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ABOUT THE HEXAGON ON THE TITLE PAGE

Three dimensional view of free-standing stacks of GeSi/Si islands. The structure was realized by
a two-step process: 1. Epitaxial growth of multiple GeSi/Si island layers on a patterned Si(001)
substrate. 2. Selective wet chemical etching of the sample with KOH. The second step removes the
Si material surrounding the stacked GeSi/Si islands, which leads to the modulated periodic GeSi/Si
pillar structures displayed in the hexagon.

The image was published as cover page of Applied Physics L&Tetssue 26, 2005.

Corresponding article:
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Periodic pillar structures by Si etching of multilayer GeSi/Si islands. Applied Physics L8#e263102
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In this report we intend to give an impression of the manifold scientific activities at
the Max-Planck-Institutir Festlrperforschung during the year 2005. In the first part,
we present some highlights of the scientific accomplishments in our Departments and
Scientific 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
http://www.fkf.mpg.de.

This year we had the pleasure to welcome Dr. Hagen Klauk, who won a Max Planck
Society-wide competition for Independent Junior Research Groups, to our Institute.
Dr. Klauk’s group works on organic electronics and complements the expertise available
at the Institute in this important area.

We thank all the members of the Institute in Stuttgart for their hard work and dedication.
It is thanks to their efforts and performance that the Institute has been able to maintain its
high standard of research.

Stuttgart DAS KOLLEGIUM
March 2006
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Chemistry

JANSEN's department puts crucial step, however. In addition, their chemi-
its main emphasis on ba- cal and physical properties, in particular optical,
sic research in the field of electrical and magnetic behavior, are analyzed
preparative solid state chem-both at high and low temperatures, with par-
istry with the goal of de- ticular emphasis on X-ray diffraction and spec-
veloping modern materials. troscopic methods. This provides the basis for
Classes of materials cur- placing the results in the proper context regard-
rently under investigation include oxides andng structure-property relationships and modern
nitrides of metals and nonmetals as well asoncepts of bond-theory. A long-term goal of
fullerenes, e.g., new binary and ternary oxthe department is to increase the predictabil-
ides synthesized under high oxygen pressuréy of solid state chemistry, i.e., to predict the
ionic conductors, structural oxide-ceramics anéxistence of not-yet synthesized compounds,
pigments, amorphous inorganic nitridic cova-calculate their properties, and finally provide
lent networks, or endohedral fullerenes angrescriptions for their synthesis. This work in-
fullerides. volves both theoretical and synthetic aspects.
Besides employing traditional solid state synOn the theoretical side, structure candidates
thesis methods, a large number of alternativare determined by studying the energy land-
techniques is used, e.g., the sol-gel processgapes of chemical systems using global explo-
synthesis under high pressure, via an rf-furnaceation techniques, while on the preparative side
at low temperatures in liquid ammonia, by eleckinetically controlled types of reactions that
trochemical methods, or by low-temperaturallow low-temperature synthesis of (possibly
atomic beam deposition. Optimizing the synmetastable) compounds are being developed.
theses of these materials is only a first, thougfi19,43,101,107]

() LHS: When simultaneously evaporating graphite and a metal in an rf-furnace (shown), endohedral fullerenes can be
synthesized in relatively high yields. RHS: Synthesis at high oxygen pressures produces novel materials with interesting
electronic, chemical and physical properties. Compounds such g®©&@% (shown) are characterized using various
spectroscopic, physical and diffractive methods.

MAIER'’s department is con- Thisincludes experiments (in particular electro-
cerned with physical chem- chemical studies) as well as theory (in particular
istry of the solid state, more phenomenological modelling), and comprises
specifically with chemical investigations of elementary processes but also
thermodynamics and trans-of overall system properties. In this context, in-
port properties. Emphasis isterfaces and nanosystems are to the fore. Since
laid on ion conductors (such electrochemical investigation immediately af-
as inorganic or organic proton, metal ion andects the coupling of chemical and electrical
oxygen ion conductors) and mixed conductorphenomena, the research is directed towards
(typically perovskites). As local chemical ex-both basic solid state problems and the technol-
citations (point defects) are responsible for iorogy of energy and information conversion or
transport and simultaneously represent the dedtorage (fuel cells, lithium-batteries, chemical
sive acid-base active centers, a major theme sensors).

the department is the understanding of mass ai@bnceptually speaking, we want to address the
charge transport, chemical reactivities and cafellowing questions: Can we — given the ma-
alytic activities in relation to defect chemistry.terials, the control parameters and the driving
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force — understand or even predict concentrahe basic mechanisms of ion transport and ion
tions, mobilities and reactivities of ionic chargetransfer? How can we use this fundamental
carriers? How do these properties change &nhowledge to develop at will materials for given
interfaces and in confined systems? What ar@r novel) applications? [80,83,85]

O lonic and electronic charge carriers (point defects) are the relevant particles as far as chemical kinetics and mass
transport is concerned. They are establishing the interaction with the neighboring phases and act on electrical and
chemical driving forces.

SIMON’s department em- Electron microscopy is used to characterize mi-
phasizes the investigation of crocrystalline phases up to full structure refine-
metal-metal bonding with ment as well as analysis of real structure. Su-
main group,d- andf-metals. perconductivity is of special interest following
The purpose of the work is a chemical view of the phenomenon in terms
on one side the developmentof a tendency towards pairwise localization
of structural concepts (e.g.of conduction electrons in a flat band-steep
condensed cluster concept) and on the othéand scenario. New colossal magnetoresistance
side the search for new materials, their phasmaterials result from an interplay of andf-
relationships and relations between structur@lectrons.

chemical bonding and properties. Other fields of interest are structures of molec-
Targets are metal-rich compounds of transiular crystals, in particulatin situ grown crys-
tion metals, particularly oxides and halidestals of gases and liquids. Experimental tech-
reduced rare earth metal halides, hydride, caniques like diffractometry with X-rays and neu-
bide, boride, boride carbide, aluminide and silitrons, XPS, UPS, HRTEM and measurements
cide halides of the rare earth metals, alkali andf magnetic susceptibility as well as electrical
alkaline earth metal suboxides and subnitridestansport properties are used. [104,110]

(O BagsCaNsNag4 — subnanodispersed salt in a metal.
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Physics

KEIMER's department stud- has recently been completed. The latter instru-
ies the structure and dynam-ment uses a novel combination of triple axis
ics of highly correlated elec- and neutron spin echo techniques to optimize
tronic materials by spectro- the energy resolution and allow the determina-
scopic and scattering tech-tion of lifetimes of magnetic and lattice vibra-
nigues. Topics of particular tional excitations throughout the Brillouin zone.
current interest include the The group operates a high-magnetic field fa-
interplay between charge, orbital and spin degility for X-ray scattering at the National Syn-
grees of freedom in transition metal oxides andhrotron Light Source (NSLS) at Brookhaven
the mechanism of high-temperature supercorNational Lab (USA). Atthe ANKA synchrotron
ductivity. Experimental techniques being usedn Karlsruhe, the group also operates Fourier el-
include elastic and inelastic neutron scatterindipsometers for the far infrared spectral range.
normal and anomalous X-ray scattering, Rama@lose collaborations also exist with the theory
scattering off and in resonance, spectral ellipand chemistry departments at the MPI-FKF;
sometry (including synchrotron radiation as awith the crystal growth service group where
source), and infrared, Raman, and X-ray medarge, high-quality single crystals of oxide com-
surements under high magnetic fields. Expepounds are prepared with optical furnaces; and
iments at external neutron sources are carrieglith the technology service group that prepares
out on a regular basis, and a spectrometer atate-of-the-art oxide heterostructures and su-
the new research reactor FRM-II in Munichperlattices. [43,52,56,66]

O Investigation of a mosaic of crystals of a high-temperature superconductor with neutron beams (yellow). Neutrons
are elementary particles that generate a magnetic field through their internal rotation (‘spin’), similar to a tiny bar
magnet. When a neutron beam falls onto a magnetic material, the neutron spin is flipped and the beam is deflected.
In experiments with neutron beams, Max Planck scientists are studying an unusual, fluctuating magnetic order in high-
temperature superconductors that could be of central importance for an explanation of this phenomenon.

Research efforts in KRN's  for the characterization and control of processes
department are centered onon the atomic scale as well as tools to ma-
nanometer-scale science andiipulate and assemble nanoobjects are devel-
technology, primarily focus- oped. Of particular interest are: fundamentals
ing on solid state phenom- of epitaxial growth and self-organization phe-
ena that are determined bynomena, atomic scale fabrication and character-
small dimensions and inter- ization of metal, semiconductor and molecular
faces. Materials with controlled size, shape andanostructures, quantum electronic transport in
dimension ranging from clusters of a few atomsianostructures, atomic scale electron spectros-
to nanostructures with several hundred or thowzopy and optics on the nanometer-scale. As
sand atoms, to ultrathin films with nanometesurface phenomena play a key role in the un-
thickness are studied. derstanding of nanosystems, the structure, dy-
A central scientific goal is the detailed undernamics and reactivity of surfaces in contact with
standing of interactions and processes on thgaseous or liquid phases are also in the focus of
atomic and molecular scale. Novel methodnterest. [30,59,63,69]

(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.
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Electronic  properties of Time-resolved photoconductivity, lumines-
heterostructures, quantumcence, and Raman measurements in magnetic
wells, superlattices and car-fields are methods of characterizing the low-
bon based quantum struc-dimensional electronic systems. A strong cur-
tures, in particular the influ- rentinterest is the preparation of nanostructures
ence of quantum phenomenaeither by self-organized growth or by litho-
on the transport and optical graphic and synthetic routes. Coupled two- and
response are the main topics in theN KLiTz-  zero-dimensional electronic systems are pro-
ING’s department. Optical and transport meaduced by highly specialized molecular beam
surements in magnetic fields up to B =20 Teslapitaxy growth and by electron beam litho-
and temperatures down to 20 mK and scanningraphy.

probe techniques are used to characterize tihenomena like electron drag, Kondo reso-
systems. Picosecond sampling techniques anance, Coulomb blockade, ballistic transport,
developed for ultrafast time-resolved measurecommensurability phenomena in periodically
ments on nanodevices. modulated two-dimensional systems and the
The quantum Hall effect is studied by analyzingnteraction between electron and nuclear spins
time-resolved transport, edge channels, the bare investigated. The detection and generation
haviour of composite fermions and the responsef terahertz radiation using low-dimensional
on microwave radiation and surface acoustielectron systems is one of the new research ac-
waves. Electron-phonon interactions in low4ivities. The experiments are supported within
dimensional systems and the phonon transmitie group by theoretical investigations of the
sion through interfaces are investigated withransport and dynamic response of these low-
ballistic phonon techniques. dimensional electronic systems. [47,76]

(O Demanding technologies are needed for the preparation of devices used in quantum transport experiments. The
figure shows a typical example where the combination of interrupted epitaxial growth, special etching processes, focused
ion beam writing, contact diffusion, and gate evaporation leads to two electron layers with a distance of only 10 nm and
separate contacts.
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Condensed matter consiststonians. In 2005 we studied electron-phonon
of atoms. The bonding be- mediated superconductivity in heavily hole-
tween the atoms is effecteddoped diamond and in heavily electron-doped
by the electrons, with a fine (pseudo)graphite. In the cuprates which be-
balance existing between thecome high-temperature superconductors upon
guantum mechanical kinetic hole-doping, the electronic correlations are
energy of the electrons andstrong. We have shown how this modifies the
their electrostatic interaction both with the nu-electron-phonon interaction, how the latter in-
clei and between themselves. The electrorffuences the photoemission spectra for undoped
play the key role not only for the cohesive,cuprates, and that these are well within the po-
but also for the electrical, magnetic and op{aronic limit. Finally, for a number of cuprates
tical properties. The members of Abteilungand transition metal oxides studied experimen-
ANDERSENattempt to improve the understand-tally in Keimer's department and in the high-
ing of these properties by calculating electronipressure group, we have derived DF-NMTO
structures and developing methods for such calannier functions and Hubbard Hamiltonians.
culations. We perform calculations on noveBy solving the latter in the dynamical and/or
materials with interesting properties, using thestatic mean-field approximations (in collabora-
density-functional formalism (DF), we improve tion with members of Metzner's department)
the Muffin-Tin-Orbital (MTO) method, and we we could throw light on physical properties
derive and treat system-specific model Hamilsuch as metal-insulator transitions. [16,22]

(O One of the three congruetyy NMTO Wannier-like orbitals for YOs. Lobes of opposite signs are respectively red
and blue.

Electronic  properties of ganites and vanadates, whose electronic prop-
solids are analyzed and com-erties are determined by the interplay of orbital,
puted in METZNER'S depart- spin and charge degrees of freedom. Another
ment with a main empha- topic is the influence of lattice degrees of free-
sis on systems where elec-dom on electronic properties, via Jahn-Teller
tronic correlations play a cru- distortion and electron-phonon interaction. Be-
cial role, such as cuprates,sides bulk properties of one-, two- and three-
manganites and other transition metal oxideglimensional systems also problems with a
Besides symmetry-breaking phase transitionsiesoscopic length scale such as quantum dots
leading to magnetism, orbital and charge orand inhomogeneous quantum wires are being
der, or superconductivity, correlations can alsstudied. The correlation problem is attacked
cause electron localization and many othewith various numerical and field-theoretical
striking many-body effects not described by theechniques: exact diagonalization, density ma-
generally very successful independent electromix renormalization group (DMRG), dynamical
approximation. mean-field theory (DMFT), functional renor-
Our present research focuses in particular omalization group and (1/N)-expansion. Modern
high-temperature superconductors with theimany-body methods are not only being applied,
complex interplay of magnetic, superconductbut also further developed within our group.
ing and charge correlations, and also on marj40,43,50]

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

Research in the RGANIC transistors are needed for the pixel drive, row
ELECTRONICSGroup (Klauk) select and column decoder circuits. In a broader
focuses on the developmentsense we pursue the design and application of a
of materials and manufactur- wide range of advanced functional organic ma-
ing processes for the fabri- terials for electronic, micro-electro-mechanical
cation of high-performance or nanoscale devices and circuits, and to study
organic electronic devices. condensed matter physics in organic materi-
Particular emphasis is on the advancement @fls. One example are self-assembled monolay-
organic thin-film transistors. Unlike transistorsers. Although the spontaneous self-assembly of
based on inorganic semiconductors, such as saliphatic molecules on solid surfaces was first
icon, organic transistors can be created at atescribed more than 60 years ago, the tailoring
near room temperature and thus on a varietyf the electrical properties of molecular mono-
of unconventional substrates, including glasdayers and their use in functional electronic de-
plastics and even paper. This allows, for exanmvices remain virtually unexplored. Scientific
ple, the implementation of mechanically flexi-work in organic electronics is highly interdisci-
ble large-area sensors for the spatially resolveglinary and involves the design, synthesis and
detection of chemical, biological, thermal orprocessing of materials, the development of
mechanical inputs. Other applications includéabrication processes, device and circuit design,
flexible information displays in which organic manufacturing, and characterization. [13]

(O n-Octadecylphosphonic acid gH37PO(OH), forms dense, insulating monolayers on natively oxidized metal sub-
strates, such as aluminum. As a high-capacitance gate dielectric, these monolayers allow organic transistors and large-
scale digital circuits (background) to operate with low voltage (1.5V) and low power (1 nW per gate).

Scientific Service Groups

The CHEMICAL SERVICE tive small samples under inert gas conditions.
GRouP (Kremer) develops Presently available are two commercial SQUID
techniques, provides experi- magnetometers, home-built ac-susceptometers,
mental facilities and carries dc- and ac-electrical resistivity setups and
out routine measurementscalorimeters in a broad range of temperature
to support all experimental and magnetic fields. Materials currently under
groups of the Institute with investigation are novel superconductors (rare-
the characterization of electrical, thermal an@&arth carbides and carbide halides, intercalated
magnetic properties of new compounds andraphite, magnesium diboride), new or unusual
samples. This objective requires a great vemagnetoresistive materials (rare-earth halides
satility of the supported experimental methodsand hydride halides), low-dimensional and frus-
including the development and cultivation, e.gtrated magnetic systems and systems with un-
of experimental techniques to perform measuraisual magnetic ground states (spin-Peierls sys-
ments on chemically highly sensitive and reactems, frustrated quantum chain systems). [88]

O Y2CoX2 — A halide superconductor. The white solid lines symbolize the electrical resistivity, the heat capacity and
the magnetic susceptibility proving,€,l, to be a superconductor withTa of 10 K.
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The CoMPUTER SERVICE estimated total number to about 1000 PCs used
GRoup (Burkhardt) runs the as desktops and for data acquisition purposes.
Institute’s central mail, print, Of these about seventy percent run Windows
#| software, backup and web and thirty percent run the Linux operating sys-
8 servers, as well as the ninetem.

servers providing departmentIn 2005 the IBM Bladecenter System has been
specific services. All these extended to 122 JS20 PowerBlades (244 CPUSs)
servers use the Linux operating system. The irand remains the main computational resource
dividual server storage subsystems are currentfgr the theory oriented groups. The machine
replaced by a Fibre Channel based Storage Areans under SuSE Linux Enterprise server, but
Network (SAN) which allows us to add ad-it is source code compatible to the AIX ma-
ditional storage when needed without servicehines IBM p655 (32 POWER4 CPUs) and
interrupt. Backup remains based on Tivoli StoriBM SP (60 POWER3 CPUs ). To the users of
age Manager (TSM); currently the total backughe theory groups they all look alike as they use
data volume is about 20 Thyte. The servers rahe same set of compilers, libraries and batch
mained online even under difficult power andsystems. Four Linux clusters with a total of 148
AC conditions caused by the ongoing renovahtel Xeon (IBM xSeries 335) and 60 AMD
tion and modernization of the 2E server room. Athlon CPUs (FSC hpcline) are a cost effective
In the last five years the group integrated moreomputational resource for the Jansen, Maier
than 600 new PCs into the network, bringing theand Metzner departments.

O 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 20 Terabytes.

The QRYSTAL GROWTH transition metal oxides for neutron and opti-
SERVICE GROUP (Lin) ap- cal spectroscopy. Typical examples are super-
plies, modifies and devel- conducting oxides BBrRCa&_1CuOy,ans,
ops techniques, such as travREBgCuO7_s, RE, «MxCuQy, and cobal-
eling solvent floating zone tates NaC00O,.

with infrared image furnace, Gas phase methods are modified to grow crys-
Bridgman, top seeded solu-tals of 1I-VI and IlI-V compounds with de-
tion growth, flux and Czochralski methods tofined isotopic components from low amounts
grow single crystals from the melt or solu-of source materials. The grown crystals are
tion. A wide variety of crystals have beenaccurately characterized through the measure-
supplied to the physics and chemistry depariments of superconductivity, magnetization, and
ments at the MPI-FKF and to outside collaborastructure. The in situ observation using high-
tors. These range from isotopically pure semitemperature optical microscopy reveals oxides
conductors to fullerenes and transition metamelting/dissolution, nucleation and phase trans-
oxides. Two floating zone furnaces are usetbrmation under various growth conditions.
predominantly to grow large single crystals of[98]

(O A view of the inside chamber of the four ellipsoidal infrared image (TSFZ) furnace.
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Research within the KH phase formation at high densities to illuminat-
PRESSURESERVICE GROUP ing the interplay between subtle changes in
(Syassen) is concerned withcrystal structure, electron delocalization, mag-
the effects of hydrostatic netism, and superconductivity in correlated
pressure on structural, lat-electron systems of different dimensionality.
tice dynamical, and elec- In terms of materials, the interest in cova-
tronic properties of crys- lently bonded semiconductors and nanostruc-
talline solids and their high-pressure phasesures continues, while the 'simple’ alkali metals
Advantage is taken of recent developmenthave attracted attention due to their surprisingly
in diamond anvil cell techniques, includingcomplex structural and electronic behavior at
progress in analytical methods that utilize synhigh density.
chrotron X-ray radiation (diffraction as well asThe main focus, though, is on the physics of
inelastic scattering), synchrotron infrared ratransition metal compounds with metal ions in
diation, and laboratory-based low-temperaturligh oxidation states, i.e. systems being lo-
optical spectroscopy. cated close to the insulator—-metal borderline
The subjects of interest range from improv-and undergoing pressure-driven Mott-like delo-
ing the understanding of chemical bonding an@alization transitions. [92]

(O Schematic view of a diamond window high-pressure cell.

The CENTRAL INFORMA- links to the original scientific literature. They
TION SERVICE (Marx/Schier) are mostly online versions of printed abstract
for the institutes of the CPT services like Chemical Abstracts or Physics Ab-
division of the Max Planck stracts. Compound or material related searches
Society, located at the Max are done in the files of the Chemical Abstracts
Planck Institute for Solid Service (CAS), which also cover material sci-
State Research in Stuttgart,ence and physics.

has access to many external commercideside these databases, covering general top-
databases (in particular from the host STN Inics of science, there are many highly special-
ternational, FIZ Karlsruhe). ized databases on specific topics like computer
The information service offers searches foscience, material science, engineering, envi-
scientists at Max Planck Institutes, which canronmental sciences and many others. In addi-
not be done by themselves due to complexity diion various national and international patent
lack of access. files are available. Factual databases enable
Furthermore, the scientists are welcome tto search numerical data like chemical and
ask for help and support concerning end usegshysical properties of substances. The Science
databases and in all questions related to scie@itation Index provides the possibility to re-
tific information. Today, databases are a majotrieve the citing papers of publications as well
tool in processing the actual information floodas total citation statistics of scientists or re-
in science. Bibliographic databases providsearch institutes for research evaluation. [113]

(O The archives of science are growing from the flood of information: one of the about 30 million substances in the

compound file of the American Chemical Abstracts Service. Effective databases and search systems in conjunction with

document delivery systems produce relief.
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The INTERFACE ANALYSIS erties are investigated in a multicomponent
., SERVICE GROUP (Starke) chamber containing high-resolution electron
investigates the atomic andspectroscopy for chemical analysis. A scanning
| electronic structure of solid- Auger microscope yields spectroscopic images
r| solid and gas-solid inter- with high lateral resolution. Sample morphol-
faces. Using electron spec-ogy can be studied using an atomic force mi-
troscopy techniques, quan-croscope and a white-light interferometer. The
titative low-energy electron diffraction, scan-research activities of the group are directed to-
ning probe microscopy and secondary ion massards growth and analysis of surfaces and ultra-
spectrometry (SIMS), the atomic geometry andhin films of novel materials for semiconductor
morphology as well as the chemical compositechnology, e.g., wide band gap semiconductors
tion and bond coordination are determined fo(SiC, GaN), metal silicides, as well as epitaxial
the sample surface and its immediate vicinitymetal films.
Thin films and burried interfaces are accessiMaterial growth, heterojunctions, metallization
ble by sputtering techniques or sample cleavagend ferromagnetic layers are investigated on an
methods. atomic level for a detailed understanding of the
Experimental facilities available include a time-fundamental interactions involved in the growth
of-flight SIMS machine to quantify the chemi- process. In addition, molecular adsorbates are
cal composition at the surface, within the filmstudied on these surfaces as model systems for
and at interfaces. Chemical and electronic prop variety of applications. [26]

(O Chemical composition, electronic structure and atomic geometry are investigated for complex compound systems
such as 4H-SiC (bottom). Scanning probe techniques provide real-space images (background), electron diffraction
yields accurate geometry data (right), photoelectron spectra are analyzed for chemical information (left).

Main subject in the MBE are particularly interested in controlling the
SERVICE GROUP (Dietsche/ spatial position of self-assembled nanostruc-
Schmidt) is the preparation tures. For this purpose we grow gquantum dots
and characterization of 11I/V on lithographically pattered substrates, and in-
and group IV semiconduc- vestigate an atomic-layer precise in situ etch-
tor heterostructures. We ap-ing technigque based on AsBr The group IV

ply molecular beam epitaxy element MBE activities concentrate on the self-
(MBE) for the material systems AlGaAs/GaAsassembly of Ge/Si nanostructures and on de-
and InGaAs on GaAs substrate, and SiGe/Si ovices such as inter- and intraband tunneling de-
Si substrate. vices. Another subject is the formation of free-
Our main interest is the preparation of low-standing semiconductor nanotubes. The prepa-
dimensional nanostructures. Lateral confineration is controlled by selective under-etching
ment is achieved by island formation in epi-of strained epitaxial semiconductor bilayers.
taxial growth of strained heterostructures. Wg33]

(O Atoms impinge, diffuse and nucleate on the surface of a heated crystalline substrate under ultrahigh vacuum condi-
tions. This process is called molecular beam epitaxy.
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The OPTICS ANDSPECTROS optical parametric amplifiers. Time-resolved
COPY SERVICE GROUP photoluminescence, pump-probe experiments,
(Kuhl) comprises the spec- degenerate four-wave-mixing and coherent
troscopy service lab and theRaman techniques are employed to investi-
ultrafast optics lab.  The gate the coherent and incoherent relaxation dy-
spectroscopy service lab pro-namics of excitons, free carriers (electrons and
vides experimental facilities holes) and phonons as well as carrier transport
for studying the optical properties of condensegphenomena.

matter by standard spectroscopic techniqueMaterials preferentially under investigation are
The laboratory is equipped with commerciallll-vV and 1I-VI semiconductors, in particu-
grating and Fourier-spectrometers which allowar low-dimensional systems (quantum wells,
absorption and reflection measurements oveguantum wires, and quantum dots). The vari-
the total range from the ultraviolet to the faration of the relaxation processes and times as
infrared. Data can be routinely taken at tema function of the dimensionality of the carrier
peratures between 4 K and 300 K. Recently, theystem are a central topic of the research. Be-
sample characterization techniques have beaides studies on semiconductors, investigations
extended by standard Raman spectroscopy. of the linear and nonlinear optical properties
The primary research subject of the ultrafasbf metallic photonic crystal structures have be-
optics lab are time-resolved studies of ultracome a major research field of the group.

fast optical and electrical phenomena in soliddmportant current research projects are deal-
Several pico- and femtosecond laser systems img with coherent light/matter coupling, control
cluding devices for the generation of sub-10 f®f light/matter interaction by nanostructuring,
pulses as well as for the amplification of 150 fgyeneration and dynamics of coherent phonons,
pulses to fuJ at 200 kHz are available. Broadgeneration and characterization of ultrashort
tunability of the photon energy is attainable byoptical, electrical and terahertz pulses. [37]

(O Optical parametric amplifier generating tunable femtosecond pulses for coherent semiconductor spectroscopy.

The TECHNOLOGY SER- niques complement the spectrum of experimen-
VICE GROUP (Habermeier) tal techniques available. The research activities
offers service work in the are closely related to the service tasks. Thin
fields of thin film prepara- film deposition of doped Mott insulators such
tion, microlithography and as HTS and CMR materials play a central role.
fabrication of contacts to The main focus of interest is the study of epi-
semiconductors and ceramictaxial strain in CMR and HTS thin films. Ad-
materials. The experimental facilities includeditionally, the preparation and investigation of
high-vacuum evaporation and sputtering (dc, nmagnetic and superconducting oxide superlat-
and reactive) techniques. Additionally, pulsedices (manganites, ruthenates and cuprates) and
laser deposition systems are installed to preheir mutual electronic interaction as well as
pare thin films with complex chemical com-the study of special oxide heterostructures are
position such as high-temperature supercordesigned for polarized spin injection, exchange
ductors [HTS] and perovskites with colossabias effects and magnetic flux-line pinning phe-
magnetoresistance [CMR]. Dry etching technomena are of central interest. [72]

(O Pulsed laser deposition has become a widespread technique for the fabrication of epitaxial thin films of multicom-
ponent materials like doped lanthanum manganites and superconducting materials.
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The X-RAY DIFFRACTION sued. Special expertise in the field of solution
SERVICE GROUP(Dinnebier) and refinement of crystal structures from pow-
provides X-ray diffraction der diffraction data can be provided. Scientific

measurements of single crys-cooperation in the field of nonroutine struc-

tals and powders in the labo-ture determination (phase transitions, disor-
ratory at room and low tem- der, anisotropic peak broadening, etc.) from
perature. Research within powders is offered. This includes the perfor-

the X-ray diffraction service group is mainly mance of experiments at synchrotron and neu-
concerned with the determination of crysdron sources at ambient and non-ambient con-
tal structures and microstructural propertieglitions. Materials currently under investigation

(strain, domain size) of condensed matter fronmclude organometallic precursors, binary and
powder diffraction data. In addition, method-ternary oxides, ionic conductors, electronic and
ological development within this area is pur-magnetic materials, and rotator phases. [95]

(O Quasispherical molecule of tetrakistrimethylstannylsilane with underlying two dimensional image plate powder
diffraction pattern. The superimposed Bragg reflections demonstrate the difference in resolution between laboratory and
synchrotron data.
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Carbon and organic based materials

Carbon and carbon containing materials offer a vast playground for fundamental studies and
applications alike. Carbon materials derive much of their interest from their strength, rich
transport and widely tunable band structure properties and most of all from the fact that
they appear in every dimensionality: 3D versions like graphite and diamond, 2D graphene
sheets, 1D nanotubes and finally OD fullerenes. By adding additional atoms for building
more complex organic molecules, the degree of freedom to tailor various properties be-
comes sheer endless. Much of this spectrum is covered in the research activities at the
Institute. Here we highlight theoretical work on the origin of superconductivity in hole doped
diamond, the stability of fullerene-alkali metal compound clusters and the ground state of
negative fullerene ions. Experimental work addresses the suitability of organic based thin
film transistors with self-assembled monolayer dielectrics for complementary logic circuits
and the atomistic structure of the surface planes in SiC pores of relevance for instance for
applications in gas sensing and biotechnology.

Low-voltage, low-power organic complementary circuits with
self-assembled monolayer gate dielectric

H. Klauk and U. Zschieschang

The electronic properties of conjugated organiof unconventional substrates, including glass,
materials (organic semiconductors) have begplastics and even paper. Over the past five
under scientific investigation since the earlyears, many groups worldwide have shown that
1900s. Applications for organic semiconduc-organic TFTs can be used as pixel drivers in
tors include light emitters, photovoltaic cells,active-matrix displays, as mechanical force or
and thin film transistors (TFTs). Organicbending sensors, and as chemical or biological
TFTs were first reported in 1986, with car-sensors. Perhaps the most challenging applica-
rier mobilities in the range of T®cn?/Vs. tion for organic TFTs is in integrated circuits.
Advances in synthetic chemistry, material o _

selection, purification, device design, and manE&'y organic circuits made exclusive use of
ufacturing have led to significant improvementd-channel TETs [1], sincer-channel organic
in the performance of organic TFTs. Today§em|conductors_ _oftgn ;uffer from low mo_bll—
mobilities greater than 0.1 &Vs are routinely 1ty O poor stability in air. The problem with
obtained with a variety of polymeric and small-Circuits designed with only one type of transis-
molecule organic semiconductors. Field effectOr (€itherp-type orn-type) is the power dis-
transistors based on high-quality organic single3iPation due to static currents. In addition,

crystals have shown field effect mobilities adn€ gate dielectric layers of these early TFTs
large as 15 cRyVs. had very small capacitances, usually less than

10-8F/cn?. As a result, voltages in excess of
Unlike transistors based on inorganic materials30V were often required to induce sufficient
such as silicon, organic TFTs can be created aharge in the transistor channel to operate the
or near room temperature and thus on a varietyansistors Q=C-V, whereQ is the chargeC
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is the capacitance, ard is the gate voltage). simple digital circuits to operate with volt-
For circuit applications much smaller voltagesages as low as 1.5 V. Perhaps more importantly,
(around 2V) are highly desirable. One obvithe leakage currents through these monolayer
ous approach to increase the dielectric capadiielectrics are comparable to or smaller than
tance is to use materials with larger permittivihe leakage currents through high-quality SiO
ity, but such materials tend to also lead to lowegjie|ectrics of similar thickness, which are com-
mobilities in the organic carrier channel and tqnonly used in silicon microelectronic circuits.
increased gate leakage. Figure 1 shows the leakage current density mea-

To reduce the operating voltage of high_sured for 20 monolayer dielectric capacitors (in

mobility organic TFTs without introducing pro- Wh'ch the monolayer is sandwiched between an
hibitive gate leakage we have recently devel@Uminum bottom electrode and a gold top elec-
oped a gate dielectric process based on molecijode)- Ata voltage of 2.5V, which corresponds
lar self-assembled monolayers [2]. These ultrd® @n electric field of about 5SMV/em, the cur-
thin (< 3nm) monolayers form spontaneously€nt density is about fA/cm?, and breakdown
by the covalent bonding of long-chain hydro-0ccurs at (4.2-0.1) V (= 8 MV/cm).

carbons with reactive head groups to solid sub-

. . . . . 0-0 I I I I
strates bearing a sufficient density of suitable 15V
grafting sites. Self-assembly is initiated either .y
in the gas phase or in solution and has the ability 05 o
to provide densely packed, highly ordered orz
. . . . a2 -
ganic monolayer films with extreme chemicalZ _, ,|. 21V
. . C :
inertness and mechanical robustness. 3]
=}
10 c s
o
10 o
S 2.0
§ 10°
2 Gate-source voltage = -2.7 V
> -7 _ 1 1 1 ] ]
"é 10 %0 25 20 15 10 05 00
3 108 Drain-source voltage [V]
S Figure 2: Current-voltage characteristics of a pen-
g 10°° tacene TFT with monolayer gate dielectric.
O 20 capacitors
10_10 0.0003 cm?
Figure 2 shows the current-voltage characteris-

1075 ] 5 5 , s s tics of ap-channel organic TFT with monolayer
Bias [V] gate dielectric. Pentacene was used as the or-
Figure 1: Leakage current and breakdown charaganic semiconductor and deposited by evapo-
teristics of 20 monolayer capacitors with Al bottomration in vacuum. From the electrical charac-

electrode and Au top electrode. (Note: The kink aferistics, a mobility of 0.5 cﬁ}/Vs is extracted.

i H 8 i . - . - . -
a current density O.f 3:30 A/cr_nz 's an artefact of This is sufficient for most of the applications for
the measurement instrumentation. This current den-

sity corresponds to 10 pA total current at which theVNich organic transistors are envisioned. For
instrument changes the measurementrange.) ~ €xample, amorphous silicon TFTs, which are

widely used in active-matrix liquid-crystal dis-
With a capacitance near 1®F/cn?, mono- plays, typically have mobilities between 0.1 and
layer gate dielectrics allow organic TFTs and).5cnf/Vs.

14



Carbon and organic based materials Selected research reports

Pentaceng-channel TFTs with monolayer gateand pentacene TFTs with monolayer gate di-
dielectrics have been used to implement simplelectrics on glass substrates and demonstrated
digital circuits [3]. These circuits operate with— for the first time — low-voltage, low-power
supply voltages as low as 1.5V, the smallesérganic circuits (Fig. 3).

supply voltage reported for organic circuits.
However, since these circuits rely exclusively
on p-channel transistors, they still suffer from
large power dissipation due to permanent static
currents.

Implementing low-power circuits requires thein
use ofp-channel and-channel transistors in a
complementary logic. In a complementary gate,
only half of the transistors are conducting in
either of the two steady states, while the other
transistors are nonconducting. Therefore static

ut

currents in complementary circuits are close to  2° 140
zero and power is dissipated only during signal 120
switching. In silicon IC technology, realizing — 20
n-channel ang>-channel transistors is straight- - 100 =
forward, since silicon has excellent ambipolarg 15 g0 =
characteristics and since the contacts of silicor@ g
transistors are readily doped. Unfortunately;3 1.0 60 5
reliable contact doping for organic TFTs isS 40 ©

. . o
complicated by the fact that dopants in organ-" 5
ics are not covalently bound and hence, they 20
tend to diffuse under the influence of electric 0
fields. In addition, organic materials, including 0.0 0.5 1.0 15

. . Input voltage [V]

pentacene, generally do not exhibit ambipolar '
characteristics. Figure 3: Low-voltage, low-power organic comple-

mentary inverter.
To demonstrate low-voltage, low-power organic
complementary circuits we have developed a :
process to implemeng-channel pentacene andou_r gomplgmeqtary |.nverters show .sharp
n-channel FsCuPc TFTs with a monolayer swnchlng with rall-to-'ra.ll output Ieve'l swings,
gate dielectric on the same substrate. Liké'9€ gain, and negligible hysteresis for sup-
pentacene, fCuPc is commercially available Py Voltages as low as 1.5V (Fig. 3). 2-input
and — unlike most-channel organic semicon- NAND gates were also implemented and show
ductors — is reasonably stable against oxidatiofe correct logic function. Static currents are
in ambient air. Unfortunatelyp-type conduc- Vvery small, always well below 1nA (and less
tion is much less favorable in organic materialsthan 100 pA in most cases) for supply voltages
and the best mobility we (and others) have obbetween 1.5 and 2.5V. Thus, static power dissi-
tained with RgCuPc is only about 0.02 cffiVs.  pation is less than 1 nW per logic gate — a record
Nonetheless we were able to integraigGuPc for organic circuits.
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Complementary 5-stage ring oscillators weré¢er layer-to-layer registration. With improved
also fabricated and showed reasonably stamaterials and manufacturing methods, signal
ble oscillations for supply voltages between Zlelays of a few microseconds per stage appear
and 3V, with rail-to-rail output voltage sig- feasible.

nals and delays of about 10ms per inverter

. . _[1] Klauk, H., D.J. Gundlach and T.N. JacksdBEE
stage. The dynamlc performance of our cir Electron Device Letterg0, 289-291 (1999).

cuits is currently limited by the poor mobility [2] Halik, M., H. Klauk, U, Zschieschang, G. Schmid

of then-channel igCuPc TFTs (0.02 CIQdVS), C. Dehm, M. Sdiitz, S. Maisch, F. Effenberger,
the large channel length (%€n), and the large M. Brunnbauer and F. StellaccNature431,
source/drain-to-gate overlap (B). Future 963-966 (2004).

work will therefore focus on the synthesis off3] Klauk, H., M. Halik, F. Eder, G. Schmid, C. Dehm,

air-stable organia-channel materials with mo- - 2Schieschang, . Rohde, R. Brederlow, S. Briole,
o o g S. Maisch and F. Effenberge2004 International

bilities similar to that of pentacene, and on pat-  Ejectron Device Meeting Technical Digest, 369-372

terning methods with higher resolution and bet-  (2004).

Theoretical studies of ‘magic’ Ggp-alkali metal compound clusters

E. Zurek and J. Autschbach (University at Buffalo, USA);
A. Enders and N. Malinowski

Experimental work on fullerenes coated withRecent work using a novel experimental set-
alkali-metal atoms, alkaline-earth metal atomsip has revealed a different set of magic peaks
and transition metal atoms has revealed th#br Potassium and Barium fullerene clusters [3],
each metal-fullerene cluster displays very difwhich cannot be explained by either geomet-
ferent behaviour and properties. The thermaic or electronic shell filling. It was found that
stability of such clusters can be measured by, Cso molecules the magic clusters con-
Time of Flight (TOF) mass spectrometry. Parizin n=2m—1 Ba atoms if i 4 and n = 2m or
ticularly stable structures may be identified by 3hore Ba atoms if ms 4 Sir;ilar experiments

setof pronounced,commonly dubbedwayic indicated that the most stable clusters con-
peaks in the mass spectrum. The enhanced s%a.—

bility of Ba3,Cgo Was attributed to so-called ge- ain n=2m and n =.2m t1K atgms for 4
ometrical shell filling [1]. It was postulated and 4, respecFlver. That is, the small-
that each Ba atom lies on top of one of th&st observed magic clusters were found to be
12 pentagonal or 20 hexagonal faces of thB3(Ceo)2 and Ka(Ceo)z. Our theoretical work
fullerene and completion of this first metal-Was inspired by the recent experimental find-
lic layer leads to increased stability. On thdngs and here we present the results of density
other hand, similar experiments showed thdtinctional calculations whose aim is to gain in-
(KeCso); is magic due to electronic shell fill- sight into the bonding mechanisms and the ori-
ing [2]. The Go LUMO (Lowest Unoccupied gin of the thermal stability within these newly
Molecular Orbital) is triply degenerate and carobserved magic clusters.

therefore accommodate six electrons. Thus,

a transfer of the valencesy electrons from Due to the formidable computational cost the
6K atoms would yield a particularly stableab inito calculations were limited to clus-
structure. ters of composition M(Cgo)2 With (1< n<86,
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M=K, Ba). The geometries of two main setsThe BEM indicates that B#&Cso)2 is ener-
of structures were fully optimized. In Sét getically the most stable cluster. Its stability
all of the metal atoms were sandwiched beresults from a balance mainly between two re-
tween the two fullerenes yielding a6&Mnp-Cgp ~ verse trends: on the one hand a decreasing
configuration. The clusters in Sé had cluster stabilization from the Ba- Cgg electron
an M-Gso-M,,_2-Cgo-M arrangement and p 3.  transfer and on the other hand an increasing
For the most energetically stable cluster of stability from Go— Ba back donation, as n
given n, frequency calculations were performedhcreases. However, in order to verify that this
in order to determine the enthalpic and eneluster is magic, it is necessary to take into
tropic contributions to the Gibbs free energyaccount finite temperature effects. The Gibbs
and therefore the cluster distribution at the exfree energy per metal atom, GFM, can be de-
perimental temperature and pressure. fined as: GFM=BEMHgcM -T-SM. Here,

T is the temperature antdecM andSM are the
We define the bonding energy per metal atonghange in the finite temperature enthalpy cor-
BEM, as the total bonding energy offCe0)2  rection and in the entropy per metal atom for the
with respect to two g molecules and n metal fgrmation of Mh(Ceo)2 from free metal atoms
atoms divided by n. The most stable structuradnd two Go molecules, respectively.
alternatives for the Ba clustedeWestBEM) all  Figure 4(c) shows that T-SM decreases with
belong to SeA. A detailed bonding analysis re- increasing n, implying that the entropic contri-
veals an interplay between ionic and covalemution to the GFM has a greater destabilizing
interactions. The former, BEhic, is a result effect on smaller clusters then on larger ones.
of electron transfer from the Basborbitals to  To understand why this should be the case con-
the unoccupied molecular orbitals of the twasider a reaction between 2r@molecules and
fullerenes (LUMO and other higher lying or- n Ba atoms. The two limiting cases would be
bitals). The latter, BEMbyalens arises from back the production of the largest and the smallest
donation into the empty Badborbitals leading possible clusters. The former yields B&s0)2
to covalent Ba 8-Cgo-t* bonding. and (2n—2) Go (a total of 2n—1 molecules),

_ and the latter producegBa(Cgp)2) (a total of
Figure 4(b) shows the dependence of the maig molecules). Clearly, the formation of the

bolndlng mechanisms on n for tr?e Ba clusterg, jost possible cluster, along with (2n—2) free
belonging to SeA. For 1< n< 3, the dominant ¢ 1arenes is entropically the more favorable
interaction arises from ionic bonding. The magq,ction since it yields the greatest number of
nitude of BEMgnic decreases steadily with in- molecules. In general thelecM (not shown)

creasing n, as does the average Mulliken chargg pijizes smaller clusters, however it is about
per metal atom (Fig. 4(a)). However, the magy, o qer of magnitude smaller then the entropic
nitude of BEMovalentincreases with increasing tarm and therefore has little effect on the total
n, being the dominant interaction for n=5’6'GFM. The GFM, given in Fig. 4(d), confirms

For n=4, BEMonic -~ BEMcovaien: FOr1arge n, 5t B (Cy0), is magic at the experimental
only partial electron donation to the fU”ere“etemperature and pressure.

orbitals can occur, since the electrostatic repul-

sion between B& (x~ 2) ions would be too Geometry optimizations of the KCsp)2 clus-
large for the cluster to be stable. Instead, as ters indicate that for k.5 the structures from
increases so does the back donation to thedBa SetA yield the lowest BEM. However, a struc-
orbitals, stabilizing clusters where all of the Batural transition to SeB is predicted for n> 5. In
atoms are located between the two fullerenesll cases, the bonding is purely of an ionic na-
Thus, thed-element character of Ba is essenture, with an almost full transfer of the valence
tial when attempting to rationalize the structuraK 4s' electrons to the unoccupied orbitals of the
features of, and bonding within, these clusters(Cgp)s.
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Figure 4: (a/e) The average Mulliken charge per metal atom; (b/f) BEM, and for M = Ba the covalent and
ionic contributions to BEM; (c/g)-T-SM and (d/h) GFM for the most stable J¥Csp)2 clusters at the
experimental temperature (150 K) and pressure {Torr).

Figure 4(e) illustrates that the charge per Kal electrostatic energy. The BEM indicate that
atom decreases with increasing n. This is duéhe most stable species is(®gp)2 (Fig. 4(f)).

to the fact that for large n full electron donationHowever, inclusion of finite temperature effects
cannot occur due to increased Coulomb repuls crucial in predicting which cluster is magic.
sion between the positively charged potassiurihe —T-SM, shown in Fig. 4(g), display the
ions. Simple models reveal that the most stablgame trend as for the Ba clusters and once again
structures for a given n tend to minimize the tothe HecM are an order of magnitude smaller.
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Inspection of the GFM in Fig. 4(h) illustrates data. The inclusion of finite temperature effects

that inclusion of entropic and enthalpic termdgs crucial, especially for the K clusters, in

changes the order of stability of the clustersgeducing absolute stability. The entropic contri-

with K4(Cgp)2 yielding the lowest GFM. bution destabilizes clusters with a large amount
of metal atoms to a lesser extent than those with

In full agreement with experimental results, thesmall n. Thus, the density functional calcula-

GFM confirms that Be( Ceo)2 and K4(Ceo)2are  tions were not only able to simulate, but also

the most stable structures (and therefore appegy explain the stability and bonding within the

as magic clusters) at the experimental temperag\ly observed magic clusters.

ture and pressure. The stability and geometry

of the Ba clusters is determined by the inter-

play between covalent and ionic bonding mechit] Zimmermann, U., N. Malinowski, Uaer, S. Frank

anisms. On the other hand, for the K clusters 2nd T-P-Martin.Physical Review Letters2

o - 3542-3545 (1994).

the bonding is completely ionic and the ener- ] ) ) )

. L 2] Martin, T.P., N. Malinowski, U. Zimmermann,
getically most fgvorable structures mlnlmlze th U. Naher and H. SchabeThe Journal of Chemical
total electrostatic energy. Thus, while K acts in physics99, 4210-4212 (1993).
the expected manner for an alkaline metal atonh] Enders, A., N. Malinowski, D. levlev, W. Branz and
Ba exhibits a considerabld-element charac- K. Kern. MPI-FKF Wissenschaftlicher
ter which is in-line with known experimental  Tatigkeitsberich2003 43-47 (2004).

Bond alternation as a means to determine the ground state of
_2 . .
Cgo-ions in compounds
G. Stollhoff, H. Brumm, M. Schulz-Dobrick and M. Jansen

The proper electronic ground state ong% be seen in the experimentally determined struc-
ions in compounds has not yet been experiure. However, it has so far escaped detec-
mentally determined. Here, one faces a sdion. The open-shell problem extends to all ions
called open-shell problem. The two added elecshort of G when the LUMO is completely
trons partially occupy the lowest unoccupiedilled. For G which is equivalent to g, very
molecular orbital (LUMO) of the neutral dg- recently, in tunnel experiments, evidence for a
molecule which has,,-symmetry and is 3-fold Jahn-Teller distorted singlet ground state was

degenerate. In the symmetry equivalent cad@und-

of the C-atom, Hgnd’s rule applies aqd theHere, we introduce an internal degree of free-
ground state is a triplet. However, no ewdencaom of Gyo that is very sensitive to any kind of
for a magnetic state has been found fog€ symmetry breaking, namely bond alternation.
compounds. A singlet ground state can only bgyng alternation means the difference between
achieved by a Jahn-Teller distortion. It wouldine two kinds of bonds in the molecule, namely
be a superposition of singlet states of differenghe ones linking two hexagons (callég) and
symmetries. In the case ofg§; such a broken the larger ones linking a hexagon and a pen-
symmetry can be realized by an external fielgagon (calledgs). Both sets form bond alterna-
that lowers the symmetry, but also by a symmetion patterns on the hexagons. It is known from
try lowering of the Go-cage itself. In both cases a symmetry analysis and from earlier theoret-
evidence for such a Jahn-Teller effect shoulital calculations that bond alternation is max-
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imal for the neutral molecule and strongly redin Cgo for a series of[M(NH3z)g|Cgo-6NHs-
duces with charging. The anisotropic chargeompounds with M=Cd, Mn, Ni. Here, the
distribution in a Jahn-Teller distorted ion isuppermost (Cd) and lowest (Ni,Co) figures
therefore expected to cause an anisotropic borsiow the same patterns but are represented by
alternation pattern. different symmetry axes with a loc8@lzq sym-
metry each. Each symmetry axis is going
through the center of two hexagons. For each
case, six out of thirtyss-bonds are significantly
elongated, three each above and below the in-
version plane. The same pattern was also found
for [Ba(NH3)7]Cs0-4NHs. In the latter case,
the local symmetry axis coincides with a crystal
Cs-symmetry axis. The isostructural transition
metal compounds however, have a low sym-
metry, and the orientation of the threefold axis
varies with decreasing ionic radii of the transi-
tion metal ions. The experimental findings for
7 the Mn-compound (middle part of Fig.5) can
bg be interpreted in two ways, either as an inco-
herent superposition of the two extrermagqy
cases (caused, e.g. by crystallographic twin-
Mn  ning) or as @op-representation where the sym-
metry axis goes through twige-bonds. Here,
! ‘ the two bonds crossing thB,, mirror plane
P : change most, and another eight bonds change
somewhat less. In furtheref, compounds,
mostly patterns were found that correspond to
the D3g-representation.
o)

S8

~ -
~ .-
sANS
e

These experimental findings have been used to

unequivocally determine a singlet state as the
Ni  ionic ground state from theoretical calculations.
Co  The theoretical treatment was not simple, even
for the isolated ion. We applied the Local
Ansatz (LA), and restricted the calculation to
the isolated ion, but comparison to experiment
was made for solids.

Figure 5: Positions of the most extendggtbonds
(in red) and corresponding symmetry axes fgg

[M(NH3)6]Cso-6NHz-compounds with M= Cd, Mn, . .
Ni. The axes foDsq are broken black lines, the OneAII relevant electronic states of the ion have

for Doy, is a red line. anisotropic bond alternation patterns. These

differ partially only by magnitude, being largest

for the singlet state with maximal symmetry
The quality of single crystal structure determijowering, and smallest for individual triplet
nations on a series of compounds qfdons  states. With the magnitude determined exper-
was so good that reproducible bond alternamentally with high precision, one may dis-
tion patterns beyond background noise coultinguish between singlet and triplet states, and
be extracted. Figure5 represents the posimay even determine the size of the Jahn-Teller
tions of the most strongly enhancég-bonds hybridization of the singlet ground state.
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Before dealing with the symmetry reductionresults are expected to overestimate the true the-
itself, the mean bond alternations for the dif-oretical limit for bond alternation of the neutral
ferent ions were determined. Figure 6 containmolecule by 0.004 due to a non-perfect treat-
the averaged experimental results from differment of long range screening.

ent Gy and GZ-compounds in comparison to .

theoretical Density Functional (DF), Hartree-N€Xt, the symmetry broken singlet states were
Fock (HF), and LA-results. The same basis se@omputed.  In the calculations only these
were used in all schemes. The DF- and HFdegrees of freedom 99were reoptimized which
results were converged with respect to this batould be compared to experiment, namely the
sis to which bond alternation is very sensitiveChanges in theles. ~ The atomic positions

The difference between the different theoretical’€r® kept on a sphere. The bond alternation
schemes has the following origin. patterns fit very well to experiment (Fig.5).
Here, we only compare the experimental vari-

0.08 - T T T T T ance d of the lgs-bonds in the goz—ions to
ook e | theory. For the most accurately determined
compound,[Ba(NH3)7]Cgo-4NH3, the experi-
0.061 mental variance amounts to 0.028.002A.
< 005 [ For the ion inDsg-symmetry itself, the result
< 0.08 of the LA for the ex;[remal symmetry broken
' singlet state is 0.02%, and for the true sin-
0.03 glet ground state 0.026. This is in perfect
. agreement with experiment. The proximity to
0 '1 '2 ;':, "1 ;3 . the limiting singlet state indicates a small mag-

N netic energy which can be represented by an
effective screened atomic interaction of tine

Figure 6: Experimental bond alternation in compar- . .
ison to DF (lower broken line), HF (double dot- electrons ofU =4 eV. Larger local interactions

ted line), and LA (solid line) results for different are ruled out since they would lead to a too

Cgo-ions. Given is the differenca between the smalld. The DF-result for the variandeof the

meanlgs andles bond lengths A] as a function of extremal singlet state is only 0.049 demon-

negative ionic charge N. strating again the relevance of the screened
exchange.

Bond alternation is maximal for g because The structures were determined at 100K. The
it allows the -electrons to localize. It IS yroximity to the theoretical limit demonstrates
known from polyacetylene and Li that partially 4t thermal excitations can not play any signif-
screened nonlocal exchange contributions sigzant role. Therefore, all other singlet and triplet
ably influence the magnitude of localizationgiates with a different pattern or a smaller vari-
and thus of bond alternation, and similar effectgnce must be at least 500 K above the ground

were predicted for g. Such contributions are gtate indicating an external crystal field of this
not covered by DF-calculations. The differencg;j;a

between DF and HF represents the full non-

screened exchange contributions, while the orEhe theoretical calculations were also per-
between HF and LA is mostly due to screenformed for a (goz-ion in Dop-symmetry. There,
ing corrections. The limiting case ofeﬁ is the theoretical variance turned out to be 10%
insensitive to these details because there, eldarger than for theDszg-symmetry. In the
trons can no more be localized by small strucexperiments, no enhancement was found for the
tural changes. The experiments are closest to-between state, but the error bar is of the size
the LA result, in particular for the most accu-of the theoretical difference. Other experimen-
rately determined g-compounds. The LA- tal details, though, indicate rather a coherent
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Dyp-state. The computed energies of the singléhe computation like deviations from the spher-
states inD3g and Don symmetry turned out to ical form of the ion might well lower the singlet

be identical for the free ion. The energy landenergy below the triplet energy for the free ion.
scape between neighboririgzg-axes is there- The external crystal field deduced from experi-
fore expected to be very flat. Consequentlyment also stabilizes the singlet ground state in

well be determined by the external crystal fieldgj e to the other contributions.

and may move (almost) continuously through
the molecule as is apparently the case for tho conclude, we have shown that a specific
compounds displayed in Fig. 5. anisotropy in the bond alternation pattern of

_2 . . .
For the singlet ground state, the energy gaine(&ﬁo as observed experimentally is the first man-

from the reoptimization of bond alternation inifestation of a static Jahn-Teller distortion in
comparison to the one of neutragkCamounts bulk, crystalline compounds. Theoretical anal-
to 170 meV when computed by the LA but onlyySes allow to unequivocally assign a diamag-
to 80 meV in DF approximation. When com-netic singlet ground state and produce excel-
pared to a triplet state (also with anisotropident quantitative agreement with respect to the
bond alternations), the structural energy gaiRond alternation pattern. They also demonstrate
is still 76 meV. This is somewhat smaller tharthat electron-lattice coupling may be strongly
the magnetic interaction that favors the tripleenhanced by nonlocal screened exchange con-
states (98 meV). Degrees of freedom left out intributions.

Superconductivity in hole-doped diamond
L. Boeri and O.K. Andersen; J. Kortus (Technische Univatdtergakademie Freiberg)

Diamond is usually considered the prototype obne order of magnitude larger than those at
band insulators: it came as a big surprise, therevhich an insulator-metal transition takes place,
fore, when it was shown that, under extremelyB-doped diamond can be described as a de-
high boron doping (i.e. 3%), diamond undergenerate metal. A similar point of view has
goes a superconducting transition with a critibeen adopted in several other subsequent works
cal temperature of 4K [1]. After the initial re- [2], while in Ref. [3] a purely electronic mech-
port in polycrystalline samples, the result haginism valid for impurity bands was proposed.
also been confirmed in thin films, witlic’s  Our results not only show that electron-phonon
as high as 11K. Besides creating an obviouiiteraction is a very likely explanation for the
technological interest, as diamond is a promisphserved superconductivity, but also allow us
ing material for application in electronics, thesao discover an unexpected similarity between
findings posed fundamental questions conceriole-doped diamond and the record electron-
ing the superconducting mechanism and thghonon superconductor MgB

possibility of observing superconductivity in

other doped semiconductors. Our investigaWe have performed first-principles calcula-
tions based on first-principles electronic structions of the electronic and phononic proper-
ture calculations suggest that the observed sties of hole-doped diamond and other tetra-
perconductivity in hole-doped diamond is duenedral group-1V semiconductors, silicon and
to an electron-phonon mechanism. We assungermanium, using Savrasov’s Linear Response
that at these doping concentrations, which areMTO program. In the following we shall fo-

22



Carbon and organic based materials Selected research reports

cus mainly on diamond, but, unless differentlycenter of the Brillouin zone. The average
stated, the arguments and results apply to all thadius of the spheroids grows with doping as
tetrahedral semiconductors studied. To modé ~ (x/3)1/3kgz; the Density of States (DOS)
the effect of doping we used the Virtual Crystahas a typical 8 behavior, and its value at the
Approximation (VCA): we approximated the Fermi level,N(eg), grows as ¥3. This picture
real lattice, in which a fraction x of Carbonhas recently been confirmed by the ARPES
atoms is randomly replaced by Boron atomsmeasurements of B-doped diamond films by
with a regular lattice ofvirtual atomswith a Yokoyaet al. [1], who have shown that around
non-integer number of proton&y), which g the band structure of B-doped diamond is

is a weighted average of those of Carbon angly similar to that of the pure material, with

Boron: Zyin = (1-x)Zc +_XZB' This.allowed Er moving to lower energies with doping.
us to evaluate the physical properties of hole-

doped diamond, silicon and germanium for
different doping, up to x=0.1.

160
=

[ 2

Even at x=0.1, the band structure of hole- 120'
doped diamond, shown as solid blue lines in

Fig. 7, is still almost identical to that of the pure%
material: the 4p° hybrids on each C atom form £ g
4 bonding (valence) and 4 anti-bonding (con [
duction) bands, separated by a large gap. The
exceptional hardness of diamond derives from 40
the fact that the only states which are full are all

of o bonding character, and these form bonds
which are among the strongest in nature. 0r T X W
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4 Figure 8: Phonon dispersion of pure and hole-
doped diamond for different values of boron concen-
tration x: we observe a pronounced softening of the
frequency of the zone-center optical phonon with re-
spect to the pure case, which increases as a function
of x.

N
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The effect of doping on the phonon spectrum
. X is shown in Fig. 8: there is a sizeable reduction
Figure 7:  The band structure of hole-dopedspftening) of the frequency of the zone-center

diamond in the VCA approximatiorb(ue solid ling ; . o ;
is almost identical to that of the pure material,_omIcal phonon; as x'is increased, the softening

even at x=0.1; however, boron doping drives holel1créases and extends to a larger regiomiin -
into the valence band, which couple strongly to th&pace. This effect can easily be understood in
bond-stretching phonon af~0. The red dotted terms of the standard electron-phonon theory:

line shows the effect of a frozen optical zone-centef; metals, the interaction of conduction elec-
phonon on the band structure. trons with a phonon causes a reduction of its

frequency, which grows with the strength of
With boron doping, electrons are removed fronthe interaction; also, the theory shows that only
the crystal and holes form at the top of thephonons withq <2k are allowed to couple.
triply-degenerate valence band: diamond be=igure 8 thus shows that in this system only
comes metallic, with the holes forming threethe optical mode is coupled, with a strength in-
distorted spherical Fermi surfaces around thereasing with doping.
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A simple physical argument explains why in -

. X Te=w exp 2
this material electrons couple strongly to some <% - u*)
lattice vibrations: the optical phonon, which at
the zone-center has the same symmetry as th@ese results can be generalized to diamond,
electronic states at the top of the valence ban®ith a few differences due to dimensionality.
is a bond-stretching mode which distorts thélgBz is in fact a layered material very similar
stiff o-bonds. In fact, when the ions are movedo graphite, the 2D form of carbon, which un-
along the eigenvector of tHeoptical mode, the like diamond is based osg?-bonding. Instead
triple degeneracy of the top of the-band at of four o-bands, there are three and onern-
the I'-point is removed, with one band movingband; the top of the-band, which contains the
to lower and one to higher energies, the thirduperconducting holes, is doubly degenerate,
band being fixed (dotted red lines in Fig. 7 corwith the same symmetry as the bond-stretching
respond to a frozen distortion of reduced ampliphonon mode. In MgBall the o electrons cou-
tudeu=0.0%4). As discussed by Cardona [2], ple to each of the degenerate phonon vibrations,
this mechanism is also responsible for the zeravhereas in diamond only 2 bands out of 3 are
point renormalization of the optical gap in purecoupled to each degenerate phonon vibration.
semiconductors. The same, strong coupling berherefore, the formula for the renormalization

tween bond-stretching phonons and holes at thst the phonon frequencies in diamond reads:
top of doubly-degenerate-bonding bands is 2= 2/<1+2( ).

at the basis of the exceptional superconducting
properties of Magnesium Diboride. Hole-dopecEquation(1) shows that the total electron-
diamond is, after five years of intense theoretphonon coupling is determined by material-
ical and experimental research in the field oflependent parameters, such as the density of
MgBz, the first example of an existing materialstates at the Fermi level and the deformation
which is so similar to MgB that the theoretical potential, and to a large extent by the phonon
knowledge derived there can be applied to angoftening, which in turn is dominated by di-
tested on. mensionality. To discriminate between these
two effects, it is useful to introduce a bare
electron-phonon couplingo=N(er)D?/Mw3,
which only contains material-dependent param-
eters: whileD is a measure of the geomet-
rical distortion of the electronic bands due to
N(SF)DZ’ (1) Phononsw measures the hardness of the mate-
Ma? rial. The total electron-phonon coupling is then
where N(er) is the density ofo states at the A= 32— 2 T2075» Witha=11in 2D and 2/3 in 3D. Ta-
Fermi level, M is the reduced mass of theble 1 contains the values entering the definition
optical bond-stretching phonon, and Du is thef )\ according to Eq.(1) for MgR diamond, Si
energy splitting of the doubly-degenerate topgind Ge and the relativiey. It can be noticed
of the o-band produced by the displacementhat, even if at x=0.1, due to the compensat-
eu of the same bond-stretching phonon, withng effect of a larger deformation potential and
normalized eigenvectoe. There is a feed- phonon frequency, diamond has the samas
back effect between. and the phonon fre- \1gB, its effective electron-phonon coupling is
quency, since is renormalized with respect to ,,ch lower (0.6 instead of 1.0); this reduction
its bare value wo by the interaction with elec- ;g completely due to dimensionality effects, rep-
trons:? = g /(1+21). resented by the factan. The value of\ in

Oncew andA are known, the critical tempera- diamond grows sensibly with doping, following
ture can be evaluated using the formula: the increase ol (ef).

In MgB», a surprisingly close estimate of the
total electron phonon couplirlg is given by the
Hopfield formula, which is exact for parabolic
bands withkg < kg7:

}\‘:
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Table 1: Values of the parameters which determine "% E
the total electron-phonon couplirig according to T T
the Hopfield Eq.(1).N(ef) is in states/eV/spin/f.u.,

D is in eVAA and w in cm. The total elec-
tron-phonon coupling obtained by the numericat~’
integration of the full Eliashberg functioi{ym) is 1
also reported.

T F T — +

0.1
N(eg) D o) o A Anum 0.00 0.05 0.10

X
MgB, 015 124 536 033 101 1.02 Figure 9: Critical temperaturg. (Eq.(2)) as a func-
C 000 216 1292 0 0 0 tion of x for hole-doped diamond, Siand Ge, in com-

3%C 007 211 1077 021 030 0.30PansontoMgB, usingu=0.1.

5%C 0.08 20.8 1027 0.25 0.37 0.36
10%C 0.11 204 957 0.32 0.57

=0 Finally, Fig.9 shows the critical temperatures
Si 000 68 510 O 0 0 for hole-doped diamond, silicon and germa-
5%Si 017 63 453 0.13 0.16 0.30 yhjym given by Eq.(2); given the approximations
10%Si 0.24 61 438 017 022 0'4OintheformulaforTc and in the determination of
Ge 0.00 58 317 O 0 0 doping, the results for diamond are in reason-
10%Ge 0.20 4.4 282 0.08 0.09 0.32able agreement with the experiment, indicating
that electron-phonon coupling is a likely mech-
anism for the superconductivity in this system.
In the same table, the value afobtained by oOuyr results show that, unless very high dop-
the numerical integration of the total EIiash-ing levels can be obtained, it is very unlikely
berg functiona®F (w), evaluated on a very fine
(1/12) grid in g-space is also reported{m).
In diamond, the agreement between the ap-
proximate Hopfield formula and the numerical;; gm0y £ A v.A. Sidorov, E.D. Bauer, N.N. Mernik,
result, which takes into account the full com- ~ N 3. curro, J.0. Thompson and S.M. Stishsature
plexity of the electronic and vibrational spec- 428 542-545 (2004)ymezawa, H., T. Takenouchi,
trum, is striking. In fact, the shape of the Eliash- Y- Takano, K. Kobayashi, M. Nagao, I. Sakaguchi,
berg function indicates that the electron-phonon '\H/' }Izsvh;r‘; d;E':r:zt';ﬁbgggggé{“gkz;?# and
coupling is actually concentrated in the bond- 1 Nakamura, T. Matsushita, T. Muro, Y. Takano,
stretching phonon branch. M. Nagao, T. Takenouchi, H. Kawarada and

_ T. Oguchi.Nature438 647-650 (2005).
As far as the other tetrahedral semlconductora] Lee, K.-W. and W.E. Pickefehysical Review Letters

are concerneq, their bare and total electron-" g3 237003 (2004)Blase, X., C. Adessi and
phonon coupling parameters are always lower D. Conretable.Physical Review Letter83, 237004
than the corresponding ones of diamond, (2004);Xiang,H.J., Z.Li, J. Yang, J.G. Hou and
mainly because the deformation potentials are Q- Znu-Physical Review B0, 212504 (2004);

. . M. Cardona.Solid State Communicatioris33 3-18
lower. Furthermore, in this case the agreement (;q05):ma, v., J.S. Tse, T. Cui, D.D. Klug, L. Zhang

between the Hopfield formula and the numeri- Y. Xie, Y. Niu and G. ZowPhysical Review &2,
cal estimate ol is less good, as the Eliashberg 014306 (2005).

function shows that other phonon branches ang] Baskaran, Gcond-mat/0404286 and
involved in the coupling. cond-mat/0410296.

to observe superconductivity in Si or Ge.
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Atomistic structure of the surface planes in SiC pores

U. Starke and W.Y. Lee; C. Coletti and S.E. Saddow (University of South Florida);
R.P. Devaty and W.J. Choyke (University of Pittsburgh)

Porous SiC has shown intriguing perspectivesolid line rectangle). Stripes of different surface
for a variety of possible applications in elec-bond configuration, which will be discussed be-
tronic devices, gas sensors, fuel cells antbw, are marked.

bio-technology. Among several pore mor-
phologies discovered so far, one importan(ta)
pore type found is a triangular shaped pore
channel with surfaces inclined by about®62
with respect to the basal plane. In 4H-SiC
these tilted pore edges correspond td &R)-
surface orientation. This 4H-SiCI®) sur-
face and its isomorphic opposite, i.e. the
4H-SiC(1102) surface have been studied using
atomic force microscopy (AFM), low-energy
electron diffraction (LEED) and Auger electron
spectroscopy (AES). ©

4H-SiC <0001>
Surface unit cell

Figure 10 shows the orientation of these sur-
faces within the 4H-SiC bulk. As demonstrated
by the schematics in panel (b), tHEL(R) plane
(red) is tilted with respect to the-axis. Panel

(a) displays an atomic model of the 4H-SiC
crystal with 4 bilayers per unit cell and a layer
stacking ABCBA. The blue bond train showsq)
that slabs of two bilayers in identical orienta-
tion (linear stacking) are alternatingly stacked
together by a 60rotation (hexagonal stacking).

The 1®) plane, as symbolized by thered line, — & ... =
runs parallel to this bond train for two bilayers. (130) (0(1)1)
In the second half of the unit cell it runs approx- g;gg: bastaylpp;ane 101

imately perpendicular to the bond train. Figure 10: (a) Atomic model of 4H-SIC in side-

. iew perspective along thd120] direction. Bonds
The bulk truncated surface can have dn‘feren&vithin the (1120) plane are marked by blue lines

surface terminatipns. The possibilitigs range 4 the orientation of thel(Q2) plane by a red
from fully Si terminated to fully C terminated, |ine. (b) Schematic plane orientation and lattice
depending on which of the six different layersyector construction. (c) Bulk truncated, Si termi-
is terminating the surface. Such different terminated 4H-SiC11®) surface in side view. The sur-
nations are possible for both th&l(2) and the face unit cell and the 4H-bulk unit cell are high-
(1102) surfaces. The full Si terminatetiy) lighted. (d) SIC{1Q2) surface shown in top view.
surface is shown in Fig. 10(c) in a side VieW.The (1x1) unit cell (red) as well as the separation

. . in cubic (100) type (bounded by dotted lines) and
along the 1120] direction (the (k1)-surface (0001) basal plane type (bounded by dashed lines)

upit cell and the 4H-SIC bulk unit cell are de-patches and crystal directions (blue) are indicated.
picted). Figure 10(d) shows the respective toparge green atoms represent Si, small dark or blue
view and indicates the surface unit cell (redatoms C.
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In order to analyze the atomic structure ohand, large terraces (Qunx2—3um) are found
these surfaces, mechanically polished samplegth step heights of 2-5 nm (see Fig. 11(b)).
of both orientations were etched in hydrogen
flux at 1500C to eliminate the polishing dam- The hydrogen-etched samples were subse-
age and to obtain ordered surfaces as commorfiently introduced into an ultrahigh vacuum
obtained for the basal plane surfaces from sudyHV) surface analysis chamber. Both surface
procedures [1]. AFM images acquired undePrientations display a sharp X1)-LEED pat-
ambient conditions (Fig. 11) indeed show thatern as shown in Fig. 12(a) and (c) with some
the residual polishing scratches are to a large€sidual background from atmospheric contam-
extent removed. The residual misorientatiofnation. The (k1) spot arrangement indicates
(of less than 0.5 degrees) of the samples resulsbulk-like periodicity with the surface unit cell
in step arrays parallel and perpendicular to thghaped as drawn in Fig. 10. The surfaces are ob-
[1101]-direction. However, the step heights andfiously terminated by a thin oxide layer. This
terrace widths are drastically different for theis inferred from the significant oxygen-peak in
two surface orientations as demonstrated by t&ES (differentiated AES-signal di&j/dE, cf.
line profiles plotted in Fig. 11. Fig. 12(e) and (f), top curves). In addition to
the identical bulk-like surface periodicity in this
0002 045 ‘as-etched’ condition, the chemical composi-
A tion appears to be quite similar for the two ori-
entations as determined from the Si to C AES
peak ratio (insets in Figs. 12(e) and (f)). VYet,
this is not too surprising, since in both orienta-
tions the bulk terminated surface corresponds to
an alternating stripe pattern of basal-plane like
(0001) and cubic type (100) surface patches.
This can be seen in the top view atomic model
in Fig.10(d). In this figure the red solid line
rectangle defines the surface unit cell. The area
surrounded by a dashed line on the right side of
the unit cell highlights a stripe with triangular
bond coordination of the topmost Si to the next
C layer, which is typical for a hexagonal basal
plane (0001) bilayer. The short dashed lines
on the left side of the unit cell enclose a patch
TR TR 0’0 L) where_one finds the characteristic"_%tation _
X [um] A of the in-plane component of the Si-C bond di-
rection in alternating layers, which is common
Figure 11: AFM images obtained after hydrogerfor the cubic (100) surface. Due to the strict
etching of (a) 4H-SICI1®) and (b) 4H-SiC(102).  alternation of Si and C layers on 3C-SiC(100)
Line profiles parallel and perpendicular to th&@1]  the same surface termination is possible on such
direction are shown on the right. patches for both our surfaces. The basal plane

on Sica_lcﬁ), the steps perpendicular to theIlke patches are different for our two surfaces,

[1101]-direction are very small (typically o_z_gorrespondlng 0 .(0001) and (QOptermina
. tion. Yet, on the Si-face and C-face basal plane
0.8nm height), whereas the parallel steps are o . )
. . . surfaces two very similar oxide structures exist
larger with a typical height of 1.5-2.0nm

This results in a stripe pattern morphologﬂz]’so that the two surfaces in the present work,

(50 nmx 1um terraces) as visible in the AFM- .e. SIC(L1@) and SIC(102) may well be cov-

image (Fig. 11(a)). On Sicq__‘DZ), on the other ered by similar oxide structures.
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Figure 12: LEED patterns of (a,b) 4H-SiCI(®2) and (c,d) 4H-SiC(102) as observed immediately after
hydrogen etching (a,c) and upon Si-deposition and annealing (b,d). Corresponding AES spectra for (e)
4H-SiC(@11®) and (f) 4H-SiC(102). The Si, C and O AES transitions have been marked. AES spectra are
also shown after outgassing. The insets show Si/C AES-peak ratios.

The oxygen can practically be removed byhigher temperatures, once again the Si content
flashing in UHV to about 120@. The corre- drops. LEED spot intensity curves clearly in-
sponding AES spectra are shown in the middlgicate a different structure for the UHV treated
curves of Fig. 12(e) and (f). The Si/C ratio issyrface as compared to the ‘as-etched’ surface
depicted in the insets, which for reasons not Ursgndition. Here, the chemical difference be-
derstood at present behaves quite differently 0y ,aan the two orientations becomes more ob-

the two surfaces upon Fh's flash. Si OIePOSItIO(}ious with quite different LEED spot intensities
and subsequent annealing lead to awell-ordergd

surface with the best LEED pattern obtaine o th_e_ two surfaces. Apparently, the dlfferen.t
after about 1120C and 1006C heating, respec- polarities of the (0001) type patches of the unit

tively, for the two surfaces (cf. Fig. 12(b) andceII are manifested in the overall surface struc-
(d)). 1Fhe corresponding AES spectra are showiyire. To resolve the detailed atomic structure of
in Fig. 12(e) and (f) (bottom curves). Interestthe surfaces, LEED spot intensity spectra were

ingly, the Si/C composition ratio increases up t@cquired for a quantitative LEED structure anal-
1000°C (cf. Si/C ratios in the insets), before atysis. This analysis is currently under way.
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In summary, 4H-SinlO§) and 4H-SiC(1_02) as seen from AES. In UHV, Si deposition and
surfaces have been investigated using AFMsubsequent annealing leads to an oxygen free,
LEED and AES. The surfaces develop a We||well-ordered surface with a maximum Si con-
defined step arrangement after hydrogen etcfent after heating to approximately 10@
ing with steps parallel and perpendicular to the
[1101]-direction. Yet drastically different mor- [1] Starke, UAtomic structure of SiC surfaces'.
hologies for the two isomorphic orientations " Silicon Carbide, Recent Major Advances,
p g P ’ W.J. Choyke, H. Matsunami, G. Pensl (Eds.).
are observed. Both surfaces display a sharp springer, Berlin, 2004, p. 281.

(1x1), i.e. bulk-periodic LEED pattern and [2] Bernhardt, J., J. Schardt, U. Starke and K. Heinz.
are terminated by a thin ordered oxide layer Applied Physics Letterg4, 1084-1086 (1999).
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Nanostructures

The fabrication and investigation of nanostructured materials is one important area of
research at the Institute. The first report deals with the deposition of metal-organic co-
ordination networks on a Cu(110) surface which form periodic one-dimensional chains.
Scanning tunneling microscopy investigations agree quite well with theoretical calculations
which might help to engineer similar systems with specific magnetic, electronic, or catalytic
properties. The following report studies the evolution of self-assembled SiGe islands on Si
surfaces after the deposition of Ge, using atomic force microscopy. The optical properties
of a one-dimensional photonic crystal structure of nanowires have been studied as a func-
tion of disorder inside the supercell without perturbing the overall periodicity. Finally, a
new theoretical method, the functional renormalization group method, has been applied to a
one-dimensional fermionic lattice model for quantum wires. This method allows to include
a hard-core repulsion between the fermions and also various types of impurities. Results for
the conductance and the density of states are given.

One-dimensional metal-organic coordination networks at surfaces

T. Classen, G. Costantini and K. Kern; G. Fratesi, S. Fabris, S. de Gironcoli
and S. Baroni (SISSA and INFM-CNR DEMOCRITOS, Trieste, Italy)

Metal-organic coordination networks (MOCNS)lected as organic ligand. The UHV deposition
formed by coordination bonding betweenof TMA on Cu(110) at room temperature and
metallic centers and organic ligands can bée subsequent annealing to 380-410K results
efficiently engineered to exhibit specific mag-in the formation of straight and highly periodic
netic, electronic, or catalytic properties. InsteadD chains running along thé110) substrate

of depositing prefabricated MOCNs onto surdirection (Fig.13). At low coverage, chains
faces, it has been recently shown that two dipredominantly attach to step edges, while by
mensional (2D) MOCNSs can be directly grownincreasing the coverage chain nucleation takes
at metal surfaces in ultrahigh vacuum (UHV) place also on terraces.

thus creating highly regular 2D networks of

metal atoms [1,2]. These grids have beedhe deposition temperature is high enough to
pointed out to be potentially relevant for de-provide mobile Cu adatoms via evaporation
vices involving sensing, switching, and infor-from kinks and steps onto the terraces. These
mation storage. Here, we show that by usingdatoms have been found by XPS analysis of
the substrate as a template it is possible to préimilar systems to catalyze the deprotonation
define the MOCN geometry and to direct theof the molecular carboxylic groups and are
formation of novel metal-organic coordinationfurthermore necessary for the formation of Cu
chains (MOCCs) [3]. carboxylate complexes [4].

Cu(110) was chosen as a prototypical highlyrhe chains, hereafter referred to as MOCC-I,
anisotropic substrate. In order to evidenceonsist of triangles alternating with round pro-
its strong 1D templating effect, a moleculetrusions (Fig.13(b) and (c)). The apparent
with a triangular symmetry, 1,3,5-benzenetriheight of the two units is significantly differ-
carboxylic acid (trimesic acid, TMA), was se-ent: 140+ 30 pm and 75 20 pm, respectively,
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when scanning at -1V and 1nA. The triangles® R
are identified as flat-lying TMA molecules,

while the round protrusions can be attributed
to Cu adatoms coordinated by two of the R
carboxylate groups of the TMA molecule. The v iﬁimj’
third TMA functional group is pointing out of SRR
the chain with no preferential up or down orien-®)

tation (Fig. 13(b)). o bewhiy Goo s
_ wboa, o

The periodicity of the MOCC-I along110) AL go e o

is 5 Cu lattice spacings (12.400.15A). ‘g ey

High-resolution STM images indicate that the e bos

distance between the Cu-protrusion and the'O L PUPRI -

atom of the molecular carboxylate groups is T

~2.8A, a rather large value when compared vhe e

to the typical Cu-O bond length of 1.9-2A2 Sgvenbngbbbabbng
The simplest [-TMA-Cu-} chain model for the ©
MOCC-I adsorption geometry seems therefore
to be outruled by these observations.

Indeed, the lowest energy MOCC-| structure
predicted by density functional theory (DFT)
calculations is a [-Cu-TMA-Cup] chain in
which a dimer of Cu metal adatoms forms ) s
unidentate Cu carboxylate bonds with adjacent &
TMA molecules (Fig. 13(d)). The dimer binds

to the surface by 6.3eV with respect to iso-
lated Cu atoms and each adatom is 5-fold co-
ordinated to the substrate. This structure hag)
the right 5< periodicity. Its simulated STM
image (Fig.13(e)) closely agrees with the ex-
perimental one, the Cu-Cu dimer being imaged
as a single spot centered between the adatoms.
The resulting Cu-O distance is 282 there- Figure 13: STM representative images of
fore in the range of the typical Cu-O bond[-Cu-TMA-Cu-], chains (MOCC-I) on Cu(110) for
lengths. Finally, also the calculated apparentMA coverages of (a) 0.36 and (b) 0.13 mono-
heights, 170 pm for the TMA and 90 pm for thelayer (ML), respectively. Comparison of (c) the

Cu-protrusion. are in good agreement with th high-resolution STM image of MOCC-I, (d) the
u-p . usion, ing 9 wi Gtomistic MOCC-| model, and (e) the correspond-
experimental ones.

ing DFT simulated STM image.

The theoretical analysis provides an unprece-

dented level of insight into the adsorpt'on[-Cu-TMA-Cu-]n chains are the intrinsic nano-
geometry of surface MOCNs. The molecule

stands 1.14 above the outermost Cu layer, thestrugturesl on dC;(llO), bIUt functlonhal M(c):CCs
carboxylate groups bending towards the surfacrgqu'r? aiso di eren_t gements than .u as
by as much as 0.68. With respect to a neu- metallic centers. Extrinsic [-TMA-Feslchains
tral Cu atom, surface Cu-complexation weakl{MOCC-Il) were created by holding the
reduces the metal center occupations of both tHeu(110) crystal at 230K and by depositing

sandd electronic states by 0.2 electrons. first TMA and then Fe at coverages higher
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than 0.04 ML. The sample was then annealebhsight into the potentially interesting magnetic

to 390K for one minute. The number ofproperties of these Fe-complexated MOCC-II

chains increased with the amount of deposite@@n be gained by projecting the electron density
Fe and saturation was reached for a coverage 8f the atomic Fed orbitals (Fig. 15(b)). The

~0.08 ML of Fe. Further Fe deposition result’roiected density of electronic states (DOS)
. . . displays a large splitting between the major-
in the nucleation of Fe islands. ) . N .

ity spin-upand minority spin-downelectrond
states. The former are completely filled and
well-hybridized with the substrate Glistates,
extending from -5 to —1 eV in the total DOS of
the [-TMA-Fe-], chain (Fig. 15(a)). The latter
are only partially filled and extend in the energy
region dominated by the substratstates.
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Figure 14: [-TMA-Fe-} chains (MOCC-II): (a) JJ
Overview image of the coordination chains formetg
upon deposition of 0.04 ML Fe and 0.40 ML TMA. 3‘
Comparison of (b) the high-resolution STM image,
(c) the atomistic MOCC-Il model, and (d) the corre-
sponding DFT simulated STM image.
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The 4x in-chain periodicity of these chainso
. . | Fe adatom on Cu(110)
(Fig. 14) leaves space for just one Fe metai ! ! !
center between TMAs. The TMA-TMA dis- 6 4 (I':_Z_ E )[e(i/] 2 4
tances are therefore shorter when linked by Fe F

. . Figure 15: (a) Total DOS (in states/eV with re-
than when linked by Cu, similarly to what Wasspect o the Fermi energse) of the [-TMA-Fe-],

reported for 2D MOCN on the Cu(001) surface chain (MOCC-I1), and projected DOS on the atomic
According to DFT calculations, the geometry ofd-states of (b) the Fe center in the MOCC-II and (c)

the adsorbed TMA molecule is weakly depena Fe atom isolated on the Cu(110) surface.

dent on the metal center. The metal-carboxylate

bond is still unidentate and the Fe-O distancéS & consequence, the Fe atoms are strongly
is 1.95A, thus 0.07A shorter than the Cu- Magnetized, with a spin polarization of 33

O one in MOCC-I. Single metal centers leacP®" Fe atom. The polarization of a Fe adatom

. . solated on the Cu(110) surface is very similar,
to very weak features in the simulated STMS.ZUB, and the corresponding projected DOS

image (Fig. 14(d)), in agreement with experi-is shown in Fig. 15(c). The comparison shows
ment (Fig. 14(b)). With respect to a neutral ¢ the coordination with the carboxylate group

Fe atom, surface Fe-complexation strongly reégpes not affect the electron localization at

duces the occupations of the Bestates by the Fe adatoms, thus not producing any rele-
1.3 electrons while increases that of thetates vant quenching of the spin magnetic moment.

by 0.5 electrons.

(o] S o B
T LI
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This is a necessary (although not sufficient)e] Stepanow, S., M. Lingenfelder, A. Dmitriev,
condition for the emergence of intriguing mag-  H- Spillmann, E. Delvigne, N. Lin, X. Deng,

netic properties induced by the low dimension- gégc_ggg'é;%th and K. KerrNature Materials,
ality, such as giant magnetic anisotropy. Be- '

C.a”.se of their high thermal stability, IVIOCNS[3] Classen, T., G. Fratesi, G. Costantini, S. Fabris,
similar to those presented here could thus be F.L. Stadler, C. Kim, S. de Gironcoli, S. Baroni and
convenient model systems to explore the occur- K. Kern. Angewandte Chemie International Edition
rence of low-dimensional magnetism. 44, 6142-6145 (2005).

[1] Dmitriev, A., H. Spillmann, N. Lin, J.V. Barthand  [4] Lin,N., D. Payer, A. Dmitriev, T. Strunskus, Coly

K. Kern. Angewandte Chemie International Edition J.V. Barth and K. KernAngewandte Chemie
42 2670-2673 (2003) International Editior#4, 1488-1491 (2005)

Tracing the footprints of self-assembled strained islands
A. Rastelli, M. Stoffel, U. Denker, G.S. Kar and O.G. Schmidt

The most elegant and convenient method to falperimeter provide additional strain-relaxation
ricate nanometer-scale objects is to exploit thmechanisms. Many different microscopy tech-
capability of certain material systems to selfniques have been used to characterize self-
assemble nano-structures. For instance, defeelssembled islands, both during growth and at
free semiconductor ‘gquantum dots’ can b&oom temperature (RT) after growth. The for-
created by means of lattice-mismatched heterener approach allows the direct imaging of the
epitaxial growth. In the Stranski-Krastanowgrowth dynamics, but is limited in resolution
growth mode, the elastic strain stored in thgy accessible growth conditions. The latter can

growing film is relaxed by the formation of gnly give access to snapshots of the surface
three dimensional islands on top of a thin, pseUs;o,en’ at RT.

domorphic wetting layer. Among the differ-

ent material combinations, the Ge/Si(001) sysHere we report on the observation and interpre-
tem can be considered as a model playgroungtion of uniquefootprintsleft by SiGe islands
for understanding the physics of self-assemblegh the substrate surface. Such footprints con-
island growth. sist of trenches forming at the island perime-
ter when the growth is performed at sufficiently

islands first appear as shallow unfacéteaigh temperatures. We show that new insights
‘prepyramids’. With increasing size they un-into the temporal evolution of the |slanQS can
dergo a shape transition {405} faceted pyra- be deduced from these footprints, which we
mids and then to multifaceted islands bounde@tudy by RT atomic force microscopy (AFM).
by steeper facets, referred to as ‘domes’ anihe most unexpected result of this analysis
‘barns’. Further growth leads to the introduc-s that islands move laterally on the surface
tion of dislocations (‘superdomes’). Severaduring post-growth annealing. We interpret
other phenomena, such as Si-Ge intermixinghis phenomenon as a mechanism for alloy-
modification of the wetting layer surface reconing exclusively via surface diffusion, and hence
struction, formation oftrenchesat the island strain relaxation.

At typical growth temperatures (550—-8%L)

33



Selected research reports Nanostructures

The samples studied here were grown by soliddifferent island morphologies, such as domes
source molecular beam epitaxy (MBE). After(D), islands with an intermediate shape between
deoxidation and Si-buffer growth, Ge was depyramids and domes (TD), pyramids (P), trun-
posited at a rate of 0.04 monolayers/s (ML/stated pyramids (TP) and unfaceted prepyramids
at a substrate temperatulig between 740C (PP, not shown in Fig. 16(a)). The plot of the
and 840C. The samples were cooled to RT beaspect ratio r vs. volume (Fig. 16(b)) indicates
fore characterization. Some specimens weréat different island sizes correspond to differ-
also etched with a mixture of HF:1J@,:2 entshapes (here ris defined as the ratio between
CH3COOH:3 (BPA solution), which is known height and square root of the base area).

to etch selectively SiGe alloys over pure Si. ) ) ] o )
The information contained in Fig. 16(a) is how-

(@) ()  ever not sufficient to establish how each island

°vD°v s s '_' .'_5.'* evolved before the sample was cooled to RT.
o °°°° % L P “.""' ] In particular we do not know whether the
©0® o : 5 | f: ™° | small TPs were in the process of growing
] 0*00000 3 , and transforming to pyramids or shrinking
© o0 © ¢ § S pp i ooowna 1 and disappearing. An answer to this ques-
o o ° © o111l tion is provided by Fig.16(c), in which the
i o : 0 1 2 3 4 .
< Volume [10° nm?] ~ color scale enhances the corrugations of the
wetting layer. We observe trenches (dark in
(d . . :
—— I the figure) surrounding each island, but also
. Qo Vh ‘empty’ trenches (ET), which do not surround
ﬁ ™ PP tET any island. The latter were obviously created
2 by islands which formed, grew, then shrunk
Dnﬂ and disappeared before the measurement was
§ i performed. In Fig.16(c) we can also identify
|nn. shrinking islands, such as that pointed at by an

[110] > 500 hm — 250nm —  arrow in Fig. 16(a) and (c), whose base area is

Figure 16: AFM image of SiGe islands obtained bys_r’r?aller.than the trench area. Their relative po-
deposition of 6 ML Ge on Si(001) at 840 with Sition with respect to the trench center suggests
color scale according to surface slope (a) and heighf@at part of the material initially composing

(c). (b) Statistical analysis of island shape verthe shrinking islands has migrated towards the
sus volume. Islands at different stages of evolutarger nearby TDs or domes. A detailed analy-
tiqn are observed:.prepyra_mids (PP)g truncateq PY'&is shows indeed that shallow islands (Ps, TPs,
mids (TP), pyramids (P), islands with shape INe'pps) are shrinking to the advantage of islands
mediate between pyramids and domes (TD), and

domes (D). In (c), empty trenches (ET) are also seer\{\."th large aspect ratio (TDs, Ds). The latter are

(d) Sequence of AFM magnifications iIIustratinggrOWing’ as indicated in Fig. 16(b). This obser-

shrinking pyramids and the pyramid-to-prepyramidvation is consistent with an anomalous ripening
transformation. process [1].

A closer inspection of islands at different stages
Figure 16(a) shows an AFM image of a samef the shrinking process (Fig.16(d)) leads us
ple obtained after deposition of 6 monolayerso draw another important conclusion: While
(ML) of Ge on Si(001) afls=84CC. The color shrinking, islands undergo a reverse morpho-
scale according to the local surface slope witlogical transition from P to TP and eventually
respect to the (001) plane allows steep and shab PP as a result of their volume decrease, in
low facets to be distinguished. We observagreement with thermodynamic models.
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The above discussion demonstrates that, due| (@) o °
the trenches, the RT scanning probe microscoy ° [+] °° [
data provide much more information than sim oo ° ¢}
ple snapshots of the surface morphology. Sing © °° . ?)0 o ¢
the Si-Ge island material is more mobile tha® ¢ Q. e ©
the trenches carved into the Si substrate, we cg °° oo ‘0 00
aim to reveal trenches buried below the island °° e o
by selectively etching the SiGe alloy. This sim - o _,)‘ ._° —
ple method enables us to gather new insight int 7 \}/ ’( ¢
the intermixing-induced dome-to-pyramid tran{ TD

sition occurring during post-growth annealing 4 ( +] = O
and in the evolution of dislocated superdomes ~

Figure 17(a) shows an AFM image of a sam 5 o
ple obtained upon deposition of 10 ML of Ge .
on Si(001) atTs=740C. The islands have
an average height of (4t4)nm and have a
dome or barn shape. Figure17(b) shows an sl
AFM image of a sample with 10 ML of Ge an- 2o}
nealed atTs=740C for 20min. During an- & '°f

0 T 31° [110] —

T
— as-grown |
— etched

Si plateau

nealing, most of the barns and domes transforrﬁr 0 6 ”g
back to TDs and pyramids as a consequencg 3o 2,
of Si-Ge intermixing. AFM scans of the same™ 20f oagan) 'S
areas taken after selective etching in BPA so- "°[ ] , 2 §
lution are shown in Figs. 17(c) and (d). Prior I i 0 0>
to annealing (Fig. 17(c)), circular Si plateaux — ° L;ﬁ‘;th [n‘tﬁ‘]’ An?]eaﬁ?]g Ii?]‘l;[ff]m]

remain, which are surrounded by an approx'I':igure 17: Representative AFM images of SiGe

mately square trench with sides parallel to theyjands before (a,b) and after selective etching in
[100] and [010] directions. The etching of theppa solution (c,d) of samples with 10 ML Ge grown
annealed sample reveals that portions of tha& 740C. In (a,c) the sample was cooled to RT
original Si-plateaux buried under the islands argnmediately after growth while in (b) and (d) the
still present (Fig.17(d)). While prior to an- Sample was annealed for 20 min at 780 Circles
nealing the Si-plateaux are close to the islanBOinted at by arrows in (c) and (d) indicate repre-

. ; ntative Si-plateaux. Line scans of two representa-
centers, after annealing they are at the |slar§£e SiGe islands before (e) and after annealing (f).

edgg. We can thus conc!ude that during anfriangles mark the position of the Si-plateau edges
nealing islands do not only intermix and chang@efore annealing. The arrow in (f) represents the
their shape, but alsmovelaterally on the sur- displacement! undergone by the island center dur-
face. This is better seen in Figs. 17(e)—(f)ing annealing. (g) Schematic illustration of island
where line scans of the representative islandgotion. (h) Average displacement and volume of
marked in Figs. 17(a)—(b) are plotted beforéslands as a function of annealing time.

and after etching in BPA solution.

and the Si atoms composing it migrate away

With reference to Figs. 17(e) —(f), we can qual'from the compressed region at the foot of the

itatively describe the island motion as due islands left edae. | trast. th -
to material removal from the left side of theneWIS ands et edge. In contrast, the remaining

island and deposition on the right side. As Jart of the Si-plateau buried under the island
consequence of the motion, a part of the |n|l.S preserved, because its modification would

tially circular Si-plateau becomes uncappedequire the contribution of bulk interdiffusion.
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At the same time, the right islands edgecorrelation between the direction of motion and
advances gradually generating a new, shallowdne direction away from the nearest neighbor,
trench at its foot (visible as a dark area insuggesting that an environmental asymmetry,
Fig.17(d)). The Si removed from the islandsuch as a strain gradient, triggers the motion.
perimeter is probably added onto the growingVe also find that thenagnitudeof the motion
front of the island together with material of theis always comparable to the island radius and
original island, leading to asfficient Si-Ge in- shows no obvious correlation with environment,
termixing exclusively due to surface diffusion. suggesting that the motion is self-sustaining and
Therefore, the island volume increases and tHée role of the environment acts only as an ini-
average Ge fraction of the material composingal trigger. We note that the island motion dur-
the island decreases. As a result of strain réng annealing can be suppressed if the island po-
lease, domes and barns become unstable a$ition is fixed by surface strain energy modula-
their shape changes to TD or pyramid. Froniions caused by a buried island layer [3]. We
Fig. 17(f), we also notice that the left side of theobserve this effect on a sample consisting of
TD island, which we interpret as a remainde® stack of two layers of islands separated by a
of the island before annealing, is still dome-like90 nm thick Si spacer layer (islands were ob-
consistent with a Ge-rich composition, whiletained with the same growth parameters used
the right side is pyramid-like because of the Sfor the samples shown in Fig. 17).

added during the motion.

- : : VO T AV 0 (b)
The origin of the island motion can be un- o o (o] . O A ®
derstood with a simple thermodynamic model | @ —od! 3
for a strictly facetted pyramidal island of pure f L4 =
Ge, as shown schematically in cross-section in| "~ ° e, | - @
the top panel of Fig.17(g). By assuming an* (¢ ) o { Q
initial small motion (bottom panel of Fig. 17(9)) = f \
it is possible to show that the motion is self-§!3 2 o . 2420 3 & = _CDO —

sustaining and proceeds until most of the origi-
nal island has intermixed with Si from the sub- 120f o] (@
strate [2]. From the AFM images taken after se= sor
lective etching we determine the displacemnt < 22
of anisland as the distance between the positicg [

O~ .
of the island center prior to and after annealing® o[ ]

vy
(see small and large circles in Fig. 17(d)). The sow/W\WWW\M/KW _

‘ L

average displacement is shown in Fig.17(h) as ¢ 500 1000
a function of annealing time and indicates that Length [nm]
the motion is initially fast and then slows downFigure 18: AFM images of a SiGe superdome prior
as expected. Meanwhile, the average island vole (&) and after etching in BPA solution (b). The
ume (Fig. 17(h)) also increases as a result of %ﬁlorscale of (b) is enhanced by a second derivative

incorporation and iblv. island rioenin ering. (c) Line scans (L-L) of the AFM images
corporation and, possioly, isia pening. along the [010] direction. The bottommost line scan

A final question concems the Conditionsrepres;ents the numerical second derivative of the to-

. L . pograph shown in (b), with triangles indicating the
required to initiate self-sustaining lateral MO+ing positions. (d) A schematic representation of
tion and mixing. For islands very close to eachhe mechanism leading to the formation of the ring

other prior to annealing, we measure a strongtructure seen in (b).

— as-grown
— etched
— rings
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Trench formation and intermixing are effectiveintroduced in the island during its growth and
ways to release strain and to delay the introRence gain insight into the morphological ‘age’
duction of dislocations. However, dislocatedof the island.

islands (also referred to as ‘superdomes’) are )

often observed for large amounts of depositelf! conclusion, we have reported on the ob-
Ge. In Fig. 18(a) we show an AFM image Ofser\/_atlon and. interpretation of foqtprlnts Ief_t
a sample obtained after deposition of 15|v”_behmd by strained self-assembled |sland_s. Dif-
of Ge atT.=80C°C. The island at the Centerferent processes and phenomena occurring dur-

of the image is a superdome. The selective'd the island evolution were unambiguously
etching of this sample in BPA solution reveals

traced back by studying such footprints:
that superdomes leave behind a complex ‘tre.@ we foII(_)wed_ the_ dllsa_lppearance of small
. . . . islands during ripening; (ii) Upon post-growth
ring’ or staircase structure (see Fig. 18(b)). Line . .
. annealing, islands were observed to move lat-
scans of the superdome prior and after etch- . . :
erally to achieve alloying exclusively through

ing are shown in Fig. 18(c). ‘The bOttOmmos'[surface diffusion; (iii) A tree ring structure was

curve represents the second derivative (in arbig,o e req hyried under dislocated islands, with
trary units) of the AFM topograph of the etched

sample and allows a clear identification of theeach fing corresponding to a dislocation.
ring positions. At least seven rings, pointed at

by arrows, can be identified. Following the ar{1] Rastelli, A., M. Stoffel, J. Tersoff, G.S. Kar and
guments above we can easily understand the ob- O.G. SchmidtPhysical Review Letters5, 026103
servation as due to a discontinuous expansion (Dzoolf). UL A Rasteli M. Stoffel. 1. Tersoft

of the superdome perimeter and the formatioff! G?Eafgarég’ o acs(‘)tset;htir'“, |t<° }fe'm; ersott

of new, deeper trenches for every cycle (see .y, jin-Philiipp, D.E. Jesson and O.G. Schmidi.
Fig. 18(d)). This phenomenon was previously Physical Review Letter84, 216103 (2005).
observed in real-time. We can thus interpret thg] stoffel, M., A. Rastelli, S. Kiravittaya and

number of rings as the number of dislocations ©.G. SchmidtPhysical Review B2, 205411 (2005).

Periodic defects in metallo-dielectric photonic crystal superlattices

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

During recent years, research on photonic crystrated. In the optical regime for instance, di-
tal structures has been very active. Structuredlectric superlattice structures have been shown
with a periodically modulated dielectric permit-to support photonic Bloch oscillations.

tivity, which yield Bragg diffraction of light, In our work, we study experimentally and

have attrgcteq not only funglamental but als_?neoretically the optical properties of metal-
technological interest. In particular, the analysig. photonic crystal superlattice slabs. Such
of periodic structures with a structured elemeng|aps consist of metal nanowire supercells that
tary supercell came to the fore. Such supeigre periodically deposited on top of a dielec-
lattice geometries have been used in a widgic waveguide slab. The combination of the
variety of different physical fields and many in-metallic nanowires in a photonic crystal struc-
teresting fundamental effects have been demoture with a dielectric waveguide causes a strong
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coupling between the light of the waveguidegold nanowires which are arranged according
mode and plasmon resonances [1]. New colo a second periodicity (subcell period.

lective states are formed (waveguide-plasmon

polaritons), which lead to an impressive modifi-The arrangement of the nanowires within a
percell acts as structure factor of the exci-

cation of the optical properties due to a changeﬁu

. . .~ tation efficiencies of the higher order modes.
photonic density of states of the vacuum ligh . LY
modes rom solid state physics, it is well-known that

the diffraction intensities in X-ray scattering
In this polaritonic photonic crystal, the super-£XPeriments strongly depend on the tempera-

period of the lattice determines the spectratlure of the crystal due to the structural disorder

positions of the existing quasiguided modesassociated with the excitation of lattice vibra-

whereas the specific supercell geometry affecf pns. As a consequence, the peak intensities of

the excitation efficiencies of these modest. e scattered light of the diffraction orders are

o . .. reduced while the linewidths are preserved.
Our analysis is based on optical transmission

measurements in a conventional white-lightrhjs concept was applied to our superlattice
setup as well as numerical simulations usingesign by introducing periodic defects (small
a scattering-matrix formalism and Fourier derandom displacements) in the wire positions
composition. (see Fig.19). The superperiati; was cho-

_ o sen as an exact multiple of the subcell period
Figure 19 shows a schematic view of the samplgxz. The deviationsr; of the individual posi-

geometry. Electron beam lithography was usegons were calculated byri =fR (i=1,2, ...6),

to prepare on a quartz substrate gold nanowiighere f is a weighting factor an®, a set of
arrays with a size of 100100um? on top of  six random distances of a uniform distribution.
a 140-nm-thick indium-tin-oxide (ITO) wave- To obtain theoretical results with the scattering
guide layer. This 1D active photonic crystalmatrix calculation, we used the identical dis-
supports electronic resonances in the form of Igplacement (same set Bf) in each supercell of
calized surface plasmons in the gold nanowirethe lattice. We notice that this kind of disor-
as well as photonic resonances in the form ofler is very special and only a rough approxi-
quasiguided waveguide modes in the dielectrimation of thermal disorder. For example, the

ITO layer. spectral distance between the Bragg resonances
is fixed because the super-periodiaiky is not
A e O . destroyed at all.
‘mm-m m “E - W W
1 2 - 5 6 1 2 - 5 6 For the first sample without any periodic de-

Figure 19: Schematic view of the superlattice sami€CtS (f=0), one strong peak is visible in TE
ple geometry. For the experiments, defeatsin  polarization. This peak can be attributed to the

the positions of the nanowires were introduced. Theeventh Bragg resonance at the zone center of
dotted squares mark the cross-section of the origthe reciprocal lattice with periodiZdy;. Since
nal positions of the nanowires without displacementhe superperiod is an exact multiple of the sub-
Notice that the same set &f; is used in each super- .o, period, only higher order Bragg resonances
cell. of the superperiod which are multiples of seven

(7, 14" etc.) can be efficiently excited. By
In contrast to grating structures with a simplejiminishing the influence of the subcell period-
unit cell, the design here is characterized by &gity d,, through the introduction of defects, the
many as three essential parameters. Generalikcitation of distinct waveguide modes can no
the nanowire gratings were split into individuallonger take place. Therefore, all higher order
supercells, which were arranged with a superesonances of the lattice peridg will become
perioddy;. Each supercell contains six singlemore pronounced.
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(a) TE, Experiment (b) TE, Theory (c) TM, Experiment (d) TM, Theory
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Figure 20: Measured (a),(c) and calculated (b),(d) extinction spectra of the metallo-dielectric superlattice
structures for normal light incidence and both polarization directions. The spectra are shifted upwards in
each panel for clarity. While the subcell peridg, the number of nanowires, and the superpedgdcave

been kept constant for all samples, a random displacement in the position of the nanowires was introduced
with a varying strength f from f=0 (no displacement) to f=1.0 (maximum displacement) in steps of 0.1. All
spectra in (a) are multiplied by a factor of two for better visibility of the peaks.

Indeed, in Fig. 20(a) additional peaks arise botin the case of strong displacements of the wire
below and above the single resonance at the spgesitions § > 0.6), some modes are missing in
tial frequency of 72n/dy, for the curve with the measured and calculated optical extinction
f=0 when the random displacement of the&pectra. To clarify the origin of the low excita-
wires within the supercell is turned on and in+jon efficiency of these modes, the structure fac-
creased. The subcell periodicity is destroyed by, for each sample was calculated by Fourier

the random displacement and no longer acts gcomposition of the lattice geometry (Fig. 21).
a structure factor for the superperiod anymore £ 5 certain weighting factor f, several harmon-

For TM polarization and normal light inci- ics vanish and then reappear when changing f.

dence, the spectra show the same behavior This behavior is a result of the very specific de-
for TE polarization. The additional quasiguidedS'dn of our samples. The periodic defects lead
modes couple to the localized particle plasmof special structure factors of the lattice for each
resonance and lead to further dips in the extinétrength (f) of the displacements. Theoretical
tion spectra. This behavior is most clearly obcalculations show that a change in the disar-
served for the strongest displacement (f=1.0yangement of the wires (other setR)j for the

where the plasmon resonance shows two preéame weighting factor can lead to completely
nounced dips. different excitation efficiencies of the modes.
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Therefore, depending on the specific wire poeptical extinction properties. The superperiod

sitions some modes can vanish and reappeardy; determines the energy positions of the ob-

the different samples. served resonances whereas the subcell period
acts as a structure factor for these modes.

l[f=lo.o ] | T Hence, the excitation efficiency and the energy
14 2| position of the quasiguided modes can be influ-
=0 | 1 enced independently.
12 E
© rf_o'z I All higher order Bragg resonances which
S 10 =03 | 4 energetically overlap with the nanowire plas-
é. |,=0,4 | 1 mons, couple to these plasmon modes and form
® 8 - waveguide-plasmon polaritons. The coupling
§ If:o's | 1 strength depends on the excitation efficien-
T 6 P=0-6 ) | ) -4 cies of the quasiguided modes. When intro-
§ [ =07 | . 1 ducing periodic defects in the position of the
< 4r 2 nanowires, the influence of the structure fac-
| -oe L 1 tor of the supercell can be reduced and other
2fr=09 . L , 1 higher order Bragg resonances can be excited
, [ =10 | . 1 more efficiently.
T S By an appropriate choice of the superlattice

geometry, it should be possible to engineer the
photonic bands and therefore the band gaps in

Figure 21: Fourier decomposition of the gratingmetallic hotonic crvstals. This aoproach aives
structures plotted as a function of the spatial fre- P y : PP 9

quency. The strength f of the displacementdnore freedom in the Qesign of photopic .band
Ari=fR; serves as a parameter. The Fourier SpeQ.ap structures than using Only refractive index
tra are shifted upwards for clarity. changes.

Spatial frequency [2n/d,4]

In conclusion, our experiments demonstrat@] christ, A., S.G. Tikhodeev, N.A. Gippius, J. Kuhl and
that superlattice structures in metallo-dielectric  H. GiessenPhysical Review Letterg1, 183901

planar photonic crystals strongly modify the (2003).

Functional renormalization group:
new applications to quantum wires and quantum dots

S. Andergassen, T. Enss and W. Metzner;
V. Meden and K. Sabinhammer (Universitt Gottingen); U. Scholhvidck (RWTH Aachen)

In the last couple of yearfsinctional renormali- an effective field theory can be computed ab
zation group(RG) methods have been estabinitio for a concrete microscopic model, by
lished as a new computational tool in the theorgolving a differential flow equation with the
of interacting Fermi systems. These methodsnergy scale as the flow parameter. Thereby
are particularly powerful in low dimensions. also the nonuniversal behavior at intermediate
The low-energy behavior usually described bgnergy scales is obtained.
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We have applied such a functional RG schemElubbard chain are presented. Similarly, in the
to one-dimensional fermionic lattice modelspresence of sizable two-particle backscattering
for quantum wiresvith short-range interactions the asymptotic decrease of the conductance
and various types of impurities. The RG flowacross an impurity sets in only at very low

equations are non-perturbative in the impuritfemperature. Second, the asymptotic power

strength while perturbative in the two-particlelaws are usually modified blpgarithmic cor-
interaction. However, a comparison with exactections

numerical results for systems with up to 1000

sites showed that the truncated flow equations : : : : : :
are generally rather accurate also for sizable in- 04r l
teraction strengths. The most relevant observ-
ables such as the local density of states, the 03
density profile, and the conductance were cal-_ e
culated. The expected Luttinger liquid univerQ 02 ..~
sality of one-dimensional systems characterized 5
by power-laws and universal scaling functions g 4
has been confirmed by the functional RG, but it
turned out that very large systems (more than 0

10* sites) are required to reach the universal -04 -02 00 02 04 06 08 10
regime for moderate impurity and interaction .
parameters. Due to the flexibility of the func-Figure 22: Local density of states at the bound-

. ... _ary of a Hubbard chain of length=4096 at quar-
tional RG we are able to treat several dlstln_cfer_ﬁ”ing and various interaction strengtht the

impurity potentials such as local site impuri-j,set shows results faj = 2 andL = 10° at very low
ties, hopping impurities (weak links) and also,

double barriers enclosing a smajlantum dot’

region. For one-dimensional systems with long-range
i(nteractions, two-particle backscattering is

Recently, we have extended our previous wor ‘ v reduced diof q it
on one-dimensional systems with impuritiesS rongly reduced compared 1o forward scatter-

from spinless to spir%— fermions [1]. For mg. Th:j seemshto beéhe case in cat;bon nano-d
fermions with spin, vertex renormalization istu es. Hence, the conductance can be expecte

crucial to take into account that two-particlel© follow the asymptotic power law at acces-

backscattering of fermions with opposite spin_§ib|e temperature scales for sufficiently strong

at opposite Fermi points scales to zero in thinPurities in the system, as is indicated also by
low-energy limit. experiments. However, the effects due to two-

particle backscattering should be observable in
Two-particle backscattering of interacting elecsystems with a screened Coulomb interaction.
trons in quantum wires leads to two impor-
tant effects, not present for spinless fermiond=ven more interesting is the transport through
First, the expected decrease of the local de@ double barrier enclosing a small quantum
sity of states near a boundary or impurity at londot region containing only one or a few sites.
energy scales is preceded by a pronouriced Already for spinless fermions the conductance
crease if the interaction is short-ranged (thatthrough such a barrier exhibits resonances
is, screened). An example for this behaviowhich can be tuned by a gate voltage shifting
is shown in Fig. 22, where functional RG resultdhe single-particle energy levels on the dot, as
for the density of states at the boundary of @ahown in Fig. 23.
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Np =6; Vi, = 10; U= 0.5; N= 10" __ 10F ' ' ' 3
— 7203 — T=01 — T=003 — T=0 & - 1
0.03 T T T T T T T T T S_J, 0 5 - —
L i o L i
L i 0.0 | | ! |
S 2 10F 3
s " 1 88 "F E
o~ = 4 =] 5F =
9/ = < F .
- - 41 =z° = -
6 2
O oo1f . Vy/t
i 1 Figure 24: Conductance as a function of gate volt-
i I\ JL JL ] ageVgfor a wire modeled by an extended Hubbard
0.00 '2 (') = chain with nearest-neighbor hoppingHubbard in-
Vv teractionU/t=1, and nearest-neighbor interaction

9 U’/t=0.5; two weak links with a small hopping am-
Figure 23: Conductance as a function of gate voltplitudet’ = 0.1t enclose a quantum dot with six sites;
age for a wire containing spinless fermions withthe wire (18 sites) is connected to infinite noninter-
nearest-neighbor hopping and nearest-neighbor icting leads. Lower panel: Average number of elec-
teractionU =0.5, and two large site impurities of trons in the dot region.
strengthV;, =10 which enclose a dot region with
Np = 6 sites; interaction parameters and temperature
are given in units of the hopping amplitude. Theembedded in a wire with fGites are presented
resonances become extremely sharp at low tempelig- Fig. 24. Luttinger liquid properties of the
tures due to Luttinger liquid effects. electrons in the wire have only little influence

on the conductance in this case, which is almost

The resonances become extremely sharp @xclusively determined by interaction effects in
low temperatures due to the Luttinger liquidthe dot region for the parameters chosen for the
behavior of the interacting fermions in the wireplot. Combined effects of Luttinger liquid and
connected to the dot. For spéwfermions and Kondo correlations occurring for longer wires
sufficiently strong barriers, as realized for exor weaker barriers (than those in Fig.24) are
ample by a small tunneling amplitude betweerlso well-captured by the functional RG within
the dot region and the rest of the wire, newour relatively simple approximation scheme.
effects related t&ondo physicgome into play. Thanks to the flexibility of the method, also
In particular, the average electron number in thehore complex quantum dot arrays, as realized

dot region gets pinned to integer values, and th@ recent experiments, can be treated.
conductance as a function of the gate voltage

exhibits pronounced plateaus at the unitarity

limit 262/h atT=0. [1] Andergassen, S., T.Enss, V. Meden, W. Metzner,
_ ) . U. Schollvdck and K. ScbnhammerPhysical
The plateaus are associated with an odd integer Review B73, 045125 (2006).

ing this behavior for a dot region with six sites  cond-mat/0509576.

42



Strong electronic correlation phenomena Selected research reports

Strong electronic correlation phenomena

Strongly correlated electronic systems such as quasi-one-dimensional chains, two-
dimensional electron gases, or transition metal oxides with or without orbital degeneracy
are important research topics at the Institute where chemistry as well as experimental and
theoretical physics are involved. One example for such an interdisciplinary cooperation is
described in the first contribution dealing with the synthesis of novel copper oxide chains,
their physical properties as well as their theoretical interpretation in terms of Wigner crys-
tallization of electrons. The following two reports deal with two-dimensional systems and
illustrate the close interrelation of theory and experiment: a theoretical proposal for exciton
condensation in interacting layers is examined experimentally, whereas the described route
to non-Fermi liquid behavior may be related to experimental observations in the cuprates.
Raman scattering has been carried out in two Mott insulators. A new peak above the phonon
spectrum has been detected and interpreted in terms of orbital excitations. Finally, a new
experimental neutron scattering technique has been set up and also successfully tested. It
allows the determination of intrinsic lifetimes of excitations with unprecedented resolution.

Wigner crystallization in copper oxide chain compounds
P. Horsch, M. Sofin, M. Mayr, L. Capogna, M. Jansen and B. Keimer

The role of strong electron correlations and theew class of quasi-1D cuprates NaCuQ,
concomitant appearance gfpatially modulated could be synthesized. Theisgrinsically doped
charge structuresonstitutes a central issue inedge-sharing chain systems provide a unique
current solid state physics. The most prominergpportunity to study the condensation of charge
example are charge stripes in highshipercon- order (CO) at high temperature and the forma-
ductors. We report here the synthesis of novetjon of spatially modulated Heisenberg spin sys-
dopededge-sharing chain systems §Cap,O, tems at low temperature. Edge-sharing chains
and NaCusO10, Which form insulating states are also building blocks of the intensively stud-
with commensurate charge order [1]. We idenied Sk4xCaCup4041 System; due to exchange
tify these systems as one-dimensional Wigne#f electrons with ladders, however, the degree
lattices (WL), where the charge order is deterof doping is difficult to determine in those
mined by the long-range Coulomb interactiorcompounds. Here, we argue that these doped
and the number of holes in theeshell of Cu. chains can be understood as realizations of one-
The possibility of investigating systems withdimensional Wigner lattices, as proposed by
different electron concentrations and commertHubbard in the late 70’s in connection with
surabilities, yet with basically the same chemTCNQ charge transfer salts. He suggested that
ical environment, provides a basis for a deepdhe distribution of electrons is controlled by the
exploration of the more subtle interplay of spinCoqumb interaction rather than by the kinetic

and charge degrees of freedom in cuprates. €nergy - bandwidth), such that they form a
generalized Wigner latticen the underlying

Following a new route in the synthesis of TCNQ chain structure. This view suggests a
alkalioxometallates, recently discovered bystrikingly different nature of charge excitations,
Trinschek and Jansen, several members of amely as domain walls with fractional charge
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rather than particle-hole excitations as in comNeutron diffraction and Raman experiments
mon metals and semiconductors. Hubbard'sn NaCyO,, a compound containingndoped
proposal, however, can be challenged on theu—O chains that are otherwise identical to
grounds that the resulting periodicity of charg&hose of NgCu,0, and NaCusOso, directly
modulation can alternatively be explained by &emonstrate the unusual dominance of longer
4k charge density wave (CDW) arising from @ange magnetic interactions [2].  Neutron
instability of the Fermi surface even in mOdeISdiffraction data reveal that this material ex-
with short-range interactions. hibits a helically ordered ground state at low
temperatures. The pitch angle of the helix
is determined by the ratio of nearest-neighbor
and next-nearest-neighbor exchange constants,
which turned out to be: 20%. This ratio is pro-
portional to(t;/t2)%. The magnetic excitation
spectra determined by Raman spectroscopy on
NaCuwOs> single crystals confirm these conclu-
sions.

The Na.xCuO, compounds thus provide a
first example where an unambiguous distinc-
tion between the generalized WL and a Fermi
surface related kg CDW is possible. We also
show that for these edge-sharing compounds
even the magnetic and thermodynamic proper-
ties can only be explained by invoking a WL
ground state emerging from the truly long-range

, , Coulomb interaction.
Figure 25: Structure of the edge-sharing copper-

oxygen chain compound N@UO1o. Cu (O,Na) Sampleswere prepared by the azide/nitrate
atoms are drawn as green (red, grey) spheres, re- tor the alkali |
spectively. The C and C&* charge order along OUte. As a source for the alkalimetal compo-

theb (chain) direction leads to a unit cell with 5 Cunent, mixtures of the respective alkali azides
atoms. The charge order of pausOyo is displayed and nitrates (or nitrites) are used instead of
in Fig. 26(b). the alkalioxides. Conveniently, besides the

metals’ ratio, also the oxygen content and
The edge-sharing arrangement of GuiQuares hys the degree and kind of doping of the de-
meets the WL criterion of small bandwidth ingjreq product can be effectively controlled us-

an optimal way due to the almost90u-O-Cu 4 the weighed portions of the starting ma-

bonds (Fig. 25).  Unexpected complexity Sterials. Following this procedure the com-

added because, apart from a small nearest- _
neighbor hopping mr;trix elemetit the second pounds NaC,04 (x=1/2) and N@Cu.5010
neighbor hoppind, has to be considered which (X=_3/5) have been prepared as microcrys-
turns out larger as a consequence of the stru@”me' pure phases in gram-amounts. The
ture. While this unusual feature does not affecf€W oxocuprates (II/llf) belong to the compo-
the classical WL order imposed by the Coulomisitional series Ng xCuG;, with the end mem-
interaction, it changes the Fermi surface topolbers NaCu@ and the still elusive NeCuG,.
ogy, and thereby allows to distinguish the WLThe most prominent structural feature, com-
from the CDW on the basis of the modulationmon to all representatives known thus far, is a
period. one-dimensional polyanion CyO constituted
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of CuQy-square units sharing edges in transFor commensurate doping concentration
position. These anionic entities are embedk=m/n the interactiorV, selects a unique CO
ded by sodium ions which achieve coordinatiogpattern, i.e., provided that the second deriva-
numbers of 4-6 with Na—O bond lengths rangtive of the interactionV’ =V|_1—2V| + V41 is
ing from 2.27 to 2.74. The geometric data as always positive. This pattern is immediately
determined by single crystal structural analysegbvious for filling fractions x=1/2 and 3/4
give clear evidence for a CO at the Cu sites. Thé-ig. 26(a),(d)) which involve an equidistant
Cu?* and C@* oxidation states can be clearlyarrangement of the Cu sites (red circles in
identified by the Cu-O distances, which forFig.26). For a general ratio x=m/n this leads
NagCu,04 are in the range 1.826-1.887and to complex structures with unit cell size n. In
1.923-1.942, respectively. The way of link- case of x=3/5 we encounter in Fig. 26(b) the
ing the primary structural units together withcharge order observed for hausOso.

the variations of the copper to oxygen distances

inevitably leads to deviations of the 0-Cu-0@ | o | e if e} o o | o
angles from the ideal 90 As monitored by TN

: . . : @ ' o | o] ojo t o | o
differential scanning calorimetry measurements
CO disappears above the WL melting temper- L |
atureTp=455K and 540K for NeCi,Osand @ 1 @ | o 1 it o | o it o
NagCusO0, respectively. DC and AC conduc- Jy il

°
-
°
-
°
-
°
—
.
°

tivity measurements show also a clear transi®”)
tion from an Arrhenius behavior below, to

an almost temperature independent conductiys) T T ° l l ® T ° l 1 °
ity regime abovelp,.

For the theoretical analysisne has torecognize @ 1 1 1 e b ettt e

+ i 9 . . . e g~ b !
thqt CGLPLS.m.ad cg)r?flguratlon ngh spin 172, Figure 26: Wigner charge order resulting from
while C is in ad™-ligand hole @°Ly) state, Coulomb repulsion and associated modulated

also known as Zhang-Rice singlet state. In conqeisenberg spin structure for x=1/2, 3/5, 5/8 and

trast to high-T cuprates the edge-sharing ge3/4 doping (a)—(d). The spin-1/2 of €u (arrows)

ometry (Fig. 25) leads to strongly reduced hopis respo_nsible for magnetism; @u(ci_rcles) is non-

ping matrix elements. This sets the stage for th@2gnetic. The spin arrangement is drawn for fer-
romagnetic exchange, and antiferromagnetic,,)

long-range Coulomb force as dominant mterac\;vhere the two excitationd®-d® < d%Ly-d° con-

tion tributing to 3 are indicated by dashed arrows in (b).
The charge unit cells (shaded) contain 2, 5, 8, 4 sites,
Heou =U Enim ni‘¢+i§1v' AT 3) respectiv?aly. The strL(Jctures ()a) and (b) are realized
B in NagCu,O4 and NgCus0q, respectively, and the
where the on-site interactiot) suppresses dashed circlesin (aand () indicate charge excita-
charge fluctuations involving Gu (dlo) con- tionsx Vinth_ese s_tructures. (d) Typi_cal modulation
figurations. In the model we associate thd®" Charge stripes in cuprates at doping 1/8.
d°Ly, (d°,d%0) ionization state with 0 (1,2) elec-
trons, respectively, andi, (0=1,]) counts Charge localization, however, is not perfect
the number of electrons with spia, while in Wigner insulators as electrons still under-
n=ni;++n . The Coulomb interactio’, in go virtual transitions to neighboring sites
general is screened by the polarization of neighFig. 26(&,b*)) in order to retain partially their
boring chains as well as by core electronskinetic energy The energy of the lowest
Here we assume a generic Coulomb Mw- IY excitations and the impact of kinetic energy
1=1,2,.... withV (= 1 eV) as parameter. depend strongly on x, e.g., the energy of the
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excitation in Fig. 26(9) relative to the ground where the exchange constants depend on the
state Fig. 26(a) is- V; while the excitation for distance/R; —R;| between the spins and on the
x=3/5in Fig. 26 (b) is ~ V{, about an order of direction (parallel to the chains or perpendic-
magnitude smaller. ular). For x=0.5 only the exchange constants

To investigate the role of kinetic energy‘]z' Js, .... along the chains contribute, while for

we explore the dynamics of electrons startX=0-6J1, J2, &, ... are relevant (see Fig. 26).
ing from the 1D Hubbard-Wigner model Apart from the modulated spin pattern, superex-
Huw = Heoul+ Hiin, Where change in WL's shows further novel features,
namely fluctuations of (a) spin positions and of
Hiin = —iZ (Gl 6 Givo Gy Civl o) ) (b) exchange integrall ~ 4t?/(U +A(V)) due
e to the low energy charge fluctuations.
describes the hopping of an electron with spin
0. Due to the almost 90Cu—O-Cu angle the 0.003
hoppingt; between nearest neighbor Cu sites
results mainly from directl-d exchange, while
t, originates from hopping via a Cu-O-O—-Cug 0.002
path (Fig. 25), leading to the remarkable fact%
lto| > |tz]. Our numerical simulations of the §
quantum model show, that for the parameter§ 0.0011
estimated for edge-sharing chain compounds
the WL charge modulation is realized, while a
CDW state would only appear for significantly ~ 0.000 ——— 1(')0 — 2(')0 — 3(')0 :
larger hopping matrix elements or smaller inter- TIK]
action strength.

Figure 27: Temperature dependence of susceptibil-

; T ; ity x(T) for NagCupO4 andy(T)/3 for NagCusO1.
The magnetic susceptibility(T) provides an Multiplication by 1/3 in the latter case provides a

|mpc.)rt-a}nt test of the WL s-cenarlo. The Sus'comparison per spin. Theoretical results calculated
ceptibility was measured in the temperaturgy finite temperature diagonalization are indicated
range from 5K to 350K using a SQUID mag-py lines.

netometer. The data (Fig.27) reveal strik-

ingly different temperature dependencies for

the two compoundsy(T) for NagCwpO, dis- Figure 27 gives a comparison of experimen-
plays some similarity with a nearest neighbotal and theoreticay(T). The strong increase
Heisenberg antiferromagnetic chain, whereasf x(T) in NagCusOsp at low T results from
the NgCus0O10 data show continuous increasea small ferromagneticiJcoupling. Remark-
down to low temperature until its maximumably the strongest (antiferromagnetic) inter-
near 25K is reached. Both systems reveal antaction 3 is larger in NaCwO,; (x~172K)
ferromagnetic correlations, yet magnetic ordefhan in NaCusO1o (=~ 113K). This surpris-
is observed only for N&CusO10 at Ty =23.5K.  ing feature can be explained as a consequence
For a calculation ofy(T) we assume that the of the different strength of charge fluctuations

spins remain fixed at their positiofs as given g6 tg the different commensurability. At low
by the structural analysis and bytg (Fig. 26). T NagCusOyo orders due to interchain inter-

This leads to a generalized Heisenberg mOOIeIactions, and the expected structure consists of

) ferrimagnetic planes that are coupled antiferro-

1
Hieis= = SJ(Ri —R))S - S, _
eis 2% (Ri—R)S -5 magnetically.
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The new compounds provide a unique opporef temperature as well as the subsequent emer-
tunity to investigate the competition betweergence of quantum spin chains with spatially
two entirely different states, the classical WLmodulated distances between spins.

dictated by the long-range Coulomb interaction

and the CDW of quantum mechanical origin,
i.e., resulting from a Fermi surface instabil-[1] Horsch, P., M. Sofin, M. Mayr and M. Jansen.

ity. These materials highlight the importance  Physical Review Letter84, 076403 (2005).

of long-range Coulomb interaction in strongly[2] capogna, L., M. Mayr, P. Horsch, M. Raichle,
correlated systems, — and provide a unique pos- R.K.Kremer, M. Sofin, A. Maljuk, M. Jansen and
sibility to study charge condensation as function ~B- KeimerPhysical Review E1, 140402(R) (2005).

Bose-Einstein condensation or just strongly coupled
electronic bilayers ?

R.D. Wiersma, J.G.S. Lok, W. Dietsche and K. von Klitzing

The Bose-Einstein Condensation is one of thwith the electrons in the respective other layer.
most fascinating phenomena in physics. It hakigure 28 demonstrates this. It had been spec-
been observed in superconductors, superfluiglated since the mid seventies that these exci-

helium and more recently in atom gases. Simpnic particles could undergo a BEC-transition,
ilar condensation processes had been predicted form a superfluid.

to occur in dilute exciton gases in semiconduc-
tors. Unfortunately, experiments with optically

excited excitons failed or were ambiguous a L
best. More recently, there seemed to open u \ f
another road to this elusive goal by using twc | | ' PU

electronic quantum wells in close proximity [1]. g
These quantum wells are prepared by sandwicl$
|ng GaAs |ayers (]_5 nm tthk) between suit-Figure 28: Cartoon showing the interaction be-
ably doped Ab3Ga7As material. The barrier tween occupied electron states (dark) in one layer
between the layers (an AIAs/GaAs superlattlcep\"th unoccupied ones (white) in the other layer. At

i v 15 to 20 thick. Two-di | w electron densities, the occupied and unoccupied
is typically 0 2Unm thick. TWo-GIMeNSIONal g6 -tron states can form a correlated new state.
electron gases form in each layer which can be

separately contacted and density-tuned individ-
ually [2]. Recent data demonstrate that the long-
anticipated BEC may indeed occur in this

energy spectrum splits into discrete Landau- system [2,3]. There are, however, very severe

levels separated by the cyclotron energy. Thlgeqmrements to observe this novel state. One
Landau quantization is also the origin of thdS that the ratio of the Coulombic interactions

Quantum-Hall Effect. In bilayers it is possi- Petween the electrons within the individual lay-
ble to form exciton-like particles if the lowest €rs and between them must be small enough.
Landau level in both layers is just half full. In This is expressed by the parametefzdihere
this case, one can consider the non-occupietiis the distance between the layers dgds
electron states as the holes which can pathe magnetic length which is proportional to the

In a large magnetic field the continuous electron
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ers. The other requirement is an extremely low
impurity level, otherwise the electrons become
localized in potential fluctuations before the
novel state is formed. Only samples grown by
L. Pfeiffer (Bell Labs) [3] and by the authors in
collaboration with W. Wegscheider (Univedit
Regensburg) show the possible BEC [2].

mean distance between electrons within the lay- /]

T T T T T T T
61 dily =143 - E=(1);5T e
- 10 -2 —B=1.
— | Nit =3.75:107"" cm 1 50 vp =1 il
o T =40 mK L dllg=1.57 '.'-
©
L 4l . 40 T=50mK b
= i
> 0 1 :
S
S 2 i
0 O =1 )\ A
-40 -20 0 20 40

Bias voltage [uV]

and p,, [k

Figure 29: Tunnel conductivity as function of bias "
voltage at zero magnetic field and at total filling d 40 T=50mK
factor 1. Tunneling occurs only at zero bias and if
the lowest Landau level in each layer is half full.
This indicates the existence of a large density of
states at the Fermi energy which could be caused by
Bose-Einstein condensation.

. . . : 0.0 0.5 1.0 1.5 2.0
An important evidence for the excitonic BEC is B[T]

the tunnel conductivity at the filling factor 1/2in _ .
Y g Figure 30: Top: Schematic of the setup to observe

each layer. Our results are shown in Fig. 29. Afye vanishing of both the longitudinal and transverse
zero magnetic field one finds no tunneling conresistance. Equal but oppositely directed current is

ductance because the barrier between the ti#@Wn through the two layers. At halffilled Landau

. L levels in both layers one observes a vanishing of
quantum wells is rather thick in our samples. If’ooth resistivity components. At all other filling fac-
however, both Landau levels are half full, thenors (set by the magnetic field) the two layers act like
a distinct conductivity maximum is observed.independent layers.

The width of this maximum is less than 0.

It is thought that this maximum is caused byEIectric behavior resembling superconductivity
the macroscopic quantum states which form iRo . e demonstrated with the set-up of Fig. 30
the layers by the Bose-Einstein condensatioratop)_ In this case, equal currents are passed
This would then be similar to the Josephson tUnthrough both layers in opposite directions. Volt-
neling between two superconductors where thgges along\(xx which are proportional t@yy)
large tunnel current at zero bias originates frorand across the individual layer¥/y( propor-
the coherent quantum states of the two supetional topyy) are measured as function of mag-
conductors. netic field. The densities in the two layers are
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equal and of the order of-20-°cm 2. Two . 'Smglé Iayerlcurrerlmt ow
data sets for two differert//g values are shown 030 . = p,, Upper =]
in Fig. 30 (bottom). These were obtained by - " Py lower .
slightly varying the densities in both Iayers.g 020k - . . ]
At small magnetic field values thew andpyy ¢ | : g :
show the behavior expected for individual lay-< i i " g ]
ers. At the magnetic fields corresponding to o.10} & counter current flow . .
half-filled Landau levels, however, we find a . : ® P UPPET 2]
pronounced minimum of both the longitudinal - ? P lower 1
and the transverse resistance. The measured”%10 -0_|05 ' o.loo ' o.los 010
resistances at the minima are not completely (n_-ny)/ns

zero, but continge to de(.:rease Wi_th_ decreasinglgure 31: Activation energies derived from the ex-
temperature. This behavior (the minima of bottponential decrease of the longitudinal resistance at

resistivity components) has been taken as evi42 filling of a Landau level in both layers. Only
dence for superfluidity in the system [1]. at matched densities one finds an activation energy
which is equal in both layers. Otherwise, the acti-
The resistance minima disappear at temper¥@tion energy increases in the layer with the larger
tures above about 100 mK. We studied the tenﬁ]eenzlttg/evrvg:gensny imbalance while it decreases in
perature dependence and found an exponential
behavior from which an activation energy could
be obtained [1]. This activation energy, whichA similar behavior of the activation energy is
is typically less than 0.5K, increases with deobserved if current is passed through only one
creasingd/¢g. One might ask if these activationlayer. In this case the longitudinal resistance
energies are related to the condensation energnishes in a similar fashion as in the counter
of a BEC. The results of the following experi- flow geometry and the extracted gap energies

ment indicate that this is most likely not theare nearly the same (full symbols). This is a
case. surprising result. One would have expected that

the excitonic state is more stable if electrons and
In our samples we can vary the electron densholes move in phase to each other as they do in
ties in the layers such that the total density rethe counter flow geometry. On the other hand,
mains constant but the individual densities aré is questionable if the activation energy mea-
out of balance. Surprisingly, we find that thesured here is directly related to the condensa-
novel state extends over a rather large range §pn energy of a possible BEC state, because we

imbalance. Up tén/ne; of more than one 10% Would have expect the same activation energy

one can still find the near vanishing of both lon£VeTyWhere in a macroscopic quantum system.

gitudinal and Hall resistance in the counter rowThus’ although a strong correlation between the

geometry. This allows to determine the activa1ayers exists, it is not yet clear if our results are

tion energies separately for the two layers. Thgwdence of a BEC state in the bilayer system.
results are plotted in Fig. 31 as the open sym-

bols as function of imbalance. In the balanceg] Eisenstein, J.P. and A.H. MacDonaklature432,
case §n/no;=0,) the gaps of the two layers are,  691-694 (2004).

of course, equal. The activation energies di?] Wiersma, R.D., J.G.S. Lok, S. Kraus, W. Dietsche,
verge with increasing imbalance, however. The K- vonKlitzing, D. Schuh, M. Bichler, H.-P. Tranitz
| hich h in the | d and W. Wegscheiddrhysical Review Letterd3,
ayer which happens to.contamt e larger den- 566905 (2004).

S|t¥ shows a near linear increase with |mbalanc ] Kellogg.M., J.P. Eisenstein, L.N. Pfeiffer and
while the one of the other layer decreases lin- k.w. westPhysical Review Letter83, 036801
early. (2004).
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Soft Fermi surfaces and a new route to non-Fermi liquid behavior
S. Andergassen, L. Dell’Anna, W. Metzner and D. Rohe

Under suitable circumstances electron-electrostandard second quantized notation, the model
interactions can generate a spontaneous bredhamiltonian reads
ing of the rotation symmetry of an itinerant 1
electron system without breaking translation int! = 2 &Mk + 57 k; fidr (@) (@) i (—0) - (6)
variance. From a Fermi liquid perspective such “ e
an instability is driven by forward scatteringwhere e is a single-particle dispersion,
interactions and leads to a symmetry breakingk(q) =200Lq/2~0 Ck+q/200 and V is the
deformation of the Fermi surface. Alludingvolume of the system. Since the Pomeranchuk
to a stability limit for forward scattering de- instability is driven by interactions with vanish-
rived long ago by Pomeranchuk, it is thereing momentum transfers, that is forward scat-
fore frequently referred to a%omeranchuk tering, we choose a functiof: (q) which con-
instability’. For electrons on a two-dimensionaltributes only for relatively small momenta
square lattice, a Pomeranchuk instability wittFor a simplified treatment, which however fully
de_y2 symmetry, where the Fermi surfacecaptures the crucial physics, we consider an
expands along thig, axis and shrinks along the interaction of the form
ky axis as in Fig. 32 (or vice versa), is the most
n):atural possibility [1,2]. A Pomeranchuk insta- fiae (a) = u(@) +g(q) de de "
bility usually has to compete with other instabil-yith u(q) >0 andg(q) <0, and a form factor
ities, put can also coexist with other symmetryy, with dy2_y2 Symmetry, such as = cosky —
breaking order. cosky. The coupling functionsi(q) andg(q)
vanish if|q| exceeds a certain small momentum
cutoff A. This ansatz mimics the effective inter-
action in the forward scattering channel as ob-
oL free — N\ | |- free — N\ 0 tained from renormalization group calculations

) [1] for the two-dimensional Hubbard model.
The uniform term originates directly from the
repulsion between electrons and suppresses the
electronic compressibility of the system. The
Figure 32: Schematic plot of Fermi surface deford-wave term drives the Pomeranchuk instabil-
mations breaking the square lattice symmetry; thgy. For a suitable choice ofy and interaction
deformed surface may be closed (a) or open (b). parameters the model hasgaantum critical

_ o pointin the phase diagram spanned by electron
Electron systems in the vicinity of a density and temperature [4].
Pomeranchuk instability have peculiar proper-

ties due to asoft’ Fermi surface which can Near the instability, critical Fermi surface
be easily deformed by anisotropic perturbafluctuations lead to asingular dynamical
tions. In particular, dynamical fluctuations of(frequency-dependent) effective interaction of
such a soft Fermi surface lead to a stronglyhe form
enhanced decay rate for single-particle excita- O s
tions and thus to non-Fermi liquid behavior [3]. T (0, 0) = E 2+ (g2 (®)

. o . clal
To explore this qualitatively plausible effect,
we have analyzed a phenomenological modébr small g and w, whereg is the correlation
with an interaction which drives Fermi surfacelength of the fluctuations and c a positive con-
symmetry breaking, but no other instability. Instant.

T T

deformed - - 27| >\ deformed - -

-7

-
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To clarify the properties of single-particle exci-where it yields a contribution proportional to
tations, we have computed the electronic selffg(T) « \/T/logT to ImZ(kg, w). The quan-
energyX(k,m). The dominant contributions tum part is generated by quantum fluctuations
due to singular forward scattering are proporand obeyqw/T)-scaling in the quantum criti-
tional to d2. For k near the Fermi surface cal regime.

this leads to a strong tangential momentum de- ) » )
pendence of(k,»). The singular contribu- Could soft Fermi surfaces and critical Fermi

tions vanish on the diagonal of the Brillouin SUrface fluctuations play a role in cuprate super-

zone, and have the largest amplitude near tfgPnductors? Due to the coupling of electron

van Hove points. At the quantum critical pointand lattice degrees of freedom a symmetry-
(T=0, E=), the real and imaginary Ioartsbreaklng Fermi surface deformation is gener-

of the self-energy scale de[2/3 with energy. ally accompanied by a lattice distortion, and

This leads to a complete destruction of quasi\-"ce versa. Structural transitions which re-

particles near the Fermi surface except on thduce th_e lattice symmetry of the cuprate planes
Brillouin zone diagonal, due to the prefactifr are quite frequent in cuprates. Close to a

tem, electronic properties can be expected to
flattens strongly for momentanear the Fermi react unusually strongly to slight lattice distor-

surface away from the zone diagonal. In thé'on§ which break_the symmetlry of the _elec,—

vicinity of the quantum critical point, that is for tronic systgm exphqtly. SUCh. overreactions

a large finite correlation length, the ground of elect_ronlc properties have indeed been ob-

state self-energy still exhibits non-Fermi quuids'(;‘\rve.d in several cuprate compounds. Strong
ermi surface fluctuations could be at least par-

behavior over a wide energy range, as seen in . S
gy rang tially responsible for the non-Fermi liquid be-

function for single-particle excitation&(k,w)

F1g. 33. havior observed in the ‘strange metal’ regime
0.009 of cuprate superconductors near optimal dop-
0.008 ing. In our model calculation we have ob-

<& 0.007 tained a strongly anisotropic anomalously large

5 0.006 decay rate for single-particle excitations and

= 0.005 a flattening of the dispersion relation near the

j.;_ 0.004 Fermi surface away from the nodal direction.

53 0.003 Extended flat bands in the van Hove region

£ o002 have been observed experimentally by vari-
0.001 ous groups already in the early 1990s. Large
0.000 anisotropic decay rates have been extracted

0.00 0.02 0.04 0.06

o from the linewidth of low-energy peaks in the
Figure 33: Imaginary part of the electronic Photoemission spectra observed in optimally

self-energy Iz (kg, w), divided bygdﬁF, as a func- doped cuprates.
tion of w in the ground stateT(=0) for various
choices of the correlation length

[1] Halboth, C.J. and W. MetzndPhysical Review
Letters85, 5162-5465 (2000).

Yamase, H. and H. Kohndournal of the Physical

Fermi liquid behavior is recovered only atl?l Yam
Society of JapaB9, 332-335 (2000).

very low energies below a scale: x&73, In &l M W. b, Rohe and S. And al
e . _ etzner, W., D. Rohe an AN ergass%hlysma
the quantum critical regime &t > 0 the self Review Letter91, 066402 (2003)DellAnna, L.

energy consists of a ‘classical’ and a ‘quan-  ang w. MetznePhysical Review B73, 045127
tum’ part with very different dependencies on  (2006).

T and w. The classical part, which is due[4] yamase, H., V. Oganesyan and W. MetzRbysical
to classical fluctuations, dominates at=0, Review B72, 035114 (2005).
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Raman scattering in the Mott insulators LaTiO3 and YTiO 3:
evidence for orbital excitations

C. Ulrich, M. Guennou, G. Khaliullin and B. Keimer;
A. Gossling, M. Gininger, H. Roth, M. Cwik and T. Lorenz, (Univei&itzu Koln);
G. Ghiringhelli and L. Braicovich (Politecnico di Milano, Italy)

Transition metal oxides with orbital degeneracyattice distortions or collective quantum dynam-
exhibit a host of intriguing physical properties,ics of the orbitals. Orbital excitations have
such as ‘colossal magnetoresistance’ in manhe potential to discriminate between these con-
ganites or unconventional superconductivity ifflicting scenarios. When the orbital dynamics
ruthenium oxides. Collective oscillations Ofis quenched by lattice distortions, one expects
the valence electrons between different atomig number of transitions between well-defined
orbitals (termed ‘orbitons’) contain a wealth of ;rysta| field levels, with selection rules dictated
informaFion apout the 'microscopit_: intera(_:tionsOy the symmetry of these distortions. In an
underlying this behavior. - Experiments intro-, yjisa iy fluctuating state, on the other hand, the
ducing Raman scattering as a direct probe Cgrbital excitations are collective modes with se-

orbitons n LaMnQ have_ thys opened up _newl?ction rules controlled by many-body effects
perspectives for a quantitative understanding o

colossal magnetoresistance [1]. The resultanCJI hence are very different from local crys-
g ' ?él field excitations. Therefore, the observation

however, have proven to be quite controversial, ¢ orbital itati q : f thei

because the modes observed in LaM@a@e dif- ot or 'fa e_XC' a'lons ;m gomparlson 0_ Ielr

ficult to discriminate from ordinary two-phonon pr'oper.tles N YT'Q and LaT!Q, two matenas.
with different lattice distortions and magnetic

excitations [2]. _ S
ground states, is of crucial importance for the
Insulating titanates such as La®@nd YTiO; understanding of this hotly debated issue.

have only one valence electron residing on
the T8T ions. Despite their similar, nearly We have used Raman scattering and resonant

cubic lattice structures, the magnetic groundhelastic X-ray (RIXS) scattering to search for
states of LaTi@ and YTiOz are quite different: orbital excitations in pure and lightly oxygen
Whereas LaTi@ orders antiferromagnetically doped LaTiQ, s, and in pure YTIQ. Figure 34

at Ty~ 150K, YTiOs is a ferromagnet with shows the Raman spectra of Lagiénd YTiO;
Curie temperaturéc ~ 30 K. The origin of this  single crystals measured over a wide energy
difference lies in the large degeneracy of theange. Up to 80 meV, the spectra are dom-
quantum states available to the valence electrofated by one-phonon excitations. A series
In addition to its spin degeneracy, this elecof weak features extends up to 170meV. At
tron can occupy any combination of the thregyi higher frequencies, around 235 meV, a pro-
tag-orbitals xy, xzandyz The six single-ion noynced broad peak is observed in both com-
states on neighboring sites are coupled by the, 45 The latter feature has hitherto not
superexchange interaction and collective IatticBeen reported and constitutes the central ob-
distortions, which generate aplgthora of nearl_%ervation of this work. In order to estab-
degenerate many-body states with dlfferentsplfiwsh whether the broad peak can be attributed

and orbital ordering patterns. .
gp to two-phonon excitations, we have evaluated

The mechanisms selecting the ground state offte two-phonon density of states (2-DOS) of
of this large manifold of states have recentlyYTiOs. The 2-DOS, responsible for the weak
been a focus of intense research. Two theorefieatures between 80 and 170 meV, terminates

cal approaches have emerged, which emphasiaeabout 170 meV. The broad peak thus occurs
either the lifting of orbital degeneracy by subtlewell above the two-phonon spectral range, in
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contrast to the features around 160 meV disFhe peak at 235 meV does not shift as the laser
cussed for LaMn@. Since higher phonon or- frequency is changed, ruling out photolumines-
ders are expected to appear even weaker, latticence as origin and demonstrating that the peak
vibrations can be ruled out as the origin of theyosition corresponds to a genuine excitation fre-
high-energy Raman peak. quency. The inset of Fig. 35 shows that the in-
20— tegrated spectral weight of the 235 meV mode
Laser:5145nm T=13K (zz | N YTiO3 exhibits a pronounced resonant en-
f\ 2DOS hancement at a laser frequency of2.54 eV.
For the investigation of the influence of oxy-
1 gen defects on the Raman intensity, we have
4 repeated the experiment on LaTiQ samples
whose Neel temperatures are reduced by a sig-
nificant oxygen non-stoichiometry. Represen-
tative data are shown in Fig. 34. The 235meV
. ﬂ.\ LE:Tioslo T.N:1.46 K. e, mode remains almost unchanged. This demon-
0 100 200 300 400 500 600 Strates that this feature does not arise from oxy-
Raman shift [meV] gen defects. Furthermore, since the increase in
Figure 34: Raman spectra of LaTOLaTiOs.s, the number of charge carriers does not lead to an
and YTiO; measured af = 13 K using the 514.5nm increase of the spectral weight of the 235 meV

line of an Arf/Kr* mixed gas laser. The intensitiespeak, polarons can be ruled out as an explana-
were calibrated by using a white light source (Ul

bricht-sphere) as reference. The red line shows the
calculated two-phonon density of states. The intensity of the mode depends strongly
on the light polarization (Fig.36). In a
In order to rule out photoluminescence as gubic crystal, the Raman intensity for parallel
cause of the broad peak, we have repeated thed crossed polarizations can be expressed
Raman measurements with different laser linega Eg, T>g and A;g symmetry compo-
between 457.9 nm and 568.2 nm (Fig. 35). nents: I = (2/3 —ag —by)Eg + (a9 + bp) Tog + 1/3
Alga I, = ngg + (1/2 —be)ng, where 6 is the
angle between the incident electric field vec-
tor and thec-axis,ag = 1/2sin?9, bg = 3/8 sirt26.
6 =90 corresponds to tha (or b-) axis. These
relations provide a good description of the ob-
served polarization dependencies in both com-
pounds (insets in Fig. 36).
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We now turn to the interpretation of the
235meV mode. Having ruled out phonons,
- luminescence, and oxygen defects, we attribute
100 200 300 400 500 600 700 the mode to electronic scattering. Its lineshape,
Raman shift [meV] temperature (not shown in this paper), and
Figure 35: Raman spectrum of YTiGneasured at polarization dependence shows striking similar-
T=13K for different laser lines. A frequency inde- jtjeg (elaborated later on) with the Raman scat-

pendent background has been subtracted from every. . L e . . i
profile. The arrows depict the position of the photopj[ré{rlng from spin-pair excitations in the insulat

luminescence peak at 2.14 eV for the different lase'd Parent compounds (_)f the superconductin_g
lines. The inset shows the integrated intensity of theUprates. However, a simple two-magnon ori-
broad high-energy peak. gin of the broad band is ruled out here because

0.0
0
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YTiO3 is ferromagnetic, and because the peafesulting RIXS spectra taken at thg-peak ex-
energy is much higher than twice the magnougitation. XAPS spectra were taken in addition
energies found by neutron scatterirg20 meV to ensure a good surface quality and the stabil-
in YTiO3 and=~44meV in LaTiQ. We thus ity of the X-ray beam.

attribute the broad Raman mode to the orbital

degrees of freedom of the valence electron. T Lpgedge  RIXS  IDOS/ESRF

100 — T T T T T
10 -ty peak excitation b T=300K H
’ > 80 horizontal polarization
L g 1.0
L osf
0.8 £
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0.2 1 Figure 37: Resonant inelastic X-ray scattering
(RIXS) spectra of LaTi@ and YTiO; taken at

0.0 L : R e
0 100 200 1300 400 500 600 700 tog-edge of the k3 resonance of Pi. For com-

Raman shift [meV] parison, the spectrum of SrTi@s also shown. Hor-
Figure 36: Polarization dependencies of the Ramadgontal polarization of the incident X-ray beam was
spectra of YTiQ and LaTiQ at room tempera- chosen.
ture. Note that the polarization|| c is along the
nearest-neighbor Ti—Ti bond whereas x is along
the next-nearest-neighbor Ti-Ti direction in theAll spectra exhibit a peak at zero energy, which
ab-plane. The z’ and x’ directions are rotated byarises from elastic diffuse scattering. The
45° from z and x. Insets: scattering intensities folinewidth of this peak indicates the resolution
the para.llel (black) and cro;se_d (red) polariz_ation§f the spectrometer, i.e. 0.24eV. The RIXS
as functhn of anglq?. Solid lines are obtained spectra of LaTi@ and YTiO; show an addi-
with relat|ve. intensitiesEg : Aig: Tog~1:0.3:0.1 tional peak at an enerav of 0.230.03 eV and
(1:0.5:0.1) in YTIQ (LaTiO3). P gy - .

0.26+0.04 eV, respectively. Within the experi-
mental error, this peak corresponds exactly, in

In order to confirm the assignment of the ob-josition and linewidth, to the observed struc-
served Raman feature at 235 meV to excitatiorisire in the optical Raman scattering experi-
from the tyy orbitals, we performed resonantments. As reference we have also measured
inelastic X-ray experiments at thepb edge SrTiO; where the Ti-ion is in the 4+ state, i.e.
(2p— 3d) of Ti%* (i.e. 456 eV). The experiment no electrons occupy thieg-level. In this case
was carried out at the soft-X-ray beamline IDO8he additional feature at 0.23eV has clearly
at the ESRF in Grenoble. Figure 37 shows thdisappeared. Furthermore, the inelastic signal
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at 0.23eV in LaTiQ and YTiO; disappeared ogy to the theory of magnetic Raman scatter-
when the experiment was performed at an ining in the cuprates. From an analysis of the
cident energy different from theyls resonance spin-wave data, the highest orbiton energy was
of Ti®*. This confirms that the observed Ramamnletermined as- 2ry Jsg with rq Jsg~ 60 meV
feature is of electronic origin and arises fromand r;~1.5, in reasonable agreement with
the 3 electrons. a two-orbiton peak at the experimental value
of 235meV. Since the orbital excitations are
The resonance energy yields an important clugrongly damped because of frustrating inter-

to the microscopic origin of the broad Ramaryctions, their response is broad in both momen-
peak. As it falls in the range of intersiteym and energy, as observed.

di — d; excitations in optical spectrawo Ti

sites must be involved in the Raman proces$n summary, we found orbital excitations in
This means that theg-electron is first trans- LaTiOz and YTiO; at approximately 235 meV.
ferred to a neighboring site by the incidentThe superexchange-driven quantum orbital
photon that matches the — d; transition en- picture provides a consistent description of this
ergy. The intermediate state then relaxes backbservation as well as the polarization and tem-
leaving behind flipped orbitals either on oneperature dependence of these excitations. In
or on both sites, depending on the actual otthis picture, the high-energy Raman peak is due
bital pattern. In the framework of the lattice-to light scattering from exchange-bond fluctua-
driven orbital picture, the orbital excitationstions, a process which is basically identical to
probed by light polarized along different crystalmagnetic Raman scattering in copper oxides.
axes are fundamentally different. In particularA pseudospin-like behavior of quantum orbitals
the selection rules for the four-sublattice patexplains why the Raman response of two ap-
tern kz+xy)/ /2, (yz+xy)/ /2 suggested for parently different degrees of freedom exhibit
YTiO3 allow a single orbital-flip forab-plane Very similar features. In fact, the energies of
polarization, but only two-orbiton excitationsthe two-orbiton Raman mode in the titanates
may occur in case of light polarization along the~ 235 meV) and the two-magnon mode in the
c-axis. This selection rule (which results fromcuprates4 350 meV) are related by the simple
a mirror symmetry of the Ti-O-Ti bonds alongscaling relation for the exchange-pair energy
the c-axis) is in contrast to the observed polarf2pair~ (Z—1)Jse, where Jsg and z are the

ization independence of the peak position. ~ Strength and number of exchange bonds, re-
spectively. These considerations, which can be

In an alternative picture the orbitals arereadily extended to other transition metal com-
regarded as quantum objects much like the spimunds with more than one valence electron (or
of the correlated electrons, and interact withhole), provide a glimpse of an underlying uni-
each other via the superexchange mechaniswersality in the electronic spectra of these com-
In the superexchange-driven orbital state ogplex materials.

YTiOg3, the light scattering from fluctuations of

the orbital-exchangebonds, described bygp, F———— — .
leads to a two-orbiton Raman band of cubi¢t Sl E. S. Okamoto, K.T. Takahashi, K. Tobe,
K. Yamamoto, T. Kimura, S. Ishihara, S. Maekawa

Eq symmetry, as observed. Theg and Tyg and Y. TokuraNature410, 180-183 (2001).
components are explained due to next-nearesty Gruninger, M., R. Rckamp, M. Windt, P. Reutler,
neighbor orbital exchange terms that are en- c.zobel, T. Lorenz, A. Freimuth and A. Revcolevschi.
hanced by resonant scattering, in complete anal- Nature418 39-40 (2002).
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First results from the new TRISP spectrometer:
magnon linewidths in MnF, and phonon linewidths in lead

S.P. Bayrakci, T. Keller, P. Aynajian, K. Buchner, M. Ohl, H. Klann and B. Keimer;
K. Habicht (HMI Berlin)

The NRSE-TAS spectrometer TRISP con{®

structed by the Keimer department at the FRM-

Il research reactor in Garching is now operarG analyzer analyzer

tional. A schematic and photograph of the infocsng) | o)

strument are shown in Fig.38. The fusion of

the neutron resonance spin-echo (NRSE) and E

triple-axis spectrometry (TAS) techniques al- %‘z

lows the determination of the intrinsic lifetimes 9@%
%

of elementary excitations such as magnons 2 L
7

polarizing guide
08A<r<4A

velocity
selector

_ S0cm

and phonons with unprecedented resolution. 2
The energies of such excitations lie in the sample TS
1-100 meV range, and the energy resolution of RF-flipper coils
conventional neutron TAS at these energy trangs)

fers is typically 0.1-10 meV. With the NRSE- _ M 1l |

over a range of momentum transfers which ex
tends over the entire Brillouin zone.

Extensive theoretical literature developed ovej
several decades [1] addresses the energy ren
malization and lifetime of spin waves in
Heisenberg antiferromagnets. Until now, suc
predictions were only testable @ 0 and over Figure 38: (a) Schematic of the TRISP NRSE-TAS
narrow regions of temperature. In Mpfne of spectrometer. (b) The TRISP spectrometer, with the
the most intensively studied antiferromagnetss@mple table at the center and the monochromator
the magnon lifetime 17 has only been inves- Shi€lding (green) at right.

tigated at temperatures closeTg, in the crit-

ical region. Only there is the linewidth suffi- The NRSE-TAS technique will also allow

ciently broad that TAS measurements are not S
R accurate measurements of the intrinsic line-
resolution-limited. A study [2] of the low-

Lo . .widths and energies of recently-discovered
temperature damping in the nearly isotropic

antiferromagnet RbMnEfound partial agree- novel magnetic excitations in low-dimensional
ment with theory [1]. However, the extractedduantum magnets such as Haldane spin chains,

linewidths were in many cases significantly@nd also of spin-Peierls and spin-ladder sys-
smaller than the instrumental resolution, if€ms. These systems are not described by
some cases constituting a fraction as low as 290nventional spin wave theory. For some of
This illustrates the limitations of conventionalthem, detailed and quantitative predictions of
TAS experiments. the linewidth are presently becoming available.
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In a first study of magnon linewidths in the anti- Spin-echo time 1 [ps]

ferromagnet MnE using the TRISP spectro- ;% 10 20 30 40 90 60 70 80 90

meter, an energy resolution down tpdV was 08 (@)
0.6

obtained, representing an improvement of two
orders of magnitude over conventional TAS.c
The polarized neutron flux of 20’ cm?stat %
the sample (fok; =3A—1) is competitive with
the best polarized TAS instruments. The backf
ground at the detector of 1 count per 10 minutes 832 o 7o 15K 2181 uoV
is very low. The accessible range for the inci- 006 e 7-30k r=27+1 tev
dent wavevector lies between 1.6 andl 8. ooglb—1 v v

0.2

larizatio

q.=0.1rlu.

We investigated magnons in Makvith g rang- 120

ing from 0-0.5r.l.u. at temperatures between 100
3Kand 40K (0.04-0.6y). We focused firston 80
magnons propagating alomg in the antiferro-
magnetic Brillouin zone centered at (100), as irf 60
this configuration no losses of beam polariza- 49
tion due to spin-flip processes during scattering
occur.

In the NRSE-TAS technique, the polarization of 0001 02 03 04 05

. q. [r.lul]
the scattered neutrons is measured as a func- ¢ o _
tion of the spin-echo time. This polariza- Figure 39: (a) Measured polarization following the
. P . ) P spin ‘echo’ as a function of spin-echo time for the
tion is the Fourier transform of the spectraly, =0 1r.l.u. magnon in MnfFat 15K and 30K.

lineshape. The observed polarizations decay) Raw linewidth data for theg. magnon in Mnk
as P(t) =exp(—TI'-t), which corresponds to a at different temperatures over the full antiferromag-
Lorentzian lineshape. From a fit to such d'€ti¢ Brillouin zone.
polarization, we obtain the linewidth. Sam-
ple polarization data are shown in Fig. 39(a) forrhe linewidth at a giverm increases monotoni-
theg:.=0.1r.l.u. magnon measured at two dif-cally with increasing temperature within experi-
ferent temperatures. A difference in linewidthmental error. A broad peak at intermediate
as small as eV can be clearly resolved in theis present for temperatures of 20K and above.
raw data. Several theoretical results in the literature have
suggested the existence of such a peak. How-
Raw linewidth data (HWHM) is shown in ever, so far these theories have been evaluated
Fig. 39(b) over the full Brillouin zone and a fully only for the special cases of high applied
range of temperatures. At smalil and low magnetic field and/or smatf. Given the new
temperature, we observe an instrumental broal'Petus provided by the present experimental
ening of the linewidths which is primarily data, these calculations can now be revisited
due to the curvature of the dispersion and th@nd their results evaluated numerically.

finite momentum resolution. These instrumenangther class of experiments which becomes
tal effects can be corrected for by applying amccessible with the new spectrometer con-
analytical resolution function [3]. Remainingcerns the electron-phonon interaction, which
contributions at smalt] probably result from is responsible for superconductivity in elemen-
scattering by bulk and surface inhomogeneitiesal metals. Modern ab initio band structure
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w
o

't

calculations for such metals (carried out by
O.K. Andersen’s group at the MPI-FKF, among
others) predict the electron-phonon coupling of
each phonon over the entire Brillouin zone, as_
well as its contribution to the superconduct-§
ing condensation energy. Measurements Qf
the corresponding phonon linewidth broaden-
ing using the NRSE-TAS technique should help
to provide a quantitative understanding of the
electron-phonon interaction and superconduc- 5 .
tivity in simple metals. This is a prerequisite TIK]
for development of microscopic models of morerigure 40: Linewidth of théz£0]T; phonon in lead

complex compounds. for £=0.32 at various temperatures. The dashed line
represents the temperature at which the energy of

We have measured the linewidths of phononthis phonon equals&{T). As in the case of Mnf;

in the elemental superconductor Pb. If thé residual linewidth is present at low temperatures.
ducti ). th ' ¢ The instrumental broadening can be corrected for by

S‘Hperco” ucting energy gapA¢T), ) enata applying an analytical resolution function.

given temperaturé€ < Tc, phonons with energy

less than &(T) cannot decay through Cooper _ _

pair-breaking processes. Consequently, theff conclusion, we have inaugurated the new

linewidths should decrease to zero as the tenfPectrometer TRISP by performing NRSE-

perature is lowered and the system passes inf§*S linewidth measurements on two relatively

the superconducting state. Figure 40 shovv?mple systems: the Helsenberg antiterromag-

the linewidth of the transverse acoustic phono et Mnf and the superconducting metal Pb.

EE0T; for £=0.32, at different temperatures ur results provide grist for comparison with
. L 7 elementary theoretical predictions which were
in the vicinity of Tc. For T <5.04K, the en-

) ) hitherto untestable. Moreover, the excellent
ergy of this phonon is less tham@). The

i e ) linewidth resolution and flux offer promise for

linewidth just above the gap isff1peV larger ‘measurements on more complex systems.

than that measured 1.3K below the gap. This

step-like behavior suggests that the linewidth at

and slightly above the gap reflects the electror! See. e.g., Harris, A., D. Kumar, B.I. Halperin and
. P.C. HohenbergPhysical Review B3, 961-1024

phonon coupling rather than phonon-phonon (1971).

mteracpons. ThIS is the flrst.measu.rerpent M1 Windsor, C., D.H. Saunderson and E. Schedler.

Pb which confirms a change in the lifetime of  physical Review Letter37, 855-858 (1976).

low-energy phonons upon entering the supers] Habicht, K., T. Keller and R. Golutlournal of

conducting state. Applied Crystallography6, 1307-1318 (2003).

£=0.32rlu.

N
[e¢]

N
[}

g

t

N N
o N
(S 2N o o e B

{

!
%l

T [N T I T T B
6 8 10

N
©

58



Spin interactions Selected research reports

Spin interactions

The detailed investigation of the spin degrees of freedom in condensed matter renders new
and deeper insights into their complex, rich and often counterintuitive interactions with other
spins, orbital degrees of freedom and charge excitations. These interactions may have pro-
found consequences for transport, the density of states, the band structure as well as dynami-
cal properties. Examples highlighted here include giant spin-splitting as a result of spin-orbit
interaction in bismuth-silver surface alloys, the Kondo effect when a molecular spin interacts
with a metallic surface, unusual optical properties in layered cobaltates due to strong spin-
charge couplings, hard ferromagnetic behaviour in FePt nanostructures and spin-polarized
guasi-particle injection in cuprate superconductors.

Kondo effect of molecular complexes at surfaces:
ligand control of the local spin coupling

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

The ability to control and manipulate individ- CO molecules in order to produce other species
ual spins (represented by the magnetic momeonf CoCQ, with n=2,3. To investigate the
of atoms or molecules) and their coupling to &hanges in magnetic properties resulting from
substrate is at the basis of prospective quantuthe controlled ligand detachment, we exploit the
technologies, where miniaturization reaches thgondo effect. The Kondo effect is a many-body
atomic or molecular level. The detailed undereffect, which arises from the interaction of a
Standing of the interactions of a Spin with itS|0ca|ized Spin (here the m0|ecu|e) with the de-
surroundings and the possibility to tune thigocalized spins of the substrate electrons. At
coupling are therefore essentials in nanotechyfficiently low temperatures, this interaction
nology. Here we present the study of the intertgads to a pronounced resonance (‘Kondo res-
action of a molecular spin with a metal Surfac%nance’) in the local density of states (LDOS)
[1]. The spin center of a magnetic molecul&yhich s detected by scanning tunneling spec-

is imaged, r_nar_lipulated and it§ interz_alction AN&to5copy (STS) [2]. From the width of the mea-
lyzed quantitatively by employing a single too"sured resonance the characteristic Kondo tem-

the Scanning Tunneling Microscope (STM) Op'peratur(—:'TK is obtained and used to character-

erating at a temperature of 6K in UItrah'ghize the magnetic properties of single spin im-

purities on the atomic scale. We have shown

We investigated the properties of cobaltiPreviously how hybridization of an adatom spin
carbonyl molecules on the Cu(100) surfaceWith the substrate is reflected in the valueTgf
Cobaltcarbonyl molecules are created by a suk2]. Here we demonstrate how the coupling of
face reaction between single cobalt adatori$e spin of a single magnetic adatom to the sub-
and carbon monoxide molecules in ultrahigttrate can be controlled by changing its local en-
vacuum. The primary product of that re-vironment through ligand attachment. Further-
action was the cobalt-tetracarbonyl (CogO more, we demonstrate, how the Kondo reso-
The STM was not only used to image thenance can be used to spatially localize a spin
molecules but also to locally dissociate singleenter within a single molecule.

vacuum.
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(a)

Tunneling spectra acquired at the center of the

; molecules show a pronounced resonance near

=1 the Fermi energy in all cases which we identify

ot as Kondo resonance. The line shape found in
100 %0 0 50 10 | /dV spectra is the Fano function. From fits

_ to this function we extract the Kondo temper-

3 ature Tk (approximately the half width of the

3 peak structure in Figs. 41(b) —(d)). It is plotted

as a function of the number of ligands attached
to the central cobalt atom. The Kondo temper-
ature is found to increase with the number of
ligands from 88 K for the single cobalt adatom
to about 280 K for the cobalt tetracarbonyl com-
plex.

didV a.u.]

The Kondo resonance is the result of the inter-

i ‘ action of the spin of the adatom with the con-

- duction electrons of the host. By adding carbon

monoxide molecules, not only the electronic

" . properties of the cobalt atom are modified — this
" hasmvi . leads to a drastic change in the apparent height

Figure 41: Models, STM topographies and STSOf the complex compareq to a single CObaIF
spectra in the center of the Co adatoms and confdatom and probably also induces the change in

plexes under investigation: (a) Cobalt adatom, (bjhe line shape — but also its magnetic properties
Co(CO)> (constantly flipping; from the spectrum a are affected. Carbon monoxide is a strong-field
linear background has been removed), (c)@0)s,  ligand and thus increases the splitting between
Eg)aclzoégc?zjh;;en solid lines in the spectra are fits o molecular orbitals — especially those derived
' from the cobald-orbitals. It is known that free
As the central result, STM images of a cobaltobalt carbonyl molecules have an odd number
adatom and of the carbonyl species are summaf valence electrons with one unpaired electron.
rized in Fig. 41(a) — (d) together with thé@lV  Thus the narrow feature at the Fermi energy can
spectra acquired on these molecules. A sirbe rationalized as the Kondo resonance of the
gle cobalt adatom (Fig.41(a)) is imaged as 8pin of the unpaired electron in the cobatt-3
spherical bump. The STM image of the dicarorbital which is coupled to a bath of conduction
bonyl molecule (Fig. 41(b)) exhibits a fourfold electrons.
symmetry — as does the image of the tetracar-
bonyl molecule (Fig.41(d)). In the case ofThe behavior of the Kondo temperature of the

the dicarbonyl molecule, the four-fold sym-complexes as a function of the number of lig-
metry is due to a continuous flipping of theands can be understood in the Kondo model
two CO molecules between the two equiva{3]. The Hamiltonian of this model describes
lent configurations (as indicated in the modethe interaction between a localized spin in an
in Fig. 41(b)). The tricarbonyl molecule showsimpurity orbital with a surrounding sea of con-
three lobes. Two CO-molecules point towardsluction electrons by the exchange couplihg
the nearest neighbor Cu atom in the substra#n increased hybridization between the orbital
while the third is directed towards a bridge sitewhich carries the spin and the conduction band
(Fig.41(c)). For the C@CO)s-molecule, all of the host leads to an increased exchange cou-
four CO molecules pointin the directions of thepling J, and so does a reduced on-site Coulomb
next on-top sites (Fig. 41(d)). repulsion between electrons of opposite spin in

diidV[a.u.]
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the same orbital [4]. The bond between the

CO molecules and the cobalt adatom consists® 300
of a donation of electrons from theorbital to g

the transition metal adatom and a backdonatio‘qﬂ:
from thed-orbitals to the 2* orbital of the CO & 200
molecules [5]. This backdonation causes to g
delocalization of thed-electrons and thereforeg
reduces the Coulomb repulsion and eventuallif
increases the coupling to the substrates conduc- T T T

: : 0 1 2 3 4
tion band electrons. Both effects increase the Number of ligands

exchange coupling. Within a simple model, Figyre 42: From the molecule spectra in Fig. 41 the
we assume that the product of exchange coltondo temperaturd@y is extracted and plotted as

ling and density of states at the Fermi ener V”Ction of the number of ligands. A monotonous
piing y 9 ncrease ofTx with the number of ligands is ob-

Jpo scales linearly (apart from an additive conserved due to the increased coupling of the localized
stantJo) with the number n of CO molecules spin on the Co atom to the electrons of the substrate.

attached to the cobalt atom

Jpo=Jo+Cy-n, (9) The STM is able to go a step beyond spectro-
scopically characterizing the Kondo resonance
wherec; is the proportionality constant. The by exploiting its spgtial reso_lution. In Fig.43
. we show the spatial mapping of the ampli-
characteristic Kondo temperatufg and hence tude of the resonance for a cobalt tetracarbonyl
the width of the Kondo resonance can now benolecule. The height of the resonance defined

e

100

calculated within the Kondo model from by the difference in thelddV signal at the volt-
_a ages marked by arrows (Fig. 41(d)) is shown as
ks Tk ~ De o (10)

intensity in Fig. 43(b), while Fig.43(a) shows

the simultaneously acquired topography. The
Here, D is the width of the conduction band.spectroscopic image does not reflect the four-
In addition to the increased hybridization, geofold symmetry of the molecule. It rather shows

metric effects, especially for the carbonyls with? SPherically symmetric maximum in the center
two and three ligands, might come into pIayOf the molecule, localized within a radius of

Th | d withi imol q I'm 2.5A. It is this position where the cobalt
ey are neglected within our simple MOAel,y410m is located in the complex and accord-

Describing the coupling as discussed abovengly where the spin of the complex originates
we treatD, Jo and c; as fitting parameters. from. Thus we can detect the spin by STS via
Figure 42 shows a fit of Eq.(10) to the experithe Kondo resonance and localize it within the

mental data of the Kondo temperature. Withirf"/€cule.

the errors, the agreement between the modg¢he spatial mapping of the Kondo reso-
and our data is very good. From the fit we obhance can be easily applied to more com-

tain D=1.83eV,Jy=0.182 andc;=0.01. The Plicated species with more than one cobalt
atom. In Fig.43(c)—(f), similar measurements
_ _ as for the C@CO)s-molecule are shown for
typically assumed for the bandwidth of metalsbinuclear cobalt carbonyl complexes, namely
and the value ofo compares reasonably with a(Co(CO);), and(Co(CO)3),. Figure 43(c) and
similar fit for cobalt impurities. (e) display the topographies of the two species.

value forD is of the order of magnitude which is
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The spatial mapping (Fig. 43(d) and (f)) of theln conclusion, we have characterized the cou-
resonance found on these species allows forging of magnetic complexes at surfaces by ex-
localization of the cobalt atoms and the corpjoiting the Kondo effect. We have shown how

responding spin centers on the complex withhe coupling of an individual spin to the sub-
atomic precision.

strate can be tuned by attaching ligands to a
cobalt adatom thereby increasing the coupling
of the spin to the substrates conduction elec-
trons. Thus it becomes possible to control

the balance between magnetic coupling among
neighboring spins and screening of the spin by
the substrates conduction electrons. Moreover,
the combination of spectral and spatial resolu-
tion of STM enables to localize the spin center

with an unprecedented resolution. This method
can serve as a powerful technique to study the
coupling of spin centers in magnetic molecules
in contact to metallic substrates and even inter-
actions between magnetic molecules.

[1] Wahl, P, L. Diekbner, G. Wittich, L. Vitali,
M.A. Schneider and K. KerrRhysical Review
Letters95, 166601 (2005).

[2] Wahl, P, L. Diekbner, M.A. Schneider, L. Vitali,
G. Wittich and K. KernPhysical Review Lettera3,
176603 (2004).

[3] Kondo, J.Physical Reviewl69, 437-440 (1968).
Schrieffer, J.R. and P.A. Wolhysical Reviewl 49,

Figure 43: (a) Topography and (b) simultaneousl)w 491-492 (1966).
acquired Kondo map of a cobalt tetracarbonyl _ _
molecule. (c) and (d) show topography and Kondd®] Blyholder, G.Journal of Physical Chemist68,

map for(Co(CO);)2, (e) and (f) for(Co(CO)3)2).
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Giant spin-splitting in the Bi/Ag(111) surface alloy

C.R. Ast, P. Wahl, G. Wittich, R. Vogelgesang and K. Kern;
D. Pacik, M. Falub, L. Moreschini, M. Papagno and M. Grioni (EPFL, Lausanne)

The spin-orbit interaction is a relativistic effectstrate that the spin-splitting can be studied on a
which couples an electron’s spin and orbitalocal scale by scanning tunneling spectroscopy
degrees of freedom. It becomes an imporSTS) through the associated strong divergence
tant contribution to the electronic band structurdén the local density of states.

of heavy elements, because it can drasticall
change the energy dispersion. In particula’ lean surfaces of elemental metals show a trend

it lifts the spin-degeneracies in environmentgfls‘trong gtomll_c ts,pln-?rﬁlt.cour;hng. It causes
where space inversion symmetry is broken, o 'arge spin-sp itting of their surface states (see

is the case at surfaces. Spin split surface statggb' 2), which can be further enhanced by the

of gold and bismuth can exhibit energy Sepagdsorptlon of adatoms. This is a promising path
] . . 1o create a new class of nanoscale structures
rations as large as 100 meV, exceeding typica )
where morphology and chemistry are used to

values of semiconductors by an order of magt_une the spin-splitting of interface states. Sur-
nitude. To further enhance the effect at sur; PIN-SpIting :

face alloying, in particular, provides interesting
faces so far only the asymmetry has been ex- "

. - . opportunities as the adatomeplacesubstrate
ploited by depositing adatoms and changing th

tential aradient. We show b | I toms of the topmost monolayer in their lat-
potential gradient. YVe Show by angie-resoVeqqq gjtes. This changes the orbital hybridiza-

photoem|§S|o-n spectrosgopy (ARPE_S) that SUton within the layer and thereby creates a new
face alloying is an attractive alternative that can, o-dimensional electronic structure

result in a dramatically increased spin-splitting

[1]. The two-dimensional Bi-Ag surface alloy, Figure 44(a) shows a topographic scan of the
where each bismuth atom is surrounded by sibong-range ordered hexagonal Bi/Ag(111) sur-
silver atoms, shows an unprecedented enerdgce alloy (53 lattice constant) taken with
band separation up to 935 meV. We also demorsTM. Bright spots correspond to Bi atoms, each

(b)
0.0 =
9,
&
< —
3 05f 2
> L
o
GC) w
0 -1.0F
L
_15 L 1 L L 1

-0.10 0.00 0.10

ky [A]

Figure 44: (a) Topography measured with STM of the long-range ordéBedy/3R30° Bi/Ag(111) surface

alloy (bias voltage: —3 mV; tunneling current: 1 nA). (b) ARPES band structure image ndaiptbiat, i.e.

the center of the surface Brillouin zone and kpr~ 0A~L. It shows the spin-split bands of the Bi/Ag(111)
surface alloy. The intensity scale is linear with dark areas corresponding to the highest intensity. (c) Calcu-
lated dispersion near tiepoint.
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of which is surrounded by six Ag atoms, as indi- (@) (b)
cated by the model in the inset. The correspond- N1
ing band structure measured by ARPES near /ko % I r‘
theT-point at the center of the surface Brillouin i

zone (SBZ) (Fig. 44(b)) shows two identical and
nearly parabolic bands with negative effective
mass. They replace the nearly free electron-like
surface states of the bare Ag(111) surface and
accommodate thg-electrons donated by the Bi
atoms. Their maxima are shifted to the left and
right of T by an amounko=0.13A-1 at 77 K.
The observation of two symmetrically offset
bands is, as for the surface state of the clean
Au(111) surface, a clear indication of spin-orbit
induced spin-splitting.

Energy [eV]

Wave vector k Density of states

L\

(d)

These observations can be qualitatively unde®,
stood on the basis of a simple nearly frees
electron model. The Hamiltonian describingS
the spin-orbit coupling at the surface is linear
in momentum with a proportionality constant
called the Rashba parametas. The resulting
energy dispersion is:

e Data
— Fit

-0.10  0.00 0.10 dl/dV[a.u.]
- 12 -1
E(ku):m(kn—ko)z-i-lfo- (11) kA
Figure 45: Direct comparison of theory and experi-
Herem* is the effective mass and ks the offset ment: (a) Calculated energy dispersion in the nearly
by which the parabola is shifted away fram free electron model with (red lines) and without

This offset is a function ofig. Eg is an offset (blue dashed line) spin-orbit coupling. (b) The cor-
. . S . responding density of states. (¢) ARPES map of the
in energy. The energy dispersion is rotationall

g - %and dispersion (red line as a guide to the eye). (d)
symmetric as can be seen in Fig. 44(c). Local density of states measured with STS (green

. . dots) with a fit from the nearly free electron model
Figure 45(a) — (d) shows theory and experlmegged)“ne). y

in comparison. Two regions can be identifie
in the data, which differ in the behavior of
the density of states (DOS). The DOS is contt is interesting to note that in the present

stant in region Il like in the two-dimensional system the high-Z element is the dopant at

free electron model without spin-orbit splittingthe surface. Moreover, neither clean Ag(111)
(Fig. 45(b)). In region I, it follows a AVE- (ko=0.004A-1) [3] nor the pristine Bi(111)
behavior reminiscent of the van Hove singular-

ity i i i o o “surfaces (k~0.05A"1) [6] exhibit such a
ity in one-dimensional models. This smgularltyStron <oif splitting effect. The Rashba param-
can be measured in the dl/dV spectrum usin g spin spiting : p

STS (Fig. 45(d), green dots). Itis proportionalgter for the Bi/Ag(111) a!loy is with 3.2 e¥

to the local density of states (LDOS) of the@bout one order of magnitude Iarger than what
sample and enables the study of spin-splitting/ould be expected from the virtual crystal
on the local scale. The model compares wefPProximation for a Bi-Ag alloy (see Tab.2)
with the data (see fitted red line in Fig.45(d))4]. We conclude that the silver substrate
when taking the experimental broadening int@lays only a subordinate role in determining the
account. Rashba parameter for the alloy. We propose that
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the strong enhancement of the spin splitting is
result of the dilution of the high-Z element Bi,

bismuth/silver alloy with lead atoms. This may
offer an ideal playground to test fundamental

which gives rise to a reduced orbital hybridizaideas.

tion.

On a broader perspective, this work suggests

Table 2: Selected materials and parameters chardfat surface alloys can be tailored for specific
terizing the spin splitting: Typical energy separatiorapplications. Spin-split bands in a surface alloy

between split stateAE, momentum offseky, and
Rashba parametetr.

AE ko OR
[meV] [A1 [eVA]

InGaAs/InAlAs 5 0.028 0.07 [2]

Material

Ag(111) 2 0.004 003 [3][4]
Surface State

Au(111) 110 0.01 0.66 [4],[5]
Surface State

Bi(111) ~100 ~0.05 1.07 [6]
Surface State

Bi/Ag(111) 935 013 3.2 this work
Surface Alloy

The giant spin-splitting observed in the

Bi/Ag(111) surface alloy is not a unique phe-

on a semiconductor substrate may offer excit-
ing perspectives in spintronics. Applying the
spin-splitting parameters of the bismuth/silver
alloy to the problem of the spin transistor, we
find for the spin precession that a phase dif-
ference ofA6 =x is reached after a distance of
L=A68/ko=2.6 nm, which is about two orders

of magnitude smaller than for a semiconductor.

[1] Ast, C.R., D. Pacé, M. Falub, L. Moreschini,
M. Papagno, G. Wittich, P. Wahl, R. Vogelgesang,
M. Grioni and K. Kern.cond-mat/0509509
for more details.

[2] Nitta, J., T. Akazaki, H. Takayanagi and T. Enoki.
Physical Review Letters8, 1335-1338 (1997).

[3] Popovt, D., F. Reinert, S. Hfner, V.G. Grigoryan,
M. Springborg, H. Cercellier, Y. Fagot-Revurat,
B. Kierren and D. MalterrePhysical Review B2,
045419 (2005).

nomenon particular to this combination ofl4] Cercellier, H., ¥. Fagot-Revurat, B. Kierren,

materials, but rather a property of a new class
of materials. In particular, experiments on the

Pb/Ag(111) surface alloy have shown an al

most equally large spin-splitting with the bancgjle]

maximum in the unoccupied states. This su

F. Reinert, D. Popovi and D. Malterré2hysical
Review B70, 193412 (2004).

[5] LaShell, S., B.A. McDougall and E. Jensen.
" Physical Review Letterg7, 3419-3422 (1996).

Koroteev, Y.M., G. Bihimayer, J.E. Gayone,
E.V. Chulkov, S. Bigel, P.M. Echenique and

gests that a tuning of the Fermi level across the ph. HofmannPhysical Review Letter83, 046403

spin-split bands may be achieved by doping th

e (2004).
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Spin and charge dynamics in NQCoO»

S.P. Bayrakci, C. Bernhard, A. Boris, N.N. Kovaleva, G. Khaliullin, A. Pimenov, L. Yu, D.P. Chen,
C.T. Lin and B. Keimer; P. Bourges, |. Mirebeau and Y. Sidis (CEA Saclay, France);
J. Mesot (PSI Villigen, Switzerland); M. Enderle (ILL Grenoble, France)

The cobaltate N&C0O;,:yH»0 has recently en- below Ty =20K [1]. The magnetic structure is
joyed intense attention. The composition withthat of an A-type antiferromagnet, namely, anti-
x=0.30, y~ 1.4 has been shown to be superferromagnetically coupled ferromagnetic lay-
conducting over a narrow range of x, with aers (inset in Fig.46). Surprisingly, inelastic
maximum transition temperatulg ~ 5 K. This magnetic neutron scattering data revealed that
compound is particularly interesting because itthe antiferromagnetic interlayer exchange con-
structure is similar to that of the high-Top- stant is almost as large as the intralayer ferro-
per oxide superconductors. In both materimagnetic exchange, despite the layered lattice
als, superconducting sheets containing oxygestructure (Fig.46). This observation implies
and a spin-1/2 transition metal are separated dfat the unhydrated material is magnetically
layers of lower conductivity in an anisotropicthree-dimensional, and that water intercalation
crystal structure. However, a number of charis required to generate a two-dimensional spin
acteristics suggest that the superconductivitlamiltonian. This specifies one important role
in this compound may be unusual in differenfor the hydration procedure, which has thus far
ways from what is found in the cuprates. Foremained elusive.

example, some experiments indicate that the ,, T -
symmetry of the Cooper pair wavefunction may 5[
bep-wave. 16

—
[
-

The unhydrated parent compound a0, =
is interesting in its own right because of itsg
exceptionally high thermopower over the rangé&;’ 8
0.5<x<0.9, which, uncommonly, accompa-*

nies low resistivity and low thermal conduc- i

tivity. The thermopower was found to ex-

hibit an unusually large magnetic field depen- N T L
dence. Moreover, early susceptibility ap8R 0.15 0.10 0.05 0.1 02 03 04
experiments indicated the presence of a mag- (h,h,0) (0,0)

netically ordered phase in the phase diagraffigure 46: Spin wave dispersions of jW00; (a)
of NaCoO,:yH,0. These findings Suggestparallel and (b) perpendicular to the Cp@yers.
that coupling between spin and charge excit The in-plane dispersion is steeper, but because of the

. . . .. larger number of nearest neighbors in the plane, the
tions may play an important role in determmmgmagnitudes of in-plane and out-of-plane exchange

the macroscopic properties of these materialgarameters are comparable. The inset displays the
again in analogy to the copper oxides. In ordejntiferromagnetic ordering pattern.
to provide microscopic insight into these inter-

actions, we have carried out neutron scattering _ S o
and infrared spectroscopy experiments. The microscopic origin of the surprisingly large
ratio of inter- and intralayer exchange constants

Neutron scattering was used to determine this still under debate. A possible origin of
spin structure and dynamics in the magnetiour observation is an in-plane charge-ordered
cally ordered phase of unhydrated ]N&€00O, superstructure.
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Figure 47: In-plane dielectric properties of jN&00; in terms of the real parts of the optical conductivity,
O1ap and the dielectric functiorg 4, dc values oforap are shown by solid circles, low-frequency extrap-
olations by dotted lines. Corresponding spectraigf are shown in (d) and (e). The arrows in panel (a)
mark interband transitions. The black dotted line in panel (d) shows a Drude-Lorentz fit at 25 K. The inset
of panel (e) gives a sketch of the suggested charge ordering pattern.
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If all of the Co ions are in low-spin local- T it sharpens, gains additional spectral weight,
moment states (that isS=1/2 for Cd+ and and exhibits a sizeable blue-shift from about
S=0 for Cc®"), then for x = 0.82 the spin lattice 3500 cnt? at 300K to 4500 cm! at 25 K. We

is dilute, with only 18% of the Co sites occupiedargue below that they originate from a partially
by S= 1/2 spins. One possible arrangementharge ordered state and the excitations thereof.
of these spins, achievable exactly for x=0.75A precursor of the PG and the absorption band
is that of a triangular lattice with lattice con-is still evident at 300K indicating that short
stant 21 (wherea is the Co—Co distance in the range charge ordered clusters persist at higher
CoO, planes; inset in Fig.47(e)). Since this isT-

comparable to the out-of-plane Co-Co distance

isotropic spin wave dispersions would be a nal’té‘S d_etalled n F'g‘?" 37b(c)t?]nd (), 'E[?]e I?? forg_wa—
ural consequence. lon Is accompanied by the growth of two dis-

tinct low-frequency electronic bands. The band
A parallel series of infrared ellipsometry ex-near 150 cm* develops concomitantly with the
periments provides complementary evidence 8fG- The simultaneous appearance of several
charge ordering [2]. Figure 47 displays the in&nomalous phonon modes (Fig. 47(f)) suggests
plane dielectric properties of NaCoO, be- that this low-frequency electronic excitation is
tween 8 K and 300 K in terms of the real part ofStrongly coupled to IR-active lattice vibrations.
the optical conductivitygrap= 1/4m-v-eoap and It is hence indicative of a polaronic mode. The
the dielectric functiong1a, Figure 47(a) shows Substantial spectral weight shift ak further
o1ap for the full range from 80 to 44.000cth ~ SUGYESts a strong coupling to spin excitations.
at 25 and 300K. The solid arrows mark four" @ddition, we identify a very narrow Drude-
bands corresponding to interband transitiond€ band at the origin which accounts for the
Based on band structure calculations, we adt€tallicT-dependence of thec-conductivity.

sign the two lower bands to transitions betweeﬂ1 an attempt to interpret the unusual optical

Co I derived bands and the stronger _h_igrfesponse of Ngs2Co0,, we note that strong
frequency ones to charge transfer transitiongyaronic features are well-known in the related
between O-@and Co-8l bands. compound La ySr,CoQ;. There it was sug-

. 3 . ested that a charge-induced spin-state transi-
Figures 47(b) — (e) detail the range below thest%Ion of the C&* ions takes place, which gives

interband transitions. First we concentrate on

the spectra atf > Ty =20 K. At 300 K the spec- rse t.o a §|ze§ble spm-charge coupl!ng. The un-
. . . derlying idea is that a localized positive charge
tral shape ofoiap is characteristic of an in-

. . of a Cd*" ion and a subsequent displacement of
coherent transport mechanism. Whereas it | q b

almost constant between 600 and 6000¢m t%e neighboring oxygens towards Colowers

. the local symmetry of the adjacent €oions,
(Fig. 47(b)), o1ap decreases below 600 cth ; y y o : )
thus inducing a transition from a low-spin (LS,
and extrapolates well towards thdc-value

A L S=0) to an intermediate-spin state (I551).
(black solid circle in Fig.47(c)). Below 300K ) P ( )

the optical spectra undergo marked changeas noted above, a perfect triangular Wigner
With decreasingT a partial gap, a so-called |attice of Cd™ ions could be realized at quar-
pseudogap (PG), develops which gives rise ter filling, i.e. for x=0.75, as sketched in the
a progressive decreasemi, between 300 and inset of Fig. 47(e). In this state, the Eosites
4500 cm ! (Fig. 47(b)). Its onset is marked by are arranged on a Kagd@nattice, and their 1S
an absorption band at higher energies, whicktate can be stabilized due to the axial crys-
most likely corresponds to charge excitationsal field originating from the two neighboring
across the PG rather than to a convention&o** ions. This scenario accounts for the PG in
interband transition. At 300K this band isterms of an incomplete charge excitation gap.
still fairly weak and broad, whereas at lowerThe large frequency scale of the PG of about
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4500cn?! is explained by the gain in Hund behavior of these materials, including in partic-
coupling, §;, associated with the LS to IS tran-ular the unconventional superconducting state,
sition. It also provides a strong spin-charge couis an interesting subject of further investigation.
pling and therefore naturally explains the large

magneto-polaronic effects that occur in the antl[-l] Bayrakci, S.P., I. Mirebeau, P. Bourges, Y. Sidis,

ferromagnetlc state. M. Enderle, J. Mesot, D.P. Chen, C.T. Lin and

. . B. Keimer.Physical Review Letter84, 157205
In conclusion, both neutron scattering and (qps).

!nfrared spectroscopy experiments prow_de V51 Bernhard, C.. AV, Boris, N.N. Kovaleva,
idence of strong spin-charge coupling in the * g khaliuliin, A.V. Pimenov, L. Yu, D.P. Chen,
layered cobaltates. The influence of this inter- C.T. Lin and B. KeimePhysical Review Lettera3,
action on the macroscopic properties and phase 167003 (2004).

Hard ferromagnetism in 2D FePt surface alloys

J. Honolka, T.Y. Lee, K. Kuhnke, A. Enders and K. Kern;
K. Fauth, M. HeR3ler and G. Stite (Max-Planck-Institutiir Metallforschung)

The rapidly increasing information density inSo far FePt alloys have only been studied in
magnetic storage media during the last decadése bulk phase or as larger clusters on surfaces.
is an achievement of the successful downtheir magnetic properties are highly sensitive
scaling of bit structures into the sub-micrometeto changes in the crystal structure as well as
regime. Since a few years, physics has set off {he degree of disorder. Although there has
study the regime of miniaturization where theyeen a ot of theoretical effort to understand the
limits of magnetic storage are reached. Theaasons behind their special magnetic proper-
goal is to push forward to magnetic properyjeg the mechanisms are still under debate. By

'ges Off nanostrluctu;es ‘l'lv'th a _COL;]ntable numFreparing defined nanostructured alloys on sur-
er of atoms [1]. MANNESS IS, NOWEVET, NOL, s we were able to show the importance of a
the only goal. Equally important is the stability

. . well-concerted Fe-Pt coordination for stabiliz-
of the magnetization with respect to heat and . o

Ing their magnetization.
other external factors that may lead to erasure

of magnetically stored information. One groupy vicinal Pt(997) substrate was used to pre-

OL m_atenals stugled by mdustrﬁ/ and arth_IIE_E are two-dimensional FePt systems. The high
physics research groups are afoys con alnln|%gularity of its periodically stepped surface

two elements, one ferromagnetic, like Co an(zste -step distance 2nm) is well-established
Fe and the other nonmagnetic, like Pt. In fact; P P

such alloys have favorable properties: In con2"d makes them natural nanotemplates for the

trast to what one might expect, the nonmaggrOWth of 1D magnetic nanostructures [2]. The
netic Pt stabilizes the magnetism of Fe or cg'oWth mode of Fe evaporated on Pt(997)
instead of reducing it. This effect is espe_has been characterized by thermal energy He
cially pronounced in FePt systems wittly scattering experiments. Below 450K a pure
structure where high magnetic fields of severdre adlayer grows initially by step decora-
Tesla are needed to flip the magnetization. Théon, followed by step flow growth resulting
significant magnitude of these so-called coeiin Fe stripes at sub-monolayer (ML) coverage.
cive fields reflects the considerable magnetiBetween 500K and 550K a FePt surface alloy
anisotropy present in these systems. is formed by intermixing of Fe with the topmost
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Pt layer only. Above 600 K Fe atoms efficientlysample temperature df=(12+ 1) K. From the
diffuse into the Pt bulk. Various well-defined difference between absorption spectra (XAS) of
Fe nanostructures can thus be formed by cowircularly polarized light parallel and antipar-
trolling coverage and substrate temperature. Gillel to the sample magnetizatiov the mag-
particular interest in this paper is thesgtsg netic moments per atom can be determined.
surface alloy obtained by deposition of 0.5 MLThe magnetizatioM is switched by applying
Fe at 525K. The idealized alloy structure ofa magnetic field parallel and antiparallel to the
monoatomic Fe chains embedded in the Pt sulphoton beam.

strate, as sketched in Fig. 48, is concluded frorﬂigure 48 shows examples of XAS spectra ob-

the scattering experiments and from the COMined for M parallel and antiparallel to the

p3ar|son to the alloy formation of Fe on Pt(111)photon beam. The XAS measurements were
[3]. done at the Fe [23d and Pt 4-5d absorption

lines to gain magnetic information for Fe and
T T

Pt separately. A strong XMCD signal is not

' : only observed in the magnetic Fe but also in
‘ - the Pt absorption lines which reveals a large
4 induced magnetic moment in the Pt. The Pt-
T / T T T T

12 F — T+ J4, Moment is due to the strong hybridization be-
| X S | oo tween Fe 8 and Pt 8 states, as will be dis-
11 _\/j cussed later. The dichroism of the Fg and

T the Pt Ny absorption edges has been exploited
10 | to obtain element-specific magnetization loops.
The photon energy was kept constant at the cor-
responding peak energies, identified in Fig. 48,
while the field was ramped between2.5T.

XAS

0.01

XMCD

| 708.25 eV . .
L e ITREY 404 For magnetic fields along the surface normal a

65 70 75 80 700 720 740 nearly square shaped hard ferromagnet hystere-
Photon energy [eV] sis loop is found. Angular-dependent measure-
Figure 48: top: Idealized structure of thesfelsg  ments show that the preferred magnetic orienta-
surface alloy obtained by deposition of 0.5ML Fetion — also called the magnetic easy axis — is
(vellow balls) at 525K. bottom: X-ray absorption j the perpendicular direction. The large co-
spectra of the 0.5 ML FePt alloy at the P jedges ercive fieldH.=0.71T of the 2D alloy is of

(left) and at the Fe 4, edges (right). The differ- .
ence between the total XAS for opposite magnetiza?—he same order of magnitude as the ones found

tion (blue and black traces) yields the XMCD specin the bulk FePt L3 phase and demonstrates
tra (red traces). the presence of a considerable anisotropy en-

ergy barrier which must be overcome in order to

reverse the magnetization. In the saturated state
We remark that for the real structure entropyhe total magnetic moment per Fe-atom adds up
leads to a reduced chain Iength with dEViationﬁ) (29:|: 02)|JB The total moment consists of
from perfectly parallel alignment. Alternatively the orbital and spin contributions. If one tries to
to the alloy, 1 nm wide Fe stripes covering onénagnetize the sample 7@way from the easy
half of the substrate terraces can be preparegkis the loops loose their square shape (blue and
by deposition of 0.5ML at 350K. The in situ red curves in Fig.49 measured along and per-
magnetic characterization of the FePt surfacpendicular to the substrate steps). The coercivi-
alloys was done using the X-ray magnetic circuties for the two 70 measurements slightly differ
lar dichroism (XMCD) (the experiments wereand reflect the reduced symmetry on the vicinal
performed at BESSY Il) technique at a fixedsubstrate. Magnetization loops of Pt shown in
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the bottom panel of Fig. 49 were recorded in th@onalloyed Fe stripes of 4 atoms width formed
same geometry as for Fe in the top panel. Thef 0.5 ML Fe at 350K (c). The data in Fig. 50(b)
Pt hysteresis loops are congruent with those sfhow clearly that a dilution of the Fe concentra-
Fe and it can be shown that the Fe and Pt magjon in the surface alloy by 30% significantly
netic moments are aligned parallel. Moreoverlters the shape of the magnetization curve: In-
the relative size of the XMCD signal at the Ptstead of the square loop of thesgRts alloy,

N7 edge suggests that the induced moment &-shaped hysteresis loops with the remanence
Pt within the alloy layer is significantly larger reduced by 78% and the coercivity reduced by
than for example in bulk CoRt For the latter, 68% are found. A field of 2.5T is still insuffi-

a Pt moment of 0.2fiz/atom was determined Cient to saturate the magnetization. The overall

netization curve of the nonalloyed Fe stripes of
T L 0.5ML Fe (c). Full alignment of the magnetic
- 4 4 moments of the stripes is achieved only for ex-
i 1 ternalfieldsoH >6T.

(a) (b) (c)
alloy 0.5 ML Fe alloy 0.35 ML Fe  stripe 0.5 ML Fe

£l
S 70° |
S | i g _|||||||||||||||||||||||||||||||||_
E N + + + ] 5 0.5; T —_
“g’_’ i 1 -:Nf 0.0}~ f
I} T AT N T NN I AN T I N N N AN I A AN A
- o 0° 70° = -2 0 2 -2 0 2 -2 0 2
i : PN, | i Sample field [T]
TR P S TR S S Figure 50: Hysteresis loops perpendicular to the
2 0 2 2 0 2 surface at the Fed.edge (a) of the FePt alloy pre-
Magnetic field [T] pared with 0.5ML Fe, (b) an alloy prepared with

Figure 49: top: Hysteresis curves of thesfftsy, 30% less Fe, and (c) a non-alloyed Fe-stripe with
alloy taken at the Fe 4-edge at an angle oftand 0-5ML Fe. All three samples exhibit a magnetic
70° with respect to the surface normal. The twoeasy direction perpendicular to the surface. Rema-
Fe-spectra for 70correspond to measurements parheénce and coercive field are significantly increased
allel (blue) and perpendicular (red) to the substrat&/hen compared with the optimum 0.5 ML FePt sur-
steps. bottom: Corresponding measurements for ttiace alloy.

same samples and geometry as in (a) but at the Pt

N7-edge. The photon energies on which the magne- o
tization loops are measured for Fe and Pt are markéfhat makes the coercivity of the §tso sur-
by vertical dotted lines in Fig. 48. face alloy large? One main difference between

the Fe stripe and the 2D FePt alloy is that

the latter shows a much stronger tendency to-
It can be concluded from the magnetic behaviagg,ds magnetic ordering. Only for thedgBo
of the FeoPto surface alloy that a 3D Ll gyrface alloy the saturation magnetization is
structure is not required for the existence ofy|ly maintained in remanence. We ascribe this
high-magnetic anisotropies in FePt systems. TRct to a strong indirect exchange interaction
gain a better understanding of magnetism ipetween adjacent Fe chains by polarization of
FePt nanostructures we have studied two a&urrounding Pt atoms, which stabilizes the mag-
ditional systems with different Fe-Pt coordinanetization. However, to gain hard magnetic
tion. In Fig.50 the perpendicular magnetizaproperties a strong exchange mechanism is nec-
tion curve of the FePtso surface alloy (a) is essary but not sufficient. In addition a high-
compared with loops of a surface alloy layemmagnetic anisotropy is needed to increase the
formed of only 0.35ML Fe at 525K (b), and coercivity and prevent domain wall nucleation.
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We assign the high anisotropy to the splittingatoms which is crucial for stabilizing the mag-
of strongly hybridized 8 and & band states netization of the 2D alloy. At the same time
in the presence of the large spin-orbit couPt provides the high spin-orbit coupling con-
pling energy of PtEp=0.6 eV (compare to Fe, stant needed to push the coercive fields to high
Ere~0.08 eV). This hybridization effect is ex- values.

pected to be also present in the case aEPf&s
alloy. However, it seems that here, due to the ind] Gambardella, P., S. Rusponi, M. Veronese,
creased average distance between Fe atoms, the S-S: Dhesi, C. Grazioli, A. Dallmeyer, I. Cabria,
. . R. Zeller, P.H. Dederichs, K. Kern, C. Carbone
indirect exchange coupling between Fe atoms '\, Brune Science300, 1130-1133 (2003).
is weakened, which destroys the hard magnet}g]

. Gambardella, P., A. Dallmeyer, K. Maiti,
properties of the system. M.C. Malagoli, W. Eberhardt, K. Kern and

) ] ] . C. CarboneNature416, 301-304 (2002).
The key result of this work is the identifica- 3] Schmid, M. and P. Vargdn: The Chemical Physics

tion of the role of Pt for the hard magnetic' * of solid Surfaced0, 118-151 (2002). D.P. Woodruff
properties of FePt alloys, such as high-magnetic (Ed.), Elsevier.

anisotropy and large coercive field: Pt mediateg] Menzinger, F. and A. PaolettPhysical Reviewl43
the indirect exchange interaction between Fe 365-372(1966).

Quasiparticle injection into YBCO thin films — does spin matter ?
H.-U. Habermeier, S. Soltan, J. Albrecht and G. Cristiani

Non-equilibrium effects in cuprate superconfects are either nonexistent or negligibly small.
ductors e.g. arising from spin-polarized quasiSubsequently, only a few papers dealing with
particle injection by ferromagnetic electrodesspin injection into YBCO thin films appeared

into the superconductor or other metals withand claimed spin related effects of marginal size
strong electron correlation have generated muanly.

interest during the past few years. These activ-

ities are nurtured from attempts to understanth this contribution we re-examine this view
spin-dependent transport properties in such sygsing an improved sample design to probe the
tems as well as the correlated spin dynamicspin effect on the change of the resistive super-
Eventually, novel concepts for three-terminakonducting transition temperature upon SPQ in-
devices can emerge from these activities. Fugection into YBgaCuO7_x (YBCO) thin films.
thermore, it has been suggested that injection dtis work serves as a case study for other exper-
spin-polarized quasiparticles (SPQs) can shethents. Appropriate LgzCa ;3MnOz (LCMO)
some light on fundamental properties of cupratelectrodes are applied with a theoretically 100%
superconductors such as spin-charge separatigpin-polarization below their Curie temperature
[1] and the superconducting mechanism itselpf ~ 270 K.

[2]. In a review, however, published by Gim

et al. [3] the studies available till 2001 have First, a brief description of the theoretical back-
been carefully analyzed and it has been arguegfound is given, based on current concepts to
that ‘all spin injection experiments to date cardescribe nonequilibrium phenomena in super-
be explained by ordinary (unpolarized) guasiconductors in general, then the sample design
particle injection or simple current summa-is described and the experimental results are
tion’. The conclusion was, that spin-related efanalyzed in view of the theory.
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Since the 1970’s nonequilibrium supercons-wave andd-wave compared t@-wave sym-
ductivity has been studied with the focusmetry for the same amount of QP injection.
on spin-degenerate QP injection and photon-
induced Cooper-pair breaking associated witAlternatively, if recombination is more likely
QP redistribution/recombination in both, con-than thermalization, the recombining pairs emit
ventional and cuprate superconductors. Quagshonons with the energw > 2A causing an
particle injection (spin degenerate as well agffective temperaturg* > T. The steady state
spin-polarized) causes an excess QP densitjistribution of the QP’s is regarded as equilib-
weakens the pairing interaction and thus rerium, however, withT = T*. Based on this con-
duces the gap energgy. For the quantifica- cept, the reduced gai(ngp) is determined by
tion two models have been developed descrim(nQP) = A(0)—ngp/ 2N(0) with nop being the
ing the nonequilibrium situation as a modifica-gensity of excess QPs aml{0) the density of
tion of the gap e_nergy. They start from the usuadiates aff =0 K. The excess QP densityyp is
BCS gap equation related to the injected QP flukg / e, the thick-
Ay = zvkk’Ak’/ZEk’[l_ f1(E¢)—fl(Ew) (12) ness of the perturbed regianand the effective

K relaxation timetest by Nop=liniter/€t  Gim
et al. [3] treated this concept quantitatively

ith Ex=(e2+A2)/2 and f,(Ex) being the
. = e+ A G(E) being drawing the following conclusions:

spin-dependent QP distribution functions ( . A ]
being eithert or |) ands the dispersion of the () QP injection in general causes a reduction of
electrons in the normal state. The distributiori® Superconducting gap with increasing injec-
functions are parameterized in a perturbativlOn current. This reduction is proportional to
ansatz by the introduction of an extra chemithe effective relaxation timexeyr, according to
cal potentialy;, and a modified temperatufe ~ OA/Alinj =~Tett/2€ N(O)t. The effective relax-
to account for the increased number of excegdfion time is mainly governed by the QP relax-
quasiparticles beyond the thermal equilibriun@tion time tr =To[A(T)/k T]¥2 explA(T) /k T]
population: §(E)=[1+expE—W;)/kg T*]"1.  with 7o being a characteristic intrinsic relax-
ation time. With decreasing temperature the
In the approximation of Owen and Scalapinggnequilibrium effects are expected to be in-

the nonequilibrium situation is treated by theyreasingly stronger due to the reduction of the
modified chemical potentiglf; only to fulfill density of thermal QPs.

the additional constraint that the number of €X%ii) SPQ injection changes the situation drasti-

cess QPs s much smaller than the “?ta' numb%ra”y due to the requirement of spin random-
of electrons. This approach is realized when

. ) ization before they can recombine into singlet
the QPs thermalize with low energy phonon y g

.. Cooper-pairs. In a background with a low ther-
more frequently compared to recombination : . L .
mal QP density spin-flip scattering is required

into pairs. In this limit, the QPs are in stead > )
P Q yor the recombination and the effective recom-

state atT but have an excess number givingL_ ) . is th f th i
rise tops. Assuming complete spin polariza- Ination time is the sum of the spin-tiip scat-

tion of the charges in the ferromagnet, Bhat!€"Ng time?:sf and the charge relaxation .tir.ne
tacharjee and Sardar [2] expanded the Owedr: According to these arguments, SPQ injec-
Scalapino model by introducing a differemt tion effects are expected to be large Tox T,

for the spin-up QPs only, and solved the corre@nd not to deviate from ordinary QP injection
sponding gap equation far andd-wave sym- €ffects in the normal state in view of the large
metry of the order parameter. The results redensity of thermal QPs in the system for- Te.
veal a stronger gap reduction for the SPQ versus conclusion, in both limiting cases a stronger
ordinary QP injection in both cases as well ageduction of the energy gap upon injection of
much stronger effects in the case of anisotropi8PQs compared to ordinary QPs is predicted.
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revealed single-phase textured growth of the
films and a slight tensile strain of 0.4% for the
YBa,CuwO7_«. The Curie temperature of the
bottom LCMO layer and thé&; of YBCO have
been determined as 240K and 64K, respec-

LCMO tively. Both are substantially reduced as com-
Substrate pared to their bulk values (275K for LCMO
and 92K for YBCO) due to electronic inter-
6 mm face interactions based on the competing order-
I - ing mechanisms.
£
= LCMO-YBCO-LCMO LSMO-YBCO-LSMO
~ 1.0 | LI L L L T T T T T
v L (a) {1 }®
2 mm 0.8 o
= 10 mm g 06 L
Figure 51: Sketch for the sample geometry cho- i I
sen for the injection of spin-polarized quasiparticles %4 B
(side view and top view). i i
0.2 -

I 0.0,0.3,0.4,05,075mA - o

It is obvious that SPQ- injection related change§ 2y
of the transport properties are only experimeng 00 0 65 70 75 80 85 90 95
tally accessible if the SPQs can cross the intef SROYBCO-SRO LNOYBCOLNO
face without appreciable spin-flipinto avolume= 0T T 11 T T T
determined by the injection area and the spif¢ r© @
diffusion length & 10-20nm). Consequently, 08
we used for our experiments a sample design as
depicted in Fig.51. It is characterized by rel-
atively large area injection electrodes (2 fim 04
on top) and a superconductor film embedded in L
between the sources for spin injection. These 5|
epitaxial heterostructures of YBauzO;_y and L
Lay/3Cay/3MnO3 films are grown by pulsed 0.0 8'6- 8'8 TR T
laser deposition onto (100) oriented single crys- Temperatur [K]
tal SrTiO; substrates. The thickness of the P
Laz/gca_|_/3|\/|n03 films is 50 nm and that of the Figure 52: In-plgne'resistance as a function of tem-
YBa,CusOy_y in between is 100 nm. During perature and injection current of YBCO norma!-
o . ized to the room temperature value for samples with
deposition the substrate is kept at a constaidfecirodes of different degree of spin-polarization
temperature of 78, adjusted and controlled (a)_(d). The reduction oT. is more pronounced
by a far infrared pyrometer. The oxygen presfor manganite electrodes as compared to paramag-
sure during film growth was 0.6 mbar for thenetic metals (LaNi@) or weakly spin polarized met-
YBCO and 0.4 mbar for the LCMO layers.  @ls (SrRuQ).

0.6

After deposition the films were in situ an-For the spin-injection experiments we pass a
nealed at 530C for 60 minutes in an oxy- current of 0.1 mA through the YBCO layer
gen pressure of 1 bar to ensure high crystallinécontacts 2 and 6) and pick up the voltage via
quality, sharp interfaces and complete oxyeontacts 3 and 5. The injection current of
genation. Room temperature X-ray analysi® < linj <1mA is applied through the contacts
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1,7 and 4. The ratio of the current densities i$lore quantitatively, the relativd; reduction
<103, The sample geometry chosen ensurds plotted in Fig.53 for the 4 different speci-
a symmetric current path and the comparisomens. The specimens with LaNj@lectrode
of the current densities for the probing and inshow the smallest effect followed by the one
jected current indicates the small perturbatiomwvith SrRuQ electrodes. Electrodes with a high
of the system by current injection. Figure 52spin polarization, however, show a reduction of
shows the resistive transitions to supercondud< Up to 14% for injection current densities of
tivity for 4 different specimens, 2 with highly 510 2A/cn?.

spin-polarized electrodes (LCMO and LSMO)
one with a weakly spin polarized (SrRygand
one with a paramagnetic electrode (LaN)@r
current injection. It can clearly be seen that th
spin-polarized current injection causes a muc
stronger reduction of. as compared to the two

This result is the first direct experimental
evidence for spin-polarized quasiparticle injec-
tion into cuprate superconductors. Itis tempting
0 compare these results with the theoretical
redictions of Bhattacharjee and Sardar for
the momentum averaged gap values for both

others. unpolarized and spin polarized quasipatrticle in-
B I L A B B jection as a function of QP overpopulation.
100 L4 % - T ~75K 1 Kee;pigg the Iirpi.tations of the mlgdel in n;i.nd,
Ty Ty { we find a surprising agreement. For an ordinary
< Bt f*\ﬁ i22%%%ﬁgggggﬁ;mﬁj QP overpopulation causing a 2% gap reduction,
~ %I % \# Te= o5k | theory claims a 13% reduction for the same
£ 941 % - % i ‘ 7 overpopulation of SPQs. The experiment shows
K o2 - % + % ) H}H 71 aT reduction of 15% for LCMO and 10% for
= 90 f H— LSMO. Further work on both theory and experi-
gg || o NOYBOOLNO %‘H 1 mentwill pave the way for a deeper understand-
86| v LOMOYBCOLOMO 1 oo 'HH’_ ing of nonequilibrium effects in cuprate super-
galdl v v v o % 1] conductors.
00 02 o.4 06 08 10

foy IMA]
Figure 53: Normallzed transition temperaturell] SLQ. Phys'cal Review Letterss, 1767-1770 (1997)

Fig. 52 The error bars correspond to the onset and 62, R6139- R6142 (2000)

offset of the transition, the symbols represent thg] Gim, Y., AW. Kleinsasser and J.B. Barngurnal of
midpoint. Applied Physic€0, 4063-4077 (2001).
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Transport of charge, mass and heat

The understanding of transport phenomena in solids is important from a fundamental point
of view as well as for practical applications. The first contribution addresses charge trans-
port reporting a careful study of the polarization dependence of microwave-induced zero
resistance in two-dimensional electron systems. The absence of such a dependence contra-
dicts available theoretical models. The next two reports demonstrate the drastic effects of
space charge layers on electronic as well as ionic conductivity especially for nanostructured
materials. Overlapping depletion layers in Sri®ith grain sizes below 100 nm let the

bulk response disappear in ac-conductivity measurements. In Agl nanoplates, which can be
regarded as a nanometer-scaled heterostructure composed of the cubic and hexagonal Agl
phase, space charge layers comprising the entire domains enhance the ionic conductivity
hugely. The following contribution illustrates the close connection of mass transport from
the gas phase into an oxide with the respective surface reaction rate, the mechanistic inter-
pretation being far from trivial. The last report is a detailed study of the isotope effect on
the heat capacities of diamond and ZnO. The results are in good agreement with ab inito
calculations.

Polarization dependent study of the microwave induced
zero-resistance in a two-dimensional electron system

J.H. Smet, B. Gorshunov and C. Jiang; L. Pfeiffer (Bell Laboratories);
V. Umansky (Weizmann Institute of Science); M. Dressel (Univat$Stuttgart);
F. Kuchar (Montanuniversit Leoben); K. von Klitzing

Zero resistance is a common Hall mark oftreases and the minimum resistance values sat-
such fundamental phenomena as supercondugrate as they approach zero. Original photocon-
tivity and the quantum Hall effects. Recently,ductivity experiments on lower quality samples
zero resistance was also discovered in a diffepnly revealed the intuitively expected resistance
ent and certainly surprising context. When ancrease due to resonant heating at the cyclotron
two-dimensional electron system is exposed toesonance. A temperature-dependent study of
guasi-monochromatic microwave radiation andhe deepest resistance minima suggests acti-
a minute perpendicular magnetic field, transpontated transport, which is normally associated
along the direction of current flow may pro-with the existence of a gap at the chemical
ceed in a dissipationless fashion. An imporpotential. One might imagine that this expo-
tant prerequisite is that the sample is of excemential temperature dependence and the vanish-
tional purity. A dramatic example is illustrateding of the resistance indicate the formation of
in Fig.54(a). The longitudinal dc-resistivity a new strongly correlated many-body quantum
oscillates as a function of the ratiey c, where Hall state, but in fact the Hall resistivity behaves
o is the microwave frequency and, the cy- classically as expected at low magnetic fields
clotron frequency. As the radiation intensity isand remains largely unaffected by the micro-
enhanced, the amplitude of the oscillations inwave radiation.
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no microwaves w= 20.10% cm2/Vs

—
()
-

turn the overall dissipative conductivity nega-
tive near the minima. Proposed mechanisms
include a spatial displacement of electrons
against the dc-electric field with the assistance
P — L of impurity or phonon scattering, the establish-

awF 1 ' ' ' J ment of a nonequilibrium distribution function,
é%%y — T 100mi photon assisted quantum tunneling and non-

. parabolicity effects. This list is not exhaustive.

30
. 20 An example of predicted oscillations obtained
20 L m° | when adopting the nonequilibrium distribution
2
9
v

R [

R [

scenario is shown in Fig.54(b). Second, it is
argued that negative values of the dissipative

conductivity render the initially homogeneous
, system unstable and an inhomogeneous current
0.3 domain pattern develops, which results in zero
resistance in experiment. Some more specula-

R tive theoretical work does not invoke an insta-

°y bility driven formation of current domains to
i cra| explain zero resistance.

2T rium phenomenon. Inorder to assist in isolat-

ing the proper microscopic picture, a detailed

current —— i i i
Tdomans | POlarization-dependent study was carried out.

0 ‘ B In previous work, microwaves were guided to

Figure 54: (a) DC-Magneto-resistance of a statef[—he sample with oversized waveguides or coax-

of-the-art two-dimensional electron system in thd@l dipole antennas. These approaches do not
absence (top panel) and presence of 73 GHz micr¢ermit control over the polarization. Here,

wave radiation (bottom panel). (b) Predicted oswe have chosen an unconventional, all quasi-
cillations in the magnetoconductivity (or resistiv-gptical approach to guide the microwaves onto

ity) for both circular polarization directions basedthe sample and to produce any circular or linear
on a model which takes into account a nonequi- o . L
librium distribution of the charge carriers. Thepolarlzatlon. Circular polarization offers the

photo-conductivityopn is normalized to the dark qdvantage that.the cyclotron rgsonance absorp-
conductivityoge. According to theory, an instability tion can be activated or deactivated by revers-
develops wherop, drops below zero. The forma- ing the rotation for a giverB-field orienta-
tion of current domains prevents the resistance fromion. Knowledge of the polarization depen-
crossing thespn = 0-line. dence of the microwave induced oscillations
may turn out an important litmus test for the-
oretical models. For some models these os-

These experimental observations stirred up th&llations do not survive when switching from

community and triggered a large body of the]inear to circular polarization. The mainstream
oretical works. The majority of theoretical heories based on a nonequilibrium distribu-
accounts subdivides the argumentation to e%ion function and on the phonon- or impurity-
plain the zero resistance into two main pointsassisted displacement of electrons both predict
First, some mechanism produces an oscillapscillations for the two senses of circular po-
tory photoconductivity contribution that may larization, however with substantially different

10

0.0 0.1

(b) <« [6][5][4] [3 (2]

The sheer multitude of models and their
divergence underline that no consensus has
been reached on the origin of this nonequilib-
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amplitudes. Other models have assumed lineaent of the incident radiation with the electric
polarization and have not been analyzed for thiégeld vector aligned along the wires. The re-

case of circular polarization. mainder of the beam polarized perpendicular to
o o the wires passes undisturbed through the grid. It
n>99% | | Golay is reflected by the mirror and hence acquires an

pae Rl eelr additional phase shiftg = 2vd v/2/h. Grids R,

Magnet

PTH§§
P 5

P, and R serve to continuously adjust the over-
all intensity as well as to ensure equal intensities
of the radiation components with electric field
vectors aligned with and perpendicular to wire

PT ¢ DUT grid Py, so that proper adjustment df(or A¢)
‘5 CH i ”O . . . o
i, Y yields linear or any circular polarization state.
4% = 1‘ Ll /L .
P / P Windows The quartz lenk; focuses the radiation onto the

sample, while quartz lenks recollimates the
beam after transmission through the cryostat.
The degree of circular polarizatiopis verified
at various locations along the beam by record-
ing the power with a pneumatic (Golay) detec-
tor (used in conjunction with the chopper) and
C o Ve an additional dense wire grid;for two orthog-
1.0 05 BO'[‘.)I_] 0-5 10 onal directions || and L) of the electric field
. _ _ o vectorm=1—|P, —PF|/ (P, +P)). Typical val-
Figure 55: Top panel. Quasroptycal setp. The Valles for the circular polarization purity before
ious components are discussed in the text except for o
A1, which is a fixed attenuator, ancbAwhich is an and after the transmission through the cryostat
absorber to block the radiation beam. Bottom paneff the radiation beam have been included as per-
Transmission data for 200 GHz linear, left and rightentages at the top of Fig.55. After the first

hand circular polarized radiation. The data are takeﬂuartz lens, but before entering the cryostat,

at 1.8K. The Inset highlights c_thlc_:aI Comloonentsexceeds 98%. The warped Mylar windows of
controlling or affecting the polarization state.

the cryostat and the quartz lenses deteriorate

somewhat the polarization state, but the circu-
A schematic drawing of the quasi-optical setupar polarization character remains better than
is depicted in Fig.55. A state-of-the-art two-n > 92% after transmission through the cryostat
dimensional electron system (electron mobilityand sample holder in the absence of a sample.
of 20-10° cn?/Vs) is mounted in the Faraday
geometry in the variable temperature insert of he bottom panel of Fig.55 displays the out-
an optical cryostat with a split coil. Backwardcome of a transmission experiment with the
wave oscillators generate quasi-monochromati@uasi-optical setup for both circular polariza-
radiation (bandwidth\f /f ~ 107°). Our stud- tion directions and linear polarization of the in-
ies focused on frequencies from 100 GHz up téident radiation. Data are shown for both posi-
350GHz. The radiation passes through thredve and negative values &. Active cyclotron
dense wire grid polarizers {PP>, P3) as wellas resonance absorption should only occur for the
a so-called polarization transformer (PT). Theproper sense of circular polarization with re-
latter consists of another fixed wire grid 8nd  spect to theéB-field orientation, so that the radi-
a mobile metallic mirror placed in parallel atation field accelerates the electron along its cy-
a tunable distance (see inset to the bottom clotron motion. Indeed, the transmitted power
panel of Fig.55). Grid Preflects the compo- drops nearly to zero for cyclotron resonance

Transmitted power [a.u.]
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absorption in the active sense of the polariza® 200 GHz

tion (CRA), whereas reversing thifield ori- transmitted power CRI
entation while maintaining the circular polar-a F
ization direction turns the cyclotron resonance, 0
mode inactive (CRI). For linear polarization,& W
CRA
M Y

the transmitted power does not drop below 50%
as it should. These transmission data confirm

the quality of the various polarization states.
Noteworthy is also the absence of absorptio
features at the harmonics of.. This con-
trasts with the magnetoresistance, which exx
hibits microwave induced oscillations up to
the 18" harmonic of the cyclotron resonance
(Fig. 54(a) and Fig. 56).

0.
S
X

| 1
100 GHz

no microwave

o (€

B

Figure56(a) illustrates the influence of the® *
circular polarization sense on the microwave
induced resistance oscillations for different fre-
quencies: 200, 183 and 100 GHz. The absorp-

tion signals for 200 GHz have been included a&b) ————————————————— ) ,,,,__——--——---_
the top to easily compare the position of fea- “.”," transmitted power
tures with the cyclotron resonance. At fields 0_‘\;’

below the cyclotron resonance absorption (the so| <+ CRA -

regions on the left of the dotted lines whichg - ]
mark the m=w¢), where the microwave in- “;5 |
duced oscillations occur, the magnetoresistivit§fc | — ora

traces for both senses of circular polarization 25 s e — linear 1
are nearly indistinguishable. This is true for the i — CRI
entire frequency range (100-350 GHz) covered | i

in our experiments. The same conclusion holds MAW

. . . . . . 0 L L L L
for linearly polarized radiation irrespective of ), 04 0.8 12

the orientation of the electric field vector (an BT

example is shown below in Fig. 56(b)). HenceFigure 56: (a) Comparison of the magnetoresistiv-
the experiments here only support theoreticaly R under microwave radiation for both senses of
mechanisms in which the polarization state ofircular polarization at three frequencies and a tem-

. . . erature of 1.8 K. The transmitted pow&fans (arb.
the microwaves is not relevant. Only at fleldégnits) at 200 GHz is plotted at the top for compar-

near th? cyclotron resonancg, yvhere S'gn'f'caﬁgon with the 200 GHz transport data. The black
absorption takes place, deviations between thftted curve in the bottom panel displas in the
CRA and CRI curves do arise, likely becauseabsence of microwaves. (B)y for 243 GHz radia-
resonant heating at the cyclotron resonance prtion for various polarizations at the highest available
duces a second contribution to the photoresigower. Curves are offset for clarity. The dashed line

tivity. In microwave photoconductivity experi- "EPTeSents the transmitted microwave power (no or-
t ior to the di f h ._dinate shown). Resonant heating at the cyclotron
MenNts prior 1o the discovery Of € Zero resSIS;cqnance is held responsible for the sharp resis-

tance phenomenon, the cyclotron resonance %ﬁce peak. This peak as opposed to the oscillatory
sorption was already detected as a small resighoto-resistance is very sensitive to the polarization
tance increase. state.

79



Selected research reports Transport of charge, mass and heat

In the context of the recently discovered micro-ories: the nonequilibrium distribution function
wave induced resistance oscillations, signaturesenario and the picture based on impurity- and
of the cyclotron resonance absorption in thg@phonon-assisted electron displacement against
magnetoresistivity remained unidentified, prethe dc electric field. For both mechanisms,
sumably because they were masked by thg dependence on the sense of circular polar-
much larger microwave induced resistance oszation enters through the ac Drude conduc-
cillations.  The insensitivity of the latter on tivity o2. Excluding the narrow vicinity of
the polarization state (as proven above) anghe cyclotron resonance? is proportional to
the ability to alter the circular polarization di- (,, — )2 if the microwave field accelerates
rection in situ make it straightforward to re- glectrons (CRA) and «{+wc) 2 if the mi-
veal the bolometric cyclotron resonance congrowaves decelerate electrons (CRI). For small
tribution. A striking examples at the highestyc_fields and not to strong a microwave field,
microwave power we have available is illus-ihe correction to the dark dc dissipative conduc-
trated in Fig. 56(b) for 243 GHz. The resistancqivity is linearly proportional tas? and hence is
enhancement at the cyclotron resonance can B&,tor (o + wc) /(0 —wc)? larger for the CRA
surprisingly large and develops fine structuré, |4 ization sense. For the maxima (or minima)
Its close connection to the cyclotron resonanca ., = 20)¢ ando = 3w, this amounts to a fac-

is established by comparing with transmissiorfOr of about 9 and 4 respectively! We refer to

data and by comparing its amplitude for the dif'Fig. 54(b) where theoretical predictions for both

ferent polarization states. We conclude that we : o

o . . .Senses of circular polarization are compared.

can distinguish two microwave induced contri- : . .

. . . For large microwave powers, the microwave in-
butions to the resistance: the bolometric an

o . ced correction to the dark dc conductivity no
polarization-dependent resistance enhancemen . ;

nger obeys a linear law but rather a sub-linear

at the cyclotron resonance due to resonant heaj-

. .__.._dependence on the microwave power and these
ing of the electron system and the polanzaﬂor; ; duced. H the d tic dif
insensitive contribution related to the oscilla-2c 0r> ar€ reduced. However, the dramatic dit-

tory photoresistivity near and below. ferenge Wi.th experimenF h.ere remains. This

puzzling discrepancy reinvigorates the contro-
The complete immunity of the microwave in-versy on the origin of the microwave induced
duced resistance oscillations to the polarizaescillations and zero resistance and there is
tion state may be regarded as a crucial test f@learly a strong need to analyze the polariza-
theories. For instance, this can not be recortion dependence of other proposed theoretical
ciled with the two most frequently cited the-mechanisms.

Overlap of depletion layers in nanocrystalline SrTiO;

P. Balaya; J. Jamnik (National Institute of Chemistry, Ljubljana); J. Fleig (University of Vienna);
L. Kienle and G. Cristiani; W. Sigle (Max Planck Institute for Metals Research); J. Maier

In a systematic approach we are tackling sizble. Examples of interest are the impact of
effects on ion and electron transport in electronarrowly spaced boundaries on the local free
ceramics. In principle each of the contribu-energy of point defects, or the effect of in-
tions to the electrochemical potential of theterface curvature on transport and storage [1].
charge carriers may lead to mesoscopic situdore significant are effects which are due to
tion, where the length scales such as grain siznomalously enhanced transport or mass stor-
and the space charge length become comparage as studied in nanocompaosite or multilayer
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systems. Here we report on the overlap of . . :

®
charge carrier depletion layers that we predicted  19°I ¢ 2500 nm 8104 s
and studied in SrTi@ nanocrystalline materi- . 228 n QJ
als. Unlike accumulation layers, depletion Iayb—: i
ers can be unambiguously detected from the’
. . . N 5 00000 ® 0 8103
impedance spectra as they appear in series to tge 310 esomx a ®%q,
bulk response and give rise to an independent D‘ N
signal. In this context, an inherent difficulty had " o A
to be overcome, namely to prepare nano-size D%_&
grained and simultaneously sufficiently dense 035 ' 3'1'05 ' 5105 '
ceramics. Re Z* [Q]

Figure 58: Impedance Zf) plot for micro-
(2500 nm), submicro- (200 nm), and nanocrystalline
(80nm) SrTiQ samples measured at 42D un-
der oxygen pressure of 1bar. The inset clearly
reveals the bulk response at higher resolution for the
2500 nm sample.

The impedance measurements were made on
SrTiO; with different grain sizes (80nm,
200nm and 2500 nm) using YB@wO;_s as

- - reversible electrodes. Figure 58 shows the Cole-
Figure 57: FESEMimage of a freshly fractured sur-Cole plots at 420C. In the case of the micro-
face of nanocrystalline SrTipellet. crystalline sample (2500 nm grain size), clearly

two semicircles are observed, the large one at

SrTiOs nanopowder was synthesized by a sopyy frequencies being due to space charge de-
lution co-precipitation method with 8¥Os)2  pletion layers at grain boundaries and the small
and Ti as starting precursors and EDTA bepne at high frequencies being due to the bulk.
ing used as complexing agent in an aqueoysyy the purpose of a more quantitative treat-
medium. This procedure avoids a major probment, we consider the Bode plots (Figs. 59(a),
lem of the formation of amorphous Ticfre-  59(ph)) which better resolve the contributions

quently experienced in agueous environmentom the more conductive grain interior.
The dried gel precipitate upon calcination at

1000 C for one hour, yields well-crystallized As seen from Figs. 59(a) and 59(b), two relax-
SrTiOs with an average grain size of 30 nm.ation times are clearly identified for the micro-
The impurity level as inferred from ICP anal-crystalline sample. In nanocrystalline SrgiO
ysis is found to be below 250 ppm with Fe bewith a grain size of 80 nm on the other hand
ing the major impurity around 100 ppm. Sinter-only a single relaxation time referring to the
ing to a dense pellet (93% of theoretical denlow frequency signal remains. Thus we face the
sity) with grain sizes below 80nm (Fig.57) striking observation that unlike microcrystalline
has been achieved by a pressure-assisted twe¥TiOs which shows both bulk as well as inter-
stage sintering process using a hot press. THacial contributions to conduction, in nanocrys-
grain boundaries of the SrT¥Onano-ceramic talline SrTiG; the bulk contribution disappears
are found to be free of any amorphous or interand space charge effects are observed through-
granular phases. Larger grain sizes could beut. These experimental results are supported
achieved by different sintering conditions. in great details by continuum level simulations
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performed using linear irreversible thermodyWhile the parameten in the frequency dis-
namics for a single crystal with a given Schottkypersion of the capacitance term (modelled
barrier height at both edges. by a constant phase element: o@)™")

which measures the depression of the
10'pT——T——T T T T " impedance arc, deviates from unity if we go
over from a bicrystal to a polycrystal (as a con-
sequence of the contribution in grain boundary
properties), it becomes rather close to unity
(ideal behavior) again when the grain becomes
nanosized. This is in agreement with our inter-
pretation that the boundary layers now seize the
whole grain and the situation becomes more ho-
mogeneous and thus less affected by the grain-
size distribution.

Re Z* [Q]

The reason why the bulk semicircle disappears
already below a grain size of 100 nm can be at-
tributed, on the one hand, to the high dielec-
tric constant and, on the other hand, to the low
mobile carrier concentration in the depletion

layers, both enhancing the screening length.

Im Z* [Q]

@ 2500 nm
, 2 iﬁ o As we know from earlier measurements, and
10 L also from our theoretical work, the oxygen
10° 10° 10° vacancies, being double charged ionic carri-

Frequency [Hz] ers, are even more significantly depleted in the

Figure 59: (a),(b) Frequency dependencies of thgpace charge regions [2]. Future studies, e.g.
real and the imaginary part of the complexyjth electron blocking electrodes, will reveal
impedance of the microcrystalline (2500nm) andy «mpined effect on ionic and electronic mo-

nanocrystalline (80 nm) samples. . . .
tion serving then as an example of size effects

The capacitance of the nanocrystalline Srio®" Mixed conductors which forms the general
(80nm) is found to be the same as the bullEaSe and from which purely ionic and electronic
capacitance of SrTiQ Thus it is interesting to conductors follow as special cases.

note that even though the nanocrystalline sam-

ple exhibits space charge resistance, itis charaﬁ]
terized by a bulk-like capacitance that no longer _ _

. . 2] Guo, X., J. Fleig and J. Maiedournal of the
originates _from space charge polgrlzatlon be[- Electrochemical Society48, J50-J53 (2001):
cause of fixed charge concentrations and the |eonhardt, M., J. Jamnik and J. Maier.
grain boundary core and its neighboring space Electrochemical and Solid-State Lett@s333-335
charge zones. (1999).

Maier, J. Nature Materialgl, 805-815 (2005).
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Agl nanoplates with extremely high mesoscopic ion conductivity
at room temperature

Y.-G. Guo, J.-S. Lee and J. Maier

lon conduction is the major prerequisite for thex 50 nm in thickness (Fig. 60). Rietveld refine-
operation of electrochemical devices such asient of X-ray diffraction of the nanoplates ev-
batteries or electrochemical sensors. In coridenced the presence of very unusual modifica-
trast to liquid phases, the availability of solidtions of Agl, namely, a nine-layer structure 9R-
electrolytes renders possible easy integratiogl and a seven-layer structure 7H-Agl in addi-
and miniaturization. In the context of room-tion to the well-known low temperature phases
temperature electrochemical devices, and iaf 3-Agl andy-Agl.

particular in view of future nanoscale devices,
the palette of suitable electrolytes is extremel
restricted. It is not only the conductivity which
is typically poor at room temperature, also the
electrode reaction (exchange rate) is typicall
very sluggish. Here the silver ions play an ex

ceptional role not only due to a high mobility Figure 60: AFM image of the Agl nanoplates with

but also in view of a very high exchange rate, ypica| size ot 300 nm in diameter ane: 50 nm
which relies on their high polarizability. There-in thickness.

fore silver ion conductors have been discussed

as battery electrolytes in spite of high materi-

als cost and low energy density-Agl shows The 7H and 9R structures are composed of
an extremely high ionic conductivity due to aclose-packed layers of Agltetrahedra with
partially molten Ag sublattice, yet only abovethe stacking sequenceshhchhandchhchhchh
150°C; stabilization of the high-temperatureWith ¢ denotingy-Agl-like cubic stacking and
properties down to room temperature is viabl® for -Agl-like hexagonal stacking (Fig. 61).

in a ternary compound RbAts, however, at These long-period polytypes can thus be con-
the expense of chemical stability. Here we reSidered as zinc-blende/wurtzite polytype het-
port on very high ion conductivities in single or€rostructures (as indicated by differently col-
assembled (thin films, nanocrystalline pelletspred layers) ory/ superlattices. Given the
Agl nanoplates [1]. The room temperature confecessity of an ion redistribution @t inter-
ductivity is enhanced by as much as four orfaces, an exceeding disorder is expected on ac-
ders of magnitude compared to that of macrgcount of the tiny size of each domain [2]. In
scopicallyB-Agl phase in the wurtzite structure. this respect the mechanism is, on one hand, re-
To the best of the authors’ knowledge, it is thdated to the high fluoride conductivities found in
highest room temperature ion conductivity evef-aF2/ BaFz heterolayers of nanometer periods,

measured for a binary solid electrolyte. which have been recently prepared by molecu-
lar beam epitaxy (MBE) [3]. If, on the other

By applying capping agents for directing nucle-hand, we compare the latter ion conductor het-
ation and growth of Agl nanoparticles precip-erolayers with the well-established MBE grown
itated from silver nitrate and potassium iodidesemiconductor heterolayers, the self-assembled
solution, we have been able to synthesize Agitacking-fault heterolayers presented here find
nanoplates in large quantity. The nanoplatetheir semiconductor counterpart in the polytype
have a typical size of 300 nm in diameter and heterostructures of SiC.
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f =+ - A respective nanoplate types) is close to the paral-
2H i |4 |4 B lel conductivity of a nanoplate film which rep-
. B i d Ay resents the conductivity perpendicularctaxis
.C AR AR, i, (oLc) (see Fig.62). The conductivity of pellets

a | 21, ARARES. . with randomly oriented nanoplates is also of
. O, R A, C similar magnitude. This is in striking contrast
- A " A . to the large conductivity anisotropy if-Agl
at room temperature. The remarkable conduc-
' tivity isotropy of Agl nanoplates is, in view of
the extreme conductivity enhancement and the
“ATATS _t——' e S ABMEE  Jayered structure, a further support of a fully
B c S mesoscopic ionic conductivity in the polytype
Figure 61: 7H (left) and 9R (right) structures of Agl heterostructures (7H and 9R polytypes) with

represented by close-packed layers of Agtrahe-  very pronounced silver ion disorder.
dra. The stacking sequence can be consideredfas
heterostructures as indicated in differently colored T[°C]

layers. 175 150 125 100 75 50 25
T T T T T T T

Agl nanoplates

The bulk conductivity of Agl nanoplates (mea- __
sured on pressed pellets) at room temperatqu
is enhanced by as much as four orders of magg, -3
nitude compared to that of the pristine Agl &
(Fig.62). An anomalous phase transition 108
the high-temperature phase-Agl) with a large
hysteresis of~50°C can be clearly seen in
the differential scanning calorimetry (DSC) and S
conductivity curves. A similar hysteresis has 10568/”;&(]) 3284
been observed in Agl: AD3 composites [4],

Figure 62: Conductivity of pressed pellets of Agl

but both heating and cooling transition temperhanoplates as a function of temperature (red line)

atures being shifted to higher temperatures by, comparison with that of the pristirfieAgl (black
10°C in these composites. While the characline). The average conductivity of single nanoplates

teristics of Agl: ApbO3 composites are affected (0c) measured at room temperature using AFM
by size, volume fraction and distribution of thetonducting tips (see Fig.63) and the conductivity

o . rneasured on nanoplate films,(;) are indicated.
alumina dispersoids, the present results clearly

show that the features of high conductivity andre grastic conductivity enhancement and the
large hysteresis in phase transition are inhere%nductivity isotropy of Agl nanoplates is
characteristics of 7H- and 9R-Agl polytypes. hence the outcome of a double size-effect: (i)
. , . owing to the small thicknesses of the plates
In addition to performing conductivity mea- stacking faults which otherwise only occur at
surements on pressed pellets of nanoplates, Wy, interfaces penetrate the whole material.
have been able to measure the AC impedance@ Owing to the tiny size of the stacking
individual Agl nanoplates by using a conductiveperiod disorder seizes the whole arrangement.
AFM tip at room temperature (Fig.63). NoteNot only is this mesoscopic ionic conductivity
that the conductivity of a single nanoplate wasffect a further striking evidence of the power of
measured along the-axis. The results clearly nano-scale interfacial design on ionic conduc-
show that the average (using the fractions of tivity properties, the Agl nanoplates, owing to

' '
[6)] B
q
s

o enhancement
e e e e e e e e e e

'
(o))

pristine Agl

[N}
ING
~
N
o
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Lager Detector

AFM Controller | tors are most promising whereby the first are
ideal for fuel cells while the latter ones are the
candidates of choice for all solid state systems.
While Li-ion batteries are to be preferred if en-
Figure 63: Experimental configurations for conducE'9Y densﬂx matters, the Ag"?’? .based 0”‘?3 are
tivity measurements of individual Agl nanoplatesunbeatable in terms of reversibility and switch-
using AFM tips. ing speed and hence will be most promising in

the light of a future nanotechnology.

Conducting tip
Agl nanoplate

Ag film electrode
Si wafer

Impedance Analyzer|

to conductivity, stability and shape, are also

ideal candidates for electrolytes in nanoscalf] Guo, v.-G., J.-S. Lee and J. Maiédvanced
electrochemical devices such as miniaturized Materials17, 2815-2819 (2005).

sensors or nano-integrated batteries. In such d@t maier, J.Progress in Solid State Chemis2$,
vices the favorable kinetics of silver ionsis most  171-263 (1995).

important while materials cost issues becomg;] sata, N., K. Eberman, K. Eberl and J. Maier.
negligible. It can be anticipated that owing to  Nature408 946-949 (2000).

mobility and exchange rate, protonic device$4] Lee, J.-S., S. Adams and J. Maigournal of the
and devices based on lithium and silver conduc- Electrochemical Society47, 2407-2418 (2000).

Oxygen incorporation into ‘electron-poor’ and ‘electron-rich’ oxides:
mechanistic studies of the surface reaction on Sr(k&i1_x)O3_s

R. Merkle and J. Maier

Many perovskites are mixed electronic andvays. By applying a whole arsenal of theo-
ionic (O?) conductors at elevated temperaretical and experimental methods we were able
tures, and serve as key component of a numbes draw reliable conclusions on the mechanistic
of electrochemical devices such as fuel cellssituation.

permeation membranes or gas sensors. Often

the transformation of @from the gas phase Since almost all §FgTi1 )O3 5 composi-
into oxide ions in the solid (‘Oxygen incorpo- tions exhibit the cubic perOVSkite structure, this
ration’) is the crucial step for the equilibrationsolid solution series allows one to study the
of the bulk oxygen stoichiometry with the gaseffect of compositional variation on reaction
phase. SIFeTi1 x)Os s Materials exhibit a rate and mechanism, while the crystallographic
significant range of oxygen non-stoichiometrystructure remains essentially unmodified. The
d up to x/2 and can thus serve as model manost drastic difference shows up in the elec-
terials for the investigation of the oxygen in-tronic properties which change from the large
corporation surface reaction. Unlike the transband gap semiconductor Sr§Q to high elec-
port step, it is indeed the surface reaction whickronic or even metallic conduction in SrFgQ.
remained mainly ‘terra incognita’ in the treat-The change in the electronic structure can al-
ment of gas-solid reactions. One reason is theady be recognized in the color (samples with
problem of interpreting kinetic data involving more than 3% Fe are black) and in more detalil
solids, the other is the manifold of kinetic path-in the UV-vis spectra (Fig. 64). In addition to
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.. . -2

the bands at 2.1-2.9 eV (originating from local- 10" 71T
. —_ F. *. 3
ized O to F&" charge transfer), for 3% of <= [ o, ]
iron a new absorption at 1eV appears whicho E A “
becomes very prominent at10% Fe and can & 10% N . 3
. . > - 3
be related to the presence of an iron impuritys - b K :
S 10° F N A E
band. 5] R v
ko] o “m A v.
LI B B — 1 T 1 T T 1 T 1 17T S 10-6 E .",_'I‘ A "E
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1 Figure 65: Bulk electronic conductivity of fully ox-
idized S(FeTi1_x)O3 samples.
H//\/ | For the mechanistic interpretation, we assume
Y e Jy that one of the steps in the reaction sequence,
1 2 3 4 the so-called rate determining stegs), limits
Energy [eV] the overall reaction rate. A sudden change in
Figure 64: Absorbance of §feTi1«)Os in the the oxygen partial pressure p@&t constant tem-
UV-vis region, calculated from diffuse reflection perature induces a sufficiently large change in
measurements at room temperature. the oxygen non-stoichiometry of the iron-
rich samples so that the reaction rate can easily

Figure 65 shows the variation of the electroniéJe fOIIOWEd_ by measuring the_welg_ht Change'
conductivity Geon (known to be p-type from Samples with the relevant particle size ranging
eon -

. from um (powders) up to mm (sintered pellets)
its pO; dependence and thermopower MeasUriiow one to cover a large temperature range of

ments) with the iron concentration. As few,5n_gngc. Systematic variation of initial and
as 3% Fe on the Ti site is sufficient to drastijng) pO, values of such p@changes yield the
cally enhanceveon While the activation energy reaction order of oxygen in thels. For sam-
drops from 0.95eV to about 0.4eV. This in-ples with 10-50% of iron, this reaction order is
dicates a change in the conduction mechanisfound to be 1/2 in the whole temperature range
in accordance with ab initio calculations whichstudied. This means that thés contains only
predict the formation of an impurity band atatomic oxygen species such as adsorbed O
about 10% of iron [1]. The partially occupied !t is more difficult to draw conclusions about
iron 3d-orbitals, overlapping with the oxygenthe point defects possibly involved in thids

valence band but extending also to higher erPecause their concentrations cannot be varied

ergies, decrease the band gap and can theref(l)'}]dependently (but do contribute to the over-
gles, gap aIFpOz dependence of the reaction rate). For

easily supply electrons for being transferred t?Ln,Sr)(Mn,Fe,Co)@,a perovskites, a correla-
adsorbed species in the course of the reactiQR, of effective surface rate constants &nd
pathway. Thus we will term the iron-rich mate-gitfusion coefficients D for oxygen tracer ex-
rials ‘electron-rich’ in contrast to the ‘electron- change was found [2], which holds over several
poor’ (only slightly Fe-doped) SrTiQ; sam- orders of magnitude when the materials compo-
ples. sition is varied.

0.1

Absorbance
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Table 3: Reaction mechanism for ‘electron-rich’ and ‘electron-poor’ oxides.

"electron-rich" (10-50% iron) "electron-poor" (less than 3% iron)
O2 ‘__\ OE ads + h+
- - 2_
02 ads te ;\ 02 ads
_ _ rds
O,+2Fe* & 205 +2Fe" O3l4s = 207
rds Oa-ds + V6 + Fes+ ‘__\ Oé:tice + Fe4+ Oz;ds + V(.). : OIglt-tice + h+

Since for these materials the oxygen vacancgorbed oxygen species, all reactions up to and
concentration is the only variable quantity in thencluding the formation of the adsorbed @re
expression for D, this implies that oxygen va- fast. Therefore the last step which includes
cancies are also involved in thies of the sur-  also the ionic motion of the ©into an oxygen
face reaction [2]. vacancy \f, can become the bottleneck.

In contrast to the ‘electron-rich mate”als'Thecomparison of the ‘electron-rich’ and ‘elec-

thel O)i'yghiln :;\C%rporztlf)r: n:echanlsr’n fo: tr.“':‘[ron—poor’ members of the §FgTi1_x)O3_s
only siightly € doped ‘electron-poor Materl- o iy solution series indicates that the differ-
als contains molecular oxygen species in the . . .

) . o ent electronic structure is crucial for the ob-
rds. The acceleration by UV irradiation shows

that the transfer of a conduction electron isserved change of the reaction mechanism. The

involved in or before therds [3] (UV light a.c?d—base properties — even though highly sig-
increases the conduction electron concentrdificant for the absolute rate — are expected to
tion, while the concentration of holes' tre- be less important with regard to the variations
mains~ constant since it is mainly determinedSince they hardly change wherf'Tiis replaced

by the iron dopant). Amounting to 2.7 eV, Py the slightly smaller FE. Although mech-
the activation energy is much higher than fognistic details are not available in other oxides,
the ‘electron-rich’ materials (about 1 eV), andthe similar absolute reaction rates of oxygen ex-
the absolute reaction rates are lower by abo@hange on ‘electron-poor’ (La,Sr)(Ga,MuQ
three orders of magnitude. Table 3 displaygerovskites and (Y,Zr)@ s fluorites suggest the
our present knowledge of the reaction mecheacrystallographic structure to be less decisive for
nism and highlights the mechanistic differenceghe reaction mechanism as long as oxide ions
between the two materials classes addressegte sufficiently mobile.

For the ‘electron-rich’ materials the mechanis-

tic details of the first steps cannot be resolved
since they are summarized into a rapidly estaly1] Evarestov, R.A., S. Piskunov, E.A. Kotomin and
lished pre-equilibrium, but owing to the high  G. Borstel.Physical Review B57, 064101 (2003).
chemical similarity of the materials, it is highly [2] De Souza, R.A. and J. KilneBolid State lonic4.26,
plausible that the same intermediate species are 153-161 (1999)Merkle, R., J. Maier and

involved as for the ‘electron-poor’ systems. H.J.M. BouwmeesteAngewandte Chemie
International Editiord43, 5069-5073 (2004).

Since in the ‘electron-rich’ materials electrong3] Merkle, R. and J. MaiePhysical Chemistry
are easily available for being transferred to ad- Chemical Physicd, 41404148 (2002).
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Isotope effect on the heat capacity of the monatomic and diatomic
semiconductors diamond and zinc oxide

R.K. Kremer, M. Cardona, G. Siegle and R. Lauck; S.K. Estreicher (Texas Tech University, USA);
A.H. Romero (Unidad Quétaro, Mexico); M. Sanati (Texas Tech University, USA); J. Serrano
(ESRF, France); T.R. Anthony (GE Corporate Research and Development, USA)

The availability of semiconductor crystals withisotopic effects on the heat capacity mostly at
different isotopic abundances has triggeretbw temperatures, whereas the O mass affects
profuse investigations of the effect of isotopicmainly the optic phonons, which become ther-
composition on thermodynamic, vibrational,mally active at higher temperatures.

and electronic properties [1]. Most of this work
is concerned with monatomic semiconductors,
i.e. diamond, Si, Ge, and-Sn. The effect
of the isotopic masses in multinary compounds— , 5,
on the thermodynamic properties should es%
sentially depend on which mass is being con-£
sidered. We have determined the effect of3 0.5
isotope variation on the heat capacity at con%
stant pressureC,, for a monatomic example, <"
namely diamond, and for the diatomic system
zinc oxide and compare our results with first- -

. . 100 150 200 250 300
principles calculations. TIKI

0.35

0.20 - i

Historically, the low-temperature heat capacityFigure 66: Temperature dependence @©f/T°
of diamond has played a central role in the demeasured for three samples with different isotopic

ompositions (redd 2C; green A 12Csg!3Cyy;
velopment of the quantum theory of the therma‘tf)Iue & 13C). We have added to the figure the

properties of solids. ) Natural diamond is COMiterature data reported for natural diamonel) (
posed of two stable isotopeSC (= 99%) and  and the theoretical results based on self-consistent,
13C (= 1%). Meanwhile, artificial diamonds first-principles molecular-dynamics ~ simulations
with different isotopic compositions which based on local density-functional theory [3] f3C
cover the rangé?C; ,3C, (0<x<1) grown and 13C (red dashed and blue solid curves, respec-
by a high-pressure high-temperature techniqd@’e'y)'

became available.

Zinc oxide is a wurtzite-like semiconductor':igu,re 66 displays the gpgcific heat of a pgtu-
with an electronic band gap of 3.4eV thatraldlamond,acrystaIW|th isotopic composition

13 3
makes it suitable for fabrication of optoelec-Cos8' Coazand a*C sample. We have added
tronic devices in the ultraviolet range. Thereth€ data of Desnoyers and Morrison for natural

fore an appropriate characterization of théliamond which agree with ours to within the
thermodynamic properties, such as the therm&ratter & 1%). The solid curves represent the
conductivity and the heat capacity, is esserfalculations for”C and*3C [3]. Whereas cal-
tial for the development of high-quality devices.culations fall, at the maxima o€,/ T2, about
Recently, small single crystals of ZnO with a7% short of the measurements, they reproduce
wide range of isotopic abundances (highly enrather well the general trend &,/T3 vs. T.
riched 84zn, %8zn, 180) have been grown by The 7% difference can be attributed to deficien-
chemical vapor transport. The Zn mass affectsies of the fullyab initio model of the lattice
mainly the acoustic phonons, thus leading talynamics, which uses a rather small 128 atom
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periodic supercell. It is worth pointing out, l.h.s. of EQq.(13). The agreement between
however, that the relative change observed ateasured and calculated results is excellent for
the maximum ofC,/ T3, between*?C and'3C T > 170K. The upturn in the experimental re-
(13%), is the same for the measured as for theults at lower temperatures is assigned to the
calculated data. presence of inclusions of metals used as cata-

Due to the lack of a sufficient experimen-IySt for the crystal growth (for more details cf.

tal basis for the isotopic-mass dependence g%ef. [21(@)-
the specific heat, a quantitative comparison of ;g

the calculated isotopic-mass dependence on the I
heat capacity with experimental data thus far—~
was carried out by relating the derivative with =
respect to the isotopic mass with the derivative§

1.5

with respect to temperature. In the harmonic a 1.0
proximation (but otherwise exact) the following GQ
equation can be derived [3]: E s
= O
din(C/T3) 1 din(C/T3)
anv 203" a0 0.0
0 100 200 300
3 TIK]
T % P 20 100K Figure 68: The logarithmic  derivatives
3 535 19 . dIn(Cp/T3)/dInM with respect to the mass of the
@% %;i -14F Zn isotope. Solid (red) line: Result of tla initio
= calculation. Experimental data: (black PZn®0

2| 15}

% i 0 d 245 250 255 (p=64, 65.4, 68); (green) PZn'%180 (p=64, 65.4,
IN(Mpyo) [aMU] 68); (blueo) PZn'0 (p=64, 66, 66, 68). The inset
shows the data fotZn'®/180 in an enlarged scale,
together with the calculation.

100 150 200 250 300 Figure 68 displays the logarithmic derivative of

T[K] Cp/ T3 with respect to the mass of zinc isotope

Figure 67: Logarithmic derivative o€,/T® vs. for all measured samples of ZnO grouped into
isotopic mass gained from six diamond samples withlocks with different oxygen mass. A sharp
isotopic compositions®Cy x**Cx (0<x<1) (). peak is observed at 22 K that corresponds to

The solid line represents the calculated temperatul?coustic vibrations, associated mainly to dis-

dependence [3]. Agreement is good above 170K. .
Below this temperature, the experimental points der_)lacements of zinc atoms. The larger mass of
viate from the calculated curve, possible reflectinginC With respect to that of oxygen explains the
the presence of iron inclusions. The inset illustratepresence of this peak at low temperatures. The
the procedure used to obtain the logarithmic derivaap initio calculations agree well with the experi-
tive from the experimental data. mental data at temperatures larger than 100 K.
At low temperatures the peak position is de-

Our measurements on six different diamongcribed in a qualitative way by the calculations,

samples with varying isotopic compositionsalthough the latter yield the maximum at 4 K

(see Fig.67) enabled us for the first time tdower temperature than the experimental data
obtain rather good experimental values for thésee inset Fig. 68).
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ool ' ' ' ' " | on Fig.69, describe remarkably well the ex-
- perimental behavior of d i€,/ T3)/dInM as a
% 1 function of temperature, taking into account the
° magnitude of dIGC,/T3)/dInM, the limited
s~ accuracy of the calculation of the logarithmic
~ o
GQ derivatives, and the error bars present at low and
= high temperatures.
©

§ 20 T T T T T T T T T T T T T T T T T

0.0 1 1 1 1 1 1 B N

100 200 300 . 2 ]
TIK] 2 isp ]
Figure 69: The logarithmic derivatives with g i ]
respect to the mass of the oxygen isotope~ L ]
dIn(Cy/T3)/dInMo. Lower solid (red) line: Result %~ 10 ]
of the theoretical calculation. Upper solid (black) (5 r ]
line: Average of four derivatives with respect to the & r h
mass of the oxygen isotope. Open circles (green o " §
Derivative with respect to the mass of the oxygen e e TSl G A 4
isotope for the set ool 20 1 T TR e
647n90 (q =16, 16/18, 18). 100 200 K 300

Figure 70:  Calculated logarithmic derivatives

The temperature dependence of the logarithmf@&/n(Cp/ T°)/dInM  with respect to Mz (red,
derivative of C,/ T2 with respect to the oxy- dashed) andVlo (blue, dot-dashed), sum of both
P P Y curves (green, solid), and r.h.s. of Eq.(13) (black,

gen mass (Fig. 69) shows two distinct maximagiq), the latter obtained from an average of the cal-
at ~20K and 160K. The first maximum cor- culated heat capacity for 68/18 and 64/16 isotopic

responds to transverse acoustic vibrationsof compositions. The filled circless] correspond to
close to zero, which behave as sound waves atfeg r-h.s. of Eq.(13) with the logarithmic derivative

. taken on the average of experimental data of two
the atomic displacements depend on the tm%lmples with isotopic composition 68/18 and 64/16.

mass. Therefore they are also slightly affectefjote that the sum of the two dashed curves (green,
by the oxygen mass. This maximum depends osolid) coincides with the solid black curve.

the possible inhomogeneity of the isotopic dis-

tribution of the Zn atoms and overlaps with the

maximum observed in Fig. 68. This is demon_Equatlon (13) can be evaluated for monatomic

strated in Fig. 69 by the difference between th grystals from the phonon DOS without any ad-

e . itional details about the lattice dynamics (e.g.
solid line, corresponding to an average between . g )

o ) . the phonon eigenvectors). As illustrated in
four derivatives with respect to the oxygen iso-

) ; Fig. 70, this is not possible for binary or multi-
tope, and the open circles, corresponding to thr?ary materials. The r.h.s. of Eq.(13) calcu-

set*’Znf0 (q =16, 16/18, 18). Besides this low| a4 from an average o, of an 68/18 and

temperature peak, there is a broad asymmetrigy/1 6 jsotopic composition displays only one
band with a maximum at 160K. This band issharp peak af ~18K. In the actual partial

related to the activation of lattice vibrations thayerivatives this peak splits into two, one for the
predominantly involve displacements of oxygen,,, derivative, at~ 20K, and a broader one
atoms. The much lighter mass of oxygen afor the Mg derivative ata~ 160K. In order to
compared to that of zinc is responsible for thebtain these partial derivatives with an expres-
higher frequency of these modes, which in turion similar to Eqg.(13), some knowledge about
requires a higher activation temperature. Ththe corresponding phonon eigenvectors would
calculations, displayed by the lower solid curvebe needed. A general argument to explain these
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differences between both partial derivatives ision of Zn and O atomic displacements to the
that the zinc components of the eigenvectorittice vibrations and the activation of the lat-
are larger for the phonons with lower frequenier at different temperatures. This behavior, as
cies, and viceversa, whereas the opposite situaell as the heat capacity, are reasonably well-
tion happens for the oxygen components. Theeproduced byab initio calculations that we
agreement found between measured and caldo@ve performed within the harmonic approxi-
lated curves of dICpy / T%) /dInMzp o shown mation.

in Figs. 68 and 69 also reflects the quality of our

ab initio calculations.

[1] Cardona, M. and M. ThewalReviews of Modern
Physics77, 1173-1224 (2005).
In summary, we have measured the heat capac- )
ity of diamond and zinc oxide on single crystal 2] () Cardona, M., R.K. Kremer, M. Sanati
: y ordi ) . i 9 y S.K. Estreicher and T.R. Anthor§olid State
with a wide spread of isotopic compositions.  Communicationd33 465-468 (2005);
Our data allow for the first time to obtain re-  (b) Kremer, R.K., M. Cardona, E. Schmitt, J. Blumm,
liable values for the logarithmic derivatives of ~ S-K. Estreicher, M. Sanati, M. Bockowski,

3. 9 . I. Grzegory, T. Suski and A. JezowdRhysical
Cp/T* with respect to the atomic masses. FOr  geyiew B72, 075209 (2005); (cBerrano, J. et al.
ZnO there is a distinct temperature dependence Physical Review B, submitted for publication.
of the logarithmic derivatives with respect to Zn[3] sanati, M., S.K. Estreicher and M. Cardorgolid

and O masses, which stems from the contribu- State Communications31, 229-233 (2004).
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Structure of complex solids

Knowledge of the structure is an essential prerequisite for an in-depth understanding of
a solid. Two contributions at the beginning of this section deal with crystalline phases.
Layered cobalt oxides are interesting in the context of novel superconductors. X-ray diffrac-
tion and Raman spectroscopy were carried out on NaGofd LiCoQ over a large pres-

sure range and compared with density functional calculations. The structure analysis of a
complex magnesium-containing mineral is the starting point for the understanding of the
phase evolution in screed upon aging. In a following report, a number of experiments yield-
ing information about short-range order were combined with computer simulations to de-
velop models for the amorphous multicomponent ceramyB4Bi;. Simulations were also
essential for the structure elucidation ofJgal ~0.88Al ~0.12 containing LAl clusters in a
disordered but not random arrangement. The last two reports deal with the interpretation
of observed crystal structures in terms of the underlying chemical bonding situation and
its drastic variation with the material compositiomp@\intermetallic compounds with anti-
PbFCI type structure) or an applied pressure (semiconductor-metal transition in tellurium
involving lone pairs).

Layered cobalt oxides under pressure

X.Wang, I. Loa, K. Kunc, K. Syassen and C. Lin;
M. Amboage and M. Hanfland (ESRF, Grenoble)

The layered sodium cobaltites NeoO, (x <1) CoO by substituting alkali metals for Co in
have attracted attention recently in the contextvery second cation layer perpendicular to the
of correlated-electron physics and supercoreubic [111] direction (which results in a hexag-
ductivity. The most remarkable property of theonal supercell cell withc/a=2,/6) and then
structurally related compounds,doG; is the allowing for two types of relaxations, a small
possibility of reversible removal and reinsertiorelongation along the hexagonal [001] axis and
of Li ions as exploited in rechargeable Li battera pairing of close-packed oxygen layers. The
ies. We have studied the structural and latticeesulting building blocks are tightly bound
dynamical properties of the fully intercalatedO-Co-O slabs separated by layers of alkali
insulating compounds LiCofand NaCo@ at atoms. Being insulators (the optical gap of
high pressures by synchrotron x-ray diffractior-iC0O2 is ~ 2 eV), the formal oxidation state of
and Raman spectroscopy. The primary motivacobalt is 3+ in both compounds, corresponding
tion was to explore the phase stability and obto ad® configuration. The Co ions adopt a low-

tain reference data for studies of deintercalate®Pin state. Within a molecular-orbital picture of
varieties. the CoQ octahedral unit, thregg orbitals are

fully occupied; they form the top of the valence
The common modification of both compoundsand. The optical gap results from the splitting
is thea-NaFeQ-type phase (see Fig. 71). Thebetween weakly bondingg and antibonding
structure can be derived from rocksalt-typestates [1].
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Figure 71: The crystal structure of the layered formS 2% [ B ] 25
of LiCoO; (space grouiR3m, Z=1). The viewis & L L -
along the [110] direction of the hexagonal unit cell. § r T deuo T
NaCoQ crystallizes in the same structure type. 20 k. Jeoq =l Jreweenwtmestogl 5
Foogos® v 4+ B
IR ENE A REERE SRR RE N | N NS N |

0 5 10 15 200 5 10 15
Our powder diffraction data indicate that the Pressure [GPa]

Ie.q'/erefj phases do not undergo a phase trafiyyre 72: Top: Unit cell volume anda ratio of
sition in the pressure range up to 20 GPa. AlaCoQ and LiCoQ versus pressure. Theoretical
phase change of LiCoOto a cubic spinel- results for LiCoQ are shown for comparison. Bot-
related structure, predicted to possibly occufom: The Co-O and Na-O (Li-O) layer thicknesses
near 3GPa [2], was not observed, at least 4" 10 €qualize with increasing pressure.

room temperature. We find that the values of the

bulk modulusBy are quite similar£& 150 GPa) \we have compared the experimental high-
for the two compounds (Fig.72) and smallefyessure structural properties to results of
compared to Co0¥180 GPa). The compounds g initio total energy calculations performed
show anisotropic compressibility resulting in ayithin density functional theory. This approach
reduction of thec/a ratio. The diffraction dia- s considered adequate, at least for LiGoO
grams were analyzed by full-profile (Rietveld);1] The calculations yield pressure-induced
refinements in order to determine the pressuighangesf structural and elastic parameters of
dependence of the internal positional parame-ico0, in quite good agreement with experi-
ter of oxygen and thus the metal-oxygen dismental data (see Fig.72). Deviations on the
tances. Compared to the Co-O bond, the Li-@psolute scale are within the margins usually
(Na—0) bond length is about three times morgncountered when comparing LDA and GGA

compressible. Another way to illustrate the dif-x5iculations with experiment (e.g. of the order
ferent bond compressibilities is to compare the. 104 in |attice parameters).

‘thicknesses’ of the octahedral layers, i.e., their

heights projected onto theaxis (Fig. 72). The Turning to Raman spectroscopy, for the layered
projected thickness of the Cg@ctahedra re- structure we expect two Raman-active zone-
mains nearly constant; it is mainly the L§@nd center phonon modes. For propagation along
NaQs; octahedra which are compressed alonthe trigonal axis of the rhombohedral lattice, the
[001]. two modes correspond to relative displacements
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of neighboring oxygen layers with respect towidth changes (whether caused by anharmonic-
each other, the displacement being along thigy, band gap changes, or structural effects not
c-axis for theA;g mode and perpendicular to detected in the diffraction measurements) is be-
c for the E; mode. The observed frequen-lieved to require a more systematic study using
cies as a function of pressure are depicted isuitable crystals. The fact that for the given ex-
Fig. 73. The modes can be interpreted as preerimental conditions, i.e. 1.96 eV excitation,
dominantly Co-O stretching and O-Co-O bendthe integrated intensity of the Raman peaks was
ing motions. This interpretation is supportecbbserved to increase significantly under pres-
by comparing the ambient-pressure mode fresure (e.g. by a factor of seven for thgy mode
quencies of LiCo@ and NaCo@; by substi- of LiCoO,) is taken as indication for changes
tuting sodium for lithium, theEg mode does in the electronic band gap. A brief check
not shift in frequency (within experimental res-of Kohn-Sham eigenvalues in electronic band
olution) and the shift of thé\;y mode is quite structure calculations corresponding to two dif-
small, only about 2%. It is then not surpris-ferent volumes indicates that the band gap of
ing that we also observe very similar pressurgiCoO, increases under applied pressure, as
shifts and mode Gmneisen parameters for theone would expect within a molecular-orbital
Raman modes of LiCoPand NaCoQ. In picture.

accordance with the diffraction experiments,

the Raman spectra provide no indication fo¥Ve have also compared the experimental vibra-

pressure-induced structural changes. tional properties to results of frozen phonon cal-
culations performed within density functional

650 L Naé:oO P IT‘”LIiI(IZL:ICI)I "' '//_ 650 theory. The calculations of harmonic frequen-
[ 2 I 2 o cies yield pressure-induced shifts in satisfactory
- r A _,"' 1F A " 1 agreement with experimental data. They also
£ o9, e T E . L. . . .
5,600 [ o="Sss(t) cnicra |-+ 3.15(18) omiGPa] 600 provide |n_S|ght into anharmomc components in
S [ %709 T %=0796) 1 the restoring forces. For details see [3].
S ss0l 1 155, T conclude, the observation that the layered
< - °p - U_/’ﬂ- forms of LiCoG, and NaCoQ@ are found to be
g F e e 1T e _(y.cfo"” i not susceptible to a pressure-driven structural
- g B..g.-g- L g o..p-’ . . g - - . -
500 [ ~=“5702)omGPa |-+ 7517 omi'/Pa] 500 instability or cation redistribution Ieaqls us to
Fo =100 e n=1180) suggest that pressure could be an interesting
o 5 10 150 5 10 15 20 parameter in the study of in-plane vacancy or-
Pressure [GPa] dering in delithiated LICoO, (x < 1) and other

Figure 73: Raman peak positions of NaGoénd layered cobaltites.
LiCoO, as a function of pressure. Noted are the
zero-pressure slopes and moddx@risen parame-
tersyo, i.e. the relative change in frequency normal{1] Van Elp, J., J.L. Wieland, H. Esdes, P. Kuiper,
ized to the relative change in density. G.A. Sawatzky, FM.F. de Groot and T.S. Turner.
Physical Review B4, 6090-6103 (1991);
Czyzyk, M.T., R. Potze and G.A. Sawatzky.
While no anomaly is evident in the phonon  Physical Review Bi6, 3729-3735 (1992).
frequency shifts, Raman spectroscopy reveajg] Wolverton, C. and A. Zungetournal of the
pronounced changes in the line widths and in- Electrochemical Society45 2424-2431 (1998).
tensity with pressure (see [3] for details). Iden{3] Wang, X., I. Loa, K. Kunc, K. Syassen and
tifying the physical effects leading to the line M. AmboagePhysical Review B2, 224102 (2005).
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Chlorartinite, a volcanic exhalation product also found in industrial
magnesia screed

K. Sugimoto, R.E. Dinnebier and T. Schlecht

The pavement of high-quality industrial floorsThe most important binder phases in industrial
is mainly made from screed which is sepamagnesia screed floors are MIH), (mag-
rated by a screening layer from the ferroconnesium hydroxide), Mg(OH)sCl-4 H,O (‘F5'-
crete of the base plate. Self leveling scree®hase), Mg(OH)3Cl-4 H,O (‘F3’-Phase), and
floors are easy to handle but require intenMgy(CO3)OHCI-3H,O (Chlorartinite). The
sive and careful after-treatment. Generallyformation of the latter can be explained by the
screed consists of aggregates, water, addiegradation of the F5 phase according to:
tives and binder. Depending on the required

load, the largest differences between the difV193(OH)sCl-4 H20

ferent floor pavements are due to their binders.” M92(OH)sCl-4 H20 +Mg(OH).

The most important binders are cement, arfnd consecutively

hydrite and calcium sulfate, mastic asphalig,(OH)3Cl-4 H,0 +CO,

and magnesia. Typically, the binder makes: Mg,CO3(OH)CI-2 H,0 + 3H,0

up to about 15-25wt% of the entire floor.

Depending on the production and the settinahe amount of chlorartinite present in the
process, the aging, and environmental influbinder varies from<0.1 up to 30 wt%. Usually,
ences, a variety of phases forms. With timeVery little chlorartinite is formed over long
a typical floor not only consists of the orig- periods of time. On the other hand, chlorartinite
inal phases but also of degradation product¥y/@s detected after a drying time in air of only
Manufacturers will be able to control the durafWO Weeks in the laboratory, suggesting that
bility of the floor, if it is possible to clarify its formation is a relatively fast process Excess
this process. Although wet chemical ana|y_vvat(_er is believed. to be responsible for thg f_or—
sis provides some insight in the distributionmation of appreciable amounts of chlorartinite,

of elements, the mineralogical composition iP0SSibly making it an indicator for bricolage.

much more meaningful. In order to Con'In 1998, chlorartinite was also found as a

';rol the pr_OdtJth'on ort to t_evalgatg Strucwrf""lnaturally occurring mineral and was first de-
amages in the construction business, a Mgqpeq as an opaque white crystalline vol-

qL_Jantltatlve phasg analysis (QPA) using th%anic exhalation product on volcanic glass at the
Rietveld method is necessary, for which thefhird cone of the Northern Breakthrough of the
knowledge of the crystal structures of the COM{ain Tolbachik fracture eruption (1975-1976),
ponents is essential.  The raw screed tyPgamchatka, Russia. The name of chlorarti-
cally consists of quartz sand, technical Magsjie a5 the chioride analog of artinite, named

.nesium'oxi(.je, technical mag,”eSi“”? Chlorideafterthe Italian mineralogist of E. Artini (1866-
inorganic pigments (usually iron oxides) and1928) was approved by IMA 1998.
eventually kaolonite or other minerals to insure ’

a proper workability of the mortar. After the Due to the lack of single crystals suitable for
binding and the consecutive drying process, gingle crystal analysis, we determined its crys-
variety of magnesium hydroxide, magnesiumal structure from high-resolution synchrotron
chloride hydroxide and magnesium chloridepowder diffraction data using the technique of
hydroxide hydrate phases forms, of which aMonte Carlo simulated annealing and Rietveld
least 16 are reported in the ICDD databaseefinement. Also, we performed a full quanti-
For some of these compounds the crystal strutative phase analysis (QPA) using the Rietveld
ture is missing, making a full QPA impossible.method for a real magnesia floor.
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The sample of chlorartinite was synthesize® were freely refined using isotropic temper-
by adding a 10wt% solution ofNH4)HCOs ature factors. No hydrogen atoms were intro-
into a hot concentrated solution of magnesiunduced in the Rietveld refinement. Although
chloride. Chlorartinite then precipitates afterquick convergence was reached, the tempera-
short time. The probe of the magnesia flooture factors of two oxygen atoms bonded to the
for quantitative analysis was drilled out of a onenagnesium atom turned slightly negative. A
year old magnesia screed in an industrial marsomparison with the crystal structure of arti-
ufacturing building. Pycnometric determina-nite suggested the presence of hydrogen atoms
tion of the density of chlorartinite & =295K in form of OH and OH groups depending

using a He-Pycnometer lead to a density ofn the position of the oxygen atoms at the
1.63(3) g'cm?. free vertex of a Mg@ octahedron or at the

corner of two edge sharing MgQoctahedra.
High resolution X-ray powder diffraction Since the position of the hydrogen atoms could
experiments were performed at the SUNYhot be refined from powder diffraction data,
X3B1 and X16C beamlines of the Nationalthe occupancy of the relevant oxygen atoms
Synchrotron Light Source at Brookhavenwas increased to 1.125 for OH and 1.25 for
National Laboratory. A structural startingH2O, taking into account the additional electron
model for Rietveld refinement was subsedensity from the hydrogen atoms. This little
quently found with the Monte Carlo simu-trick immediately turned the temperature fac-
lated annealing program FOX in space groujors of these oxygen atoms into positive. Sub-
R3c The initial composition of chlorartinite sequent difference-Fourier cycling found dis-
[Mg2(OH)CICO3]-3 H,0O which was used as in- ordered oxygen atoms in the honeycomb like
put for FOX was taken from the ICDD databaseéchannels, which can be attributed to water
(PDF 7-278). The C@®moiety was restrained molecules. Thus, the formula of chlorartinite
assuming an ideal triangular geometry with &s determined from powder diffraction changed
C—O bond length of 1.2& and an O—C-0 an- t0 [Mg2(CO3)(H20)(OH)|CI-H20. The final
gle of 120.0. Although the preferred coordina- Rietveld refinement converged nicely with
tion number of the magnesium atom is knowrn@ximum residu:';lls in the eIectroon density map
to be six the actual distribution of the ligandsPetween ~0.827%& ° and 0.6664°. No in-

between chlorine and oxygen atoms was nofersion center was found, confirmifcas the
known a priori. Thus, no further geometri- correct space group. The final Rietveld plot is

cal constraints were introduced in the simulate8Ven in Fig. 74.
annealing process. Hydrogen atoms were ne-
glected. After about 20 million cycles (approx-o'

-

imately 24 hours on a 2 GHz standard PC), 56 8000

promising starting model in terms of crystal=

packing was found and subjected to Rietveld?
refinement using the GSAS program. Starté
ing values for the lattice parameters, the back= 0
ground, and the peak profile were taken from 1000
the corresponding LeBalil fit. In order to sta-” _1008
bilize the Rietveld refinement, the G@noiety

L . 26 []
was treated as an almost rigid triangular enthéigure 74: Rietveld plot of chlorartinite at

with an overall temperature factor and strong- - »gs « The high angle part starting at°2@6)

restraints on bond lengths and bond anglegs enlarged by a factor of 5. The wavelength was
All other non-hydrogen atoms of Mg, Cl andA=0.64889(2A.

12000

(a) best fit profile
(b) difference pattern

<& observed pattern
I reflection positions

4000

T T 1117171
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Chlorartinite crystallizes in a complicatedwhich captured free chlorine atoms and disor-
zeolite-like 3D-honeycomb framework struc-dered water molecules. The chemical compo-
ture with large 1D-channels running alongsition as found by the structure determination
c-direction. Chlorine atoms and disorderedprocess differs slightly from previous reports in
water molecules are located within the channeliterature.

(Fig. 75). The two crystallographically distinct

magnesium atoms are coordinated by distorted

octahedra of the type M@)O4(OH;)(OH) and m
Mg(2)Os(OH). All Mg-polyhedra are con-
nected to 5 neighboring Mg-polyhedra and to
two triangular CQ@ groups sharing edges and
corners. As building blocks of the channel® o
walls, 15-membered puckered rings of Mgggg
polyhedra can be isolated where the triangulg ¢
COs; moieties act as chelating ligangds. The b : :
perspective crystal packing of chlorartinite is \ % N %

shown in Fig.75. The chlorine atoms and
the disordered water molecules in the chan Figure 75: Perspective view of the crystal structure
"%t chlorartinite in a central projection down to the

nels are clearly visible. The most embossei;,’rystallograph|<z:-aX|s Semi-transparent Mg@nd
atom within the channel structure is O1, whichco, polyhedra are drawn.

the distance of OLO1 is 6454(15)\ The

disordered water molecules are located withia qualitative phase analysis of the synchrotron
the triangle which is formed by these oxy-powder diffraction pattern of the industrial

gen atoms. The shortest contact distances bgragnesia floor using the ICDD database
tween channel structure and captured atongvealed quartz (PDF 83-539), chlorartinite
are: 3. 000(10))\ for CI1-O6[x+y,y,z-0.5], (PDF 7-278), calcite (PDF 83-577), microcline
2.75(4)A for O7-01[y, x-y, 4, and 2.68(3A  (PDF 76-1239) and clinotobermorite (PDF 88-
for O8-O1 [y, x-y, Z, allowing the formation 1328). A QPA by the Rietveld method us-
of hydrogen bonds. Likewise, hydrogen bondsng the program GSAS revealed the following
are also formed by the non-coordinated chlocomposition in weight%: 52.3(1)% for quartz,

rine atom and the free water in the changg 9(2)% for chlorartinite, 9.9(1)% for micro-

nels, with a contact distance of 3.064(£0) line, 8.8(1)% for calcite and 0.13(3)% for

between CI1 and O8.  Although chlo-clinotobermorite, respectively. The Rietveld
rartinite [Mg2(COs)(H20)(OH)|CI-H20 was  piot of the QPA of the magnesia floor using
named as the chloride analog of artiniteg |ogarithmic intensity scale for better visibil-

[Mg2(CO3)(OH)2]-3H20, its crystal structure ity of the minor phases is shown in Fig. 76.
is completely different from that of artinite, Quite unusually, the QPA of this particular sam-
where the magnesium atoms are octahedralpyle revealed that literally all binder transformed
surrounded by three hydroxyl groups, two watefnto chlorartinite which might be caused by a

molecules and one oxygen atom which is dispjoomer during the blending or setting process
ordered between water molecule and carbonsf the screed.

ate group. Instead of forming rings, the Mg-

octahedra of Artinite are arranged in 1D douPreliminary in situ synchrotron powder diffrac-
ble zig-zag chains running alotgaxis and are tion, DSC, TG and MAS on chlorartinite up
stabilized by a complicated framework of hy-to T=500C revealed a variety of phase tran-
drogen bonds. In contrast, the crystal strucsitions within a small temperature range start-
ture of chlorartinite consists of a 3D-frameworking at T=125C while decomposition into
with large channels in a honeycomb fashiotMg(OH), slowly starts at aboul =190°C.

em
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-1 1o

observed pattern
(a) best fit profile

posed to a dry inert-gas stream at room tem-

to the pycnometrically determined value.

gmooo (b) difference pattern perature. This also explains the difference
3 reflection positions between the density of 1.63(3jgn® from

% a He-pycnometer and the X-ray density of
g 1000 | 1.758gcm?®. Removing the water molecules
£ 3 would decrease the X-ray density to
g, 100 1.597 gcm® which is in excellent agreement

< 1008'_ s )  The ability of chlorartinite to quickly exchange
oo N N crystal water along with a fast change in density

of more than 15% makes it likely that indus-

20 [°
Figure 76: Rietveld plot (5 phases) E)f] a mag_trial floqrg containing sub;t_antially arr_punts of
nesia screed aT =295K. The intensity is plot- chlorartinite are very sensitive to humidity con-
The wavelength wadlitions, leading to possible cracking damage. A
guantitative analysis of chlorartinite can there-
fore be regarded as an indicator for the qual-
ity and the actual condition of these floors. We
The different phases of chlorartinte are atyye currently in the process of collecting in situ
tributed to the step-wise loss of water moleculeﬁowder diffraction data of chlorartinite in de-
from the channel. It is interesting to note thependence on temperature- and humidity in or-
water in the channels of chlorartinite is soder to fully understand the different phases of
loosely bound and that there is an immedichlorartinite and their influence on the stability
ate loss of crystal water if chlorartinite is ex-of magnesia floors.

ted on Iogaritohmic scale.
A=0.70041(2A.

Floating zone growth of lithium iron (II) phosphate single crystals
D.P. Chen, G. Gtz and C.T. Lin

The need for compact, high-energy densitythe structural, physical and chemical proper-
low cost, environmentally friendly and safeties, particularly for the electronic and magnetic
rechargeable batteries has led to the developnisotropies. Therefore, the growth of large and
ment of the lithium-polymer and lithium-ion high-quality single crystals is of critical impor-
battery concepts. During the past few yeartnce.

the search for cathode materials of recharg(?/—\/hen sintering LiFePg difficulties appear
able lithium batteries has focused mainly Yue to the oxidation and the high volatilization

lithium metal oxides. Among them, lithium of Li at temperatures above 5GD. Moreover,
iron phosphate, LiFePQ s one of the most 6 compound melts incongruently and readily
promising candidates, since it provides aRecomposes during the sintering process, lead-
attractive voltage of 3.5V, high theoreticaling to a multiphase mixture of E©s, LisPOy
capacity (170 mAhg), low cost, ease of syn- and LiFe,(POy)3. Obviously, obtaining high-
thesis, and stability when used with commoryuality single crystals is rather difficult. In this
organic electrolyte systems. However, largecontribution we present a floating zone method
high-quality crystals have not been availabldor preparing large and high-quality single crys-
up to now but are required for the study oftals and demonstrate their structural behavior.
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LiFePQ, powders of stoichiometric composi- b=6.001(2)‘i, c=4.688(1)&. XRD patterns for
tion were synthesized by solid-state reactiorboth greenish and orange powders are shown in
The starting materials, k€03, FeGO4-2H,O  Figs. 77(a) and 77(b), respectively.

and NH;H,POy, were mixed with acetone and _ _

milled for 4 hours using zirconia milling media. The crystal growth was carried out in an op-

The mixtures were dried by argon flow for 24tic@l floating zone furnace using >4300 W

hours and then stored in a glove box to avoidialogen lamps installed as infrared radiation

oxidation and water absorption in air. The poly-S0urces. The feed rods used to grow crystals

crystalline material was obtained by calciningV€"€ formed using the greenish powders. Our

the dried mixtures at 35C for 10 hours. fol- 9rowth experiments demonstrate that the sur-
lowed by raising up to 60C for a day i’n Ar face of the feed rods was usually covered with

atmosphere and finally slowly cooling down tot'® ©range layer of B&s and LeFex(POy)s

room temperature at a rate of 2Z0h. The ob- after premelting of the greenish rods prior to

tained polycrystalline powders were determinedf® growth. These two phases could be again

to be single phase LiFeRMy X-ray powder observed on the surface of the as-grown crys-
diffraction (XRD) tal ingot if the growth was carried out with

the sintered or premelted rods, whereas the in-

120————T T T T T T ner part of the ingot is always pure LiFeRO
- @ 1 This suggests that these two phases resulted
800 |- 1 from an overheating or multiple heating pro-
_ i ] cess, which led to the decomposition of the
£ 400r 1 compound. Attempting to minimize the im-
§ »,.JL 1 purities, we used the as-pressed greenish rods
S 0 — : : ———— directly to grow crystals without the conven-
% 400 | (b) 1 tional process of sintering and premelting, and
£ L0k wuu ' 1 the orange layer no longer appeared on the crys-
i 1 tal surface.
200 - .
100W 4 The volatilization of Li may cause a non-
oLt 1 | M stoichiometric or decomposed compound dur-

1020 30 40 50 60 70 80 <0 ing growth. We found the volatilization prod-

26 [d . . )
[deg] ucts precipitated as fine powders on the inner

Figure 77: Powder XRD pattern of the sintered 5| of the silica tube. The volatilization in-
LiFePQ, powders, (a) Greenish powder is a single

phase of LiFeP@ (b) Orange powder consists of creases with grqwth time and Iead_s to a Li-poor
Fe,Os (filled triangles) and LgFey (POy)a. compound_of Li xFePQ formed in the e_nd
part of the ingots. Therefore, growth time is an

important parameter to take into account. We
Sintered LiFeP@ rods usually exhibit an applied a variety of growth rates between 2 and
orange skin covering the outer surface but ar¢ mm/h for optimizing the total growth time in
greenish inside. The orange powder is readilgrder to minimize the volatilization. A rate of
formed during the conventional solid-state re2 mm/h was used for the first 8 mm and there-
action process. The amount is estimated to befter a faster rate of 4 mm/h was used to com-
less than 10% of the total weight. XRD diffrac-plete the growth. A 10cm long ingot of pure
tion patterns indicated that the orange powddriFePQ, was obtained within a day. Figure 78
consists mainly of Fgs; and LiFex(POs)3, shows a typical crystal ingot of LiFeROThe
which are the decomposition products. Therystal grains were found to grow preferably
greenish powder is determined to be LiFgPOalong the crystallographib-axis, parallel to
with an orthorhombic cell: a:10.318(2)&, the ingot axis. The ingot with a diameter of
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5mm and length of 70mm exhibits a crack- #*% [T T T T o
free, black surface with metallic luster. Crys- 40000 L T i
tal wafers were cut and polished to mirror face -
which appeared blackish green. Under a polar- 39500 | T
ized light microscope only 3 or 4 large grains 5o, | i
were found on the periphery. No inclusions, sooo;—; T
cracks or grain boundaries are observed in the 't ]
inner area of about 4 mm diameter. 2 w00k « b
S | p <)
8. 2000 - \ S 3 g A
> 0 L - LD |k el S
% LI |e — T T T T 1T T 1T °© 717
o S (b)
I T A A T 2000 - 5 T
TRy AR < MRS < TS| 1T .
Figure 78: As-grown LiFeP@single crystal ingot. 1000 s gfg $ o8 R K
The grey part of the ingot was used as a seed from oS 23B |5 58 38
the polycrystalline rod. PR SRS g oge B8 S
!U%mhl\ S .M':TL%.QZ

40 50
XRD measurements were made on a number 20 [deg]
of as-grown crystals to identify their struc-Figure 79: X-ray diffraction patterns of LiFeRO
ture. A crystal plate was cleaved along thesingle crystals. (a) Showing th@K0 peaks of a
growth direction. The XRD pattern is shownsample surface cleaved along the growth direction
in Fig.79(a). All peaks are indexed to pe(the appearance of thegKs d_ue to a high intensity
(0kQ) reflections of LiFeP@ Using a fitting ©f CUKé.app“eq)' (b) Showing allftkl) peaks cor-
method with the Nelson-Riley (N-R) function, responding to LiFeP®
the b-axis lattice parameter is estimated to be
6.010(1)A. All the (0k0) peaks are well-fitted In conclusion, single crystals of LiFeR©an be
by the N-R function that indicates good crys-grown using the floating zone technique. The
tal quality. Figure 79(b) shows a typical XRD XRD patterns indicate that the orange powder
pattern of a powdered single crystal, indicatcontains both Fg€3 and LiFex(POy)3, while
ing the single phase of LiFeRO No traces the greenish powder is pure LiFeRO The
of impurities or inclusions were observed foravailability of single crystals opens the door
the entire ingot. The pattern can be indexetb structure (X-ray and neutron scattering) and
with the orthorhombic ceII:a=10.278(3)&, transport studies for achieving a more accu-
b=5.998(1)A, c=4.6914(8. This cell vol- rate understanding of electronic and magnetic
ume is slightly larger than that of the powderanisotropies and better insight into this interest-
sample in Fig. 77(b). ing ionic compound.
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Determining the structure(s) of the amorphous ceramic a-SB3N7:
a case study

J.C. Sclin and A. Hannemann; L. vandifen (Universiait Munster); M. Jansen

Among the states of condensed matter, thosee. by quenching from a melt; instead, one em-
classified as ‘amorphous’ are probably theloys the so-called sol-gel route starting from
least understood, and dealing with them isingle component precursors such as TADB
still regarded a scientific and intellectual chal{(SiCls)(NH)(BCl;)). These molecules are
lenge. Most of the conceptual, experimenlinked to oligomers via ammonolysis in NH
tal and theoretical intricacies related to thisand subsequent condensation, followed by a
state of matter originate from its thermody-pyrolysisin No atmosphere.

namically metastable nature — already deter- ] ) ) )
mining the structure of amorphous compoundd € resulting ceramic a-$8sN7 is a white

is highly difficult. While many experimental POWder of low C_’e”S'tyf(zl-gﬁ?VC”?) that is
probes taken together can yield valuable inforl"S€Nsitive to air, and for which thermal de-
mation, a multitude of different atomic Conﬁg_composmon, evolving Bl starts at 165WC

urations can reproduce these data within the e>"2‘-nd proceeds rapidly at 173D. Straightfor-

perimental limits, and it is hard to correlate thewamI diffraction experiments have not pro-

results and to generate a complete and consi uced Bragg reflectllons, neither with X-rays
ynchrotron) nor with neutrons or electrons.

tent structural model. As a consequence, onS_ it d t sh ianificant deviati

might want to turn to theory for an answer. Ince It oes Not Show any significant deviation
. from the ideal composition, a-§B3N; parallels

However, if we were to rely on theory alone,.

we would face the (currently) nearly impossibleIn this respect the prototypical glassy system,

. . quartz glass, and may be regarded as a ternary
task of very precisely reproducing the synthe-". .
. . . . nitridic analogue of a-Si@ Of course, the more
sis process in the simulations. Therefore, our . . o
omplicated composition of a-sB3N7 implies

approach combines experiment with theoretic e
PP P 6{ at structure analyses are more difficult. On the

modeling, by sampling expgnmentally as r.nan)f)ther hand, the broader choice of ad-atoms for
structural data of the material under considera-

. . . lying structural probes is expected to yield a
tion as possible, followed by theoretical modeflploy g . . P . P y
greater variety of information.

calculations to produce a full picture of the par-

ticular amorphous compound under investigagmploying XANES, neutron, electron and
tion. Here, one would take in particular certainx-ray diffraction techniques and MAS-NMR
unambiguous experimental structural data intgpectroscopy, the short range order is found to
account, in order to focus on that part of thesomprise tetrahedral Sij\; and trigonal planar
space of amorphous configurations, where tth3/3 and NB/3Si3 x4 Units. These local
compound under investigation resides. building blocks are the constituents of the amor-

] phous network. Local deformations, which are
As an example system for this methodologyy, e 1o inherent strains, seem to accumulate
we have chosen the amorphous silicon borofiihin the N—Si—N angles

nitride a-SgBsN7, a random network of

silicon and boron, interconnected by nitrogerThe connectivity of these building blocks has

via chemical bonds of predominantly co-been probed employing dipolar NMR methods
valent character, which is a prototype for{1] and studying the pair correlation functions

the technologically very interesting family of (PCF) obtained from neutron, X-ray and elec-
Si/B/N/C ceramics (concerning these systemsron scattering experiments. The existence of
c.f. Jahrbuch 2000, Jahresberichte 1999, 20003i—N—-B linkages, as deduced from the neutron
Si3B3N7 is not produced via glass formation,difference function employing isotopic contrast
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techniques (c.f. Fig.80), could be confirmedatom is connected via the four nitrogen atoms in
and quantified with the help of'B-{?°Si}- the first coordination sphere to an average num-
REDOR,?°Si-{11B}-REAPDOR anc?®Si spin  ber of six silicon atoms and two boron atoms in
echo NMR spectroscopy. The results sugthe second coordination sphere. However, high
gest a partial segregation of metalloid nucle(lateral) resolution elemental maps of Si, B and
of the same type on intermediate length scalg¥ in SizBsN7 employing element specific imag-

(2—8,&). ing have been generated, which show that on
length scales beyond ca. 1 nm the two cations
I L L A A B are homogeneously distributed, with no indica-

tion of phase separation or clustering.

As was mentioned above, it is necessary to com-
plement the results of the experimental probes
by computer simulations. Structure models
have been generated by computational tech-

111l niques and validated by matching the results of
—— the experimental probes [2]. Since it was not

g[R]

0 1 2 3 4 5 6 _
RIA] obvious at the outset, to what extent the actual
N synthesis route would determine the structural
(b) N<1 N NN n features of the amorphous ceramic, five dif-
S|" ||3 '|3 S|" ferent classes of models have been generated,
5 NV N aNw N N each corresponding to a different hypothetical
Si \‘SI B B . . .
[ N | | synthesis route (quench from melt, sintering of
NASi{N\B/N\B/N\B/N\ /N\B nanocrystals, growth and sintering of clusters,
N [ [ B film deposition, and actual polymer-precursor
N\B NN \S. N w, N route [3]).
i :
lll Si E & \L\l‘:\ ’S\;\l When matching the properties of these models
N<l N \S'i'N ~si” BT ™~ with experiment, one finds that the short range
N S|' N ,\\l llxl order is the same in all models, and in agree-
N\S\i“\\N\SiA \E(/ \Els/ ~B ment with experiment. However, beyond the

nearest-neighbor peaks, the PCFs of the differ-
B ent model classes exhibit statistically significant
Figure 80: (a) Fourier transformg(r) of the first- differences (as can be seen in Fig. 81 depicting
order neutron difference, @EBsN7—S§'BI°N7). models with heterogeneous and homogeneous
By taking this difference of the intensities, only cation distributions, respectively), and satisfac-

terms mc_ludlng the correlatlor! of the _substltuted e'fory agreement with the experimental data is
ement (nitrogen) are present in the difference func-

tion. (b) Excerpt from a hypothetical 8N, net- only found for two models, the nano-crystallite
work, with network fragments identified via scat-2Nd the precursor-route models. These two
tering experiments being shown in color. Note thafhodels also show the best agreement with ex-
the connectivity of these fragments is not accessibleeriment as far as the deviations of the next-
from experiment. nearest neighbor cation-cation distribution is

concerned. One should note that the atom con-
According to the NMR results, a central boronfigurations belonging to these two classes of
atom is surrounded by 4-5 boron atoms andtructural models possess systematically higher
only 1-2 silicon atoms in the second coordinaenergies than the other three classes of struc-
tion sphere. Correspondingly, a central silicortures.
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In particular, this result implies that the partialSuch a low density is also found during the sim-
separation of the cations on the sub-nanometetations of the precursor route (as the only one
scale, which corresponds to a violation ofof the five model classes), and constant temper-
Lowenstein’s rule, cannot be understood on ature simulations starting from configurations
purely thermodynamic basis using minimizathat already contain sub-nanometer size pores
tion of the energy as the only criterion. show quite a high stability up to relatively high
temperatures. Further bulk properties such as
the specific heat, the bulk modulus, or the ther-
mal conductivity, can now be calculated; how-
ever, the corresponding experiments have not
yet been performed.

(a) (b)

To conclude, our investigations presented here
strongly emphasize the fact that the structure of
a given amorphous material can only be suc-
Figure 81: Structure models for asBgN; gener- cessfully modeled if as many features as pos-
ated by quenching a $B3N7 melt (a) and follow- sible of the synthesis route for the material are

ing the sol-gel route (b), respectively. The homoaken into account. While our investigations
geneous cation distribution in the melt-route model|

contrasts with the heterogeneous distribution foun\éve(;e motl\(;atﬁq n partlby thef deS|re.to bette'r
in the sol-gel model. The structures are shown adn erstand this new class of ceramic materi-

ball models, with red, blue and green spheres corréls that have promising versatile and attractive
sponding to Si, B and N, respectively. high-temperature applications, the main driving
force has been to utilize a4BE3N7 in a case

. .. study aimed at testing and sharpening the tools
The best models even agree well with details _y .g . P 9
: .~ available for analyzing the microstructures of
found experimentally, e.g. most deviations . .
. . amorphous materials. This system has served

from an ideal local environment are found for ) o
. o us as a ‘Drosophila’ for the development and
silicon visible in e.g. departures of the local co-

ordination number from CN=4, and in a broadvallda'uon of our experimental and theoretical

distribution in the N-Si-N angles. Even theg‘ethOds' %letby the'”ct’mt agpllca;uon has it
edge-sharing of polyhedra found in the calcula- elen possibie 1o gelnira eh-an ana yzz reason-
tions can be assigned to measurement featur@g e structure models for this compound.
previously not identified, such as shoulders in

the experimental PCF. Such agre?ment in bo 1] van Willen, L. and M. Jansenlournal of Materials
global and local structural properties makes US™ chemistry11, 223-229 (2001).

confldgnt that a structgral model coming clos?z] Hannemann, A., J.C. Seh, H. Putz, T. Lengauer

to reality has been achieved. and M. JansenPhysical Review B0, 144201

. .  (2004),
The rather low bulk density seen in eXpen_[S] Sclon, J.C., A. Hannemann and M. Janséaurnal

ment (only 2/3 of the value expected from & ot physical Chemistry B08 2210-2217 (2004);
binary mixture of BN and SN4) indicates that Hannemann, A., J.C. Seh and M. JansenJournal

a-SigB3N; possesses a rather open structure. of Materials Chemistrl5, 1167-1178 (2005).
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Cluster disorder and ordering principles in Al-stabilized ‘Lal’
0. Oeckler (LMU Minchen); T. Weber (ETH &ich); L. Kienle, Hj. Mattausch and A. Simon

Diffuse X-ray scattering is frequently dismissedA phase with the approximate composition
in conventional structure analyses. However, itLa;_xAlx)l (x <0.15) can be refined down to

contains valuable information in many respectsf}~5% in a NaCl-type structure on the ba-
particularly concerning the chemical constituSis of sharp Bragg reflections. In spite of the
tion of a crystal. The quantitative measuremerftonVincing value this structural characterization

of the continuous intensity distribution in recip-'S Ncomplete or even misleading. A correct

rocal space became routinely feasible with thgtructural model can be derived only by tak-

o Ing into account the pronounced diffuse scatter-
advent of area detectors, and quantitative struc- .

i ) i . ing that shows up as sections of hollow spheres
ture refinement against diffuse data will become:

T ?Flg. 82).

more and more accessible in the future. Here
we present a case, where only the refineme#thint to an interpretation of the diffraction data
against diffuse scattering data led to detailed inrcomes from the extended cluster chemistry of
sight into the chemical nature of a compoundhe rare earth metals: TheeM;2Z entity can
[1]. This study is part of our work on reduced?® wewegl as a section of the rocksalt struc-
lanthanide halides which in recent time develUr®: and if we assume the presence afi LAl

oped into a new area in inorganic chemistrfIUSters in the title compound, the occurrence

. of structured and narrow diffuse scattering indi-
with a plethora of phases, most of them char- . o

. . cates their non-random distribution.
acterized by discrete or condensed metal clus-

ters in their structures. The majority of the com-The presence of spheres and their location only
pounds contain in the cluster centers endohedratound odd Bragg reflections is due to some
atoms, metallic as well as nonmetallic elementspherical modulation characterized by a com-

plementary behavior of cation and anion sites,
(@) (b) and the higher intensity on the large-angle side
indicates lattice distortions due to a size effect,
with the stronger scatterer being the larger
structural motif. A quantitative structure solu-
tion is gained via a new, very efficient evolu-
tionary algorithm [2].

A (defect-)NaCl-type structure with the appro-
priate composition can be derived fromfea
lattice of | atoms by statistically substituting
a variable number of | atoms (11% to 15%)
by LagAl units to create a set of 80 different
structures (‘individuals’) each defined by a spe-
cific set of parameters. In Monte-Carlo calcula-
tions we used 13 parameters, including different
interactions for edge and corner sharing octahe-
calculated  X-ray  diffraction  patterns  for dra an_d all possible Eelative cluster positions up
Lawo7l~088Al co12: first layer perpendicular [100] to a distance c_>f 13.A. Furthermore, _the clus-
(a),(b) and zero layer perpendicular [111] (c),(d); thd€f concentration and local relaxation around

calculated images are based on the best refineméf@cancies and interstitial atoms are parameters
result. of the disorder model.

Figure 82:  (a),(c) Experimental and (b),(d)
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Figure 83: Representative parts of the model crystal (x =0.138AlLlactahedra, | atoms) before MC cal-
culation and the final model crystal (after MC simulation with the refined parameters).

The pixelwise comparison of the scattering inagreement with the corresponding numbers de-
tensities calculated for these model structuredved from Bragg data, however, now the dis-

with observed intensities is quantified by arplacements can be interpreted directly in terms
R-factor for each individual. Then the next genof a contraction of the clusters. The cluster
eration of structures strictly related to the spegeometry is in very good agreement with that
cific parents and hence comprising the sam@f Lasl12Al or related clusters in other com-

number of individuals as the starting set, is crePounds. Based on this result, a reasonable in-
ated by admixing a certain percentage of arf€rPretation of Bragg data can be obtained, too,
other parent's parameter set, and those merfl @ constrained refinement assuming one anion

bers of the new generation are dismissed who$¥€ With x Aland (1-x) I and implying LgAl

structures lead to an inferior fit to the experi-OCtahedra by placing 6x Ln on the cation site

mental data. In a late generation the calculground Al In accordance with the result from

. L . . Fliffuse data, x amounts to 0.110(1). However,
tion converges to a set of statistically identica . . .
information on the interconnection of clusters

structures which optimally represents the ex- . :
. . . an only be derived from the final structure
perimental scattering pattern. This final mOdeTno del

is analyzed in terms of the structural features
actually present. Table 4 shows that edge or corner sharing octa-
hedra are very unfavorable in this compound as
Figure 83 illustrates that the final structurgpei, frequency amounts to 49% and 31%, re-
model exhibits a uniform cluster distribution i”spectively, of the random arrangement. Config-
contrast to the random arrangement for the rgyrations that do not allow complete relaxation
fined cluster concentration x. This refinemengre observed less frequently, and the tendency
yields x=0.136 and a formula b@dlo.ssAlo.14 to avoid local strain is evident from the most
which is confirmed by chemical analyses. Theavorable relative cluster position in which the
deviation of La and | atoms from the ideal NaClcenters are on opposite corners in [111] direc-
positions as refined from diffuse data is in goodion of the NaCl cell.
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Table 4: Comparison of relative cluster positions — characterized by lattice vectors corresponding to a NaCl
unit cell — for (a) random cluster distribution with x =0.136 before Monte Carlo calculation and (b) the final

model crystal. The frequencies of intercluster arrangements are dendoeda) andn; for (b).

o N AN AN N /IN

2l o | 5| \Z A Y

2% NZ % N/

© o

% [0.5,0.5,0] [1,0,0] [0.5,0.5,1] [1,1,01" [1.5,0.5,0] [1,1,12
n, 55856 27875 111602 55976 111759 37203
ng 27108 8687 95275 59479 148168 59708
n,ng 0.49 0.31 0.85 1.06 1.33 1.60

2) bcin 2a2b2¢ supercell

Y fcin 2a2b2¢ supercell

Summing up, the disorder in the cluster dis-
tribution is far from a statistical random func-
tion. The uniform (notrandom) cluster distri-
bution leads to an approximately harmonic ra-
dial distribution function of intercluster vectors
that is reflected in the diffuse spheres. The
preferred relative cluster arrangement allows a
unique possibility to avoid short distances in a
dense packing by contraction of bothd_anits
around endohedral Al atoms and gbictahedra
around voids.

2nm Finally, we point out that our investigation,
Figure 84: HRTEM image of a disordered crystakhoygh addressing a special system, is relevant
Of La~o7l~088Al~0.12 along zone axis [111] to the extended structural chemistry of NaCl-
type transition metal oxides, nitrides, and car-

Additional evidence for the preference of this

relative cluster orientation has also been Obtgldes. They form ordered cluster structures in a

tained from high-resolution electron micros—few |nst-ances, €.9. NbO or TIO, and frequently
copy (HRTEM) studies. Images taken along théhow diffuse scattermg effects due to local or-
zone axis [111] (Fig.84) show the disordered€’ @nd long-range disorder.

structure as light spots for rows of La and |,

and dark spots for rows of Al and voids. I:)ro_[l] Oeckler, O., T. Weber, L. Kienle, Hj. Mattausch and
longed exposure to the electron beam as well as A simonAngewandte Chemig17, 3985-3989

long time annealing does not remove the disor- (2005), Angewandte Chemie International Edition
der which indicates the impossibility of the title 44, 3917-3921 (2005).

compound to order in small unit cells with high[2] Weber, T. and H.-B. &gi. Acta Crystallographica A
symmetry. 58, 526-540 (2002).
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Geometric variations and electron localizations in intermetallics:
PbFCI type compounds

J. Nuss, U. Wedig and M. Jansen

The geometric structures of intermetallic phaseld ], a transition metal A takes up the positions
are determined by a complex interplay ofof F (A1) and ClI (A2) and a pnictogen atom B
various bonding types. lonic and covalent inter{As or Sb) that of Pb.

actions caused by charge transfer among the

atoms and by local electronic structures comlhe variations in the structural details are
pete with the forces that itinerant electrons extéflected by different/a ratios and the spread of
ert on the atomic cores. Compounds witt€ two free atomic parametezg, andzs. The
the general formula 4B, crystallizing in the ratio of the latter oneg=2x/(1 - z) (Fig. 85)
anti-PbFCI type of structure, were investigatedS & measure of the unevenness of the (A2)B
exemplarily by experimental and theoreticafayer and may be plotted against c/a in or-
means to demonstrate the complexity of chempger to generate a structure field diagram. Com-

cal bonding in intermetallic phases. pounds withg larger than 1.5 are generally ionic
or very polar [2]. The section of the PbFCI

The PbFCI structure is adopted by about 548tructure map witlg smaller than 1.5 is shown
known compounds. All of them are isopointal,in Fig.85. The lowq value together with a
i.e. they crystallize in the same space groupather lowc/aratio is characteristic for the inter-
(P4/nmn) and the atoms occupy the same sitemetallic representatives and corresponds to a
c2a (tP6): Fin 2a, Clin 2c and Pb in 2. In moderate or in the case of €sb even reversed
the A;B intermetallic compounds regarded heréuckling of the (A2)B layers.

N DL DL L DL Zrsise

| CeTe, ZrGeSe ‘e 7]
: * ZrSis
— Nd.Tez ZrC;}eS' —
— YTiSi LaTe,
L L]
B Mn,As UAs,
- Fe,AS ScaSb
| ®  CrAs
i * PP ﬁ,
1 S 2
1 | Cu,As ansb /:\C _c
o ® . P=7F
10— I q= Zsc2
e\ 1
- Cu,Sb O “sb
0.9 . ZSc2 Sct ]1 Zgp
| - o—@—
0.8 AN T AT N T (NN [N T A T AT NN N M

15 16 17 18 19 20 21 22 23
p=c/a

Figure 85: Structure map, showing selectedd compounds. Plotting vs. p allows classifying the struc-
tural variation. The definition off andp is shown at the example of &b as an insert. The structural
fragments illustrate the corrugation of the NaCl-like structuresA@)B, as forced by the interstitighl
atoms.
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shorter thard(Cul-Cul) =283 pm, suggesting
at first sight Cu—Cu attractive interactions in the
nonplanar 4 nets of Cul and Cu2, as high-
lighted by red planes in the right part of Fig. 86.
However, d(Cul-Cul) is still larger than the
atomic distance in elemental copper (256 pm).
The relation of the geometrically different A—A
distances is inverted when going from &b
over Mnp,Sh to FeSb, and finally increases via
S Sb continuously to ZrSiS. This trend is asso-
ciated with an increase @fandg. The distance
between two neighboring Scl atoms is 298 pm,
45 pm shorter thard(Sc1-Sc2) and even by
24 pm shorter than the atomic distance in metal-
lic scandium. This indicates metal-metal inter-
actions in the planar*ets formed by Sc1 only,
which are highlighted by a red plane in the left
part of Fig.86. Even stronger interactions be-
tween the A1l components (Si) were expected in
ZrSiS, according to its position in the structure
map.

Figure 86: Top: SgSb structure, bottom: G&b

structure, with unit cells (green lines). The TO understand the geometricql features of this
blue polyhedra emphasize the Spono-capped, class of compounds, in particular, the rela-
tetragonal antiprisms (left half). The red rodstion to their electronic structures, the results
and planes emphasize the shortest metal-metal disf DFT band structure calculations were ana-
tances (Sc1-Scl left, Cul-Cu2 right). The oranggzed. Considering the partial densities of states

bonds between Sb (blue spheres) and Sc2, Cuy2. i ; :
(red spheres) illustrate the puckered double Iaygr '9.87) for the @-orbitals, a continuous low

[(Sc2)Sh], [(Cu2)Sh] as a [NaCl] analogous slatfring in energy, re_Iative to the Fermi Ievell, is
(right half). observed when going from the left to the right

in the first row of transition metals. For €8b
) the 3d-bands are significantly below the Fermi
Because of these geometrical features, the dFe'veI. As a consequence, the Sp-lBvels get
scription of the structures in terms of Coordi'broadened, and their contribution to the DOS
nayon polyhedra (Flg: 86_" left half), Wh'_Ch IS at Er increases. The trends in the band struc-
suitable for the more ionic compounds, is IeS?ure can be related to the volumes of the atomic

;Iearr(.) Trig?ellmirénféagf dg(c)lrr;?sozrr]risn rg?%/er:g%?sins obtained from the topological analysis of
Pprop y g g ffle electron density and to the valence charges

stacked layers (Fig. 86, right half) or as Variam?herein. The antimony basin in &b is consid-

of the NaCl strucFure, Wr_\ere half of the A2, .erably larger than the volume increment of Sbh
heterocubane units are filled by A1 as shown in . . .
Fig. 85 according to Biltz [3], whereas the Sc basins are
T smaller. This goes along with a charge transfer
CwSb is unique among the compounds invesrom the Sc sites to antimony. With increasing
tigated here, being the only representative withumber ofd-electrons, the volume relation and

g< 1. The Cul—-Cu2 distance (260 pm) is muchhe charge transfer are reversed.
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Figure 87: Total densities of states (grey) and selected partial densities of states (blagiSnfNgSh
and CySbh, as obtained from DFT band structure calculations (TB-LMTO-ASA). The dashed line indicates
the Fermi level.

To investigate how local bonding patterns infludistribution as obtained from the topological
ence the geometric structure, the correspondiranalysis of the ELF and of the electron density
scalar fields of the Electron Localization Funcqustifies the formal description of ZrSiS within
tion (ELF) were analyzed. Selected domains dhe Zintl-Klemm concept aZr*t S>~ ]2+ [Si|?".

the ELF are shown in Fig. 88. Two center Si—-SDue to the strong interaction in the Si (Al)
bonds with a bond order of 1/2 were deduceglanes, ZrSiS holds one of the extreme positions
from the ELF of ZrSiS. In addition, the chargewithin the structure map displayed in Fig. 85.

Cu,Sb Mn,Sb Sc,Sb ZrSis
ELF: 0.34 ELF: 0.36 ELF: 0.50 ELF: 0.69

Figure 88: Structural fragments of €sb, MrpSb, SeSb and ZrSiS together with isosurfaces (domains) of
the Electron Localization Function (ELF).
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The other extreme position is occupied byVWhen going from left to right in the first row of
Cuw,Sh, where no ELF attractors are found betransition metals, thd-electrons become more
sides the domains that are attributed to thiocalized. For the compounds;B under dis-
atoms. ELF domains in the valence regiorfussion, this leads, on one hand, to a continuous
between the transition metal atoms appear ishange of the charge transfer from the transition

Mn,Sb. The same ELF topology is observecfnetal o the pnictogen atoms which in £3b

in CrAs, MnpAs and FeAs. Compounds like 1S even mve_zrted. Or? _the other hand_, rather pe-
culiar bonding conditions occur, which are re-

S¢:Sb, containing early transition metal ele'ﬂected by the structural differences. We find
ments, exhibit large ELF basins in the pyramiy, iticenter bonding among the early transition
dal voids enclosed by the Al and A2 atomSmetals and direct metal-metal interactions in the
The integrated valence electron density withircr, Mn and Fe representatives, whereas%tu
this basin amounts to 1.3 electrons in the cas@ay be described as Cu atoms being embedded
of SeSh. This localization pattern, which alsoin metallic antimony.

appears in YTiSi and YTiGe, is according to . —
our detailed analysis an intrinsic property of ! Eﬁi&fagi{m?'gum& dJ.anseZE'tSCh”ﬁM
the ELF topology of this family of compounds [2] Nuss, J. and M. Janse#eitschrift fur anorganische
and is directly related to the bonding interac- = und allgemeine Chemig28§ 1152-1157 (2002).

tion within the planar 4nets, formed by the Al [3] Biltz, W.Raumchemie der festen Stoffe, Leopold
atoms. \Voss, Leipzig 1934.

Unusual lone pairs in tellurium
S. Deng, J. Khler and A. Simon

Chalcogen elements exhibit &p* valence superconducting Te-Il formed at approximately
electron configuration. The analysis of the4 GPa these discrete chains are condensed into
chemical bonding within the VCDW (vector puckered layers with shortest interlayer Te-Te
charge density wave) model in which the’n gistances of 333.3 pm and intralayer Te-Te dis-
pair is treated as a core state due to a larg@nces ranging from 284.8 to 309.8pm, see
s-p separation results in a configuratiop*n Fig. 89(a),(b).

with a threefold degeneracyZ(py pz), (Px b? p2) ’
and pxpyp2). The existence and ordering of [RERERACIIES '\t\ '\\\ e
such p?type lone pairs in the structures of ‘ e & 633 45> %> ()
the chalcogens have not been proven by wel / S / \
defined quantities so far. Here we present reg 2
sults fromab initio calculations, which allow
a quantitative description of this kind of lone
pairs in a localized state, their breakdown an
delocalization under pressure and their possib‘ggure 89: Perspective drawings of the crystal
relevance for superconductivity. structures of (a) Te-l and (b) Te-Il (Tel: light yel-
low spheres, Te2: yellow spheres). The red sticks
i i ) i %%rrespond to the short Te-Te distances (284 pm in
Te-l is composed of helical chains withye.| and 285 pm to 310 pm in Te-Il) and the thinner
283.5pm intra- and 349.1pm interchain disyellow sticks to longer Te-Te distances (349 pm in
tances. In the structure of metallic andTe-l and 333 to 340 pm in Te-ll).
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) As first suggested by Fukutome, the unusual
lone pair in a p* configuration results from
)\ b Coulomb interactiortd among thep electrons,
)f as the four valence electrons should otherwise
distribute evenly in thepy, py andp, orbitals

late Up in the Te atom and, using trab initio
constrained occupation number approach [1]
d in Te-l. For the atom the bare parameter
Figure 90: (a) Vector charge density wave (VCDW)y | = 8 31 eV is calculated to be compared with
on a cubic primitive lattice of tellurium. For clarity the experimental value 8.59 eV, referring to the

only lone pairs are shown with thick lines denotingf.tt d . tal atomi t Th |
the covalent bonds. (b) The calculatedF isosur- itted experimental atomic Spectra. € repul-

face corresponding to a value 0.8 is shown for a sinsion is strongly reduced by Coulomb screening,
gle helical chain of Te-I. which leads to a calculated vallig,=1.16 eV

for the atom andJ$°"@=1.09 eV for Te-I, which

is an estimation for the stability of its lone
In Fig. 90(a) the lone pairs as described by thgajrs. The small difference between both values
VCDW model for Te-I are shown and com-clearly indicates that the screening is mainly
pared with the result of aab initio TB-LMTO  due to interactions of the electrons in the sin-
calculation visualized througleLF (electron gle atom, and the repulsive Coulomb interaction
localization function) in Fig. 90(b). For sim- js the origin of the lone pair. Energy changes
plicity, the two single-electron components ofof the order of 1eV can break the lone pair,
the vector field on each lattice site have bees.g. through a closer mutual approach of the
omitted in Fig. 90(a). With respect to a primi-Te atoms under high pressure. Band structure
tive cubic arrangement of the atoms due to thealculations for Te-I and Te-ll show the rele-
repulsion from the lone pairs four nearest neighvant changes in chemical bonding. Within the
bor distances around each site are lengtheneshergy window between —14 and 4 eV the band
while the two single electron components aratructure of Te-l1 is composed of four bunches
involved in bonds as indicated by thick lines.of bands; see Fig.91(a). Each bunch can be
The VCDW thus removes the lone pair degenviewed as comprising three bands due to the he-
eracy by lowering the symmetry to trigonal.  lical modulation of a straight Te chain.

;/-' ¢ with an occupancy of 4/3. Here, we calcu-

Energy [eV]

i

<
—~_
r K M r A L H A r A L H A

Figure 91: (a) Band structure from FP-LMTO calculations for Te-I, the band states at H point are numbered
consecutively from bottom to top with only 1 to 4 indicated for clarity; (b) FP-LMTO band structure of Te-ll
calculated along specific symmetry lines.
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The bunch centered at —12eV is of mainlyinterchain distances. The rather small absolute
s-character, while those at —3, —1 and 1 eV arealues of COHP around the Fermi level as well
of p-type bonding, non-bonding (lone pair) andas the band gap in Te-1 and their changes from
antibonding character, respectively. The calfe-l to Te-Il together give another numeric ev-
culated band gap from TB-LMTO is 0.336 eVidence for the existence of lone-pairs in Te-l
in very good agreement with the experimentaand their breakdown in Te-Il. The calculated or-
value, 0.334eV. As an important result, bothbital composition reveals thejrcharacter. The
our TB- and FP-LMTO calculations clearly strong antibonding interaction transforms lone
show the importance of agcomponent to the pair bands into highly dispersive (‘steep’) bands
frontier orbitals as otherwise the band strucalong several directions, e.g. H-A or A-L, see
ture is dramatically changed, and Te-| becomqsig, 91(b). In addition, parts of thetype anti-
a metal withouts-p hybridization. This re- ponding conduction band are pushed down in
sult is in agreement with the features shown iRnergy, e.g. at H, K, L, M points. This process
Fig. 90(b), where the Te-Te-Te angle is 103.14results in a band with small dispersion along the
instead of 90 and the relative orientations of r—K direction and the tiny flat feature along the
the lone pairs shown in th&LF plot devi- M-T direction around the Fermi level. The lone
ate from 90 predicted by the VCDW model, pairs are broken into itinerant electrons. Indeed,
though qualitatively this model agrees quiteg| F calculations for Te-Il performed with the
well with ELF. Clearly, the treatise of thes5 game value, 0.8, as in Te-I reveal only insignif-
state as core-like is inappropriate as #18hy-  jcant lone pair characteristics for both kinds of
bridization stabilizes the lone pair and change$e atoms (see Fig. 89(b)).
the orientations of lone pairs.

) ) Te-l is semiconducting, whereas Te-Il is a metal
The Ipcahzed Ione pairs are_lost under P'eS3nd superconductor, and the band structure of
sure in Te-Il, which is metallic. The change

i< clearl i th lculated band struct the latter satisfies the condition for supercon-
IS clearly seen In the caicuiatled band Struc urSuctivity in our flat/steep band scenario [2]. We

for Te-Il presented in Fig. 91(b) with the Sa8M&ave shown earlier that this condition is nec-

choice t(')f a ﬂg_St B(rjlllogm éone as_forl:l'e-_lr. Tlf:e essary but not sufficient. We suggest that the
separation 0t andp-bands remains 1or 1€-1L, g irient condition is intimately related with

and thesbands at the bottom do not chang he lone pair configuration in Te-I and its ‘vir-

too much except for the removal of degener: _ . o
.tual’ presence via electron-phonon coupling in

acy at the zone boundaries due to the triclinlci_e_II as has to be shown. The arguments can

distortion. In particular, the band dispersion%
i . be mapped one-to-one onto other elements, e.g.
alongI'-A are rather unchanged reflecting sim-

o . . S bismuth and its change from a semimetal to a
ilar interactions in the chain directions for both .

e metal and superconductor under pressure and in
modifications. However, pronounced change

occur with thep-type bands due to the forma-t%e amorphous state.
tion of interchain bonds in Te-II.

: : : : _[1] Gunnarsson, O., O.K. Andersen, O. Jepsen and
A comparison of the chemical bonding in Te-| J. ZaanenPhysical Review B9, 1708-1722 (1989);

and Te-Il using COHP (crystal orbital Hamilton  apisimov, V.I. and O. GunnarssoRhysical Review
population) shows that in Te-I the intrachain in- B 43, 7570-7574 (1991)¥cMahan, AK.,

teraction is much stronger than the interchain R.M.Martin and S. Satpathfhysical Review B8,
one. For Te-ll the intra- and interchain inter- ~ 8650-6660 (1988).

actions are comparable, however, with a mor&! Sémf;‘égfggg"("fgg;; (;:emsie 'Amesfirrfgr?gf:d'fdmon
pronqunced antlbondlng charafzter. around the J. kbhler. Angewandte Chg’miéln.ternational Edition
Fermi level. The latter observation is easily ra- 37 640-643 (1998):Deng, S., A. Simon and
tionalized in terms of an increased Coulomb re-  J. Kéhler. Structure and Bonding14, 103-141

pulsion between the lone pairs due to reduced (2005).
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An individual’s research impact in a number: the Hirsch index
W. Marx

The number of articles published by a re-author, address, source, publication year) can
searcher provides only a measure of his prdse searched and combined by logical opera-
ductivity — it does not allow to judge the in- tors (AND, OR, NOT). This is the standard
fluence or quality of his work. The number ofsearch mode of literature databases. Tlited
citations, however, can be seen as a measuReference Searcimode enables access to the
for the resonance or the impact an article, a reeferences appeared in source journal articles.
searcher or a research institute has generatedAlb references, including the items published
far. Although the number of citations cannot ban non-source journals, the books or any other
equated with the final importance and quality opublished material are searchable in this mode.

articles, citation data are frequently used for re- . o _
search evaluation. However, the reliable deter.n€ h-index is simply defined as the number of

mination and competent interpretation of suctRricles in ISI source journals that have had h

data requires some experience and awarenes<c§fitions or more. For example, a researcher
possibilities and limits. with an h-index of 40 will have published 40

articles that have received at least 40 citations
Recently, an index has been introduced by Jorgeach. The index can be determined by search-
Hirsch (a condensed matter theoretical physing a given author name under the WoS General
cist at the University of California, San Diego) Search mode and sorting the selected articles by
as a measure of the cumulative impact of a regimes citedusing the WoS sort command. The
searcher’s scientific work within a given disci-result is unambiguous, provided that there are
pline. The Hirsch index (h-index, h-number) either no highly cited namesakes or they can be
can be easily obtained, provided one has accesasily removed (e.g. by combining the author
to the Web of SciencéWoS), the search plat- name with the relevant locations using the ad-
form offered by Thomson Scientific Inc(the dress search field). THeited Reference Search
former ISI, Institute for Scientific Information mode is not practical to determine an h-index.
The WoS includes th&cience Citation Index _
(SCI) and has probably become the most verLhe h-index can be seen as a valuable con-

satile and user friendly citation analysis tool. tribution to the efforts of measuring the im-
pact of a researcher by using citation data and

The Web of Sciencerovides two basic searchas a useful alternative to other citation based
modes: Th&eneral Searcmode and th€ited  indicators for research evaluation. It reflects
Reference Searcinode. TheGeneral Search a researcher’s contribution based on a broad
mode allows searching the articles in sourcbody of publications rather than based on a
journals (the so-called source items) publishetew high-impact papers. It avoids an overes-
between 1900 to the present. The search resutimation of single or few highly-cited papers,
do not include books and conference proceedometimes being methodological contributions
ings not published in regular journals. Underor reviews. The h-index favors researchers who
General Searchall search fields (topic, title, consistently produce influential papers.

*Hirsch, J.E.Proceedings of the National Academy of Scient@® 16569-16572 (2005).

According to the PNAS web site, the article by Hirsch has been the most often downloaded article from the

PNAS server during November 2005.
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There are, however, some important aspects A comparison between different disciplines
to be taken into consideration when using the should be avoided unless a reliable relative
h-index to measure the impact of individual calibration is available.

researchers: e The mean number of authors per paper dif-
fers considerably. In disciplines like high
energy physics or genetics, papers some-
times are published by fifty or even more
authors. A high number of concurrent
authors is expected to increase the mean
h-index in that sub-discipline. Thus, even
the h-index of authors in different sub-
disciplines may not be comparable.

The distribution of citations to the articles
of a researcher is always highly skewed: a
large fraction of citations going to a small
fraction of publications. The skewness of
the citation distribution differs considerably
between different authors. It strongly de-
pends on the amount of cooperation with co-
authors and personal publication practices
(distributing research results on more or less
papers). More data are needed to determine
the influence of the skewness of the citation
distribution on the h-index.

e It should be emphasized that the measure
of a researcher’s impact by a single num-
ber can only be a rough approach to eval-
uate his work. For a comprehensive cita-
tion analysis, the topics of the highly-cited
papers, whether mainstream research or not,
their document types (articles, reviews or
letters), the time-dependence of the overall
impact, the fraction of first-author papers, ¢
the percentage of the non-cited papers, and
other data should be taken into considera-
tion. This obviously demands extra efforts,
but it is essential for producing meaningful
results.

e The h-index increases with the length of the
scientific activity of a researcher, as predi-
cated by Hirsch. This was verified by our
own empirical studies, whereby the h-index
increases approximately linearly with time
and levels off when the researcher pub-
lishes less papers or stops publishing (eithédevertheless, the new index proposed by Hirsch
because of death, retirement or of havindgias some advantages compared to other citation
become an administrator). This time debased indicators that are being used for research
pendence of the h-index must be considereevaluation and are not clearly defined or not as
when comparing researchers with differeneasy to determine (e.g. the number of citations
periods of scientific activity. per paper or the impact time-curve). The index

the overall impact of early pioneers arePact of research activities. Naturally, research

of science implies a proliferation of citableteria than impact data. The latter should not be
papers, resu|ting in increasing ratios of ref_taken as an alternative for CheCklng the scien-

erences per paper (reference count) a,{gic content t_)y peers b_ut as an additiongl and

ratios have approximately doubled withinrpe _jngex may be consulted to measure and

the last half century. Hence, the HIrSChcompare the overall contribution of larger en-

num_bers of _researchers who lived at Ollﬁer'sembles of scientific papers. The index can be
ent time periods are hardly comparable.

extended to groups of researchers or research

o Different disciplines have different citation jnstitutes, to scientific journals (instead of con-
patterns with different average citations pekylting theirJournal Impact Factorswhich are
paper, varying by a factor of 10 betweenhased on short time periods of about two years),
mathematics and molecular biology or geto small countries, and to research topics. Fur-

netics. Hence, also the average h-index deher studies are needed to find out the usefulness
pends strongly on the research disciplinefor these purposes.
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