked
layer samples, the initial 7 ML Ge island layer

was overgrown with 30 nm Si and a second (4
or 7 ML thick) Ge layer was grown on a flat
surface. The island morphologies were inves-
tigatedex situ by a Nanoscope IIIa atomic force
microscope (AFM) in tapping mode.

In Fig. 23(a) we show a large AFM image
(80�80µm2) obtained after deposition of 5 ML
Ge. The patterned area (60�50µm2) can be
recognized in the center of the AFM image.
Although we cannot resolve individual islands
from this large area scan, we can nevertheless
identify an island-free region surrounding the
patterned area, which we interpret as a material
depletion region.

In order to gain a deeper insight into the surface
morphology, we took (3.7�5µm2) AFM scans
along the path indicated in Fig. 23(a). One-
dimensional chains of well-aligned Ge islands
are clearly observed in the predefined patterned
trenches (Figs. 23(b) and (c)), while a random
island distribution is evident on the flat surface
surrounding the patterned area (Fig. 23(d)). On
the flat surface, the islands consist of a bimodal
distribution of pyramids and domes. At the cen-
ter of the patterned area, we observe mainly
pyramid islands, while dome islands are located
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Figure 23: (a) Large area AFM image of a single 5 ML Ge island layer sample with the patterned area in
the center of the image. An island-free region is clearly observed around the pattern. (b) – (d) AFM images
of the areas marked in (a). Distribution of total material accommodated in the islands per unit area across
the interface for (e) the first layer with 5 and 7 ML Ge deposition and (f) the second layer with 4 and 7 ML
Ge deposition. The simulation results (open symbols) are presented along with experimental results. The
solid lines correspond to fits of the experimental data. Diffusion lengths are also indicated.

predominantly near the inner edge of the pat-
tern. Our results directly imply that more Ge
adatoms accumulate near the inner edge than in
the middle of the pattern. This observation to-
gether with the material depletion region around
the patterned area indicates that a directional
diffusion occurs from the unpatterned, flat sur-
face towards the patterned area. In order to
quantify the material distribution across the in-
terface, we determine the total material accom-
modated in the islands per unit area,Θ, from a
series of AFM scans taken across the center of
the patterned area. The results are summarized
in Fig. 23(e) for the first and in Fig. 23(f) for the
second island layer.

First we consider the material distribution in a
single island layer (Fig. 23(e)). For 5 and 7 ML

Ge depositions,Θ increases when moving from
the center of the patterned area towards the in-
terface and it decreases when moving from the
unpatterned area towards the interface. The ex-
perimental results (solid symbols) were fitted
(solid lines) using a simple exponential function
that allows us to determine the diffusion length
L of the Ge adatoms. The fit reveals almost
identical diffusion lengths of (5.0	0.5)µm on
the patterned and unpatterned areas.

We now consider the material distribution in the
second island layer (Fig. 23(f)). In this case, we
also observe an island-free region. A simple ex-
ponential function is, however, not able to fit the
evolution ofΘ across the interface. We describe
the distribution ofΘ in a more general way us-
ing the error function. In this case, we find a
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significantly shorter diffusion length on the un-
patterned area than on the patterned area. For
7 ML Ge in the second layer, we observe a slight
volume overshoot on the flat surface near the
island-free region (marked as ‘P’ in Fig. 23(f)).
This effect cannot be explained assuming a sim-
ple diffusion theory.

In order to capture the physics of our experi-
mental observations, we have developed a more
quantitative growth model. We consider the
mean-field energy ‘felt’ by the deposited Ge
material. This total energyE is derived from the
chemical potential for single Ge adatoms and is
defined as

E � Eb�Ecurv�Estr� (12)

whereEb is a binding energy on the planar sub-
strate taken as a constant,Ecurv is the mean-field
energy contribution due to the surface curva-
ture, andEstr is the strain energy contribution
due to the buried islands. In the case of the
first island layer, there is no strain energy con-
tribution (Estr = 0) to the total energy. Instead,
the patterned area is exclusively characterized
by surface curvature and can be taken as a sink
for the deposited material, since the mean-field
energy due to surface curvature is expected to
be lower in this area than on the planar surface.
The total energy prior to growth of the first is-
land layer is shown in Fig. 24(a). For the second
layer, the surface is flat prior to island growth.
Hence, there is no contribution from the surface
curvature to the total energy. The elastic strain
energy profileEstr is calculated using an analyti-
cal expression for a single island [2] and then by
adding the strain contributions from all islands
in the patterned area. Figure 24(b) shows the
energy profile before deposition of the second
island layer. The patterned area is on average
tensile strained due to the buried ordered island
array while the surrounding area is compres-
sively strained. This compression will modify
the diffusion of the Ge material around the pat-
terned area. In addition, the short-range tensile
strain outside the patterned area (small points),
originating from the random buried islands, is
magnified in the inset of Fig. 24(b).

Figure 24: (a) Total energy prior to first layer
growth. The surface curvature lowers the total en-
ergy on the patterned area. (b) Total energy prior
to second layer growth. Schematic illustration of
the growth model for (c) the first and (d) the second
layer. The upper part presents the expected volume
profile of the deposited material while the lower part
shows the assumed energy profile across the pat-
terned area.

On the long-range scale, the Ge material diffu-
sion follows the gradient of the mean-field en-
ergy. For our simulation, we choose a domain
discretized into an area of 300�300 pixels with
periodic boundary conditions. At the center of
this domain, an area of 120�100 is taken as the
patterned area. In this model, the Ge material is
placed inside the domain (deposition) and can
subsequently diffuse (or stop) with a diffusion
probabilitypi . For an event i, the diffusion flux
for the deposited Ge is given by

Fi � FD�S
0 exp��∆E�kBT � � (13)

whereE is defined in Eq.(12) and∆E is the en-
ergy difference between two neighboring pix-
els. T is the substrate temperature,kB is Boltz-
mann’s constant, andFD�S

0 is a constant. Dur-
ing diffusion, the Ge material can either stop
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at a pixel (in that caseFD�S
0 = FS

0 ) or diffuse
to a neighboring pixel (in that caseFD�S

0 = FD
0 ).

In our model, we decompose the strain en-
ergy originating from the buried islands into
two terms, i.e.,Estr = EL

str + ES
str, whereEL

str is the
long-range strain energy andES

str is the short-
range tensile strain energy contribution from the
buried island array. For the second layer growth
simulation, we defineES

str asδ(x,y)∆ES
str, where

δ(x,y) = 1 directly above a buried island and
zero elsewhere.EL

str is the amplitude of the
long-range compressive strain, which repels Ge
material diffusing towards the patterned area.
Based on our considerations, we schematically
plot the expected material distributionsΘ and
energy profilesE for the first and second island
layers in Figs. 24(c) and (d).

Our growth simulation is carried out as follows:
in each simulation step, the Ge material is ran-
domly deposited onto one of the 300�300 pix-
els. Then, the material diffuses to a neighboring
pixel according to the probabilitypi , which de-
pends on the flux defined in Eq.(13). The diffu-
sion continues until nucleation occurs.

Figure 25 shows the material distributions ob-
tained from averaging over 100 simulations.
For the first island layer (Fig. 25(a)), a good de-
scription of our experiments can be obtained
with FD

0 = 400�FS
0 and∆Ecurv = 154 meV. The

material distribution along the solid line is
rescaled in they-direction and plotted in
Fig. 23(e) (open symbols) together with the
experimental data. We obtain a good fit of
the experimental results, confirming our as-
sumption that on the long-range scale the pat-
terned area can be considered as a material sink
for the deposited Ge. For the second layer,
the simulation result is shown in Fig. 25(b).
We use the following parameters for this sim-
ulation: FD

0 = 400�FS
0, ∆ES

str = 34 meV, and

∆EL�U
str = 1.15 eV. We determine the cross sec-

tional profile of the material distribution along
the line indicated in Fig. 25(b). The rescaled re-
sults are shown as open symbols in Fig. 23(f).
Our simulations can excellently fit the asym-
metric material distribution across the interface
between the patterned and the unpatterned area.
The simulation can explain the material accu-
mulation at position P in Fig. 23(f).

Figure 25: Material distribution obtained from (a)
first layer simulation and (b) second layer simula-
tion. The volume along the solid lines is rescaled
and plotted in Figs. 23(e) and (f).

In conclusion, we investigated the distribution
of material accommodated in self-assembled
islands across the interface between patterned
and unpatterned areas. Our measurements give
evidence of a material depletion region around
the finite sized patterned area for both single
and twofold stacked island layers. Simulations
are performed which suggest that for the first
layer the patterned area acts as a material sink.
For the stacked layer, a strain-modulated sur-
face was taken into account to explain a highly
asymmetric diffusion in and around the pattern.

[1] Kar, G.S., S. Kiravittaya, M. Stoffel and
O.G. Schmidt. Physical Review Letters93, 246103
(2004).

[2] Zhang, J., K. Zhang and J. Zhong. Applied Physics
Letters84, 1853–1855 (2004).
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Universal island shapes in the InAs/GaAs(001) and Ge/Si(001) systems

G. Costantini, A. Rastelli, C. Manzano, P. Acosta-Diaz, G. Katsaros, R. Songmuang,
O.G. Schmidt and K. Kern; H. von K̈anel (INFM and L-NESS, Politecnico di Milano a Como)

Self-organized semiconductor three-dimen-
sional (3D) islands, epitaxially grown on
lattice-mismatched substrates, are promising
candidates for the practical realization of ‘ar-
tificial atoms’, or so-called quantum dots
(QDs). Their peculiar tunable properties open
the way to novel applications in the fields
of optoelectronics, single-electron and single-
photon devices as well as quantum computa-
tion. However, a successful implementation
requires to overcome the inhomogeneity prob-
lems bound to the statistical nature of self-
organized growth. A deep understanding of
the growth mechanisms is thus needed, starting
from a thorough characterization of the 3D is-
lands’ shape and size that, together with their
composition and strain, determine the optoelec-
tronic properties of the final QDs.

The field of semiconductor quantum dots is
dominated by two model systems, Ge/Si(001)
and InAs/GaAs(001), where most of the de-
vised applications have been developed and
tested. Both have been thoroughly investi-
gated, but only for the former a coherent pic-
ture of the spontaneously formed 3D islands
has emerged. Remarkably this is not the case
for InAs/GaAs(001) where, in spite of the large
number of reported studies, a commonly agreed
description has still not been achieved.

By means of scanning tunneling microscopy
(STM), we have investigated and compared
the two material systems. Apart from obtain-
ing a detailed morphological description for
InAs/GaAs(001), our results demonstrate that a
universal classification of island types (domes,
pyramids, hut clusters and embryos) can be ap-
plied to both material systems. The implica-
tions of these observations on a possible general
description of the Stranski-Krastanow growth
scheme are discussed with respect to recent the-
oretical results.

We used magnetron sputtering epitaxy for the
growth of Ge on Si(001) and molecular beam
epitaxy for that of InAs on GaAs(001). For the
former material system, the QD samples were
prepared by depositing 7.0 monolayers (ML)
of Ge at a temperature of 550ÆC, for the lat-
ter 1.8 ML of InAs were deposited at 500ÆC.
Immediately after stopping the Ge (In) flux,
the samples were cooled to room temperature,
transferred under ultrahigh vacuum conditions
to an STM, and there analyzed at room temper-
ature.

Both material systems follow the Stranski-
Krastanow growth mode, i.e. the 3D islands
form only after the completion of a wetting
layer with a thickness of about 1.6 ML for
InAs/GaAs(001) and 4.0 ML for Ge/Si(001), re-
spectively. The chosen growth conditions pro-
duce a coexistence of small and larger islands
whose precise shape can be determined by high-
resolution in situ STM measurements (Figs. 26
and 27). A simple visual inspection of these
data already reveals a strong analogy between
the two material systems: in both cases the
smaller islands are bound by one type of shal-
low facet, while the larger ones are also steeper
and multifaceted. Extending the terminology
used for Ge/Si(001), we propose to generally
call the two island types aspyramids anddomes,
respectively.

A quantitative analysis of the islands’ facets can
be performed by plotting histograms of the sur-
face gradient averaged over a large statistics
of high-resolution data. The bright spots ap-
pearing in the resulting graphs (Figs. 26(c), (d)
and 27(c), (d)), can be precisely assigned to
facet orientations. For both material systems,
pyramids show four spots located at the same
distance from the center of the plot, repre-
senting four equivalent and equally extended
facets with
137� and 
105� orientation, for
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InAs/GaAs(001) (Fig. 26(c)) and Ge/Si(001)
(Fig. 27(c)), respectively. By applying the same
analysis to the domes, several main spots are
produced corresponding to
137�, 
011� and

111� facets in the case of InAs/GaAs(001) and

105�, 
113� and 
15 3 23� facets in that of
Ge/Si(001), respectively.

Figure 26: Upper panel: High-resolution STM im-
ages of (a) pyramid and (b) dome islands in the
InAs/GaAs(001) system. The color scales are re-
lated to the surface height in the former case and to
the surface slope in the latter. Central panel: cor-
responding 2D histograms of the local surface gra-
dient. Each spot represents an island facet whose
orientation is determined by the distance and angu-
lar position in respect to the (001) center of the plot.
The main facets are indicated according to the cor-
responding symbol code. Lower panel: Structural
models for pyramids and domes. Different facets
have different gray tones, according to the corre-
sponding color code.

Based on these measurements, it becomes pos-
sible to formulate a precise morphological
model for the pyramid and dome islands, shown
in the lower panel of Figs. 26 and 27. While
being already known for Ge/Si(001), this repre-

sents the long-sought simple and coherent de-
scription of 3D self-organized islands for the
InAs/GaAs(001) system. We notice that the
emerging picture is directly compatible and uni-
fies a number of previous reports. Moreover,
slightly different assignments of the islands’
facets can also be brought back to this model,
when considering the inherent imprecision of
the experimental techniques by which they were
obtained.

Figure 27: Corresponding STM images, surface
gradient histograms and structural models for the
Ge/Si(001) systems (see caption of Fig. 26).

Furthermore, the results in Figs. 26 and 27 are
the experimental proof that two universal island
shapes – pyramid and dome – exist, as theoret-
ically predicted by Darukaet al. [1]. Based on
the minimization of surface and volume strain
energy, these authors found out that, for a large
class of heteroepitaxial growth systems, islands
in thermodynamic equilibrium should undergo
a first-order shape transition at a critical vol-
ume with the introduction of steep facets. This
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picture nicely agrees with the experimental ob-
servations reported here. Even the presence of
one type of shallow facets at the base and at
the apex of the domes with the same orientation
of those bounding the pyramids, is actually ob-
served in both material systems (see Figs. 26(b)
and 27(b)). These facets have recently been
shown to be the remnants of the pyramid from
which the corresponding dome has evolved [2],
thus giving further experimental evidence to the
theoretically predicted shape transition.

Our measurements suggest that a unified pic-
ture could be adopted for a large number of

material combinations that follow the Stranski-
Krastanow growth mode. This universal de-
scription of the growth processes of self-
organized semiconductor quantum dots will be
a valuable tool in the design and engineering of
QD structures.

[1] Daruka, I., J. Tersoff and A.-L. Barabási. Physical
Review Letters82, 2753–2756 (1999);Daruka, I.
and J.Ṫersoff. Physical Review B66, 132104 (2002).

[2] Montalenti, F., P. Raiteri, D.B. Migas, H. von Känel,
A. Rastelli, C. Manzano, G. Costantini, U. Denker,
O.G. Schmidt, K. Kern and L. Miglio. Physical
Review Letters93, 216102 (2004).

Ultrafast pulse propagation phenomena in semiconductor
multiple-quantum-well structures

T. Höner zu Siederdissen, N.C. Nielsen and J. Kuhl;
H. Giessen (Universität Stuttgart)

Coherent interaction of propagating ultrashort
laser pulses with periodic semiconductor struc-
tures is of major interest for science as well as
potential applications. One interesting exam-
ple is the collective response of periodic quan-
tum wells coupled by light. For a collection of
a large number of quantum wells spaced with
a periodicity that satisfies the Bragg condition,
i.e., the optical distance between the successive
quantum wells equals half the wavelength of the
exciton resonance, a one-dimensional photonic
bandgap is formed. The structure works as a
perfect mirror in a certain spectral range. This
photonic bandgap can be switched off by a low
intensity picosecond pump pulse near the edge
of the photonic bandgap and rapidly recovers
after the passage of the pulse [1]. Therefore, a
mirror with possible switching rates in the tera-
hertz range might be realized based upon this
ultrafast recovery effect.

Multiple-quantum-well (MQW) Bragg struc-
tures are also very intriguing from the scientific
point of view, since they offer attractive possi-
bilities to investigate a large variety of coherent
light-matter interaction processes by analyzing
their influence on a pulse propagated through
the sample. We performed a comprehensive
study of the transition between different light-
matter interaction regimes and the interplay of
the involved coupling effects [2].

Our sample (Fig. 28) was epitaxially grown on
a 450-µm-thick GaAs wafer and consisted of
60 In0�04Ga0�96As quantum wells with a thick-
ness of 8.5 nm separated by GaAs barriers. The
barrier thickness is monotonically increasing
from one side of the sample to the other. This
way the interwell distanced can be adjusted
by changing the position of the laser excitation
spot. For the exciton resonanceλex = 830 nm (at
10 K) and the refractive indexn�3.65 of the
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GaAs barrier material, the Bragg resonance is
achieved ford� 113.7 nm. The front surface
was coated with an antireflection (AR) layer.

Figure 28: The MQW Bragg structure used in our
experiments.

To obtain a complete understanding of pulse
modifications induced by the material, espe-
cially when several effects occur simultane-
ously, it is crucial to determine not only the field
intensity but also its phase. This phase informa-
tion is vital to identify output pulse properties
such as chirp or relations between split-off pulse
components, e.g., phase jumps. The physical
meaning of the phase is illustrated in Fig. 29.

Figure 29: Illustration of the pulse phase using the
examples of one pulse with positive linear chirp
(a) and one with negative linear chirp (b): The
electric field (blue curve) of a short laser pulse is
usually described by two functions: The slowly
varying envelope functionε�t� (black curve) or the
time-dependent intensityI�t�∝ε�t�2 and the phase
function ϕ�t� (red curve). The envelope charac-
terizes the pulse form. The phase gives infor-
mation about frequency modulations, e.g., chirp.
The electric field can be calculated by the re-
lation E�t�= Re�ε�t�eiω0t�ϕ�t��= ε�t�cos�ω0t –ϕ�t��
with the carrier frequencyω0, which is usually cho-
sen as the peak frequency of the pulse spectrum. The
instantaneous angular frequencyω�t� (green curve)
is determined byω�t�=ω0– d

dtϕ�t�.

Figure 30: Fast-scanning XFROG scheme.

The experimental technique for our phase-
resolved experiments is shown in Fig. 30. We
use a fast-scanning setup based on cross-
correlation frequency-resolved optical gating
(XFROG). Our laser source is a mode-locked
(i.e., pulsed) Ti:Sapphire oscillator (not shown)
that provides a train of 100 fs pulses at 76 MHz.
The pulses are spectrally tuned to the quantum
well heavy hole 1s exciton resonance at 830 nm.
The laser beam is split 2:1. The strong part is
tailored by a pulse shaper to match the band-
width of the resonance. The resulting 580 fs
pulses with a sech2 intensity profile (Fig. 31(a))
serve as input pulses for the propagation experi-
ment. They are focused onto the MQW sam-
ple, which is kept at 10 K. The other part enters
a variable delay line and serves as a reference
pulse, which is measured separately. The trans-
mitted test pulses are superimposed with the
delayed reference pulses in a BBO (β-barium-
borate) crystal. The resulting sum frequency
signal is horizontally dispersed in a spectro-
meter and recorded by a CCD camera. In front
of the spectrometer, we placed a galvanomet-
ric scanning mirror, which periodically mod-
ulated the vertical beam position on the CCD
array. This modulation is synchronized to the
shaker in the delay line. The signal is recorded
as a function of delay and wavelength result-
ing in the so-called XFROG trace. In con-
trast to common XFROG techniques that record
the XFROG trace step by step, we operate the
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shaker and scanning mirror at 60 Hz. This re-
quires a very careful adjustment of the setup but
decreases the measurement time by more than
four orders of magnitude. This way fast signal
averaging is possible that results in an excel-
lent signal-to-noise ratio even for weak signals.
The measured XFROG trace then is the start-
ing point for the numerical XFROG retrieval al-
gorithm that yields the time-dependent intensity
and phase of the electric field. This method en-
ables us to fully characterize the pulse. The rep-
resentation of the pulse in the spectral domain
can be obtained by a Fourier transformation.

Figure 31 shows the results of our propagation
experiments for different input intensities. The
corresponding normalized spectra are shown in
Fig. 32. The input pulse (Fig. 31(a)) exhibits
a nearly constant phase over the pulse with
slightly chirped outer wings. This means that
it is almost transform limited. For resonant
linear propagation at 0.2 MW/cm2, the exciton
resonance is broadened by superradiant cou-
pling of the quantum wells and forms a pho-
tonic bandgap that leaves two spectral wings
from the input spectrum (Fig. 32(b)). Due to the
dispersion around the photonic bandgap, this
results in two distinct pulse components with
different carrier frequencies, i.e., linear phase
segments with different slopes in the time do-
main (Fig. 31(b)). The temporal phase jump
of π between the split-off pulse components
clearly identifies the pulse breakup as a lin-
ear beating phenomenon. The two spectral
components transform into a temporal beat-
ing with π-phase shift between the pulse com-
ponents. However, only one beat period is
found due to the rapid radiative dephasing
(T2�400 fs). Increasing the input intensity re-
sults in suppression of the beating (Fig. 31(c))
and increased transmission at the exciton res-
onance (Fig. 32(c)). The phase jump disap-
pears and evolves into a steeply falling phase.
This reflects the breakdown of the superradi-
ant mode due to the Pauli-blocking nonlinearity
and the adiabatically driven electron dynamics

that gradually decouple the quantum well po-
larization from the light field for the time of
the pulse duration. At 15 MW/cm2, the out-
put pulse leaves the sample essentially unal-
tered with respect to the input pulse, presum-
ing we neglect a decrease in pulse energy and
a slight broadening induced by the dispersion
of the 450-µm-thick bulk substrate. The spec-
trum does not differ significantly from the in-
put spectrum. This phenomenon of self-induced
transmission in semiconductors indicates that
a full Rabi flop of the carrier density has oc-
curred within the suppressed bandgap of the
MQW structure. Further increase of the in-
tensity leads to self-phase modulation, imme-
diately evident in spectral wings (Fig. 32(e)).
This initially forms a well-shaped phase around
the main pulse (Fig. 31(e)), i.e., a steep phase
at both sides of the main pulse. An analo-
gous behavior has been demonstrated in op-
tical fibers [3] with switched signs of disper-
sion and Kerr nonlinearity. At even higher in-
put intensities, the spectrum is split into two
components by strong self-phase modulation
(Fig. 32(f)), and the pulse evolves into a tem-
poral pulse train (Fig. 31(f)). The intensity of
the spectral component closer to the bandedge
(smaller wavelengths) is lower due to reabsorp-
tion. The initial laser spectrum is strongly
suppressed, i.e., converted into new frequency
components. The separation between peaks of
about 10 meV (∆t�400 fs) corresponds to the
temporal beating period of∆t� 350 fs. Small
phase jumps (� π�2) are detected between the
subsequent pulses. The main pulse in Fig. 31(f)
has a flat phase, indicating soliton-like propa-
gation due to balancing of dispersion and self-
phase modulation. The excess energy forms the
adjacent pulses which are too weak to compen-
sate the dispersion to maintain soliton-like evo-
lution and are therefore chirped. A beating in-
duced by the interplay of dispersion and non-
linearity has been calledmodulational instabil-
ity in the literature, whereas the phase behavior
rather suggests a ‘self-phase modulation beat-
ing’.
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Figure 31: Electric fields (a)
before and (b) – (f) after propa-
gation through the MQW
sample. Normalized intensity
(black) and phase (red) versus
time are shown for input inten-
sities of (b) 0.2, (c) 2.5, (d) 15,
(e) 110, and (f) 580 MW/cm2.

Figure 32: Spectra correspond-
ing to Fig. 31. The normalized
spectral intensity of the (a) input
and (b) – (f) output pulses after
propagation through the MQW
sample is shown for input inten-
sities of (b) 0.2, (c) 2.5, (d) 15,
(e) 110, and (f) 580 MW/cm2.

Figure 33: Electric fields (a)
before and (b) – (f) after prop-
agation through 600-µm-thick
bulk GaAs. Normalized in-
tensity (black) and phase (red)
versus time are shown for in-
put intensities of (b) 10, (c)
160, (d) 270, (e) 390, and (f)
580 MW/cm2. Please note that
the phase scale had to be dou-
bled in (f).
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We have performed additional experiments in
bulk GaAs (Fig. 33) to compare them with the
results measured with the MQW Bragg struc-
ture. At low input intensities (Fig. 33(b)), the
pulse is broadened and exhibits a positive chirp
due to the normal dispersion of the material.
Increasing the input intensity leads to self-
phase modulation that induces negative chirp
and eventually results in the well-shaped phase
(compare Fig. 33(d) and Fig. 31(d)). Propaga-
tion through bulk GaAs also yields the same
pulse breakup but with fullπ-phase jumps
(Fig. 33(f)). Since phase jumps of�π and�π
are equivalent, the direction of phase jumps of
approximately	 π is irrelevant. We can con-
clude from this observation that in the high-
intensity regime depicted in (Fig. 31(f)), the
bulk effect of the substrate clearly dominates,
while a zero crossing of the field (necessary
for a full π-phase jump) is prevented by the
nonlinearly excited quantum wells. This also
demonstrates the importance of the phase infor-
mation. Without its knowledge the influence of
the quantum wells on the propagated pulses in
the high-intensity regime would hardly be no-
ticeable.

In conclusion, we have presented phase-
resolved sub-picosecond pulse propagation
measurements on a multiple-quantum-well
Bragg structure in different excitation regimes
and compared the results with studies on bulk
semiconductors. A fast-scanning XFROG setup
allowed rapid signal averaging and high signal-
to-noise ratios. The retrieval of the tempo-
ral pulse phase enabled us to fully character-
ize the linear and nonlinear light-matter in-
teraction regimes. The transition from lin-
ear propagation to the breakdown of the pho-
tonic bandgap and to highly nonlinear excita-
tion causing self-induced transmission and self-
phase modulation was discussed. It it worth to
mention that the experimentally observed fea-
tures are well-reproduced by numerical simula-
tions based on semiconductor Maxwell-Bloch
theory (not shown here).

[1] Prineas, J.P., J.Y. Zhou, J. Kuhl, H.M. Gibbs,
G. Khitrova, S.W. Koch and A. Knorr. Applied
Physics Letters81, 4332–4334 (2002).
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Ultrafast particle plasmon dynamics in metallic photonic crystal slabs

T. Zentgraf, A. Christ and J. Kuhl;
S.G. Tikhodeev and N.A. Gippius (General Physics Institute Moscow);

H. Giessen (Universität Stuttgart)

One of the key issues in current compound ma-
terials research is tailoring the optical density of
states with a photonic crystal structure. In one
of the first proposals, Yablonovitchet al. sug-
gested a reduction of the spontaneous emission
of a two-level system embedded in a photonic
crystal [1]. In addition to molecular or atomic
excitations, the excitation of particle plasmons,
which are coherent collective electron oscil-
lations of the conduction band electrons in a

metal, are excellent candidates for demonstrat-
ing this effect. They couple extremely well to
the light modes, and the radiative decay of the
electron oscillation is the dominant dephasing
process. Metal nanostructures in combination
with a photonic crystal structure should there-
fore be a well-suited model system.

Here, we present results on tailoring of the
plasmon polariton dephasing time in two-
dimensional metallic photonic crystal slabs.
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The combination of the metallic nanoparticles
in a photonic crystal structure with a dielectric
waveguide leads to strong coupling between the
light of the waveguide mode and plasmon reso-
nances [2]. In such artificial structures new col-
lective states are formed (waveguide-plasmon
polaritons) which lead to an impressive modifi-
cation of the optical properties due to a changed
photonic density of states of the vacuum light
modes.

Figure 34: Schematic view of the gold nanoparticle
array on top of a TaO2 layer (a). Period-, angle-, and
polarization-dependent transmission measurements
are possible. Spectra of samples withdx = 400 nm
(b) anddx = 520 nm (c) particle period are shown in
TE polarization at normal incidence for a focused
beam.

Figure 34(a) shows a sketch of the sample ge-
ometry. Electron beam lithography was used to
prepare two-dimensional gold nanoparticle ar-
rays on top of a 100-nm-thick tantalum-dioxide
(TaO2) waveguide layer on a quartz substrate.
The particles have a noncentrosymmetric shape
to optimize the efficiency of the second har-
monic generation. The periodicitydx of the par-
ticles along thex-direction was varied whereas
the periodicity along they-direction was kept

fix. The extinction spectra for two of these sam-
ples are shown in pattern (b) and (c). A conven-
tional white light setup was used for recording
the period-, angle- and polarization-dependent
extinction spectra.

Due to the modified periodicity of the par-
ticle pattern, the energetic position of the wave-
guide resonance is shifted. Fordx = 400 nm,
the waveguide mode (1.91 eV) is far away from
the plasmon resonance (1.48 eV). Therefore,
only the undisturbed plasmon resonance can
be observed in the shown energy range. For
dx = 520 nm both resonances overlap. Due to
the coupling, a new quasiparticle (waveguide-
plasmon polariton) emerges. The two main
peaks in Fig. 34(c) are connected with the po-
lariton branches. The middle peak at 1.51 eV
appears due to the focusing of the incident light.
The formation of the polariton and therefore the
changed dispersion relation results in a modi-
fied density of states within the compound sys-
tem. Especially in situations where the dephas-
ing mechanisms are dominated by radiative pro-
cesses, the new polariton should have major in-
fluence on the lifetime of the coherent excita-
tion, and therefore on the dephasing timeT2.

For experimental investigation of the dephasing
time of metallic nanoparticles and the polariton,
we use a nonlinear autocorrelation technique in
the time domain. An ultrashort laser pulse is
split in a stabilized Michelson interferometer
into two equally intense pulses with adjustable
time delay and subsequently focused onto the
sample. By measuring the frequency-doubled
light of the sample as a function of the time
delay, the second-order autocorrelation function
(ACF) for the laser pulse is obtained. Now the
temporal dynamics can be extracted from the
shape of the ACF by a simple oscillator model
[3].

In Fig. 35(a), the measured ACFs are shown for
two particle periodsdx. With the knowledge
of the laser pulse duration, which is obtained
with the same setup but replacing the sample
by a medium with instantaneous response, e.g.
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a 20-µm-thick BBO crystal, we fit the experi-
mentally obtained ACF. For the best agreement
(see Fig. 35(b)), we identify for the period of
400 nm a dephasing time ofT2 = 12 fs. This is
the dephasing time of the pure particle plasmon
resonances.

Figure 35: Measured (a) and calculated (b) sec-
ond-order autocorrelation signal of a 13 fs laser
pulse interacting with the metallic photonic crystal
slab. In the strong coupling regime (dx = 520 nm),
the ACF is strongly broadened and shows an obvi-
ous beating.

Compared to this measurement, the ACF for the
period ofdx = 520 nm shows a completely dif-
ferent behavior. The ACF exhibits broad wings
and a strong beating. The broad wings are due
to the larger dephasing time of the compound
system. For the energetically higher polariton
branch (see Fig. 34(c)), we extracted a dephas-
ing time of 48 fs, which is four times larger than
the original plasmon dephasing time. The beat-
ing of the ACF is due to the excitation of all
polariton branches with the laser pulse. There-
fore we obtain ultrafast polariton beats, similar
to Rabi oscillations in semiconductor quantum-
well microcavities.

For a more detailed analysis of the waveguide
induced modifications, we have performed the-
oretical calculations based on a scattering ma-
trix formalism. An excellent theoretical de-
scription of the linear optical results can be
produced within this theory without additional

fitting parameters, when using the known di-
electric constants and the measured geometrical
properties of the structure as input parameters.
For a gold nanowire array on top of a TaO2 slab
waveguide, which represents a simpler 1D pho-
tonic crystal structure, we calculated the electric
field distributions. Figure 36 shows the extinc-
tion ((a) ,(b)) and the corresponding field dis-
tributions ((c), (d)) of the electric field for the
energetic positions marked by the dashed lines.

Figure 36: Calculated extinction spectra (a) and
(b) of gold nanowire arrays deposited on top of
100-nm-thick TaO2 layer for normal light incidence.
For the extinction maxima and minima (dashed
lines), the electric field distributions are shown in
panel (c) and (d), respectively.

Figure 36(c) demonstrates that at the extinc-
tion maximum of the plasmon resonance, strong
fields exist near the surface of the nanowires.
This field enhancement at the plasmon reso-
nance is well-known and widely used for sur-
face enhanced Raman spectroscopy (SERS),
where strong fields are necessary for single
molecule detection. But this means also that the
undisturbed particle plasmon can couple very
well to the vacuum light modes of the incident
light field. Thus the collective electron oscilla-
tion will dephase mainly by the radiative decay
of the plasmon.
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In contrast to the particle plasmon resonance
with a period ofdx = 400 nm, the electric field
distribution in the strong coupling regime for
the minimum of the extinction is shown in
Fig. 36(d). The electric field distribution in this
case is completely different. Now the light
modes are suppressed near the metal nanowire
surface, and no light can couple to the plasmon
resonance at this energetic position. The new
polariton reduces the photonic density of states
in this energy region. Therefore, the coherent
electron oscillation cannot decay by a radiative
process, as one of the main dephasing channels
for the plasmon is canceled. The other intrinsic
dephasing channels will be unchanged, and the
branches of the polariton show a longer coher-
ent lifetime than the normal particle plasmon.

In conclusion, time-resolved nonlinear mea-
surements have shown a prolonged dephasing

time of waveguide-plasmon polaritons in metal-
lic photonic crystals. The experimental results
show that it is possible to tailor the coherent
lifetime in metal based photonic crystal slab
structures. In particular, an increase of the de-
phasing time by a factor of four is caused by
the strong coupling of optical waveguide modes
and nanoparticle resonances. Considerable ad-
vantages for the design of novel nanooptical de-
vices or quantum information technology may
arise by using this new physical phenomenon.
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Microcontact printing of CdS/dendrimer nanocomposite patterns
on silicon wafers

X.C. Wu, A.M. Bittner and K. Kern

Many applications of optically functional mate-
rials require parallel structuring or parallel de-
position on a substrate. Microcontact Printing
(µCP) is an alternative to standard lithography
techniques due to its inherent speed, simplicity,
low price and high resolution. The focus is here
on speed and simplicity ofµCP; it is shown how
a flat silicon wafer substrate (with a thin ox-
ide layer) can be patterned with photolumines-
cent CdS/dendrimer composites (Fig. 37) [1].
The material (the composite) is directly printed.
This means that a solution of the composites
is used to ink the stamp, microstructured and
hydrophilized poly(dimethylsiloxane), which is
subsequently brought into conformal contact
with the substrate. This method is much faster
and conceptually superior to most otherµCP
methods, which rely on first printing molecules
whose physicochemical properties (e.g. hydro-

phobicity) allow directing the deposition or ad-
sorption of the active material in a second step.

Nanoparticles such as CdS clusters might play
an important role in future technologies such
as photovoltaics, switches, phosphors, LEDs,
electronic data storage systems, and sensors.
Parallel, mainly lithographic, schemes of po-
sitioning the particles in fixed arrays are the
basis of potential devices. Simple and effec-
tive wet chemical syntheses are available for
nanoparticles [2], but patterning with standard
techniques, such as laser ablation of the mate-
rial and deposition through a shadow mask, are
cumbersome since nanoparticles are often pro-
tected by organic surfactants (stabilizers) that
tend to desorb at elevated temperature. Because
the surfactants are usually necessary to stabi-
lize the particles and to improve their function-
ality, any patterning approach must be carried
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out at low temperatures and in a mild environ-
ment. HenceµCP is of special importance when
nanoparticles are to be arranged in patterns [3].

Figure 37: Topographic atomic force microscope
image of an 8µm wide pattern of CdS/G8NH2
nanocomposites on an oxidized silicon wafer.
The CdS nanoparticles were synthesized with
amine-terminated dendrimers as stabilizers. The
resulting CdS/dendrimer composite was directly
transferred by MicroContact Printing. The direct
patterning approach should be transferable in gen-
eral to nanoparticles synthesized in or at dendrimers
as nanoreactors.

A common problem ofµCP is to find a fitting
system stamp-material-substrate, since the ma-
terial must show some, but not too strong ad-
hesion to the stamp. Here dendrimers are em-
ployed as ‘glue’ for luminescent CdS clusters
[1]. Dendrimers are highly branched molecules
that are composed of core, repetitive unit and
terminal groups. The repetitive unit is here
–N–(CH2CH2CONHCH2CH2��2, and the ter-
minal group NH2. The dendrimers fulfill a dou-
ble role: first, their hydrophilic termini bind to
the hydroxyl groups on the silicon wafer sub-
strate. Second, they can also be used as synthe-
sis templates for the CdS clusters.

The synthesis proceeds at ambient tempera-
ture in methanol by adding Cd�CH3COO�2 and
Na2S in the desired concentrations to the dis-
solved dendrimer. Note that only chemicals of
relatively low toxicity are employed. The re-
sulting solution was analyzed by photolumines-
cence excitation and emission spectra (Fig. 38).
From the narrow blue photoluminescence band
one can infer a CdS cluster size of 2 nm, which
is corroborated by electron micrographs. Quan-
tum confinement effects are responsible for the

optical characteristics [2]. The printable com-
posite consists of several CdS clusters coupled
to two to three dendrimer molecules.

Figure 38: Absorption (black), excitation (green
and red) and emission (blue) spectra of CdS
nanocomposites in methanol. The blue photolumi-
nescence is preserved after printing.

The CdS clusters do not coalesce; however, age-
ing of the composite in solution results in Ost-
wald ripening, and hence in growth of the CdS
clusters. Such processes influence also the pho-
toluminescence [2]. The CdS/dendrimer com-
posite can be easily printed on hydrophilic sur-
faces such as silicon wafers with a thin oxide
layer (Fig. 37). For this procedure, a droplet of
the composite solution was placed on a struc-
tured poly(dimethylsiloxane) stamp that had
been hydrophilized by a short exposure to an
oxygen plasma. The stamp was dried (i.e. the
droplet removed by a stream of argon) and
contacted with a freshly cleaned oxidized sili-
con wafer. The printed composites correspond
to composites adsorbed from solution; atomic
force microscopy shows that aggregation plays
a minor role. Upon UV excitation, blue lu-
minescence was observed exclusively from the
printed pattern.
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Structure and morphology of 4H-SiC wafer surfaces after H2-etching

S. Soubatch, W.Y. Lee, M. Konuma and U. Starke;
S.E. Saddow and S.P. Rao (University of South Florida)

The quality of substrate material is a crucial
point for semiconductor technology in general
and in particular for SiC devices. Inhomo-
geneous wafer surfaces with mechanical de-
fects or oxidized regions can result in a per-
turbed device performance or enhanced degra-
dation. Commercial, mechanically polished
SiC wafers are known to be damaged and show
a high density of scratches in atomic force mi-
croscopy (AFM). Hydrogen etching is known
to improve this situation by removing several
hundred nanometers of bulk material. For a de-
tailed understanding of this process we stud-
ied the surface morphology and structure of
4H-SiC(0001) after H2-etching and annealing
in ultra-high vacuum (UHV).

Standard wafers of nominally on-axis
4H-SiC(0001) from Cree, Inc. (0.017Ω cm,
N-doped) with a chemical mechanical polish-
ing finish were used. The typical polishing
scratches can be seen in AFM. The H2-etching
procedure was carried out in a low-pressure
horizontal cold-wall reactor routinely used for
chemical vapor deposition (CVD) of SiC. Pu-
rified hydrogen with a flow of 3 slm (standard
liters per min) was introduced into the sample
region of the reactor. Wafer temperatures of
1400, 1500, and 1600ÆC and a constant etching
time of 5 minutes were used. To study the sur-
face morphology we applied conventional opti-
cal microscopy and AFM. Subsequently, after
cleaning in acetone and rinsing in methanol (to
remove the adhesive used in the AFM holder)
the samples were introduced into UHV (base
pressure�5�10�11 mbar) for studying the sur-
face structure by low-energy electron diffrac-
tion (LEED) and the chemical composition of
the near-surface region using surface sensitive
X-ray photoelectron spectroscopy (XPS). Also,
possible modifications of structure during high
temperature (1000ÆC) annealing in vacuo were
investigated.

The hydrogen etching process was found to ho-
mogenize the surface morphology at all tem-
peratures used in the experiments in the sense
that the initial scratched layer from the polish-
ing procedure was totally removed after 5 min-
utes etching. However, the microscopic surface
morphology apparently depends on the etching
temperature. At 1600ÆC, two main morpholog-
ical features are visible by optical microscopy,
namely wide macro-terraces and round depres-
sions (Fig. 39(a)). The macro-terrace width
reaches 150µm. Their surfaces are covered
by well-organized equidistant steps of unit cell
height (1 nm) and an average distance of about
1µm, as observed by AFM.

Figure 39: Surface morphology of a 4H-SiC(0001)
wafer after H2-etching at 1600ÆC: (a) image taken
with optical microscopy, (b) AFM depth profile of
a depression, (c) AFM image of facets, enclosing
the center of the depression in (b), (d) side view
of 4H-SiC(0001) surface with 5̊A step exposing S2
and S2� termination, (e) schematic model (top view)
of 60Æ facet border with 5̊A step between facets.

The distribution of the depressions on the sur-
face is nonhomogeneous with a mean density of
about 6�103 cm�2 and radii from 20 to 80µm.
They consist of a steep edge and a shallow
faceted region as displayed in Fig. 39(b) by an
AFM profile. The corresponding AFM image
in Fig. 39(c) shows a deep hole in their center.
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Presumably, the depressions originate from the
etching of screw dislocations. The shallow part
of the depressions contains 6 facets formed by
full unit cell height steps. The facets are rotated
by 60Æ with respect to their neighbors around
the depression center, with a vertical offset be-
tween steps in 2 adjacent facets of 5 Å, i.e. half
a unit cell. Each step within a facet covers the
height of 4 SiC bilayers. In view of the crystal
structure of 4H-SiC as shown in Fig. 39(d), this
corresponds to two slabs of bilayers in cubic
stacking mutually rotated by 60Æ. The 5 Å verti-
cal shift between steps on the facet borders cor-
responds to termination by different slabs, pre-
sumably the so-called S2 and S2� terminations
[1] as indicated in Fig. 39(e). At the step edge
the terminating atoms of one slab have three
bonds to the crystal, those of the other slab have
two bonds. For a 60Æ rotation as in neighboring
facets the situation is just reversed. Thus, with
the 5 Å shift the steps in adjacent facets possess
the same sequence of single bilayer steps and
thus the same atomic structure. The formation
of depressions, as observed for 1600ÆC, can be
suppressed at lower temperatures.

However, at 1500ÆC the surface is still occupied
by wide macro-terraces formed due to step-
bunching (Fig. 40(a)). Yet, no pits related to se-
lective etching of structural defects are found.
Those macro-terraces are up to 4 µm wide and
usually have flat, step-free surfaces. Half unit
cell steps (i.e. 5 Å high) can be found either
on the edge of the wide macro-terraces, or on
some narrower (� 2 µm wide) macro-terraces,
where they are distributed almost evenly over
a terrace. The steps between macro-terraces
have a mean height of about 6 nm and appar-
ently result from a bunching process of the
half unit cell steps. Suppression of the step-
bunching process can be achieved by a further
decrease of the etching temperature down to
1400ÆC. Here one finds numerous facets orga-
nized by equidistant full unit cell height steps
(Fig. 40(b)). The facets can be separated into

two groups having different step orientation:
in one group of facets the steps are straight
and parallel to the direction. The steps in the
other facet type are misoriented by about 22Æ,
presumably due to the direction of the over-
all residual off-angle of the surface (about 0.1Æ

according to the wafer specification, which is
in agreement with the observed terrace width).
The joining of neighboring facets with differ-
ent step orientation is realized by a zigzag-like
step of half unit cell height serving as the facet
boundary (Fig. 40(c)). Thus, the terraces on
those facets are vertically shifted with respect
to each other by 5 Å. This again indicates the
simultaneous presence of two different termina-
tions of the 4H-SiC crystal at the surface. In the
UHV chamber, without any intermediate treat-
ment, the sample immediately exhibits a bright
and sharp LEED pattern (Fig. 41(a)). The spot
intensity spectra identify the structure as the
silicate reconstruction and the two surface ter-
minations as S2 and S2� [2].

Figure 40: Step-bunching and the facets containing
full unit cell steps on the surface of samples etched
at 1500ÆC (a) and 1400ÆC (b) and (c), respectively.
The zigzag-like 5 Å height step on the boundary of
two facets is well visible at larger magnification (c)
and (d).
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Figure 41: LEED pattern of ‘silicate’ layer (a) and
photoemission spectra of the Si 2p core level in nor-
mal and 70Æ grazing emission direction (b) taken
from the H2-etched substrate.

Yet, spectra taken from (10) and (01) order
spots have unequal shape. This proves that
the domains of the S2 and S2� terminations
have not the same area even though from the
AFM images the areas seem to be almost the
same. XPS data for Si 2p core level emission
(Fig. 41(b)) show that the SiC bulk related peak
has a shoulder on its high binding energy side.
The relative intensity of this shoulder signifi-
cantly increases with increasing grazing emis-
sion (from 0Æ to 70Æ), which pins this feature to
the surface. Moreover, sputtering of the surface
during a short time totally removes the shoul-
der. A deconvolution of the core level spec-
tra shows three components separated by about
0.6 eV (SiI vs. SiII) and 1.9 eV (SiI vs. SiIII).
In accordance with earlier work [3] we attribute

these peaks to be correspondent to Si in the
SiC bulk and Si at the surface in C3–Si–O and
O4–Si environment. The oxygen peak itself is
also clearly visible in the photoemission spec-
tra at 532.6 eV. This XPS fingerprint corrob-
orates the presence of the silicate on the sur-
face immediately after H2-etching. The situa-
tion changes drastically after in vacuo annealing
of the sample at 1000ÆC. The surface reveals
an even brighter LEED pattern with the I (E)
spectra of (10) and (01) order spots being iden-
tical, which indicates equal areas of domains
with different terminations. However, the shape
of these spectra in this case corresponds to the
Si adatom phase of clean 4H-SiC(0001). Thus,
the annealing appears to lead to a decomposi-
tion of the surface silicate phase, oxygen des-
orption from the surface, and a formation of the
reconstruction of clean SiC(0001). This pro-
cess is accompanied by a step rearrangement on
the surface resulting in an equalization of partial
domain areas.
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Advances, p. 281. W.J. Choyke, H. Matsunami and
G. Pensl (Eds.), Springer Verlag, 2004.
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Actuators based on carbon nanotubes

J.C. Meyer and S. Roth

Due to their outstanding mechanical and elec-
tronic properties, carbon nanotubes are consid-
ered as potential building blocks for a wide
range of future nanoscale devices. For exam-
ple, molecular-scale electronic devices are en-
visaged due to the high current-carrying ca-
pabilities of metallic nanotubes and the field-
effect transistor properties of the semiconduct-
ing ones.

The miniaturization of electronic devices in the
past decades had an enormous impact. But
the scaling down of silicon-based electronic
systems has reached a level where it will be
difficult for emerging technologies to com-
pete. The miniaturization of mechanical sys-
tems, on the other hand, is not easily achieved
by scaling down micro-electromechanical sys-
tems (MEMS), and is limited by the strength
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and flexibility of the material. Here, the com-
bination of a high strength, flexibility, and ther-
mal and electrical conductivity of carbon nano-
tubes, still offers plenty of room for minia-
turization. We demonstrate that true nano-
electromechanical systems (NEMS) can be
built based on carbon nanotubes.

For building the devices shown in this article,
multi-walled carbon nanotubes (MWNTs) are
dispersed on a GaAs substrate with a litho-
graphically prepared marker system. Individual
tubes are located with respect to the marker sys-
tem using an atomic force microscope (AFM).
The desired metal structure is built on top of
the nanotubes by electron beam lithography. A
recently developed etching process is used to
remove a part of the substrate in such a way
that the structure is free-standing and acces-
sible with a transmission electron microscope
(TEM). The principle of this process is shown
in Fig. 42.

Figure 42: Principle of the device preparation: (a)
The desired structure is prepared on top of the car-
bon nanotubes, close to a cleaved edge of the sub-
strate, using electron beam lithography and a marker
system. The etching process undercuts the structure
from the side, removing the shaded volume in (b).
This results in the structure reaching out across the
side edge of the substrate (c). The free-standing part
is now free to move, and accessible by TEM.

The substrate is coated with a resist as a pro-
tection layer, and is cleaved so that the struc-
ture is near the cleaved edge. In the follow-
ing etching step the structure is undercut (due
to the resist) only from the side. The etching
process, in a mixture of citric acid and hydro-
gen peroxide, is monitored with an optical mi-
croscope and stopped when a sufficient part of
the structure is reaching out across the side edge

of the substrate. The resist is then dissolved in
methylpyrrolidon and acetone. A critical point
drying step afterwards is important since any
surface tension would destroy the delicate struc-
tures. Using a similar approach we have re-
cently shown a combination of transport and
TEM [1] and a combination of Raman spectros-
copy and electron diffraction [2] on the exact
same single-walled carbon nanotube.

Figure 43: A multi-walled carbon nanotube at-
tached at one end to the first electrode. As the tube
is charged with respect to the second electrode, it
bends towards it due to electrostatic attraction. The
deformation is reversible, showing that it is within
the elastic regime. No sign of wear or fatigue is ob-
served after multiple deformations.

Our nanotube-based actuator devices are oper-
ated inside a Zeiss 912 microscope, equipped
with a special sample holder that allows elec-
tronic connections to the sample from the out-
side simultaneously with the TEM investiga-
tion. In both devices (Fig. 43 and 44), one end
of the nanotube is attached to a metal block,
and the open end is electrostatically attracted by
a second nearby metal contact. The tubes are
bending towards the second contact, with the
tube bending into a smooth curve (as opposed
to a sharp kink). In the second device, a small
piece of metal was placed onto the tube, mov-
ing along with the tube and even twisting it at
higher voltages. In this device, it is clearly not
only the tube end which is pulled towards the
second contact, but also the metal block on the
tube.
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Figure 44: Another device, with a metal platelet at-
tached to the nanotube. It moves along with the
bending nanotube (0–8 V), and twists out of the
plane at higher voltage (up to 23 V).

Although the nanotubes undergo a large defor-
mation, they stay within the elastic regime and
move back to the initial position as soon as the
voltage is switched off. A wear or fatigue is
neither observed nor expected for these defor-
mations. Carbon nanotubes exhibit a combina-
tion of high strength and large elastic range not
found in other materials. Individual tubes have
a Youngs modulus Y = 1 TPa and are stable at

strains of more than 7%. The values for sili-
con are Y= 0.13 TPa and a maximum strain of
less than 3%. What is more important is that
fabricating a cantilever beam of a size and as-
pect ratio similar to the carbon nanotube is not
possible with current lithographic technologies.
However, only a sufficiently thin flexible rod
can be bent into a small radius of curvature:
the minimum radius of curvature rmin for a can-
tilever beam of a width d and material limited
maximum strain smax is given by rmin = d/2smax

(at this curvature the outermost layer would ex-
perience the maximum strain). This means that
a multi-walled carbon nanotube with a typical
diameter of 15 nm could be bent into loop with
a radius of 110 nm. A single-crystal silicon can-
tilever beam with a width of 200 nm, on the
other hand, would ideally break if bent into a
circle with a radius of less than 3.3 µm; and in
reality already at much lower strain since de-
fects play an important role in brittle materials.
The nanotube shown in Fig. 43, for compari-
son, shows a bending radius of 1 µm at the point
of highest curvature. These devices clearly
demonstrate the high potential for carbon nano-
tubes as motion-enabling elements in nanoscale
electromechanical systems, and they may re-
place the silicon-based cantilever beams used in
today’s microelectromechanical systems.

[1] Meyer, J.C., D. Obergfell, S. Roth, Shi. Yang and
Sha. Yang.Applied Physics Letters 85, 2911–2913
(2004).

[2] Meyer, J.C., M. Paillet, J.-L. Sauvajol, G.S. Duesberg
and S. Roth.submitted, cond-mat/0501341 (2005).
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Spin and orbital effects

Many transition metal compounds are strongly correlated systems, where the spin and or-
bital degeneracies of the d-electrons play a crucial role for the properties. LaMnO3 has
both orbital and antiferromagnetic spin order and it is of particular interest in the context of
‘colossal magnetoresistance’. Measurements of the optical spectra around the Néel temper-
ature are presented, and it is shown that LaMnO3 is a Mott-Hubbard insulator. In LiCuVO4,
the Cu2� (S= 1

2 ) ions form antiferromagnetic chains. Neutron scattering data are interpreted
in terms of an unusual incommensurate spin ordering, which is due to a large second-nearest
neighbor exchange coupling. YTiO3 has one orbitally ordered 3d�t2g� electron per Ti atom.
It is shown that in contrast to LaMnO3, pressure does not suppress the orbital ordering but
leads to a reorientation. Co adatoms on noble metal surfaces form Kondo systems, due to
screening of the Co spin. The dependence of the Kondo temperature on the noble metal is
measured and interpreted in terms of the Co 3d occupancy.

Spin-controlled Mott-Hubbard bands in LaMnO3
probed by optical ellipsometry

N.N. Kovaleva, A.V. Boris, C. Bernhard, A. Kulakov, G. Khaliullin and B. Keimer;
A. Pimenov (Universität Augsburg); A.M. Balbashov (Moscow Power Engineering Institute)

The physical properties of transition metal ox-
ides with orbital degeneracy are currently a ma-
jor focus of research. Recent work has shown
that the optical spectra of manganites, vana-
dates, and ruthenates, among others, are highly
sensitive to orbital and magnetic ordering phe-
nomena. In an orbitally ordered state, the
anisotropy of the optical spectrum reflects the
orientation of the valence d-orbitals with re-
spect to the crystalline axes. Orbital ordering
transitions are therefore associated with pro-
nounced rearrangements of the optical spectral
weight. It has long been known that magnetic
ordering can also induce large shifts of the op-
tical spectral weight of transition metal oxides,
but a microscopic understanding of these phe-
nomena has not yet been achieved. This long-
standing problem has recently resurfaced in the
context of the interplay between spin and orbital
degrees of freedom in insulating YVO3 and
LaVO3, where both magnetic and orbital order-
ing were found to cause major modifications of

the optical spectra. In the vanadates, as well
as in other systems with partially occupied d-
orbitals of t2g symmetry, the spin and orbital dy-
namics are intimately coupled, so that orbitally
and magnetically driven phase transitions occur
in the same temperature range. The pertinent
ground states, as well as the excited states re-
sponsible for the temperature-dependent optical
conductivity, are currently topics of active de-
bate.

In LaMnO3, the insulating parent compound
of a family of materials exhibiting ‘colossal
magnetoresistance’, the critical temperatures
for orbital (TOO = 780 K) and antiferromagnetic
(TN = 140 K) ordering are very different, and the
associated ground states are well-understood. A
sketch is provided in Fig. 45. LaMnO3 is there-
fore well-suited as a model system to develop a
microscopic understanding of the optical spec-
tral weight transfer associated with these phase
transitions.
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Figure 45: A sketch of two sublattice eg orbital or-
dering and A-type spin ordering in LaMnO3.

In a prior near-normal-incidence reflectivity
study, the anisotropy of the optical spectrum
was indeed found to increase markedly below
the orbital ordering temperature [1]. However,
spectral weight shifts at the Néel temperature
were not clearly resolved in the earlier experi-
ments, contrary to theoretical predictions. Here
we use spectral ellipsometry to accurately mon-
itor the temperature evolution of the dielectric
function of an untwinned crystal of LaMnO3 in
the 0.5–5.6 eV range [2].

A marked redistribution of spectral weight is
found in the antiferromagnetic state. The
anisotropy of the spectral weight transfer
matches the magnetic ordering pattern. A
detailed quantitative theoretical description of
these data provides a solid foundation for the
interpretation of the optical spectra. Our analy-
sis also shows that LaMnO3 is a Mott-Hubbard
insulator, thus resolving a controversy about the
nature of the insulating state.

Figures 46(a) and (b) show representative spec-
tra of the real and imaginary parts of the dielec-
tric function, ε1(ν) and ε2(ν), along the b-axis
and c-axis, respectively. The strong anisotropy
between εb and εc is observed. The spectra are
dominated by two broad optical bands around
2.0 and 4.8 eV in εb, as compared to 2.5 and
4.5 eV in εc. Superimposed are a number of

smaller spectral features. The anisotropy be-
tween εb and εc increases with decreasing tem-
perature and becomes most pronounced below
TN = 140 K.

Figure 46: Temperature variation of dielectric func-
tion of a detwinned LaMnO3 crystal in (a) b-axis and
(b) c-axis polarization.

Figure 47 displays the evolution of the opti-
cal conductivity, σ1(ν) = 1/(4π) ν � ε2(ν), in suc-
cessive temperature intervals of identical width
∆T = 75 K. Remarkably, the low-energy bands
in b- and c-axis polarization exhibit opposite
trends. Upon cooling, a drastic gain of spectral
weight, SW =

�
σ1�ν��dν�, of the b-axis band at

2.0 eV contrasts with an apparent SW loss of
the c-axis band at 2.5 eV. Figure 47 also shows
that the total SW along each of the axes is ap-
proximately conserved within the investigated
spectral range. For b-axis polarization, SW is
transferred from a wide spectral range around
3.7 eV towards the low-energy band centered
at 2.0 eV, while for c-axis polarization, the loss
of SW around 2.5 eV is compensated by a SW
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gain in the narrow high-energy band centered
at 4.4 eV. For both geometries, the shape of the
optical conductivity difference spectra, ∆σ1�ν�,
is similar in the paramagnetic and antiferromag-
netic states. However, the gradual evolution of
the SW in the paramagnetic state is strongly en-
hanced below TN. This highlights the influence
of spin correlations on the SW shifts.

Figure 47: Difference in optical conductivity spec-
tra ∆σ1�ν� for successive temperature intervals of
fixed width ∆T = 75 K in (a) b-axis and (b) c-axis
polarization.

Using a dielectric function of the form
ε�ν�= ε∞ +∑j

Sj

ν2
j �ν2� iνγj

, we fit a set of

Lorentzian oscillators simultaneously to ε1�ν�
and ε2�ν�. The dispersion analysis allows us
to separate the contributions from the different
optical bands in a Kramers-Kronig-consistent
way. In particular, a fine structure of the low-
energy optical band involving three subbands
is reliably resolved. At room temperature, the
three low-energy optical bands are centered at
1.9, 2.3, and 2.7 eV in εb, and at 2.1, 2.4, and

2.7 eV in εc. For both polarizations, the two
subbands at lower energy exhibit the strongest
T-dependence, with noticeable anomalies
around TN. The weaker band at higher en-
ergy is less T-dependent. Figure 48 summarizes
the result of the dispersion analysis and gives
the temperature- and polarization-dependent to-
tal SW of these low-energy bands, which is
presented in terms of the effective number of
electrons, Neff = 2m

πe2NSW, where m is the free
electron mass and N = a�3

0 = 1.7�1022 cm�3 is
the density of Mn atoms.

Figure 48: Temperature and polarization depen-
dence of the total spectral weight Neff of the low-
est-energy optical band extracted from the dis-
persion analysis. The dashed lines indicate the
low-temperature and asymptotic high-temperature
limits estimated from the superexchange model de-
scribed in the text.

Figures 46–48 clearly demonstrate that the
optical spectral weight in the energy window
covered by our experiment is strongly influ-
enced by the onset of antiferromagnetic long-
range order. Since charge-transfer excitations
between oxygen 2p-states and manganese 3d-
states are not expected to be affected by the
relative orientation of neighboring Mn spins,
we assign the strongly T-dependent bands to
intersite transitions of the form d4

i d4
j ��d3

i d5
j .

In the ground state below TOO, one eg-orbital
of the form ���= cos θ

2 �3z2�r2�� sin θ
2 �x2�y2�

is occupied by one electron on each Mn
site. The two-sublattice orbital ordering pat-
tern is sketched in Fig. 45. The ‘orbital
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angle’ θ� 108Æ is estimated from structural
data. In the final state, one has to distin-
guish whether the electron is transferred to
an unoccupied or to a half-occupied eg-orbital
on the neighboring site. The Pauli principle
restricts the latter configurations to low-spin
(LS) states, while both LS and high-spin (HS)
states are allowed in the former case. A de-
tailed analysis yields the following five pos-
sible final-state configurations: a HS state (i)
of 6A1 symmetry at the energy U� – 3JH +∆JT,
and four LS states (ii) 4A1 at U� + 2JH +∆JT,

(iii) 4Eε at U� + 4JH +∆JT �
�
∆2

JT � �4JH�3�2,

(iv) 4Eθ at U� + 8/3JH +∆JT, and (v) 4A2

at U� + 4JH +∆JT �
�
∆2

JT � �4JH�3�2. Here
U� = U – V, U is the Coulomb repulsion on the
same eg-orbital, JH is the Hund interaction, and
the parameter V accounts for the nearest neigh-
bor excitonic attraction. ∆JT is the Jahn-Teller
splitting of the eg-levels. The magnetic order is
of A-type (Fig. 45), that is, the spin alignment
is ferromagnetic in the ab-plane and antiferro-
magnetic along the c-axis. Compared to the
paramagnetic state, this favors HS transitions
in the ab-plane and disfavors them along c, in
agreement with the observed SW evolution of
the low-energy band at 2 eV (see Figs. 47 and
48), which we associate with the HS transition
(i) of 6A1 symmetry. The three-subband struc-
ture of this band will require more elaborate
models that take into account the spatially ex-
tended nature of the initial and final states. The
higher-energy spin-controlled bands, which ap-
pear in the ε2�ν� spectra above 4 eV and exhibit
the converse SW evolution below TN, are then
naturally assigned to the LS transitions. We
suggest an assignment of the LS bands (ii) – (v)
and estimate the parameters U�, JH, and ∆JT [2].

Using a realistic superexchange model, one
can obtain a quantitative understanding of
the absolute spectral weight transfer induced
by antiferromagnetic spin correlations. Via
the optical sum rule for tight-binding mod-
els, Neff can be expressed as Neff = (ma2

0��
2)K,

where K is the kinetic energy associated
with virtual charge fluctuations. The con-
tribution of the HS 6A1 excitation to K

can be calculated from a related term in
the superexchange energy, K = –2�HSE�

6A1��
[3]. For the bond along the γ(=a, b, c) di-

rection, HSE(6A1) = –A(S̄iS̄j + 6)(1/4 – τ�γ�i τ�γ�j �,

with A= t2/5(U� – 3JH +∆JT). Here, t is the
electron transfer amplitude, and the pseudospin
τ�γ� depends on the orbital state. Calculating its
expectation value in terms of the orbital angle
θ, one obtains for T	TOO

K�b� � �A�2� �S̄i S̄j �6��b� �3�4� sin2 θ�� (14)

K�c� � �A�2� �S̄i S̄j �6��c� sin2 θ� (15)

For T	TN, �S̄iS̄j��b�
 4 and �S̄iS̄j��c� 
�4
within the classical approximation, while
�S̄iS̄j��b�c� 
 0 for T�TN. Using θ= 108Æ,
and taking the value t = 0.4 eV extracted from
an analysis of the magnetic data and spin
wave dispersions, we obtain K�b� = 0.14 eV and
N�b�

eff = 0.28 for the HS band at T = 0. The theo-
retical low- and high-T limits for different po-
larizations, indicated in Fig. 48 by dashed lines,
show a remarkable correspondence with the ex-
perimental data.

In summary, the experimentally determined re-
distribution of the optical SW in LaMnO3 is
in excellent agreement with a model that at-
tributes these shifts to temperature-dependent
correlations between Mn spins. This strongly
supports our assignment of the lowest energy
band around 2 eV to intersite di – dj transitions
and implies that LaMnO3 is a Mott-Hubbard in-
sulator. We expect that the link between the
anisotropic optical spectral weight and the spin-
spin correlation function �S̄iS̄j� we have uncov-
ered for LaMnO3 will provide insights into the
optical spectra of other transition metal oxides
as well.

[1] Tobe, K., T. Kimura, Y. Okimoto and Y. Tokura.
Physical Review B 64, 184421 (2001).

[2] Kovaleva, N.N., A.V. Boris, C. Bernhard, A. Kulakov,
A. Pimenov, A.M. Balbashov, G. Khaliullin and
B. Keimer.Physical Review Letters 93, 147204
(2004).

[3] Khaliullin, G., P. Horsch and A.M. Ole´s. Physical
Review B 70, 195103 (2004).
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Incommensurate antiferromagnetic order in the S = 1
2 quantum chain

compound LiCuVO4

B.J. Gibson (BOSCH, Stuttgart); R.K. Kremer; G.J. McIntyre (ILL, Grenoble);
A.V. Prokofiev and W. Assmus (Universität Frankfurt)

Stimulated by the vivid search for a theoret-
ical understanding of high-Tc superconductiv-
ity, the magnetic properties of low-dimensional
quantum antiferromagnetic (afm) systems that
contain S= 1

2 moments on Cu2�, V4�, or Ti3�

ions have attracted particular attention. Un-
usual ground-state properties have been seen to
evolve due to the proximity of such systems
to quantum criticality via mainly a consider-
able sensitivity to higher-order effects in the
exchange coupling but also to coupling to lat-
tice or charge degrees of freedom. For exam-
ple, the spin-Peierls transition observed in the
inorganic one-dimensional Heisenberg antifer-
romagnet CuGeO3 leaves a nonmagnetic sin-
glet ground state below� 14 K, which was sug-
gested to arise from the interplay of the nearest
neighbor (NN) and the next-nearest neighbor
(NNN) Cu–Cu superexchange and magneto-
elastic coupling.

LiCuVO4 (V�LiCu�O4 in the standard spinel no-
tation) crystallizes in an orthorhombically dis-
torted inverse spinel structure (Fig. 49) [1]. The
nonmagnetic V5� ions occupy tetrahedrally co-
ordinated sites. Li� and Cu2� (3d 9 con-
figuration, S= 1

2) occupy in an ordered way
sites which are octahedrally coordinated by O
atoms. The Jahn-Teller elongated CuO6 octa-
hedra connect via trans-edges to form infinite
Cu2� chains along the b-axis leaving two nearly
rectangular (� 95Æ) Cu-O-Cu super-exchange
paths between NN Cu ions. The resulting CuO2

ribbons are connected by VO4 tetrahedra which
alternate up and down along the chain direction.
The topology of the CuO2 ribbons is identical
to that found in CuGeO3, however somewhat
different bonding distances and angles are ob-
served. It has been suggested that LiCuVO4 be-
haves as a quasi one-dimensional S= 1

2 Heisen-
berg afm with uniform NN coupling [2] al-

though details of NNN, anisotropic and anti-
symmetry exchange components remained to
be clarified. In contrast to CuGeO3, LiCuVO4

shows no evidence of a diamagnetic ground
state but rather anomalies in the heat capacity
and the susceptibility which indicate the onset
of long-range afm ordering below � 2.5 K.

Figure 49: Crystal structure of LiCuVO4. VO4

tetrahedra (green), Cu atoms (blue), O atoms (red).
Li atoms not shown.

We have performed an investigation of the or-
dered magnetic structure by means of elas-
tic neutron diffraction on single crystals. For
the neutron diffraction experiment, a large sin-
gle crystal of LiCuVO4 was grown by a flux
method. The magnetic susceptibility of our
single crystals shows a broad maximum cen-
tered around 27 K due to afm short-range order-
ing. Kinks in the susceptibility at� 2.2 K along
all crystal axes indicate long-range afm order-
ing. Heat capacity measurements on a small
piece cut from this crystal show an anomaly
at � 2.2 K (Fig. 50) consistent with findings on
powder samples.
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Figure 50: Heat capacity of an end-piece cut from
the crystal of LiCuVO4 used for the neutron diffrac-
tion study.

In the neutron diffraction experiment carried
out on ILL’s D10 four-circle diffractometer
about 200 independent nuclear reflections were
collected at 1.6 K. A full refinement of the
nuclear structure was carried out in the dis-
torted orthorhombic spinel structure and the re-
sults were in very good agreement with previ-
ous X-ray structure determinations with a slight
temperature-induced lattice contraction. Scans
through reciprocal space were performed at
1.6 K to search for additional reflections aris-
ing from the Cu2� moment ordering. We ini-
tially found a weak peak at the approximate po-
sition, (1,� 1

2 , 0) which disappeared upon heat-
ing to 2.5 K. We then checked for further peaks
at (h,�1

2 , l) positions and observed a family of
magnetic reflections which satisfied the general
condition, h+ l = 2n + 1.

Closer inspection of the magnetic reflections
revealed an incommensurate magnetic struc-
ture that can be described by the propaga-
tion vector k= (0, 0.532, 0) about the fundamen-
tal body-centered nuclear reflections. Subse-
quently, the temperature dependence of the in-
tensity of the reflection ‘(1,1

2 ,0)’ was measured
from which we determined the Néel tempera-
ture to be TN = 2.1(1) K. Detailed scans of var-
ious allowed magnetic reflections at 0.2 K and
1.2 K were made (the ordering is nearly com-
plete at 1.2 K – see Fig. 51) and the profile was
fitted to a Gaussian.

Figure 51: Integrated intensity of the magnetic re-
flection ‘(1, 1

2 ,0)’. The full line represents a fit to a
power law with critical exponent β� 0.3.

A magnetic structure of LiCuVO4 compatible
with the underlying crystal symmetry (i.e. that
satisfies h+ l = 2n) can be generated by symme-
try operations based on space group Imma, with
the centering removed. Using this magnetic
symmetry the refinement based on 14 unique
allowed magnetic reflections at 0.2 and 1.2 K
with two free variables converged to a mag-
netic structure with the spins in the ab-plane
enclosing a polar angle of Φ= 44(5)Æ with the
a-axis. The average Cu2� magnetic moment
is 0.31(1) µB. Neighboring moments along
the chains along b enclose an angle of � 90Æ

(Fig. 52).

Figure 52: Magnetic structure of LiCuVO4, only
Cu atoms are shown. The moments are confined
to the ab-plane: NN moments enclose an angle of
� 90Æ.
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As indicated by the characteristic maximum
in the susceptibility and the broad Schottky-
like anomaly in the magnetic part of the heat
capacity, LiCuVO4 shows features typical of
a one-dimensional afm system with predomi-
nant exchange coupling along the Cu chains.
Assuming a Heisenberg S= 1

2 chain behavior
with uniform NN coupling, the temperature
of the maximum in the magnetic susceptibil-
ity Tmax implies an intrachain exchange con-
stant Jintra of � 42 K. Long-range afm order-
ing of the short-range correlated chains had
been concluded from the magnetic susceptibil-
ity and the anomaly in the heat capacity is now
conclusively confirmed by our neutron diffrac-
tion study. Long-range correlation between the
chains is due to weaker interchain coupling.
Jinter can be estimated from TN and the intra-
chain coupling to be � 1 K.

The surprising result of the present investiga-
tion is the unusual ordering scheme of the Cu
spins along b. This arrangement can be inter-
preted as resulting from a stacking of two indi-
vidual chains each consisting of NNN Cu atoms
of the original chain. Such ‘sub-chains’ show
a collinear antiparallel arrangement of neigh-
boring moments. When the two chains stack,
NN spins enclose an angle of � 90Æ to mini-
mize the exchange energy between the NN mo-
ments. This finding suggests that NNN ex-
change coupling via a Cu–O–O–Cu path is afm

and dominates the NN coupling. Irrespective of
the sign of the NN exchange the latter is frus-
trated and, in order to minimize the exchange
energy, the moments assume a noncollinear ar-
rangement. NNN coupling arises from hy-
bridization of NN O 2px-orbitals resulting in
a sizable px�px hopping parameter between O
atoms along the chain. For a certain parameter
range of the NN and NNN exchange constants,
JNNN JNN, the Hamiltonian

H �∑
i

JNN Si �Si�1�JNNN Si �Si�2 (16)

has been found to describe magnetic phases
with incommensurate spiral spin correlations
along the chain [3]. Magnetic frustration in an
afm chain due to NNN coupling therefore is
suggested to be the origin for the experimen-
tally observed incommensurability of the mo-
ment order along the Cu chains. This assump-
tion meanwhile was confirmed by an inelas-
tic neutron scattering investigation indicating a
ratio JNN/JNNN� –0.3.

[1] Durif, A., J.C. Grenier, J.C. Joubert and T.Q. Duc.
Bulletin de la Societe Francaise de Mineralogie et de
Cristallographie 89, 407–409 (1966).

[2] Vasil’ev, A.N., L.A. Ponomarenko, H. Manaka,
I. Yamada, M. Isobe and Y. Ueda.Physical Review B
64, 024419 (2001).

[3] White, S.R. and I. Affleck.Physical Review 54,
9862–9869 (1996).

Pressure-driven orbital reorientation in YTiO3

I. Loa, K. Syassen and X. Wang; H. Roth and T. Lorenz (Universität Köln); M. Hanfland (ESRF)

YTiO3 is a prototypical Mott-Hubbard insulator
in the group of transition metal perovskites. Its
electronic properties have been studied in great
detail over the last decade. Recently, YTiO3 at-
tracted much attention in the context of orbital
ordering of the three nearly degenerate 3d�t2g�

orbitals of Ti, which are occupied by only a sin-
gle electron. Static orbital order was evidenced

by nuclear magnetic resonance, resonant X-ray
scattering, and neutron diffraction experiments.
These experimental findings are in agreement
with a series of theoretical investigations (e.g.,
[1]). Figure 53 illustrates the crystal structure
and the ambient pressure t2g orbital polariza-
tion as derived in these studies. In contrast, the
experimentally observed spin wave excitation
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spectrum, which is highly isotropic with only a
small spin gap, has been considered incompat-
ible with static orbital order [2]. The existence
of strong quantum orbital fluctuations was put
forward to explain this effect theoretically [3].

Figure 53: Left: Schematic view of the crystal
structure of YTiO3 at ambient conditions. Right:
Orientation of the yttrium 3d1�t2g� wavefunction at
0 and 13 GPa as derived from the TiO6 octahedral
distortion. The orbitals shown here refer to the Ti
site highlighted on the left. (The octahedra illustrate
the octahedral environment of the orbitals, but do
not match the size of the actual TiO6 octahedra.)

The studies summarized above raise the ques-
tion of how robust the static part of the orbital
ordering is in YTiO3, and whether it can be
tuned by external parameters such as high pres-
sure. Taking advantage of the fact that the or-
bital polarization manifests itself in a small dis-
tortion of the TiO6 octahedra, we investigated
the effect of pressure on the orbital ordering in
YTiO3 by means of synchrotron X-ray diffrac-
tion.

Angle-dispersive X-ray powder diffraction ex-
periments were performed at the beamline
ID09A of the European Synchrotron Radiation
Facility in Grenoble. A fine powder was pro-
duced from a high-quality, stoichiometric crys-
tal (Curie temperature TC = 28 K) and pressur-
ized in a diamond-anvil cell with condensed
nitrogen as the pressure-transmitting medium.
An image plate detector was used to record

the two-dimensional Debye-Scherrer diffrac-
tion images. Conventional intensity-vs-2θ dif-
fractograms were obtained by numerical az-
imuthal integration of the 2D data. Great care
was taken to determine the experimental un-
certainties of the diffraction intensities in order
to use them as statistical weights in the refine-
ment process. This detail is often neglected in
powder X-ray diffraction work employing im-
age plate detectors, but it is an essential ingre-
dient for an accurate determination of the oxy-
gen atomic positions by the Rietveld method
(full-profile fitting). In this way, we were able
to obtain the full crystal structure information
for pressures up to 16 GPa. Figure 54 shows
selected diffraction diagrams recorded for pres-
sures in the range 0–20 GPa together with the
result of a representative Rietveld refinement.

Figure 54: (a) Selected diffraction diagrams of
YTiO3 for pressures up to 20 GPa (T = 295 K,
λ= 0.41 Å). (b) Rietveld refinement of data recorded
at 9.8 GPa. The experimentally observed (Iobs) and
calculated diffraction diagrams (Icalc) are shown to-
gether with markers for the calculated peak positions
and the difference curve of measured and calculated
intensities.
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The TiO6 octahedra are characterized by three
Ti–O distances. Their relative lengths reflect the
occupancy of the three t2g orbitals. To facilitate
the discussion, we introduce a local coordinate
system at each Ti site with the x-, y-, and z-axes
parallel to the Ti–O2(a), Ti–O2(b), and Ti–O1
bonds, respectively (Fig. 53). At zero pressure,
the long Ti–O2(a) bond (2.09 Å) is oriented
along the x-direction, the two shorter bonds
Ti–O2(b) and Ti–O1 (both 2.03 Å) along y and
z. This situation indicates occupancy of the �xy�
and �xz� orbitals, which are both extended along
the x-direction. Since the bonds along y and z
are very similar in length, one expects, in first
approximation, nearly equal occupancy of the
�xy� and �xz� orbitals. The eigenfunction then
becomes approximately

�
0�5 �xy� ��

0�5 �xz�.
While this approach might be considered some-
what simplistic, the picture emerging from it
agrees very well with the results of the above
mentioned experimental and theoretical studies.
We can thus interpret the measured pressure-
induced changes in the Ti–O distances on this
basis.

Figure 55: Ti–O bond lengths in YTiO3 as a func-
tion of pressure. (a) – (c) Ti–O2(a), Ti–O2(b), and
Ti–O1 distances. Grey bands indicate estimated
confidence bands. (d) Direct comparison of the three
bond lengths within the TiO6 octahedra.

Figure 55 shows that the initial octahedral dis-
tortion with one long and two short Ti–O bonds

persists for increasing pressure up to about
8 GPa. When increasing the pressure further,
the initially short Ti–O2(b) distance lengthens
with increasing pressure, while Ti–O2(a) short-
ens markedly. As a result, the two Ti–O2 bond
lengths become (i) nearly equal at 13 GPa and
(ii) distinctly larger than the Ti–O1 distance.
This situation persists up to at least 16 GPa. It
clearly indicates a reorientation of the t2g or-
bitals from the initial ‘tilted state’ with the ap-
proximate wavefunction

�
0�5 �xy� � �

0�5 �xz�
to a situation where only the �xy� orbital is oc-
cupied, i.e., the orbital lobes are aligned parallel
to the plane spanned by the longer Ti–O2 bonds
as shown in Fig. 53.

The observation of a pressure-driven reorienta-
tion of the 3d�t2g� orbitals in YTiO3 has sev-
eral interesting implications. It shows that or-
bital ordering is a robust feature in YTiO3 and
not easily suppressed by the application of high
pressure. In this respect, it is quite different
from LaMnO3 with an ordering of eg orbitals
that is quenched by the application of pressure
[4]. In YTiO3, hydrostatic compression rather
allows to tune the t2g orbital polarization. This
opens a new perspective for investigating the re-
lation between orbital ordering and other physi-
cal properties. Finally, the pressure-driven or-
bital reorientation in YTiO3 represents an in-
teresting case for testing recent developments
in the electronic structure theory of correlated
electron systems, such as the Dynamical Mean
Field Theory (DMFT) approaches pursued in
the departments of Andersen and Metzner.

[1] Pavarini, E., S. Biermann, A. Poteryaev,
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Kondo temperature of magnetic impurities at surfaces

P. Wahl, L. Diekhöner, M.A. Schneider, L. Vitali, G. Wittich and K. Kern

The interaction of a spin with its surroundings
plays a key role in the development of spin-
based information technology. In a nonmag-
netic metallic environment, magnetic interac-
tions can even dominate transport properties.
Below the Kondo temperature TK, the interac-
tion of a magnetic impurity with the conduction
electrons of a surrounding nonmagnetic metal
host leads to screening of the spin. A many
body ground state is formed. It is only recently,
that interest has revived through the investiga-
tion of Kondo phenomena of single spins in
quantum dots on one hand – providing model
systems, which allow tuning of the relevant
Kondo parameters, and of single magnetic im-
purities by low-temperature scanning tunneling
microscopy (STM) and spectroscopy (STS) on
the other hand [1].

The Kondo resonance shows up as a sharp peak
in the local density of states (LDOS) which
is pinned to the Fermi level and has a width
proportional to TK. It is this resonance which
can be detected by STS. Several Kondo sys-
tems at noble metal surfaces have been reported
to date. Although previously systematic stud-
ies of the Kondo effect of impurities on sur-
faces have been performed, it is still unclear,
what determines the Kondo behavior of a spe-
cific adatom/substrate system. The aim of this
work is to gain insight into the dominant factors
for the Kondo effect of adatom systems.

Measurements have been performed in a home-
built low-temperature UHV-STM operating at
6 K equipped with a specially designed filament
to deposit cobalt adatoms in situ.

The tunneling conductance with the tip placed
on top of a magnetic adatom can be described
by the well-known Fano formula [2]. It consid-
ers the lineshape of the resonance due to the hy-
bridization of the Kondo state with the conduc-
tion band electrons. From the fit, we obtain the
position εK of the resonance relative to EF and

the width which is proportional to the Kondo
temperature TK.

A topography showing single cobalt adatoms
on Ag(100) is shown in Fig. 56(a) together
with typical tunneling spectra acquired with
the tip placed above a single cobalt adatom in
Fig. 56(b). For Ag(100), the spectrum shows
a distinct dip slightly above the Fermi energy.
The line shape is the same as for Co/Ag(111)
while the Kondo temperature is 41� 5 K. The
value of the Kondo temperature for Co/Ag(100)
is lower than that for Co/Ag(111). This indi-
cates that the scaling of the Kondo temperature
solely based on the number of nearest neigh-
bors of the cobalt impurity as previously pro-
posed for cobalt on copper surfaces has to be
amended.

Figure 56: (a) Topography of the Ag(100) surface
in a pseudo-3D view. A step edge and single
cobalt adatoms can be seen. Adatoms are imaged
as 120 pm high protrusions. (b) Spectra taken on
a cobalt adatom on Ag(100) as well as on cobalt
adatoms on Ag(111), one monolayer of Ag on
Cu(111) and on Cu(111). The solid lines depict the
fit of a Fano line shape to the data. (c) Models for
the latter three systems.
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Experiments on heteroepitaxial monolayers do
prove, however, that the Kondo behavior of
surface impurities is essentially determined by
the interaction with its nearest neighbors. To
demonstrate this, we have deposited one mono-
layer of Ag on the Cu(111) substrate at room
temperature and subsequently deposited single
cobalt adatoms on top as described above. The
resulting structure is sketched in Fig. 56(c), the
corresponding spectra are shown in Fig. 56(b).
The Kondo temperature of the adatom on one
monolayer of silver on Cu(111) is already the
same as on a bulk silver sample, although the
Kondo temperatures of Ag and Cu differ by al-
most a factor of two. A similar behavior is
found for a monolayer of Ag on Au(111). It
is evident that the Kondo behavior is governed
by the interaction with the nearest neighbors of
the impurity.

Based on the observation that the Kondo reso-
nance is governed by local interactions we pro-
pose a model which explains the observed trend
in the Kondo temperatures and the position of
the resonance. In the Anderson model which
describes the behavior of a paramagnetic im-
purity in a nonmagnetic host metal the Kondo
temperature TK can be calculated from [3]:

kBTK �

�
∆ �U

2
e�

π
2∆�U �εd�U ���εd� (17)

This equation relates the Kondo temperature TK

to the on-site Coulomb repulsion U, the half
width of the hybridized d-level ∆ and its posi-
tion εd. Related to the position εd is the shift
εK of the Kondo resonance with respect to the
Fermi level.

Following Újsághy et al. [2], Eq.(17) can be
expressed in terms of the occupation nd of the
d-level. Thus the properties of the adatom as
derived from a single particle model can be
mapped on an effective spin-1

2 Anderson model.
We use ∆ and U as calculated for Co/Au(111)
by Újsághy et al. [2]. The change in occupa-
tion of the d-level for cobalt adatoms and there-
fore nd on the various noble metal surfaces is
estimated by a simple model which considers

the hybridization between the d-orbitals of the
impurity with the neighboring substrate atoms.
The occupation is assumed to increase with in-
creasing overlap due to sp-d hybridization. The
hybridization of the d-orbital with the substrate
states is described by a tight-binding-like hop-
ping term taking into account the number of
nearest neighbor substrate atoms. The inter-
atomic distances are calculated within a hard
sphere model with the adatom residing in the
hollow site on both (111) and (100) surfaces. To
first-order, we assume nd to vary linearly with
the hybridization.

The resulting curve TK�nd� is shown in
Fig. 57(a), where the Kondo temperature is plot-
ted as a function of nd. It shows an excellent
agreement with the experiments.

Figure 57: (a) Kondo temperature TK as function
of the occupation nd of the d-level calculated within
our model (experimental values taken from Ref. [4]
and references therein). (b) Shift of the Kondo res-
onance with respect to the Fermi energy (εK), the
solid line shows the prediction by our model.

As expected, the hybridization between the
impurity and the conduction electrons and thus
the occupation of the d-level varies in a narrow
range around nd� 1. The trend in the occu-
pation of the d-level is confirmed by the posi-
tion εK of the Kondo resonance. The relation
between nd and εK is plotted in Fig. 57(b) to-
gether with the theoretically expected behavior
[2]. The physical picture that emerges is that
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for noninteger occupation the spin flip proba-
bility is higher and thus the Kondo temperature
increases.

The key result is that based on simple argu-
ments one finds an increasing occupation of the
impurity level expressed in the value of nd when
going from a Ag(111) substrate to Cu(100)
which explains the observed values of TK and
the position using the mapping onto the Ander-
son model proposed in Ref. [4].

The behavior of the Kondo temperature as
shown in Fig. 57(a) is similar to what has been
measured on quantum dots, where the occupa-
tion of the dot can be tuned by varying a gate

voltage. In the case of adatom/surface systems,
this tuning can be achieved by modifying the
substrate.
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Transport phenomena in solids

Transport phenomena are an important aspect of condensed matter science and one of the
main research activities at the Institute. The interest ranges from the study of electronic or
ionic conductivity over the behavior of hydrogen in solids to the mass transport via phase
transition. The focus is clearly on the control and tuning of the transport properties. The
following reports give examples for the stimulation of transport, the manipulation of charge
carriers or the conductors as well as the governing role of the finite size of quantum structures
for the transport.

NMR evidence for domain formation at spin phase transitions
in the fractional quantum Hall effect

O. Stern, N. Freytag, S. Lok, S. Kraus, W. Dietsche, J.H. Smet and K. von Klitzing;
D. Schuh and W. Wegscheider (Walter Schottky Institut)

A two-dimensional electron system (2DES)
subjected to a perpendicular magnetic field B�,
is expected to be fully polarized if all electrons
occupy the lowest Landau level (LL). However,
the strong correlation which exists between the
particles reestablishes spin as an important de-
gree of freedom. Besides the low-lying en-
ergy excitations of filling factor ν= 1 referred
to as skyrmions, the formation of incompress-
ible many-body ground states at certain frac-
tions of the available states of the lowest LL
is dependent on the polarization of the sys-
tem. At certain fractional states, the ratio be-
tween the Zeeman and Coulomb energies, de-
fined as η= EZ�EC, determines the polarization
of the ground state. Here, EZ = �g��µBB and
EC = e2�4πε�B, where g� is the GaAs g-factor,
µB the Bohr magneton, B the total magnetic
field, ε the dielectric constant of GaAs and
�B =
�
��eB� the magnetic length. At low B

fields, i.e. at low η values, the electron sys-
tem is preferably unpolarized or partially polar-
ized (except for ν= 1/3 which is always fully
polarized) while at high B fields (high η) the
system is completely polarized. The parameter

η can be tuned for instance by tilting the sam-
ple relative to the B� direction (η∝B�

�
B�) or

by varying the electron density (η∝
�

n). In
transport, the fractional quantum Hall ground
states are characterized by a vanishing longitu-
dinal and quantized Hall resistance. However,
if a transition occurs between two different spin
polarizations, a peak appears in the longitudinal
resistance, accompanied by a deviation from ex-
act quantization of the Hall resistance.

Spin phase transitions can be elegantly ex-
plained in the composite fermion (CF) model:
In a simplified picture, an electron is bound to
two magnetic flux quanta at ν= 1/2 and the new
particle, referred to as a CF, experiences an ef-
fective magnetic field B�. At this filling factor,
Beff = 0 and the CFs form a Fermi sea. Deviat-
ing from ν= 1/2, Beff is no longer zero and CF
LLs form. The fractional filling factors of elec-
trons can be mapped to integer fillings of CFs.
The fractional quantum Hall effect (FQHE) of
strongly correlated electrons converts into the
integer quantum Hall effect (IQHE) of weakly
interacting CFs. Their polarization can be de-
termined from the number of occupied spin-up
and spin-down CF LLs.
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In this contribution, we focus on the
unpolarized-polarized spin phase transition at
filling factor ν= 2/3 (νCF = 2), which in the CF
model can be explained as a crossing of the
spin-down CF LL N = 0 with the spin-up N = 1
CF LL. This occurs when the CF cyclotron
energy equals the CF Zeeman energy. At the
transition, domains of both polarizations exist
and reflections of the moving particles at the
walls of the domains cause backscattering. The
resulting dissipation can be observed by a peak
in the longitudinal resistivity.

The nuclear system also plays an important role
in spin phase transitions. Electron spins in
GaAs can interact with the nuclear spins via
the Fermi contact term of the hyperfine cou-
pling. A finite nuclear spin polarization can
affect the transition since the nuclear hyper-
fine magnetic field BN changes the Zeeman en-
ergy to EZ = g�µB(B+ BN). The critical ratio of
Zeeman to Coulomb energies remains constant,
however, so that the transition shifts to a dif-
ferent B in order to compensate for BN. The
nuclear spin might be thermally polarized (at
20 mK and B= 10 T the average thermal polar-
ization is about 15%) or by means of spin flip-
flop processes. The latter can be caused, for ex-
ample, by forcing electrons to flip their spin as
they move from one domain type to the other.
The electron spin flips would then be followed
by nuclear spin flops. In fact, an increase in the
current density flowing through our sample en-
ables this flip-flop process thus enhancing the
nuclear spin polarization. The small transition
peak in ρxx at low currents develops into a huge
longitudinal resistance (HLR) peak at high cur-
rents which takes several minutes to reach equi-
librium. This situation is depicted in Fig. 58.

In Fig. 58(a) the longitudinal resistivity ρxx

is plotted vs. the magnetic field. A
15 nm quantum well (QW), embedded be-
tween two AlGaAs barriers, with a mobil-
ity of µ= 1.6�106 cm2�Vs at a density of
n= 1.55�1011 cm�2 was employed in the exper-
iments. The measurements were performed by

using a standard Hall bar geometry, as shown
in the inset of Fig. 58(a), at a temperature of
T = 50 mK. In this figure, a large current was ap-
plied (I = 75 nA) between the source and drain
of a 100 µm wide Hall bar and the longitudinal
resistivity was determined from the measure-
ments. The large peak at ν=2/3 indicates the
unpolarized-polarized phase transition as de-
scribed above. A transition peak is also ob-
served at ν= 3/5 (equivalent to νCF = 3). Ac-
cording to the CF model, a transition is ex-
pected between a polarization P = 1/3 to P = 1
at this filling factor. In Fig. 58(b) the gate volt-
age, instead of the magnetic field, is swept and
plotted vs. ρxx. The HLR transition peak at
ν= 2/3 is also clearly observed. At low currents
(I = 1 nA), the transition peak is characterized
by the small peak in ρxx shown in Fig. 58(c).

Figure 58: (a) Plot of the longitudinal resistiv-
ity ρxx vs. the magnetic field at I = 75 nA
and n= 1.55�1011 cm�2. The B field was swept
slowly (dB�dt = 0.02 T/min) at the fixed gate voltage
Vg = –0.3 V. Inset: Schematic diagram of a standard
Hall bar with length L and width W. (b) The gate
voltage was swept at constant B field (9.25 T) and
I = 75 nA. (c) A B field sweep is shown at low cur-
rents (I = 1 nA). The measurements were performed
in a 3He/4He dilution refrigerator at T = 50 mK.
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In addition to transport, nuclear magnetic reso-
nance (NMR) experiments can deliver impor-
tant information regarding spin phase transi-
tions in a 2DES due to the following reasons:
besides the nuclear hyperfine field, a local mag-
netic field is created by a finite electron spin po-
larization which acts back on the nuclear spins.
As a result, the Larmor resonance frequency of
the nuclei is given by ωL = –γN�BZ + Be�. The
last term is known as the Knight shift Ks, mea-
sured in units of kHz in 2DES. Furthermore, the
electron spin polarization P is proportional to
the Knight shift via the equation

P �ν�T� � Ks�ν�T��Ks�max�P � 1� � (18)

Here, Ks�max�P = 1) is the maximum Knight
shift expected for a fully polarized system.
Nevertheless, obtaining a signal from a single
quantum well is a great experimental challenge
because firstly there are very few nuclei located
in the QW in comparison to the total number
of nuclei in the rest of the sample (i.e. sub-
strate, barriers, etc.) and secondly the nuclear
spin polarization in a QW is usually small. A
number of experimental techniques have been
implemented in order to overcome these diffi-
culties and measure P in a 2DES. For instance,
samples with multiple QWs stacked on top of
each other have been grown in order to increase
the number of QW nuclei. This method, how-
ever, presents numerous disadvantages such as
a fixed carrier density in the layers and the
growth of nonidentical layers. Another method
which has been used to increase the sensitiv-
ity of NMR experiments is optically pumped
NMR (OPNMR). The idea is to increase the
average nuclear spin polarization by means of
electron-nuclear spin flip-flop processes. The
disadvantage of this method is that the system
is brought out of equilibrium. In this work, we
developed a method in which the Knight shift
can be measured in a single quantum well by
combining resistance detected (RD)NMR ex-
periments with conventional pulsed NMR. The
objective is to compare the resonance signal ob-
tained from nuclei interacting with electrons in

the QW with the signal from nuclei in the sub-
strate which are not interacting with any elec-
trons. The frequency difference of the lines in-
dicates the Knight shift from which the polar-
ization can be derived via Eq.(18). This tech-
nique is illustrated in Fig. 59.

Figure 59: (a) The black curve shows ρxx vs. fre-
quency at ν = 1/2. The red, dashed line is the Fourier
transform of the FID signal of the substrate. Inset:
Schematic diagram of an NMR coil wound around
a Hall bar. (b) Knight shift vs. electron density (B
field) at constant filling 1/2. Above � 10 T the sys-
tem is fully polarized. Inset: ρxx vs. ν at B= 15 T.

In Fig. 59(a), the solid, black curve shows the
RDNMR signal measured by monitoring the
changes in the longitudinal resistivity ρxx as a
function of the frequency of incident RF radia-
tion. The magnetic field and density were kept
constant (B= 9.25 T and n= 1.12�1011 cm�2, re-
spectively) in order to be at constant filling
ν= 1/2. The RF was swept through the Larmor
frequency of the 75As nuclei at a rate much
slower than the relaxation rate of the nuclei
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at the corresponding filling factor. The red,
dashed curve indicates the resonance signal
from the substrate nuclei acquired from the
Fourier transform of the free induction decay
signal (FID) after performing an in situ, con-
ventional, pulsed NMR experiment. The inset
in the figure presents a schematic diagram of
an NMR coil wrapped around a Hall bar en-
abling us to carry out transport and NMR ex-
periments simultaneously. The substrate signal
serves as a zero Knight shift reference signal
since no conduction electrons are located in the
substrate. The frequency shift of the RDNMR
signal with respect to the substrate reference
signal indicates the Knight shift at that partic-
ular density for ν � 1�2. We chose filling fac-
tor ν= 1/2 since we know from previous exper-
iments that the electron system should be fully
polarized above some critical magnetic field at
that filling. Therefore, this state is an appro-
priate candidate to determine Ks�max�P = 1) for
a completely polarized system. Furthermore, it
was necessary to repeat the experiment shown
in Fig. 59(a) at various densities, but always at
constant ν, since the Knight shift is proportional
to n. A plot of the Knight shift vs. electron den-
sity and B field at constant filling is shown in
Fig. 59(b). We can see that above B� 10 T all
data fall on a straight line indicating full spin
polarization. This graph serves as a calibration
curve for Ks�max�n� for this sample.

The unpolarized-polarized spin phase tran-
sition at ν= 2/3 was studied by using the
RDNMR/NMR technique and the calibration
curve described above. Our main results can be
explained with Fig. 60.

The RDNMR curve shown as a black, solid line
was measured at a constant B field and den-
sity (n= 1.35�1011 cm�2) at the ν= 2/3 transi-
tion peak. Before sweeping the RF signal, it
was necessary to wait for several minutes in or-
der for ρxx to reach equilibrium. The RDNMR
spectrum clearly shows two resonance lines.
After comparing this curve to the NMR sub-
strate reference signal, depicted in red, we see
that one of the lines exactly coincides with

the zero-shift resonance while the other line
is shifted by � 31.6 kHz. Using the calibra-
tion curve from Fig. 59(b), we can replot the
RDNMR spectra as a function of polarization
(blue, top axis in Fig. 60) and realize that the
shifting of the lines agrees very well with the
expected Knight shift for a fully polarized elec-
tron system at this density. From this informa-
tion, we infer that the two contributions to the
RDNMR spectrum arise from nuclei interacting
with two types of electronic domains of differ-
ent polarization.

Figure 60: The black solid line depicts ρxx

vs. NMR frequency shift (polarization) for the
high-current spin phase transition at ν= 2/3. The
red, dashed line is the substrate reference signal. In
the black curve, two resonance lines are observed at
P = 0 and P = 1. The existence of domains in the
HLR is proven spectroscopically with these experi-
ments.

The resonance line caused by nuclei interacting
with domains of fully polarized electrons shifts
by Ks�max whereas the resonance frequency of
nuclei interacting with domains of unpolarized
electrons remains at the same value as the sub-
strate signal. With these experiments, we were
able to spectroscopically prove the existence
of P = 0 and P = 1 electron domains at the
ν= 2/3 transition in the HLR or high-current
regime. Furthermore, since we can resolve the
two lines, the domains seem to be static in
the time scale of the measurements (� 20 µs).
To our knowledge, the presence of domains at
level crossings had not been previously mea-
sured by a local probe like NMR. In fact, we
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could also measure the existence of domains at
spin transitions for the ν= 3/5 and 4/7 ground
states, in which the expected P = 1/3 to P = 1
and P = 1/2 to P = 1 transitions were respec-
tively observed (not shown). Further studies
of the ν= 2/3 state revealed that domains also
exist at the low-current transition, where the
RDNMR spectrum is measured on the small
resistance transition peak. However important
differences could be established between both
current regimes. For example, the HLR peak is
always destroyed by the RF signal, while the
small peak is merely shifted by the RF. This
behavior shows that at low currents the transi-
tion peak is affected by a homogeneous ther-
mal spin polarization while at high currents the
transition peak is strongly influenced by an ad-

ditional disorder of the electron system caused
by an inhomogeneous nuclear spin polarization
which arises from flip-flop processes at the do-
main walls. Temperature-dependent measure-
ments strengthened this assertion.

In conclusion, we developed a method of
measuring the Knight shift, and as a result the
electron polarization, of a single QW by com-
bining RDNMR and NMR techniques. This ex-
perimental method was applied to study spin
phase transitions in the FQHE, especially at
ν= 2/3, where the existence of domains with
different spin polarization could be spectro-
scopically proven. Further studies at 2/3 re-
vealed important differences between the low-
current and high-current or HLR transitions.

Incompressible strips in dissipative Hall bars as origin of
quantized Hall plateaus

A. Siddiki, K. Güven and R.R. Gerhardts

The application of the quantized Hall effect
(QHE) [1] as resistance standard, and its impor-
tance for modern metrology, relies on the ex-
tremely high accuracy (better than 10�8) with
which certain quantized resistance values can
be reproduced. This extreme reproducibility,
observed on samples of different materials and
sizes, points to an universal origin which is still
not well-understood.

Stimulated by recent experimental work in the
von Klitzing department [2] which produced
important and unexpected information about
the Hall voltage (and thereby the current) distri-
bution in a narrow Hall bar under the condition
of the QHE, we developed a microscopic, al-
though partly phenomenological model, which
allows us to treat narrow Hall samples (width
� 15 µm) without and with applied dissipative
currents, and to calculate self-consistently the

electron density, potential, and current den-
sity distribution in the relevant two-dimensional
electron system (2DES). In contrast to previ-
ous approaches, our model yields results for
the current and Hall potential distribution, with
very different characteristics in different mag-
netic field regimes, which are in nice agreement
with the experimental findings by Ahlswede et
al. [2]. Furthermore our calculations indicate
indeed an universal origin of the exactly quan-
tized resistances in narrow Hall samples: a pe-
culiar consequence of screening in the inhomo-
geneous 2DES, related to the decay of the elec-
tron density towards the sample edges. We find
that, due to the strongly nonlinear screening in
strong magnetic fields B, in certain B-intervals
‘incompressible strips’ exist in the 2DES, in
which a certain number of Landau levels is
completely filled while all others are empty,
i.e., there the Fermi energy (better the electro-
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chemical potential) falls into a Landau gap. At
low temperatures, no elastic scattering is possi-
ble in the incompressible strips (since there are
no states near the Fermi edge) and the longi-
tudinal (ρ�) and Hall (ρH) resistivities have the
free-electron values, ρ� = 0 and ρH = h��e2N�,
respectively, where N is the integer number of
completely occupied levels (counting both the
Landau and the spin quantum number). We find
that, if such incompressible strips of finite width
exist, they carry the current dissipationless and
give rise to the QHE.

Ahlswede et al. measured the electrostatic po-
tential across a narrow (long part of a) sam-
ple in different regimes of the magnetic field B
around the quantum Hall plateaus correspond-

ing to small integer values of the Landau level
filling factors ν= φ0n̄el�B, where φ0 = 2π�c�e
is the magnetic flux quantum and n̄el the av-
erage electron density. Typical results around
ν= 2 are reproduced in Fig. 61(a). The general
characteristics can be summarized as follows.
Well below integer filling (large B, ν� 1.8) the
Hall potential drops linearly across the sam-
ple (type I behavior). Lowering B to the im-
mediate neighborhood of integer filling factor
(1.9� ν� 2.1), one observes a strongly nonlin-
ear drop in the center of the sample (type II). At
still lower B (2.1� ν� 2.5), the Hall potential
drops across strips, which move with decreas-
ing B towards the sample edges, while it is con-
stant in the inner region (type III).

Figure 61: (a) Measured Hall potential profile for different filling factors in the magnetic-field interval, for
which the Hall resistance is shown in the upper right inset. Left inset: Sketch of the sample. After Ahlswede
et al. [2]. (b) Calculated Hall potential profiles for a 15 µm wide sample modeled as described in the text.
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At the end of the type III region, the Hall po-
tential starts to vary linearly in the inner region,
while still significant drops occur near the edges
(e.g. for ν= 2.73). As B decreases further, these
structures near the edges disappear and the lin-
ear type I region below the next larger integer ν
values is entered. The peculiar and unexpected
type III behavior was attributed to incompress-
ible strips.

In an attempt to understand these experimental
results, we calculated in a first step the electron
density nel�x� and effective electrostatic poten-
tial V�x� for a narrow, in y-direction transla-
tional invariant 2DES within a self-consistent
Thomas-Fermi-Poisson approach for an equi-
librium situation with constant electrochemi-
cal potential µ� [3]. Next we implemented
a current, assuming a local version of Ohm’s
law, �j�x�=σ�x��E�x�, for the relation between
current density �j�x� and driving electric field
�E�x�=�∇µ��x�y��e in a stationary nonequilib-
rium situation. For the position-dependent con-
ductivity tensor σ�x� we took a result for a
homogeneous system of electron density nel

and replaced this by the local density nel�x�.
From the equation of continuity we find that
the current density jx�x�= 0 across and the field
Ey = E0

y along the sample are independent of
x, while the position-dependence of the current
density along and the Hall field across the sam-
ple,

jy�x� � E0
y�ρ��x� � Ex�x� � E0

y ρH�x��ρ��x� � (19)

is determined by the longitudinal compo-
nents (ρ� = ρxx = ρyy) and the Hall compo-
nents (ρH = ρxy =�ρyx) of the resistivity ten-
sor ρ�x�= �σ�x���1. Evaluating this for fixed
imposed current I =

�
dx jy�x�, we can calcu-

late µ��x�y�. In order to obtain the feedback
of the imposed current on the electron density,
we assume local equilibrium in the stationary
state and repeat the self-consistent equilibrium
calculation with the constant µ� replaced by
µ��x�y�. This yields a new nel�x�, a new σ�x�,
and a new µ��x�y�, and we iterate this calcu-
lation until convergence is obtained. For suffi-
ciently small I (linear response regime) we find

that the current-induced changes of the elec-
trostatic potential within the 2DES practically
agree with the current-induced changes of the
electrochemical potential.

Equations (19) contain the essence of our ap-
proach: any reasonable conductivity model for
a 2DES with well-separated Landau levels at
low temperatures yields for even-integer filling
factor ν= 2k (we assume spin degeneracy), i.e.,
when the Fermi energy falls into the gap be-
tween the Landau level with quantum numbers
n= k– 1 and n= k and no elastic scattering is
possible,

ρ� � σxx � 0� ρH � 1�σyx � h��e2 2k�� (20)

Thus, if an incompressible strip of finite width
with local filling factor ν= 2k exists, 1/ρ��x�
will there be infinite. Evaluating for fixed, fi-
nite I the integrals over jy�x� and Ex�x� with
a suitable limiting procedure, we see that in
the T
 0 limit only the incompressible strips
contribute to the integrals, and E0

y 
 0. If
only incompressible strips with local filling
factor ν= 2k exist, we see immediately from
Eq.(19) that the Hall voltage VH =

�
dxEx�x� is

the h��e2 2k�-fold of the current, so that the Hall
resistance RH = VH�I = h��e2 2k� is quantized
while the longitudinal resistance R� ∝E0

y�I van-
ishes. At zero temperature the quantization is
exact, at low temperatures the corrections are
exponentially small.

The model described so far explains the mea-
sured Hall voltage drop of type III, but it has
severe deficiencies. It yields incompressible
strips whenever the filling factor in the center of
the sample is larger than two, and, if it is larger
than 2k� 2, incompressible strips with local
filling factor 2k coexist with those of smaller
even-integer filling factors closer to the sample
edges. This is not observed in the experiments
and an artifact of the Thomas-Fermi approxima-
tion (TFA). We have improved on the TFA [4]
and considered the full Hartree approximation
which, in contrast to the TFA takes into account

73



Selected research reports Transport phenomena in solids

the finite width of the wavefunctions. The re-
sult is that incompressible strips exist only in
magnetic-field intervals of finite width, which
coincide with the plateau regimes of the QHE.

Figure 62: Color-coded plot of the local filling fac-
tor ν�x� as a function of the position (left axis) and
the magnetic field B scaled as �ωc�EF = 2/ν̄, with
ν̄ the spatially averaged filling factor. Filling fac-
tors ν�x�= 2 and ν�x�= 4 are indicated magenta and
yellow, respectively. The thick lines show the cal-
culated longitudinal (yellow) and Hall (black) resis-
tance (right axis) versus B.

A further deficiency of the previous model is
its strict locality, which leads to a singularity
of the current density at the position of even-
integer filling factors, even if no incompress-
ible strip of finite width exists. A simple way
to improve on all these deficiencies is to re-
place the conductivity tensor by its spatial av-
erage taken over a length of the order of the
mean electron distance (i.e., of the Fermi wave-

length). With this improvement and a consistent
model for conductivity and collision broaden-
ing of the Landau levels we calculate in the lin-
ear response regime, e.g., for a 15 µm wide sam-
ple the Hall potential drop plotted in Fig. 61(b).
All the characteristics of the experimental re-
sult, Fig. 61(a), are also seen in the calculated
traces. We are also able to calculate the resis-
tances as a function of the magnetic field within
and between the quantum Hall plateaus. Typi-
cal results are shown in Fig. 62.

In the calculations presented here long-range
fluctuations of the electron density, e.g. due to
fluctuations of the ionized-donor density behind
a spacer, are not taken into account. Prelimi-
nary calculations modeling such fluctuations in-
dicate, that they tend to stabilize, broaden, and
eventually shift the quantum Hall plateaus on
the B axis. Our calculations emphasize the im-
portance of screening effects, notably the ex-
istence of incompressible strips, for the high-
accuracy resistance quantization in narrow Hall
samples.

This work has been supported by the Deutsche
Forschungsgemeinschaft, SP ‘Quanten-Hall-
Systeme’ GE306/4.
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Fully polymeric proton conductors for fuel cell applications

H. Rößler, M. Schuster, T. Rager, K.-D. Kreuer and J. Maier;
W.H. Meyer (MPI-P, Mainz)

The proton conductivity of polymer mem-
branes, which are commonly used in low-
temperature fuel cells, strongly depends on
the presence of water. Water solvates protons
formed by the dissociation of acidic functional
groups (–SO3H), i.e. facilitates charge carrier
formation, but also promotes proton migration.
Since the corresponding chemical water activi-
ties are high, the maximum operation tempera-
ture is roughly limited by the dew point of water
(for pH2O = 105 Pa, T = 100ÆC), and the strong
coupling of the transport of protonic charge car-
riers and water requires a complex water man-
agement in so-called PEM (polymer electrolyte
membrane) fuel cells [1]. Therefore, there are
tremendous efforts to develop new proton con-
ducting separator materials, which can operate
at higher temperature and lower humidification
[2].

Higher operation temperatures are actually
achieved for complexes of a basic polymer such
as poly-benzimidazole and an excess of phos-
phoric acid. Here, protonic defects are pro-
duced by the self-dissociation of phosphoric
acid which also promotes the mobility of such
defects.

Both types of proton conductors have in com-
mon that they contain unbound moieties (wa-
ter or phosphoric acid); even more, these
molecules form a highly dispersed liquid phase.
It is the dynamical hydrogen bonding of these
liquid phases which is essential for the occur-
rence of the high proton conductivity of such
materials.

Our approach, which is pushed forward to-
gether with the Max Planck Institute for Poly-
mer Research, is aiming at fully polymeric sys-
tems, in which amphoteric functional groups
aggregate to form a dynamical hydrogen bond
network. Such a network would allow for a
high concentration of protonic charge carriers

as well as a high mobility, this is for a high
proton conductivity. Bearing the envisaged ap-
plication in mind, durability and electrochem-
ical reactivity are additional issues to be con-
sidered. In order to identify adequate am-
photeric groups we have undertaken a critical
comparison of model molecules functionalized
with sulfonic acid, phosphonic acid and imi-
dazole. Apart from transport properties, the
stability and reactivity of functionalized hep-
tane (and a few other phosphonic acid function-
alized compounds) were examined under wet
and dry conditions. These model compounds
were characterized with respect to their proton
conductivities (ac impedance spectroscopy),
proton diffusion coefficients (pulsed magnetic
field gradient NMR), thermo-oxidative stabili-
ties (thermo gravimetric analysis (TGA) under
air), electrochemical stability (cyclic voltam-
metry) and their hydration behavior (TGA un-
der water vapor). As expected, the sulfonic acid
functionalized heptane shows favorable prop-
erties only when a minimum hydration level
is guaranteed, whereas phosphonic acid and
imidazole functionalized heptane show high
proton conductivity at intermediate tempera-
tures (T� 200ÆC) and low water activities.
Apart from high proton conductivity phospho-
nic acid functionalized heptane also exhibits
high thermo-oxidative and electrochemical sta-
bility and electrochemical reactivity (hydrogen
oxidation and oxygen reduction at platinum sur-
faces). Low water partial pressures leading
to moderate water uptake allow for reasonable
conductivities even at room temperature and
prevents condensation reactions at higher tem-
perature. The imidazole based system actu-
ally shows the largest electrochemical stability
window, but moderate proton conductivity and
thermo-oxidative stability; in addition, the very
high overpotential for oxygen reduction on plat-
inum turned out to be a severe disadvantage.
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Figure 63: Proton conductivity of a few imidazole based systems: from the monomer via oligomers to side
chain polymers, where imidazole is tethered to the polymer backbone via a flexible spacer. Note, that the
conductivity of fully polymeric systems is only one order of magnitude lower than for neat liquid imidazole.

In order to reveal immobilization strategies
which are consistent with maintaining good ag-
gregation on the one hand side and a liquid-like
hydrogen bond dynamics on the other side, imi-
dazole based systems were prepared and stud-
ied first. As can be seen from the evolution
of the intrinsic proton conductivity of imida-
zole based oligomers and polymers (Fig. 63),
this is successfully achieved by covalent im-
mobilization via flexible spacers (e.g. alka-
nes or ethyleneoxides) of optimized separation

and length. Fully polymeric systems with pro-
ton conductivities, which are only an order of
magnitude lower than for neat imidazole, have
been obtained by this concept [3]. Site selective
pulsed magnetic field gradient NMR has veri-
fied this class of polymers to show ‘structure
diffusion’ as the only proton conduction mech-
anism. This is of fundamental interest because
this demonstrates that the mobility of protons
may be completely decoupled from the long-
range dynamics of their environment.

Figure 64: Molecular structure of a siloxane with alkane side chains terminated by phosphonic acid func-
tional groups and the proton conductivity of a few varieties with different spacer lengths n.
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Subsequently, the ‘spacer concept’ has also
been applied to the immobilization of phos-
phonic acid functional groups. In a four step
process cyclic oligosiloxanes have been synthe-
sized which carry a phosphonic acid group at
the end of an aliphatic spacer of variable length.
Again, the optimization of the polymer archi-
tecture has led to proton conductivities in the
range of 10�3 to 10�2 S cm�1 in the dry state at
T = 160ÆC (Fig. 64).

These conductivities are about one order of
magnitude higher than for similar imidazole
based systems but still too low for fuel cell ap-
plications. But the interesting combination of

good proton conductivity in the fully polymeric
state, good chemical durability and high elec-
trochemical reactivity renders this approach to
be highly relevant for the development of sep-
arator materials for intermediate temperature
fuel cells.
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M. Schuster.Chemical Reviews 104, 4637–4678
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[2] Kreuer, K.-D.ChemPhysChem 3, 771–775 (2002).

[3] Herz, H.G., K.-D. Kreuer, J. Maier,
G. Scharfenberger, M.F.H. Schuster and W.H. Meyer.
Electrochimica Acta 48, 2165–2171 (2003).

Cell voltage measurements of nanocrystalline phases
using solid electrolytes

A. Schröder, P. Balaya, J. Fleig and J. Maier; W. Sitte (University of Leoben)

In nanocrystalline materials one of ten atoms
or even more sit at (internal) interfaces. Cor-
respondingly, the interfacial contributions to
overall free energies are significant, and one
consequence is a drastical reduction of the melt-
ing points.

Electrochemical (e.m.f.) measurements of cells
based on solid electrolytes offer a direct and el-
egant access to the free energies of phases. We
therefore investigated origin, stability and tran-
sients of cell voltages of electrochemical cells
based on solid electrolytes, in which the cell re-
actions involve nanocrystalline materials.

The principle is simple: one can use a sym-
metrical cell with the exception of having re-
placed one of the macrocrystalline phases by a
nanocrystalline one. Then the measured e.m.f.
directly delivers the interfacial ‘excess’ con-
tribution of the nanoparticles. For nano-sized
Wulff crystals, i.e. nanocrystals of the equilib-
rium shape, this excess e.m.f., Exs, is given by

Exs � nF
2γj

rj
VM � (21)

where n is the charge number, F the Faraday
constant, γj the tension of interface j, rj the dis-
tance between this interface and the center of a
crystal, and VM the molar volume of the inves-
tigated material. For nonideal particles, γj and
rj have to be replaced by the effective values γ̄
and r̄ respectively. These effective values also
have to be considered if edges and corners be-
come significant as the interfacial structure it-
self changes as a function of time.

On the one hand, we used elemental elec-
trode phases, namely nanocrystalline silver in
an electrochemical cell of the type

(cell 1) (�) Mo, nano-Ag�RbAg4I5�micro-Ag, Mo (�) ,

which is also sketched in Fig. 65. On the other
hand, a binary compound, titanium dioxide, has
been investigated in cells of the type:
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(cell 2)

(�) Au, O2, Na2Ti6O13, nano-TiO2 �Na-β��alumina�

micro-TiO2, Na2Ti6O13, O2, Au (�)

Figure 65: Top: Schematic representation of cell 1
(Mo, nano-Ag�RbAg4I5�micro-Ag, Mo). For the
measurement of a reproducible cell voltage (e.m.f.),
the indicated processes have to be sufficiently fast
(see text); the very same processes give rise to an
electrochemical Ostwald ripening. Bottom: (en-
larged section from above cell): The e.m.f. only
‘sees’ the chemical potential of silver, µAg at the in-
terface between Ag particles and electrolyte. Due to
the high majority conductivities of electrons in the
metal (Ag ions in the electrolyte), the electrochem-
ical potential of electrons, µ̃e� (the electrochemical
potential of Ag ions, µ̃Ag� ), is constant within that
phase. The precise course of µAg and µ̃Ag� (µ̃e�) in
the metal (the electrolyte) depend on the respective
minority conductivity.

Figure 65 shows the processes necessary for the
establishment of a reproducible e.m.f. in cell 1.
The (meta)stability of silver nanocrystals im-
plies comparably sluggish Ag� transport within
the Ag grains and hence gradients in the chem-

ical potential of silver therein, while the Ag�

transport across the interface is sufficiently fast.
As a consequence an e.m.f. cell measures pri-
marily the contact interface between a parti-
cle and the electrolyte. Regions far from the
electrode-electrolyte interface do not contribute
to the e.m.f. of such a cell, but could be exam-
ined by miniaturized Ag�AgCl electrodes.

Figure 66: Typical results of e.m.f. measurements
for Ag (a) and TiO2 (b). The excess e.m.f. Exs de-
cays to zero with time in the case of silver, whereas
a final stable value (here � 60 mV) is established in
the case of TiO2. In the case of cell 2, a higher work-
ing temperature is necessary owing to the more slug-
gish electrode reaction. The graphs at the top right
show the temperature dependence of the e.m.f. re-
laxation time constants for Ag and the e.m.f. of TiO2

respectively.

The evaluation shows that in the case of cells of
type 1 (see Fig. 66(a)), the e.m.f. decays with
time. The reason is that the small Ag� particles
are in contact to both an ion conductor (elec-
trolyte) and a current collector: the concerted
transport of Ag� (in the electrolyte, parallel to
the interface) and of e� (in the current collector
and the silver grains) together with the fast (yet
rate-determining) Ag� transfer across the inter-
face leads to grain growth within the nanocrys-
talline electrode. In other words, the same pro-
cesses which are a prerequisite for the e.m.f.
measurement (see Fig. 65) enable growth; i.e.
the e.m.f. is intrinsically unstable. By a careful
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analysis we could (i) extract an effective inter-
facial tension of γ̄� 0.7 J�m2 for the nanocrys-
talline silver particles, and with the help of ac-
companying impedance spectroscopy (ii) deter-
mine the mechanism of the growth as an in-
terfacially controlled electrochemical Ostwald
ripening with an activation energy of 0.014 eV.

By contrast, cells of type 2 in the tempera-
ture range of 300–450ÆC develop a significant
stationary excess e.m.f. (after a transient lo-

cal equilibration, see Fig. 66(b), as in binary or
multinary compounds only one ion needs to be
reversibly exchanged for the establishment of
a reproducible e.m.f. The low mobility of the
other(s) can maintain the morphological stabil-
ity. Cell measurements of this type allow us not
only to measure interfacial tensions of TiO2, but
also to quantitatively address the selective sta-
bility of different modifications (rutile, anatase)
as a function of size.

Generalized Maxwell-Garnett equation for effective diffusion
coefficients in heterogeneous materials

E.A. Kotomin; J.R. Kalnin (Institute of Solid State Physics, Riga);
J. Jamnik (National Institute of Chemistry, Ljubljana); J. Maier

Calculating transport properties of heteroge-
neous materials, such as composites, porous
materials or foams, has a long history, dating
back to the classical paper by Maxwell-Garnett
(MG) [1]. Usually such materials are assumed
to consist of a host phase (matrix) characterized
by a diffusion coefficient of a probe particle D2

and inclusions (the second phase) characterized
by a diffusion coefficient D1 as well as a frac-
tional volume Φ. The challenge is to derive
the functionality of the effective diffusion co-
efficient Deff. Isomorphic problems arise in the
description of other transport coefficients (elec-
trical and thermal conductivity, dielectric con-
stant, magnetic permeability, elastic moduli).
Nowadays, the MG approach is widely used in
interpretation of experimental data. However,
the range of the applicability of this approach
so far was not analyzed. Recently we demon-
strated several cases in which it fails. The ma-
jor reason for this incorrectness lies in the MG
assumption that the concentration of diffusing
particles in the matrix (c2) equals that in the
inclusions (c1) which is usually not fulfilled.

By taking account of this point as well as of
the proper fractional volume occupied by inclu-
sions, we arrived at the more general relation

Deff �
D2

1�Φ�æΦ

�
1�

d�D1æ�D2�Φ
�d�1�D2�æD1 � �æD1 �D2�Φ

�
� 0�Φ� 1 � (22)

Here d is a space dimension and æ represents
the concentration ratio c1

c2
. For æ = 1 we ob-

tain the MG equation as a limiting case. The
only exception where MG does not appear
as a limiting case of Eq.(22) is the limit of
purely impenetrable inclusions (æ = 0) without
matrix (Φ= 1). While MG describes this limit
(Deff = D1) correctly, our equation (with æ = 0)
is not defined in this trivial case but gives a
much better description for the whole nontriv-
ial range 0�Φ� 1. This is demonstrated in
Fig. 67 for impenetrable particles for the mi-
crostructures, displayed in Fig. 68. Obviously
the agreement is best in the cases in which per-
colation is maintained even close to Φ 1.
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Figure 67: Comparison of the generally-accepted
Maxwell-Garnett theory (dotted line) and our
Eq.(22) (solid line) with 2D computer simulations
for periodically distributed reflecting (impenetrable)
inclusions (D1 = c1 = 0) vs. their dimensionless con-
centration. Square symbols stand for the spherical
inclusions on a square lattice, triangles for the spher-
ical inclusions on a hexagonal lattice, and full circles
for square inclusions on a square lattice.

Figure 68: Different types of 2D lattices and in-
clusions used in computer modelling: spherical and
square shape inclusions in the square lattice (a), (b),
spherical inclusions in the hexagonal lattice (c).

In order to achieve a more detailed compari-
son, we performed computer simulations for the
mono-dispersive 2D periodic inclusions shown
in Fig. 68. It should be mentioned that at high
inclusion concentrations their shapebecomes
important. If inclusions are circular or spheri-
cal and touch each other, Deff tends to zero as
the volume fraction approaches the geometrical
limit Φlim = π/4 and 3/π for circular inclusions
in the square lattice and hexagonal lattice, re-
spectively. The reason is that a particle spends
most of its time in a ‘pocket’ formed by nearest
inclusions (Fig. 69). This effects is not taken
into account by our mean-field concept.

Figure 69: Pocket effect when mobile particles ‘b’
become trapped between spherical inclusions ‘a’ re-
sulting in strongly reduced effective diffusion coef-
ficient.

Computer simulations (Fig. 67) clearly demon-
strate the correctness of our approach – even
in the case of very large concentrations of the
square inclusions (Fig. 68(b)) – and failure of
the MG theory in this case. This figure illus-
trates also the results of calculations for the ef-
fective diffusion coefficient at completely re-
flecting circular inclusions on 2D square and
hexagonal lattices displayed in Figs. 68(a) and
(c). Obviously, the computer simulations co-
incide with our approach, i.e. with Eq.(22),
within a precision of 1%, and up to inclusion
volumes as large as Φ= 0.5 for the square and
0.7 for the hexagonal lattice, respectively. The
further discrepancy is due to the just explained
‘pocket’ effect. What should be stressed here
is that the MG equation (dotted line) gives an
incorrect Φ dependence even at small volume
fraction since it neglects differences in particle
concentrations in inclusions and in the matrix.

Obviously, the modified Maxwell-Garnett
equation gives a surprisingly good description
of the diffusivity in the heterogeneous media
with inclusions. Preliminary computer simula-
tions show that this is also valid for a random
inclusion distribution. The main advantage of
our mean-field concept is its simplicity, trans-
parency and validity for any space dimension –
in contrast to previous approaches.
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A more generalized view on Eq.(22) based on
irreversible thermodynamics led us to the con-
clusion that more precisely the parameter æ rep-
resents the ratio of ‘chemical capacitances’ of
the two phases. This allows us to use Eq.(22)
also to describe chemical diffusion phenomena
in stationary as well as in transient cases where
storage occurs. In the latter case, however, the
range of validity is smaller. At the moment

we are pursuing the project of analyzing effec-
tive transport properties for heterogeneous me-
dia obtained from effective medium and perco-
lation theory as well as from Monte Carlo and
finite element calculations.

[1] Maxwell-Garnett, J.C.Philosophical Transactions of
the Royal Society of London, Series A 203, 385–420
(1904).

Prediction of high-pressure phases of the alkali sulfides

J.C. Schön, Ž. Čančarević and M. Jansen; M.A.C. Wevers (VDI Düsseldorf)

In recent years, experiments at very high pres-
sures exceeding 10 GPa have become more
common, leading to an enormous increase in
the number of new high-pressure phases dis-
covered in various chemical systems. How-
ever, in spite of highly improved experimental
techniques, the determination of the structure
of these compounds is still far from trivial, and
in many instances the only reliable information
obtained are the cell constants of the modifi-
cation under investigation. Thus, it would be
very helpful in the identification of newly gen-
erated phases, if one could supplement the ex-
perimental results by theoretical investigations
on the same system. And when performed for
systems where no synthesis efforts in the high-
pressure regime have yet taken place, such theo-
retical predictions of experimentally accessible
new phases can point the experimentalist to new
and exciting synthesis targets.

From a theoretical point of view, high-pressure
phases constitute local minima on the enthalpy
landscape for some given high pressure, at least
at low temperatures. Identifying possible struc-
ture candidates is achieved by a global explo-
ration of the enthalpy landscapes, H = Epot + pV,
of the chemical system for a wide range of pres-
sures, followed by a local optimization of the

candidates on Hartree-Fock (HF) and density
functional theory (DFT) level. We have devel-
oped this approach at the example of the alkali
metal sulfides [1].

For the local optimization on ab initio level, we
have designed a heuristic algorithm based on
nested line-searches that allows us to perform
the local optimizations in an efficient and con-
trolled fashion, including a basis set optimiza-
tion step if necessary. Here, we employ several
different ab initio methods incorporated in the
program CRYSTAL (HF, DFT with six different
functionals: LDA-VBH, LDA-PWGGA, LDA-
LYP, B3LYP, Becke-PWGGA, Becke-LYP), in
order to gain an estimate of the accuracy and
quality of the computed physical properties of
the structure candidates. This is of great impor-
tance, since the compounds we predict have not
yet been synthesized, of course, and thus a fine-
tuning of e.g. parameters in the density func-
tional or basis sets in Hartree-Fock by compar-
ison with experiment is not possible! Figure 70
shows the E�V� curves for K2S, computed for
two extreme cases using the HF method (a) and
DFT-LDA-PWGGA (b). One clearly notices
the differences between these approximations.
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Figure 70: E�V� curves for different structures of K2S calculated using the Hartree-Fock method (a) and the
DFT-LDA-PWGGA functional (b), respectively. The geometries of these structures are also shown (from
left to right CaF2, PbCl2, anti-Ni2In, AlB2 and ThSi2.

Quite generally, we find that the transition pres-
sures for e.g. the CaF2
 PbCl2 transition
decrease for all sulfides from HF over DFT-
B3LYP and DFT-BECKE-LYP to DFT-LDA-
PWGGA. The general sequence of transitions
as function of pressure appears to be as fol-
lows: CaF2-type 
 PbCl2-type 
 Ni2In-type

 AlB2-type 
 Th2Si-type 
 MgCu2-type,
for most basis set combinations and ab ini-
tio techniques, where the last three structure
types should only be stable above 100 GPa. The
only exceptions appear to be possible transi-
tions from the distorted Ni2In-type to the AlB2-
and the ThSi2-type at pressures in the range of
50–100 GPa in the Na2S system, and possibly a
distorted Ni2In-type to AlB2-type transition at
about 80 GPa in the Rb2S system.

Figure 71 shows the ranges of transition pres-
sure values for the five sulfides, for both the
CaF2
PbCl2 and the PbCl2
 a-Ni2In tran-
sitions, together with the observed transition
pressures. We note the large range of values
found for the DFT calculations. We include
negative pressures, too, since it appears that the
accuracy of the ab initio calculations regarding
the transition pressure is only within a couple of

GPa. Thus a modification for which the transi-

tion pressure has a small negative value might

still be the experimentally observed one, within

the error of the calculation; e.g., in the Cs2S

system, only the PbCl2 modification has been

synthesized up to now.

Figure 71: Transition pressures for alkali metal sul-
fides. Red circles (HF results) and vertical red line
(range of DFT results): CaF2-type� PbCl2-type.
Black triangles (HF results) and vertical black line
(range of DFT results): PbCl2-type�Ni2In-type
for Li and K, and PbCl2-type� distorted Ni2In-type
for Na, Rb and Cs. Red rectangles: Experimen-
tal range for the CaF2-type � PbCl2-type transi-
tion. Black rectangles: Experimental range for the
PbCl2-type�Ni2In-type transition.
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All quantum mechanical calculations lead to
the same sequence of thermodynamically sta-
ble structures as function of pressure, but we
also note the rather large range of values for the
predicted transition pressures. Clearly, many
predictions in the literature, in particular high
quantitative agreement between experiment and
calculations based on only one ab initio method,
still should be taken with a grain of salt, while
qualitative results of computations can usually
be relied upon.

Figure 72: Bulk moduli (green) and zero pressure
volumes (red) for alkali metal sulfides in the CaF2

modification. Filled circles: HF results. Vertical
solid lines: range of DFT results. Solid rectangles:
Experimental range for the volumes (Cs2S has only
been synthesized in the PbCl2 modification). Hori-
zontal marks: Experimental bulk moduli (only avail-
able for Li2S and Na2S).

A comparison of the bulk moduli B (Fig. 72)
shows a clear decrease of B for sulfides with
heavier atoms, with Rb2S and Cs2S exhibiting
similar values. Furthermore, the bulk moduli
calculated with DFT are generally somewhat
larger than those computed with Hartree-Fock.
Experimentally, data appear to be available only
for Li2S [2] and Na2S [3], which are both in sat-
isfactory agreement with the computed values.
We find that in the alkali metal sulfides all high-
and low-pressure phases appear to be insulators.

Only in a few calculations the MgCu2 structure,
which is unstable according to our results, ex-
hibits a conducting state. One should note that
for covalent materials (Si, Ge, � � �), the Hartree-
Fock bulk modulus is usually somewhat larger
than the one computed with LDA. Here, we
find the opposite, underlining the strongly ionic
character of the alkali metal sulfides.

Quite generally, the results of this study com-
pare satisfactorily with the transition pressures
and equilibrium volumes obtained in experi-
ments in the high-pressure group at the Institute,
which paralleled our theoretical investigations
for several of the sulfides, Li2S [4], Na2S [5],
and K2S [6] – analogous experiments for Rb2S
and Cs2S still remain to be performed as of this
writing. Both calculations and experiment sug-
gest, that, as a general trend, the phase tran-
sitions upon compression occur at lower pres-
sures for larger atoms in the group, in agree-
ment with the empirical pressure-homologue
rule found in other chemical systems.

[1] Scḧon, J.C., M.A.C. Wevers and M. Jansen.Journal
of Materials Chemistry 11, 69–77 (2001);
Scḧon, J.C.,Ž. Čaňcarevíc and M. Jansen.The
Journal of Chemical Physics 121, 2289–2304 (2004).

[2] Bührer, W., F. Altorfer, J. Mesot, H. Bill, P. Carron
and H.G. Smith.Journal of Physics: Condensed
Matter 3, 1055–1064 (1991).

[3] Bührer, W. and H. Bill.Helvetica Physica Acta 50,
431–438 (1977).

[4] Grzechnik, A., A. Vegas, K. Syassen, I. Loa,
M. Hanfland and M. Jansen.Journal of Solid State
Chemistry 154, 603–611 (2000).

[5] Vegas, A., A. Grzechnik, K. Syassen, I. Loa,
M. Hanfland and M. Jansen.Acta Crystallographica
B 57, 151–156 (2001).

[6] Vegas, A., A. Grzechnik, M. Hanfland, C. Mühle and
M. Jansen.Solid State Sciences 4, 1077–1071
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Photoelectronic transport imaging in carbon nanotube devices

K. Balasubramanian, R. Šordan, M. Burghard and K. Kern;
M. Scolari and A. Mews (Universität Siegen)

Recent advances in the field of single-wall car-
bon nanotubes (SWCNTs) have witnessed their
so far unrivalled potential as components of
molecular-scale devices. However, while the
electrical properties of SWCNTs have been
thoroughly investigated in the dark, their op-
toelectronic properties are just beginning to be
explored. Although photoconductivity in semi-
conducting nanotubes has been demonstrated
by several studies, the interpretation of the re-
sults was often complicated by sample inho-
mogeneities. Moreover, the local photoelec-
tronic properties could in general not be ac-
cessed due to the fact that the whole sample was
illuminated. This has now been achieved us-
ing a focused laser beam as illumination source,
which provides valuable information on the
presence of internal electric fields in these one-
dimensional systems. The location and charac-
terization of the charge transport barriers asso-
ciated with these fields is of paramount impor-
tance for the future optimization of SWCNT-
based devices, for instance to minimize the con-
tact resistance at the electrode interfaces or the
defect density introduced into the nanotubes
during their synthesis.

We utilize a confocal scanning microscope to
locally illuminate individual SWCNTs by a
diffraction-limited laser spot with a diameter
of 300–400 nm. The SWCNTs are contacted
between two AuPd electrodes (� 1.5 µm sep-
aration) on an n�–Si/SiO2 substrate, with the
highly doped silicon serving as a back gate.
Room-temperature electrical measurements are
used to identify the SWCNTs as metallic or
semiconducting according to their gate depen-
dence of conductance. The tube assignment can
be further consolidated by Raman spectroscopy
[1] since the G band (associated with tangential
carbon–carbon stretch vibrations) of metallic
tubes exhibits a characteristic broad low-energy

component. With the aid of Raman and reflec-
tion images of the sample, the laser spot can be
positioned over the nanotube in the middle of
the electrode gap and the photocurrent is mea-
sured. As shown in Fig. 73(a), a pronounced
increase in current is observed upon illumina-
tion of a single semiconducting SWCNT with
λexc = 514.5 nm and a sample bias of 0.1 V.

Figure 73: (a) Room temperature currents (plot-
ted in log scale) measured on a single semicon-
ducting SWCNT (Vbias = 0.1 V) upon illumination
with various laser intensities (λexc = 514.5 nm) and
pulse widths of 3 or 7 seconds. (b) Polarization de-
pendence of the photoconductance of the SWCNT,
where 0Æ corresponds to parallel orientation be-
tween the tube and the light polarization.
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That photo-generated charge carriers in the
nanotube are responsible for the current in-
crease is supported by the dependence of the
photoconductance on the polarization of the in-
cident light, which is depicted in Fig. 73(b).
For the present sample, a polarization ratio
of approximately 5:1 is found. Further sup-
port is gained from the observation of one or-
der of magnitude smaller photocurrents when
the sample is illuminated by λexc = 647.1 nm,
as compared to excitation with λexc = 514.5 nm
with the same laser intensity (0.5 MW/cm2), in
accordance with the higher absorption cross-
section of the semiconducting nanotubes at the
latter wavelength.

The relatively small extension of the confo-
cal laser spot in comparison to the electrode
separation enables spatially resolved photocur-
rent measurements along the SWCNTs. Such
a photoelectronic transport (PET) image, ac-
quired under zero-bias conditions, is displayed
in Fig. 74 for another semiconducting SWCNT
[2].

Figure 74: Photoelectronic transport image of a sin-
gle semiconducting SWCNT at zero bias. A reflec-
tion image of the sample taken simultaneously has
been superposed to obtain the approximate position
of the electrodes. The contacted nanotube is drawn
with a thick black line as obtained from the AFM
image. It can be clearly seen that photo-offset volt-
ages are generated at the contact positions of the
semiconducting SWCNT with the metal electrode.
(λexc = 514.5 nm, 50� objective, 0.5 MW/cm2).

Figure 75: Photoelectronic transport imaging of an
individual metallic SWCNT: (a) An Atomic Force
Microscope (AFM) topograph of the sample show-
ing the two electrodes contacting a single metallic
SWCNT with a diameter of 1.3 nm. (b) PET im-
age of the same sample obtained by recording the
drain current at zero-bias, overlayed over a simulta-
neously taken reflection image. (S: source, D: drain,
λexc = 514.5 nm, 50� objective, 1 mW). (c) The blue
solid line and the red dotted line show respectively
the line profiles of the photocurrent and the reflec-
tion signal along the green line marked in (b).
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In order to highlight the electrode positions, the
photocurrent image was overlaid above a simul-
taneously taken reflection image. It is appar-
ent that the magnitude of the photocurrent is
strongest at the contacts. This observation is
attributed to the presence of Schottky barriers
at the contacts, which leads to the generation
of an offset photovoltage, whereas only neg-
ligible separation of electron-hole pairs occurs
within the flat band region away from the con-
tacts. Typical values measured for the offset
photovoltage at the contact regions are of the
order of a few hundreds of mV, depending on
the type of investigated SWCNT. The opposite
orientation of the two Schottky barriers leads to
the generation of oppositely signed lobes at the
two electrodes.

Interestingly, as demonstrated by the PET im-
age in Fig. 75, similar oppositely signed pho-
tocurrent signals close to the contacts are en-
countered in metallic SWCNTs, albeit the off-
set photovoltages being considerably lower in
this case (few tenths of mV). This finding un-
ravels the presence of Schottky-type barriers
at the metal/metallic nanotube interface, which
is not expected if the tube would behave like
a ‘conventional metal’. The Schottky barriers
partly originate from the comparatively low-
carrier density in the metallic nanotube, render-
ing the 1D/3D metal interface different from a
simple 3D/3D metal interface.

It is furthermore of interest that PET images can
also reveal built-in electric fields that originate
from defects along the nanotubes. In contrast to
the PET image in Fig. 75, which was taken from
an apparently homogeneous metallic nanotube
with no discernible structural defect, PET im-
ages acquired from metallic SWCNTs with
higher electrical resistance were found to dis-
play additional lobes in between the electrodes
apart from the two lobes at the contacts. In light
of the fact that they often appear to be corre-
lated with local structural deformations of the
nanotubes, these lobes could for instance be as-
sociated with intratube junctions joining metal-
lic and semiconducting tube sections. Future
spatially-resolved photoconductivity studies us-
ing tunable light sources, complemented with
additional characterization techniques such as
conducting-tip scanning probe microscopy, are
expected to provide further insight into the char-
acter of the electronic structure modulations
along the SWCNTs.

[1] Mews, A., F. Koberling, T. Basché, G. Philipp,
G.S. Duesberg, S. Roth and M. Burghard.Advanced
Materials 12, 1210–1214 (2000).

[2] Balasubramanian, K., Y. Fan, M. Burghard, K. Kern,
M. Friedrich, U. Wannek and A. Mews.Applied
Physics Letters 84, 2400–2402 (2004).
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Structural building units in solids

There is a long-standing tradition of the Institute’s research in the understanding and inter-
pretation of solids in terms of building units, with the aim of rationalizing the synthesis of
new inorganic materials. The following reports illustrate a picture of this still growing field
in the solid state chemistry. La3I3Au represents the first reduced rare earth halide with gold
as interstitial anionic atom. The compound Ag13OsO6, which exhibits an extraordinary high
silver content, consists of Ag13 icosahedra and OsO6 octahedra in a CsCl-type arrangement.
The topic of aluminosilicate zeolites is a highly interesting and industrial important research
field concerning open-framework structures formed by corner-sharing tetrahedra. Beyond, a
full understanding of the crystal-packing effects in the alkaline metal metallocenes has not
been achieved up to the present date. Thus, the geometrical arrangement of the central metal
atom towards the cyclopentadienyl units is investigated by high-resolution X-ray powder
diffraction measurements. Furthermore, rare earth borocarbides represent a class of com-
pounds with a large variety in the connectivity of boron and carbon atoms forming zigzag
chains or finite, quasi-molecular units of various sizes.

Au�-anions as interstitial in the reduced rare earth iodide La3I3Au

Hj. Mattausch, L. Kienle, Ch. Zheng and A. Simon

Reduced rare earth metal halides can include

different types of endohedral atoms like the

nonmetallics H, B, C, Si, P or the metals Al,

Ga, As, Sb and also transition metals for in-

stance Fe, Ru, Ir, Pt into their structures. But

compounds with Au have not been reported so

far. From the computational analysis, the max-

imum number of electrons that can be put into

the cluster metal oxides (MOs) without desta-

bilizing the clusters was suggested to be 18.

Compounds with Au as interstitial atom exceed

this limit. Here we report the synthesis, crystal

structure, chemical behavior and analysis of the

electronic structure of La3I3Au. La3I3Au is pre-

pared by the reaction of a mixture of La, LaI3

and Au at 850–950ÆC in arc-welded Ta tubes

under Ar atmosphere.

Figure 76: Building unit of edge sharing La6Au oc-
tahedra with the I atoms above all free edges in the
crystal structure of La3I3Au. The shared edges are
emphasized by bold lines. The La atoms are rep-
resented by gray, the I atoms by violet, and the Au
atoms by gold colored circles.
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Figure 77: DOS and COOP calculated with the EH
method for La3I3Au. (a) DOS. The solid line is the
total DOS, the dashed line the integrated La DOS,
and the shaded area is the contribution from La.
The vertical dashed line indicates the Fermi level.
The characteristic peaks are indicated by arrows.
(b) – (e) COOP curves for representative bonds in
La3I3Au. the ‘�’ region is bonding area and the ‘	’
region is antibonding area. The bond type, the dis-
tances (d) and integrated overlap population (op) to
the Fermi level are indicated in the panel.

The crystal structure of La3I3Au is shown in
Fig. 76. Au-centered La6 octahedra are con-
nected via edges to a helical chain with a 90Æ

turn. Each octahedron is linked to three other
octahedra through three nonadjacent edges in
a three-bladed propeller fashion. The iodine
atoms coordinate the La6Au octahedra above
all free octahedral edges. As the structure re-
finement shows, the Au atoms at the center of
the La6 octahedron can be partially substituted
by I atoms as well as the I atoms by Au, in-
dicating the similarity of I� and Au�, which
can easily be understood by comparing the elec-
tron affinities of I and Au (–295.30 kJ/mol vs.
–222.73 kJ/mol). Thus, La3I3Au adds to our
knowledge on aurides as discovered with AuCs
early and more recently with e.g. Cs2RbAuO
and Ca3AuN.

The computed density of states (DOS) and crys-
tal orbital overlap population (COOP) for the
La3I3Au structure using the extended Hückel
(EH) method are shown in Fig. 77. The I 5s or-
bitals are around�18 eV (not shown). They are
followed (Fig. 77(a)) by the Au 5d states near
�15 eV. Near �12 eV are the I 5p states which
mix with the Au 6s orbital around �11 eV. Be-
tween the Fermi level and �9 eV the La 5d t2g

and t1u states occur. Figure 77(b) – (e) demon-
strates that all states below the Fermi level con-
tribute to La–Au and La–La bonding. Near the
Fermi level the states are weakly La–I antibond-
ing, and only additional electrons would occupy
the La–I antibonding levels.

The resistivity of La3I3Au measured in the
temperature range between 5 K and 300 K
shows metallic behavior. The metallic na-
ture of the compound is expected from the
Zintl-Klemm electron partitioning according to
�La3��3�I��3Au��5e. Because of the delocal-
ization of these extra electrons, the La d states
span a region near the Fermi level as shown in
the DOS of Fig. 77(a).
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Figure 78: (a) EDX mapping performed on aggre-
gates of gold colloids. (b) Electron diffraction pat-
tern. (c) High resolution micrograph of gold parti-
cles. (d) FFT of (c).

La3I3Au is extremely air and moisture sensitive.
Upon contact with water it decomposes instan-
taneously, producing bright crimson-colored
Au colloids similar to that of Gold Purple of
Cassius. Energy-dispersive X-ray (EDX) map-
ping performed in a transmission electron mi-
croscope (see Fig. 78(a)) indicates that the col-
loid particles to consist of Au only. Diffraction
patterns recorded on aggregates of the colloids
(Fig. 78(b)) are consistent with the metrics of
Au and give evidence for a well-ordered and
highly crystalline structure. The average par-
ticle size is approximately 5 nm. In order to
investigate the structure of single colloids, the
high-resolution micrograph in Fig. 78(c) was
analyzed by Fouriertransformation (FFT). The
periodic arrangement of stripes within the par-
ticles corresponding to net planes of Au, as the
d-values measured from the FFT (Fig. 78(d)) of
Fig. 78(c) can be assigned to the metrics of pure
Au.

Subvalency and silver cluster formation in ternary silver oxides

M. Schreyer, U. Wedig, S. Ahlert, W. Klein, O. Jepsen, O. Gunnarsson, O.K. Andersen,
L. Diekhöner, R. Šordan, K. Kern and M. Jansen

Comparison of multinary silver(I) oxides with
their alkali metal analogues, even with oxides
of sodium whose size equals that of silver,
show distinct differences in their crystal struc-
tures. While alkali metal cations realize struc-
tures with intercationic separations as large as
possible, silver(I) ions tend to form cluster-
like ensembles, which, nearly independent of
the type of chemical bond between oxygen and
silver or of the anionic matrix present, show
impressive uniform topological features. The
Ag–Ag distances are similar to and sometimes
even shorter than those in metallic silver, and
the arrangements commonly correspond to sec-
tions of the structure of silver metal: hexago-
nal layers e.g. in the silver delafossites AgMO2

(M = Al, Ga, In, Sc, Fe, Ni, � � �), Kagomé nets

(Ag2HgO2, Ag2BiO3, Ag5BiO4, � � �), or com-
plex structures forming channels (Ag2TiO3,
Ag2TeO4) or cages (Ag4GeO4, Ag8PtO6). The
unique structural features of silver rich oxides
were among the earliest experimental evidence
for attractive d10– d10 interactions suggested to
exist between monovalent silver atoms [1]. The
aggregates of monovalent silver ions provide
empty 5s bands close to the Fermi level which
should be able to easily accommodate addi-
tional electrons, thus generating silver atoms in
a valence state between 0 and +1, i.e. subva-
lent silver, and, as a consequence, valence elec-
tron mediated Ag–Ag bonds. Indeed, a few
compounds such as Ag2F and Ag3O, contain-
ing cationic silver in oxidation states less than
+1 were known; however, they were regarded
as exotic exceptions.
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Figure 79: (a) Crystal structures of Ag2F and Ag2NiO2. (b) Comparison of the densities of states (DOS) of
Ag2F and Ag2NiO2 resulting from Hartree-Fock calculations.

Re-examining Ag5Pb2O6 led us to sug-
gest a charge distribution according to
�Ag��5�Pb4��2�O2��6� 1e� [2]. The excess
electron, causing metallic conductivity, cannot
be unambiguously attributed to the silver partial
structure. It has thus remained unclear whether
this oxide is subvalent with respect to silver.

In contrast, Ag5GeO4 and Ag5SiO4, unequivo-
cally contain subvalent silver: within the silver
partial structures there are octahedral Ag6 clus-
ters with rather short Ag–Ag distances of 2.74 Å
(c.f. 2.89 Å in silver metal). According to spec-
troscopic evidence and semiconducting proper-
ties, the excess electrons are localized within
the Ag6 octahedral groups, leading to a charge
of � 2

3 for each silver atom involved [3]. Sim-
ilar �Ag6�

4� entities were also found in Ag3O
and Ag6Ge10P12.

At first glance, the composition Ag2NiO2 looks
innocent. However, structural features and
XANES (X-ray absorption near edge structure)
spectra prove that Ag2NiO2 does not contain
Ni2�, as suggested from the analogous com-
pound AgI

2PdIIO2, but Ni3� like the formerly
known AgNiO2. Metallic (subvalent) double

layers of silver are arranged between the an-
ionic 2

∞�NiO2�
� slabs which are structurally

identical to those in AgNiO2. From this ob-
servation an average charge of �1

2 has to be
assigned to silver. Virtually the same cationic
structure part with the Ag double layers is found
in Ag2F (see Fig. 79(a)). Ag2NiO2 is a metal-
lic conductor. As a result from bandstructure
calculations, the energy range around the Fermi
level is characterized by the presence of rather
dispersed bands which predominantly corre-
spond to Ag 5s/5p states, a situation again re-
sembling the one in Ag2F (Fig. 79(b)).

Ag13OsO6 exhibits a spectacularly high content
of silver. In a first approximation, it is consti-
tuted of small pieces of silver with the shape of
a centered icosahedron and OsO6 units, forming
a CsCl-type of arrangement (Fig. 80(a)). From
magnetic measurements and density functional
calculations an oxidation state of +VIII for Os
is confirmed. The shortest Ag–Ag distances are
found between the central Ag atom and its pe-
ripheral neighbors. Due to geometrical con-
straints, the Ag–Ag distances on the icosahe-
dron’s surface have to be 1.051 times longer
than the distances to the center, this is exactly
observed here (Fig. 80(b)).
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Figure 80: (a) Crystal structure of Ag13OsO6. (b)
Inter- and intracluster Ag–Ag distances shown for
two Ag13 icosahedra. (c) Electronic densities of
states of Ag13OsO6 projected onto the sum of the
orthogonal orbitals centered on Os (green), O (red),
Ag1 (icosahedron center, light blue), and Ag2 (icosa-
hedron surface, dark blue). The Fermi energy is the
zero of energy.

The icosahedra cannot be regarded as iso-
lated units, since the intercluster separations
are shorter than the average intracluster dis-
tances, in particular than those within the sur-
face of the icosahedra. Consequently, the silver
partial structure has to be considered an infi-

nite three dimensional Ag network. Although
the central silver atom is enclosed by twelve
atoms, this arrangement does not represent a
detail of the silver metal structure where each
atom is surrounded by a cuboctahedron. The
same icosahedral units are found in intermetal-
lic phases of the NaZn13-type, where zinc oc-
cupies the silver sites and sodium those of the
OsO6 octahedra. In order to try and visualize
the grid as formed by the Ag13 icosahedra, we
have performed atomic force microscopy exper-
iments on Ag13OsO6 crystals, grown on a silver
surface. A spiral shaped crystal growth with
broad terraces was observed. The step height
of � 6.7 Å, regularly found for all terraces,
is approximately half of the lattice constant
and corresponds to the diameter of one cluster
(Fig. 81). This could serve as experimental ev-
idence for integral Ag13 clusters as representa-
tive structure building units. This interpretation
is in accordance with the intracluster bonds be-
tween central and peripheral icosahedron atoms
being the shortest (2.79 Å), and is backed by lin-
ear muffin-tin orbital calculations which show
these to be the strongest (0.65 eV) Ag–Ag in-
teractions present in Ag13OsO6. However, as
mentioned above, the next-longest bonds are
not those in the deltahedral surface of the icosa-
hedron, but those to the six adjacent clusters.
Taking these latter distances into account, one
would end up with the picture of a ‘void metal’,
the grid of cubic symmetry exhibiting a lattice
constant of 0.7 nm.

The examples given provide convincing ev-
idence for silver being particularly suscepti-
ble to forming subvalent, i.e. cluster, com-
pounds. Even the still limited selection of ex-
amples indicates an impressive topological rich-
ness: isolated empty Ag4�

6 octahedra have been
found e.g. in Ag5GeO4, Kagomé layers of sil-
ver atoms connected by Ag chains are form-
ing the cationic part of the crystal structure of
Ag5Pb2O6, and slabs of edge-sharing octahe-
dra, where Ag has an average charge �1

2 , in
Ag2F and recently in Ag2NiO2. For subvalent
silver compounds known so far, the silver part
of the structure is diamagnetic.
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Figure 81: (a) Atomic force microscope image of the surface of an Ag13OsO6 crystal, image size 1.0 µm2.
(b) Linescan (yellow line in (a)) showing the step height of � 6.7 Å between adjacent terraces corresponding
to the diameter of an Ag13 icosahedron. Note the different scales of the diagram axes.

The paramagnetism of Ag2NiO2 can be fully
assigned to Ni3� in low-spin state. The
measurements of the specific resistivity re-
veal a strong correspondence of conductivity
and dimensionality of the silver partial struc-
ture: compounds with infinite two (Ag2F,
Ag2NiO2) or three dimensional Ag substruc-
tures (Ag5Pb2O6, Ag13OsO6) show metallic
conductivity, while Ag5SiO4 and Ag5GeO4

with isolated silver cluster units exhibit semi-
conducting behavior. Our special attention
will further be devoted to compounds like
Ag13OsO6, where the cluster units do not sim-
ply correspond to skeletons of polyhedra, but
have another metal atom in its centers. These

cluster units represent pieces of metals of nm-
size and of perfectly defined shapes, which are
arranged in a three dimensional network show-
ing full translational symmetry. These features
could give reason for some exceptional proper-
ties.

[1] Jansen, M.Angewandte Chemie 99, 1136–1149
(1987).

[2] Jansen, M., M. Bortz and K. Heidebrecht.Journal
of the Less-Common Metals 161, 17–24 (1990).

[3] Jansen, M. and C. Linke.Angewandte Chemie 104,
617–619 (1992); Linke, C. and M. Jansen.Inorganic
Chemistry 33, 2614–2616 (1994).
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Phase transformation of basic zeolites Cs,Na-Y and Cs,Na-X
impregnated with cesium hydroxide

A. Simon and J. Köhler;
P. Keller, J. Weitkamp, A. Buchholz and M. Hunger (Universität Stuttgart)

Basic zeolites show a great potential as cata-
lysts for various types of reactions [1]. Strongly
basic sites can be created by exchanging the
sodium cations in as-synthesized zeolites by ru-
bidium or cesium cations which leads to a de-
crease in the mean electronegativity of the ze-
olite framework, whereby the base strength of
the O atoms is enhanced [2].

Table 2: Chemical compositions, BET surface area
[m2�g] and micropore volume (MPV) [cm3�g] of
zeolites Y and X prepared by Cs exchange, impreg-
nation with CsOH and calcination at 723 K or 923 K.
� washed with demineralized water.

Materials nCs : nNa : nAl : nSi BET MPV

Cs,Na-Y
�Cs0�57Na0�25 �[Al0�82Si2�18O6] 0.57 : 0.25 : 0.82 : 2.18 479 0.260

Cs,Na-Y/CsOH723 0.79 : 0.25 : 0.82 : 2.18 177 0.104

Cs,Na-Y/CsOH723� 0.73 : 0.26 : 0.84 : 2.16 304 0.155

Cs,Na-Y/CsOH923 0.73 : 0.26 : 0.84 : 2.16 53 0.034

Cs,Na-X
�Cs0�72Na0�59 �[Al1�31Si1�69O6] 0.72 : 0.59 : 1.31 : 1.69 354 0.172

Cs,Na-X/CsOH723 0.94 : 0.59 : 1.31 : 1.69 264 0.127

Cs,Na-X/CsOH723� 0.90 : 0.60 : 1.33 : 1.67 296 0.146

Cs,Na-X/CsOH923 0.90 : 0.60 : 1.33 : 1.67 158 0.087

Zeolites, Na-Y (nSi : nAl = 2:7) and Na-X
(nSi : nAl = 1:3), have been ion-exchanged in a
0.4 M aqueous solution of CsCl at 353 K for
12 h leading to Na exchange degrees of 70%
and 55% for zeolites Cs,Na-Y and Cs,Na-X, re-
spectively, see Tab.2. Subsequently, the materi-
als were suspended in a 0.2 M solution of CsOH
with an absolute amount of CsOH dissolved
corresponding to the composition of the final
product. Finally, the samples were calcined in
a flow of nitrogen at 723 K or 923 K for 12 h.
The zeolites Cs,Na-Y/CsOH723� and Cs,Na-X/
CsOH723� were washed with demineralized
water (1.5 dm3) for 2 h at 353 K [3].

Nitrogen adsorption was used to study the ef-
fect of impregnation of the zeolites on the BET
(Brunauer, Emmet, and Teller) surface area
and the micropore volume. Due to the higher
amount of Cs both adsorption parameters of the
zeolite Cs,Na-X are significantly smaller than
those of the zeolite Cs,Na-Y. Impregnation of
the Cs exchanged zeolites Y and X with CsOH
and subsequent calcination at 723 K results in
a further decrease, however, this effect is sig-
nificantly more pronounced for zeolite Y than
for zeolite X. The small BET surface area of
Cs,Na-Y/CsOH923 indicates a collapse of the
micropore system. This decrease in the poros-
ity is not so pronounced in the case of zeolite X
calcined at 923 K, which still has ca. 50% of the
BET surface area and of the micropore volume
of zeolite Cs,Na-X.

Washing of the materials calcined at 723 K re-
sults in a significant increase of the BET sur-
face areas and the micropore volumes. Con-
sidering the small amount of Cs removed by
the washing process, a preferential extraction
of extra-framework species blocking the pore
openings of the zeolite Y and X particles must
be assumed. Generally, it can be stated, that
the micropore system of basic zeolite Y is more
affected by impregnation with CsOH and sub-
sequent calcination than that of basic zeolite
X. This finding is important for an application
of zeolites Cs,Na-Y/CsOH and Cs,Na-X/CsOH
in the heterogeneously catalyzed conversion of
bulky reactants.

27Al and 29Si nuclear magnetic resonance
(NMR) spectroscopic investigations show that
impregnation and calcination of the Cs ex-
changed zeolites X and Y at 723 K result in a
broadening of the 27Al and 29Si magic angle
spinning (MAS) NMR signals indicating a local
framework strain. Upon calcination at 923 K,
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the line broadening in the 29Si MAS NMR spec-
tra is strongly increased hinting to a partial dam-
age of the zeolite framework, more intense for
basic zeolite Y compared to basic zeolite X in
agreement to what has been found by the nitro-
gen adsorption experiments.

Figure 82: X-ray powder patterns (CuKα1) of zeo-
lites Y obtained after (a) Cs exchange, (b) impreg-
nation with CsOH (7 CsOH/u.c.) and calcination
at 723 K, (d) washing, and (e) impregnation with
CsOH and calcination at 923 K. In (c) the X-ray pat-
tern of the mineral pollucite, used as a reference ma-
terial, is shown.

For a more detailed analysis of the struc-
tural changes we have performed X-ray pow-
der diffraction studies. Upon impregnation
of zeolite Cs,Na-Y with cesium hydroxide
and subsequent calcination at 723 K, the char-
acteristic reflections of the zeolite occurring
at 5Æ� 2Θ� 35Æ decrease in intensity and a
broad background can be observed around 27Æ

(Fig. 82(b)). This background is strongly in-
creased upon calcination at 923 K (Fig. 82(e))
which gives evidence for a partial transforma-
tion of the framework of zeolite Y into less
crystalline or amorphous phases, in agreement
with the simultaneous decrease in intensity of
the characteristic reflections of the zeolite. Re-
peated impregnation and calcination enhances
these effects dramatically. As the reaction prod-
ucts contain a large amount of highly absorbing
Cs atoms, the changes in the X-ray pattern taken

with CuKα1 radiation might reflect the cover-
age of essentially unchanged zeolite grains by
amorphous surface layers.

In a further approach, therefore, the more pen-
etrating MoKα1 radiation was used. The se-
quence of the MoKα1 diagrams taken (Fig. 83)
gives clear evidence for a near to complete de-
composition of the zeolite in samples Cs,Na-Y/
CsOH after a few steps of impregnation and cal-
cination. The diffuse background is shaped in a
characteristic way, more specifically indicating
a Fourier transform which is due to the forma-
tion of a new crystalline phase with a grain size
that is sub-coherent to X-rays, however, gets
larger upon washing.

Figure 83: X-ray powder patterns (MoKα1) of ze-
olites Y obtained after (a) Cs exchange, impregna-
tion with CsOH and calcination at 723 K in one step
leading to a loading of 14 CsOH/u.c., (b) two steps
leading to a loading of 14 CsOH/u.c., (c) three steps
leading to a loading of 21 CsOH/u.c., and (d) four
steps leading to a loading of 28 CsOH/u.c. (e) pow-
der pattern of zeolite Y obtained after Cs exchange,
impregnation with CsOH (14 CsOH/u.c.), calcina-
tion at 723 K and washing.
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After washing of zeolite Cs,Na-Y/CsOH723,
the product being denoted as Cs,Na-Y/
CsOH723�, a pattern of characteristic lines is
recorded in addition to the diffuse background
(Figs. 82(d) and (e)). Indexing results in a cubic
structure with a cell constant a= 13.647(4) Å,
which is assigned to that of mineral pollucite
(CsAlSi2O6), see Fig. 82(c).

The present investigation has shown that the
conditions of the preparation of basic zeolites
Y and X by Cs exchange, impregnation with
CsOH, and subsequent calcination are very cru-
cial for obtaining suitable catalyst materials.
The X-ray powder diffraction technique proved
to be a powerful tool in these studies and clearly
reveals that both, a too high loading with CsOH

acting as guest compound and a too high cal-
cination temperature cause damage and partial
transformation of zeolite crystals. The results
could be of interest for a preparation of meso-
porous systems by a controlled local damage of
the zeolite framework.
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The effect of crystal packing on the structures of
polymeric metallocenes

R.E. Dinnebier; S. van Smaalen (Universität Bayreuth); F. Olbrich (Universität Hamburg);
S. Carlson (Max-lab, Lund)

The bend angle (α) in metallocenes is defined
as the angle between the bonds from a metal
atom towards the centers of the cyclopentadi-
enyl (Cp) ligands sandwiching this metal atom
(Fig. 84). The bend angle assumes different val-
ues in different compounds. A complete under-
standing of the variation of bend angles would
be tantamount to a full understanding of chem-
ical bonding in metallocenes, which has not
been achieved up to the present date.

Experimentally, the bend angle has been found
to depend on a range of properties, like the
ionic size and polarizability of the metal atoms,
the size of the ligands (Cp versus substituted
Cp), and the possible presence of lone pairs
on the metal atom. Alternatively, it was pro-
posed that the bend conformation is due to at-

tractive ligand–ligand interactions. However,
the many available crystal structures of metal-
locenes show that no simple relation exists be-
tween the bend angle and one or more of the
above mentioned parameters.

Apart from incidental successes, the experi-
mental geometries have not been reproduced by
quantum chemical computations in a systematic
way. The possible origin of this failure is the
importance of electron correlation for the stabil-
ity of metallocenes, which is not fully captured
by state-of-the-art calculations. This is even
more severe for crystalline materials, like the
polymeric alkali Cp compounds, because quan-
tum chemical calculations on solids can only be
done at much lower levels of sophistication than
it can be done for molecules.
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Figure 84: Schematic view of the bonding between
an alkaline cation and two cyclopentadienyl anions.
Indicated are the distance (r) between the metal
cation (M�) and the centers (CR) of the cyclopen-
tadienyl rings (Cp�), the bend angle (α), the tilt an-
gle (δ), the angle CR–M�–CR (β), the diameter of
the Cp� rings (L), and the border to border distances
(µ and λ) between neighboring Cp� rings. Slippage
is defined as the distance between CR and the per-
pendicular projection of the metal ion M� onto the
plane of the Cp ring.

In the present contribution, we report on the
pressure dependence of the crystal structures
of LiCp and KCp. The crystal structures of
LiCp, KCp, RbCp and CsCp at ambient con-
ditions have previously been solved from high-
resolution X-ray powder diffraction data. Pres-
sure is an interesting variable, because it allows
to change the interatomic distances, without di-
rect modifications of other quantities, like po-
larizabilities, atomic sizes, and molecular sizes.
The results provide another set of experimental
data on geometries of metallocenes, that can be
used to disentangle the different parameters that
determine the bend angle in metallocenes.

The air and moisture sensitive samples of LiCp,
KCp, and CsCp were loaded inside a glove
box into membrane driven diamond-anvil cells
(DAC), with degassed silicon oil as pressure
medium. High pressure X-ray powder diffrac-
tion data were collected at room temperature at
beamline ID9 of the European Synchrotron Ra-
diation Facility (ESRF).

Lattice parameters have been determined as a
function of pressure for the polymeric metal-

locenes LiCp (up to 12.2 GPa), KCp (up to
5.3 GPa), and CsCp (up to 2.0 GPa). Both, the
X-ray powder diffraction data as well as the lat-
tice parameters do not give any indications for
phase transitions. The volumes V of the unit
cells of LiCp and KCp are decreased by approx-
imately 24% at 5 GPa, in case of CsCp the de-
crease is 10% at 2 GPa, indicating that all three
compounds are soft and highly compressible.
Vinet-type equations of state (EOS) were indi-
vidually fitted to the pressure-dependent data of
the unit cell volumes as well as to the pressure-
dependent data of the lattice parameters, for
each of the three compounds, employing the
computer program EOSFIT.

The crystal structures of MCp (M = Li, Na,
K, Rb, Cs) comprise of polymeric chains
[M–Cp]∞. With the exception of a metastable
phase of RbCp, only one crystallographically
independent chain exists, that runs parallel to
one crystallographic axis (the c-axis for M = Li,
Na, K; the a-axis for M = Rb, Cs). At ambient
conditions, either a parallel arrangement (α= 0Æ

for M = Li, Na) or a bend conformation (α� 0Æ

for M = K, Rb, Cs) of the Cp�M�Cp� sand-
wiches has been found. Within the pressure
ranges studied here, the topologies of the crystal
structures are preserved at high pressures.

The complete crystal structures at different
pressures (up to p= 4 GPa) of KCp allow the
pressure dependencies of characteristic geomet-
ric parameters to be studied. The distance be-
tween K and the centroid of the Cp ring (CR)
continuously decreases with pressure. Because
the Li–CR distance is smaller than the K–CR
distance, the decrease with pressure of the for-
mer is smaller than the latter (Fig. 85). We be-
lieve that, apart from the covalent bonds within
the Cp� molecule, the strongest bonds are
the η5-type interactions between K� and Cp�

within the chains. This interpretation is sup-
ported by the observation that the slippage (see
Fig. 84) is independent of pressure (Fig. 85).
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Figure 85: Pressure dependence of the geometry of
MCp [M = Li, K]. (a) Distances M–CR; for M = Li
one crystallographic independent distance is found
(asterisk) with a value equal to c/2, for M = K two
alternating distances along the polymeric chains are
obtained (hollow and filled circles). (b) Angles
K–CR–K (plus) and the bend angle α (asterisks) for
KCp. The bend angle for LiCp is 0Æ.

Initially surprising the bend angle α in KCp in-
creases with increasing pressure (Fig. 85). As
shown below, this variation of the bend angle
is the result of packing effects, i.e. of inter-
chain interactions. Bend structures of the poly-
meric metallocenes allow denser packings than
chains with parallel Cp molecules because they
allow additional coordination of M� by η1-
or η2-type interactions towards Cp� molecules
of neighboring chains. These interactions are
limited by the opening distance µ of the bend
structure and the minimum allowed nonbonded
carbon–carbon distance (approximately 4.0 Å

at ambient conditions). For small M–CR dis-
tances, the opening µ is not sufficiently large to
accommodate molecules of neighboring chains
for any accessible bend angle. Then the struc-
ture adopts α= 0Æ as observed for LiCp and
NaCp. For larger M–CR distances a bend struc-
ture leads to an increased packing density and a
larger coordination of M and thus to a state of
lower energy than a structure without bending.
The optimum bend angle will be determined by
the shortest carbon–carbon distances within the
chains (λ) and between the chains, that can-
not become shorter than the van-der-Waals dis-
tance. A larger µ and therefore a smaller λ
corresponds to a larger lateral packing density
and therefore lower energy and in the optimum
structure, λ will be approximately equal to the
carbon–carbon van-der-Waals distance.

Figure 86: Pressure dependence of the distances λ
and µ (as defined in Fig. 84) of KCp. λ and µ were
obtained from the structural parameters by the equa-
tions λ = A – B and µ= A + B with A = 2 r cos(α/2)
and B = L sin(α/2).

For KCp λ decreases with pressure which for
an important fraction is the result of the in-
crease with pressure of the bend angle (Fig. 86).
This behavior corresponds to the decrease of
the van-der-Waals distance with pressure, as
is also exemplified by the shortest intrachain
carbon–carbon distance of 4.45 Å at 0 GPa and
of 4.01 Å at 3.9 GPa.
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Figure 87: Bend angle α of the alkali cyclopen-
tadienides (note the two different polymorphs for
RbCp) as a function of cation radii (open cir-
cles) and as a function of cation polarizability (di-
amonds). The solid line represents a guide to the
eye, whereas the dashed line is a Boltzmann-type
of fit to the dependence on the polarizabil-
ity ε: α[Æ] = –59.244[Æ] � exp(–0.2666�ε) + 51.937
(R = 97%).

On the other hand, the decrease of µ with pres-
sure is much smaller which then allows a de-
crease with pressure of the interchain distance
given the pressure dependence of the van-der-
Waals distance. This is illustrated by the short-
est interchain carbon-carbon distance, which is
3.86 Å at 0 GPa and 3.43 Å at 3.9 GPa.

Both the shortest inter- and intrachain carbon–
carbon distances as well as λ decrease by the
same amount while the decrease of µ is about
half this value. Thus, the reduced pressure de-
pendence of µ corresponds to the lateral com-
pression of these compounds.

From this analysis we come to the conclu-
sion, that the crystal structures of polymeric
MCp compounds are the result of a balance
between attractive M� Cp� ionic interactions
and carbon–carbon nonbonded repulsion. Our
data do not provide any evidence for attrac-
tive ligand–ligand interactions. Other types of
interactions may be important in metallocenes
containing metal atoms with d-electrons or lone
pairs. However, packing effects will be impor-
tant for those compounds too.

The proposed interpretation is in accordance
with the variation of the bend angle in MCp
over the alkaline series. Alternatively, it has
been proposed that the bend angle depends on
the polarizability of the metal atom with larger
polarizabilities favor larger bend angles. Al-
though the bend angle of the alkaline series
show a clear correlation with the polarizabil-
ity of the alkaline atoms, we believe that the
presently proposed model gives an equally good
explanation for the correlation of the bend angle
and the size of the cation (Fig. 87). The present
model explains the pressure dependence of the
bend angle, while a sole dependence of the bend
angle on the polarizability does not explain this
pressure dependence.
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substructure also consists of slightly corru-
gated two-dimensional square nets. The spe-
cific stacking along [001] gives rise to the for-
mation of tubular voids in which finite C5B5

chains are encapsulated appearing quite linear
in the projection. Every void formed from
22 metal atoms results from four fused dis-
torted square anti-prisms capped at both ends
by single La atoms. The carbon atoms of the
B–C chains are located near the centers of the
distorted metal atom squares. Consequently,
their overall coordination is six, 5 La + 1 B for
the terminal ones and 4 La + 2 B for the inner
ones. The boron atoms are located nearly at
the centers of distorted metal atom anti-prisms
which leads to higher coordinations (8 La + 2 C
or 10 La + 1 B + 1 C).

Bond lengths measured within the chain sug-
gest a C–B–C–B–C–B–B–C–B–C distribution.
The B–B bond length is 1.55 Å. The B–B dis-
tances in B4C4 and B5C8 chains in La10B9C12

are 1.57 Å and 1.59 Å, respectively, for com-
parison, the B–C bond lengths, 1.47 Å on aver-
age, fall in the range of distances observed in

related compounds La5B4C5, La10B9C12, and
La15B14C19. The latter contains B5C6 and B4C7

chains with no B–B contacts (Figs. 89(f) and
(g)).

Band structure calculations carried out on these
compounds have shown that a significant co-
valent interaction occurs between the metallic
framework and the cumulene-like BxCy anionic
‘molecules’.
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