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]. Summary

Strong correlations between electrons and their collective behavior combined with enhanced quan-
tum fluctuations, particularly in materials with a low-dimensional crystal structure, are responsible
for the most intriguing new states of matter and an immensely rich variety of unusual phenomena.
Our search for novel materials and our study of their electronic properties and phases is motivated
by fundamental questions as well as by the desire to find materials with new functionalities for future
applications.

MaNEP - Materials with Novel Electronic Properties —is a National Centre of Competence in Research!
(NCCR) based at the University of Geneva (home institution). Its activities comprise research in most
active areas of condensed matter physics with internationally recognized groups in experiment and
theory. Studied materials range from quantum spin systems, metallic systems with extraordinary
superconducting, magnetic, spectral and transport properties, as well as artificial heterostructures of
correlated electron materials to cold atoms in optical lattices and nano-carbon systems incorporating
mesoscopic physics.

This report covers the period July 1, 2005 — March 31, 2008, thus nearly the three first years of the
second phase of MaNEP. Since its establishment in 2001 MaNEP has grown and unites the main
groups in Switzerland in its field with 30 senior members and about 260 researchers in total. At
the beginning of the second phase the research structure was changed to six collaborative projects.
During the three years of the second phase MaNEP has implemented this new research structure,
effectively integrating the efforts between the different MaNEP laboratories. In January/February
of each year we organize six one-day meetings, each dedicated to one of the six projects. At these
meetings the results obtained so far are discussed in detail among the members of the projects. This
report contains an overview of these results for each project.

I The NCCR depend on and are supervised by the Swiss National Science Foundation.

Research this field and covers the advances of experi-

mental investigations and new theoretical con-

Project one focuses on the study of some of the
key questions in condensed matter physics: the
understanding of materials with strong spin
and charge interactions. A wide range of phe-
nomena has been studied in strongly inter-
acting electron materials and low-dimensional
and quantum fluctuation dominated systems.
Examples are the observation of Bose-Einstein
condensation and Luttinger liquid properties
in quantum spin systems with spin multimer
subunits, novel ground state properties in frus-
trated spin systems, unusual magnetic and
metallic behavior in systems like Europium
borides and transition metal silicides, charge
density wave instabilities with the possible re-
alization of an excitonic insulator, and novel
properties of surfaces and interfaces, to men-
tion a few. The report reflects the richness of

cepts.

Project two focuses on the fascinating field of
superconductivity. The quest for a microscopic
understanding of high temperature supercon-
ductivity (HTS) in the cuprates remains a key
question, and we report a number of striking
results. Theoretical evidence was found that
the ground state of a moderately hole-doped
Hubbard insulator is a d-wave superconductor.
This result implies an increase of the kinetic
energy in the superconducting phase as other
MaNEP researchers have observed in infrared
spectroscopy measurements. Signatures of bo-
son coupling to the conduction band has been
obtained with several techniques and STS in-
vestigations have given a robust evidence that
the dip-hump feature in the density of states
is due to coupling to a collective mode like
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the (71, 1) spin wave resonance. Evidence for
coupling to a continuum of bosonic excitations
comes from infrared measurements and from
the waterfall dispersion recently observed in
ARPES. Our investigations also show a wealth
of novel properties in other superconductors.
Examples are noncentrosymmetric supercon-
ductors, heavy fermion d-wave superconduc-
tors, Chevrel phases, and organic supercon-
ductors.

Project three reflects a special attempt to stim-
ulate crystal growth within MaNEDP, coordinat-
ing the work of four laboratories at ETHZ, PSI,
EPFL and UniGE. Indeed, the most intrinsic,
and the most reliable information about a novel
material is obtained from its single crystalline
form, where the influence of defects, disloca-
tions, impurities, and grain boundaries is min-
imized. During the three last years we report
new crystal growth results on a large number
of oxides, chalcogenides, silicides and other
materials. Over 140 materials in single crys-
talline form are available for internal and exter-
nal collaborations. The MaNEP Single Crystal
Catalog is joined to the description of Project 3.
With Project four, MaNEP started a particu-
lar effort to create synergies and collaborations
between solid state chemists and solid state
physicists, to arouse a search for new materials
with strongly correlated behavior and in par-
ticular new superconductors. Several differ-
ent routes towards new materials are reported
including high pressure synthesis, a combina-
torial approach, thin film methods, as well as
nano structuring, and morphology control. In
the first 2 1/2 years of this effort a number of
new materials have been found and first inves-
tigations of their properties carried out.
Project five focuses on the use of thin epitax-
ial films and multilayers for basic and applied
studies. Numerous important results have
been obtained opening up the road towards fu-
ture engineering of artificial materials explor-
ing the unusual properties of oxide interfaces.
A striking result is the observation of super-
conductivity at the interface between two in-
sulators. Other results in this project cover thin
film ferroelectrics, with the study of size effects
and screening lengths; polaronic transport in

manganite thin films and the search for pola-
ronic behavior of thin strontium titanate films;
as well as the use of thin superconducting films
for single photon detectors.

Project six develops applications resulting
from MaNEP know-how. Following this idea
we have established collaborations with 6 com-
panies on specific questions of interest to these
companies. This concerns applications of su-
perconductivity with research on improved
wires for high field applications, thin film su-
perconducting fault current limiters and a con-
tribution to the development of a self screened
high field magnet for neutron scattering stud-
ies; sensors, with the search for a material
for high precision ESR determination of weak
magnetic fields and the development of novel
gas sensors; thin film preparation and appli-
cations including the development of super-
lattices for neutron supermirrors in neutron
guides and the preparation and study of ferro-
electric thin films for novel devices.

Education, communication and tech-
nology transfer

MaNEP is also active in other domains than re-
search. A doctoral school has been installed
at the University of Geneva, summer and win-
terschools are regularly organized, as well as
conferences in the field of MaNEP. The PhysiS-
cope in Geneva proposes a new and original
approach to motivate high school students to
get involved in science. The summer intern-
ship for women students has become a yearly
event at nearly all Swiss universities and fed-
eral institutes of technologies.

A special attention is given to communica-
tion and knowledge and technology transfer.
MaNEP contributes to several outreach events,
with the idea of “making the most” out of ev-
ery public relation opportunity. MaNEP re-
search activities have an strong potential for
applications. Collaborations with industrial
corporations, such as ABB, Bruker BioSpin,
Swiss Neutronics, Metrolab, Phasis and Mec-
sens are developed.

These activities are described in more details in
the chapter Three years of MaNEP’s life.

Summary I



2 Members and institutions in MaNEP and contacts

This section provides an up-to-date summary of the organization of MaNEDP, the Swiss National Cen-
tre of Competence in Research (NCCR) on Materials with Novel Electronic Properties. It comprises
a network involving academic institutions and industrial partners. MaNEP started its activities on

July 1, 2001.

Research groups (MaNEP Forum)
From academic institutions:

o Philipp Aebi, UniNE

e Dionys Baeriswyl, UniFR

e Christian Bernhard, UniFR
e Gianni Blatter, ETHZ

e Markus Biittiker, UniGE

e Leonardo Degiorgi, ETHZ
o Jystein Fischer, UniGE

o René Fliikiger, UniGE

e Laszl6 Forr6, EPFL

e Thierry Giamarchi, UniGE
e Marco Grioni, EPFL

e Martin Hasler, EPFL

e Jiirg Hulliger, UniBE

e Januz Karpinski, ETHZ

e Hugo Keller, PSI and UniZH
¢ Giorgio Margaritondo, EPFL
e Dirk van der Marel, UniGE
e Joél Mesot, PSI

e Frédéric Mila, EPFL

e Elvezio Morenzoni, PSI

o Alberto Morpurgo, UniGE
¢ Reinhard Nesper, ETHZ

e Hans-Rudolf Ott, ETHZ

e Patrycja Paruch, UniGE

o Christoph Renner, UniGE
e T. Maurice Rice, ETHZ

e Andreas Schilling, UniZH
e Louis Schlapbach, EMPA

e Manfred Sigrist, ETHZ

Jean-Marc Triscone, UniGE
Matthias Troyer, ETHZ
Klaus Yvon, UniGE

From industrial partners:

M. Abplanalp, ABB
D. Eckert, Bruker BioSpin

Academic institutions members of
MaNEP

University of Geneva (UniGE), home insti-
tution

University of Neuchatel (UniNE)
University of Fribourg (UniFR)
University of Berne (UniBE)
University of Zurich (UniZH)

Federal Institute of Technology, Lausanne
(EPFL)

Federal Institute of Technology, Zurich
(ETHZ)

Paul Scherrer Institute (PSI)

Materials Science and Technology Re-
search Institute (Empa)

Industrial Partners

ABB, Baden

Bruker Biospin, Féllanden
MecSens, Geneva
Metrolab, Lausanne
Phasis, Geneva
SwissNeutronics, Villigen
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Scientific Committee

o Jystein Fischer, UniGE, director

e Laszl6 Forr6, EPFL

Jiirg Hulliger, UniBE

Christoph Renner, UniGe, deputy director
Manfred Sigrist, ETHZ

Jean-Marc Triscone, UniGE

Dirk van der Marel, UniGE, deputy direc-
tor

Management (UniGE)

o Jystein Fischer, director

e Dirk van der Marel, deputy director

o Christoph Renner, deputy director

e Marie Bagnoud, administrative manager,
from December 2008

o Christophe Berthod, education and train-
ing

e Adriana Bonito Aleman, communication,
from July 2009

e Isabelle Bretton, administrative manager,
until September 2008

e Renald Cartoni, technical organization,
until March 2009

e Pascal Cugni, accountant

e Michel Decroux, scientific manager, ed-
ucation and training, advancement of
women

Contacts

MaNEP

Department of Condensed Matter Physics
University of Geneva

24, quai Ernest-Ansermet

CH-1211 Geneva 4

Switzerland

Phone: +41 22 379 30 13
Fax: +41 22 379 35 89
Homepage: www.manep.ch
Email: manep@unige.ch

e Lidia Favre-Quattropani, scientific man-
ager
o Sophie Griessen, management assistant

e Matthias Kuhn, knowledge and technol-
ogy transfer

e Ivan Maggio-Aprile, computer and inter-
net resources

o Gregory Manfrini, technical organization

e Anne Rougemont, communication, until
April 2009

Advisory Board

e Dave Blank, University of Twente, En-
schede, Netherlands

o Robert]. Cava, Princeton University, USA

o Antoine Georges, Ecole Polytechnique,
Palaiseau, France

e Denis Jérome, Université Paris-Sud, Or-
say, France

e Piero Martinoli, Universita della Svizzera
Italiana, Lugano, Switzerland

o Andrew Millis, Columbia University, New
York, USA

o George Sawatzky, University of British
Columbia, Vancouver, Canada

Prof. @. Fischer, director
Phone: +41 22 379 62 70
Email: oystein.fischer@unige.ch

Prof. D. van der Marel, deputy director
Phone: +41 22 379 62 34
Email: dirk.vandermarel@unige.ch

Prof. C. Renner, deputy director
Phone: +4122 379 35 44
Email: christoph.renner@unige.ch

Marie Bagnoud, administrative manager
Phone: +41 22 379 62 18
Email: marie.bagnoud@unige.ch

Members and institutions in MaNEP  m—



3 Research

This section reports on the research performed in the six MaNEP projects for the period from July 15t

2005 to March 315t 2008.

The most important publications are outlined in the reference lists by a red mark.

Project ].

Project leader: M. Sigrist (ETHZ)

Strongly interacting electrons, low-dimensional and quan-
tum fluctuation dominated systems

Participating members: D. Baeriswyl (UniFR), G. Blatter (ETHZ), M. Bittiker (UniGE), L. Degiorgi
(ETHZ), L. Forré (EPFL), T. Giamarchi (UniGE), M. Grioni (EPFL), D. van der Marel (UniGE), J. Mesot
(PSI), F. Mila (EPFL), H.R. Ott (ETHZ), T.M. Rice (ETHZ), L. Schlapbach (Empa), M. Sigrist (ETHZ),
M. Troyer (ETHZ). Contribution from Ph. Aebi (UniNE) and @. Fischer (UniGE).

Introduction: Project 1 of MaNEP covers a wide range of materials and phenomena within the field of
strongly correlated electron systems reaching also out to related subjects such as cold atoms in optical
lattices and mesoscopic physics. The research effort is driven by materials showing novel phases and
phenomena as well as by the development of new experimental techniques which provide access to
parameter ranges unreachable so far. While applications of discovered phenomena and material
properties are envisioned in the long-term, this project has its main focus on challenging problems
in fundamental research of modern condensed matter physics.

Summary and highlights

During the whole period of MaNEP, mag-
netism has been one of the major subjects,
including the localized electronic degrees of
freedom of quantum spin systems as well
as the subtle magnetic properties of various
metallic systems, such as the heavy Fermion
compounds, transition metal oxides, transi-
tion metal silicides etc. The studies on quan-
tum spin systems lead through an arena of
most unusual phases and dynamical proper-
ties. The lattice topology plays a decisive role
here, e.g. when spin multimer subunits al-
low for the observation of Bose-Einstein con-
densation (T1ICuCl3), Luttinger liquid proper-
ties ((Hpip)2CuBry) and the remarkable coex-
istence of both classical and strongly quantum
fluctuation dominated features. Frustration
opens another door to striking ground state
properties such as spin nematic order or spon-
taneous trimerization.

Various heavy Fermion systems have been in-

vestigated for their magnetic properties us-
ing spectroscopic methods such as NMR/NQR
as well as newly developed photoemission
and X-ray scattering methods which allow to
probe aspects of the Kondo and mixed-valence
physics of such materials. Unusual magnetic
and metallic properties were also found in the
giant magnetoresistance system (Eu,Ca)Bg and
the class of transition metal silicides and their
variants.

Cold atoms in optical lattices provide a highly
flexible laboratory for various different corre-
lated many body systems which have been
investigated theoretically leading to interest-
ing conceptional progress in the understand-
ing of dynamical aspects in the context of Mott-
insulator superfluid transitions, of correlation
features of low-dimensional systems and the
related dimensional crossover. Furthermore
novel probing techniques suitable for the cold-
atom setups are proposed.

An expanding area within Project 1 is the re-
search on metals showing charge density wave
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instabilities, which aims at exploring mecha-
nisms alternative to the traditional Peierls in-
stability. Exciting in this context is the possi-
ble realization of an excitonic insulator phase
and the appearance of superconductivity asso-
ciated with the CDW quantum phase transition
in dichalcegonides.

The electronic properties at surfaces and inter-
faces are a further new subject (closely related
to Project 5) which addresses the electronic re-
construction at interfaces between band and
Mott-insulators due to correlation effect and
spin splitting effects resulting from Rashba
spin-orbit coupling at surfaces. A wide range
of unusual phases is also targeted by numer-
ous theoretical studies concentrating on non-
magnetic ordered and quantum liquid phases,
aspects of Mott-localization, the characteriza-
tion of quantum phase transitions and phases
exhibiting topological order. Moreover a theo-
retical analysis of so-called supersolid phases
sheds new light on their realization in *He
and antiferromagnetic systems. The experi-
mental studies of the quasi-one-dimensional
compounds BaVS; and BaVSes at ambient and
high pressure show unusual magnetic proper-
ties and non-Fermi-liquid behavior in connec-
tion with their metal-insulator transition.

1 Magnetism in quantum spin systems

Magnetism is one of the dominant topics
within this project. In particular, quantum spin
systems have been a very active area includ-
ing field- and pressure-induced order in spin
gap systems and the associated quantum criti-
cal behavior as well as the physics of spin sys-
tems containing spin multimer subunits which
give rise to unusual interplay of “classical” or-
der and features dominated by quantum fluc-
tuation. Moreover, spin systems are also well
suited to host novel exotic ordered phases.
These subjects have been studied in a strong
collaboration between experimental and the-
oretical groups, including the Laboratory for
Neutron Scattering (LNS) around Mesot and
Rennow, Ott’s group and the theory groups of
Mila and Troyer.

1.1 Field-induced quantum phase transitions

a) Quantum statistics and quantum phase transi-
tions in TICuClz The compound TICuCl; rep-
resents a model system of dimerized quan-
tum spins with strong interdimer interactions.
After the discovery of a field-induced quan-
tum phase transition and the related Bose-
Einstein Condensate (BEC) of magnons, Mesot

Among the studies on two-dimensional tran-
sition metal oxides in Project 1 the sodium-
cobaltates and manganite films have been most
important. NMR studies of Na,CoO, show un-
usual magnetic and transport properties which
are difficult to reconcile with present theoreti-
cal concepts. Detailed results of scanning tun-
neling spectroscopy give new insight into the
subtle correlation and lattice effects at work
in manganites, also demonstrating that, un-
like theoretically suggested, phase separation
does not occur in the studied compositions.
Graphite and related carbon-based materials as
a fast growing area have been studied by spec-
troscopical means and for their transport prop-
erties. This includes studies of artificially in-
duced defects on graphite and carbon nano-
tubes with the aim to design quantum dot
devices. Naturally such structuring reaches
out to the study of mesoscopic transport phe-
nomena and issues of quantum measurements
which belong to the basis of quantum compu-
tations. Eventually Project 1 also comprises the
development of tools and algorithms for com-
puter simulations of strongly correlated elec-
tron systems (ALPS = algorithms and libraries
for physics simulations) and for data analysis
in NMR/NQR.

and coworkers extended their activities to two
other parameters, temperature and pressure,
which both trigger interesting quantum behav-
ior. The singlet-triplet dispersion was investi-
gated as a function of temperature by inelastic
neutron scattering (INS) experiments on single
crystals (Fig. 1). By comparison with a number
of theoretical approaches an appropriate quan-
tum statistical model for dimer spin systems
at finite temperatures was established, where
many-body correlations become particularly
important [1]. As a function of pressure, the
amount of spin-singlet fluctuations in the ma-
terials can be controlled systematically through
the pressure-dependence of the exchange inter-
actions and a quantum critical point with tun-
able magnetic moment was demonstrated ear-
lier [2]. High-resolution inelastic neutron scat-
tering studies revealed the existence of novel
elementary excitations, which are not present
in a classical description of ordered magnets
[2]. The results of systematic experimental and
theoretical studies of quantum phase transi-
tions in dimerized materials with main contri-
butions by MaNEP were summarized in a com-
prehensive review article [3].

Research m———
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Figure 1: Temperature renormalization of the
triplet excitations in TICuCly (a) INS spectra. (b)
and (c) INS intensity contour plots measured at
1.6 K and 39.8 K, compared with Bose-mean-field
(dashed line) and Troyer-Tsunetsugu-Wiirtz-mean-
field (solid line) theories.

b) Fractionalized spin  excitations in the
spin-ladder ~ (Hpip)y CuBry The compound
(Hpip),CuBry is the best representation to date
of a 5=1/2 spin ladder antiferromagnet with
an energy scale ideally suited for a study of the
complete phase diagram of such a spin system.
In a series of neutron scattering experiments,
the group of Mesot determined the spin
Hamiltonian by measuring its excitations in
the spin-liquid and the saturated phase. They
collected striking evidence for the existence of
fractionalized spin excitations in the Luttinger
liquid phase of the ladder. The strong-coupling
theory was shown to provide an excellent de-
scription of the continuous excitation spectrum
in this phase. Pushing the experiments to the
limits, the phase boundary of the 3D ordering
transition below T = 100 mK could be de-
termined. Its shape is unexpected and allows
for a deeper insight into the limitations of the
strong coupling theory.

c) Transverse and random fields in the Ising fer-
romagnet LiHoxY1_xFs The Ising ferromagnet
LiHoF, in a transverse magnetic field under-
goes a quantum phase transition, which should
be accompanied by the softening to zero en-
ergy of the excitations. Using INS, Rennow
and coworkers discovered that the simple elec-
tronic mode softening is stalled by hyperfine
coupling to the Ho nuclear spins, shifting
the critical fluctuations to much lower-energy

MaNEP

mixed electronic-nuclear dynamics [4, 5]. This
result feeds current theoretical efforts to assess
the region over which a system can be consid-
ered quantum critical. Rennow and collabora-
tors made the counterintuitive prediction that
the electronic subsystem actually comes clos-
est to quantum criticality at an elevated tem-
perature where the nuclear spins are thermally
smeared, and proved this experimentally. Dur-
ing 2007, they performed a series of exper-
iments on the dilution series LiHo,Y7_,Fy,
which due to the dipole coupling becomes a re-
alization of the random field Ising model [119].
The neutron measurements have provided the
temperature-field-doping phase diagram, and
discovered the ability to switch from ferromag-
net to spin glass using respectively classical
and quantum annealing protocols. In addi-
tion, LiErF; was established as a realization
of dipole-coupled XY antiferromagnet with a
quantum phase transition at 0.4 T and much
stronger fluctuations than in LiHoF, [6].

d) Dzyaloshinskii-Moriya (DM) interactions in
frustrated magnets In collaboration with the
experimental group of Claude Berthier (Greno-
ble, France), Mila and coworkers have in-
vestigated the properties of the gapped spin-
1/2 compound Cuy(CsH12N;D;),Cly.  NMR
measurements have revealed the presence of
a magnetic field-induced transverse staggered
magnetization (TSM) which persists well be-
low and above the field-induced 3D long-range
magnetically ordered (FIMO) phase. The sym-
metry of this TSM is different from that of
the TSM induced by the order parameter of
the FIMO phase. An extensive Density Ma-
trix Renormalization Group investigation of a
spin ladder with intra-dimer Dzyaloshinskii-
Moriya interactions was performed, and it was
shown that the origin, field dependence, and
symmetry of the TSM can be accounted for by
this simple model.[7, 8]

This study shows that DM interactions can
substantially modify the phase diagram of
spin-1/2 Heisenberg ladders in a magnetic
field provided they compete with exchange.
For non-frustrated ladders, they induce a lo-
cal magnetization along the DM vector that
turns the gapless intermediate phase into an
Ising phase with broken translational symme-
try, while for frustrated ladders, they extend
the Ising order of the half-integer plateau to
the surrounding gapless phases of the purely
Heisenberg case. Implications for experi-
mental ladder and dimer systems have been
discussed.[9]
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1.2 Spin multimer systems

a) Pressure  tuned  quantum  phases in
SrCup(BOs), The compound SrCuy(BO3),
is a realization of the Shastry-Sutherland
model, which is of particular interest in the
context of frustrated quantum magnetism, and
has been proposed as physical realization of
the theoretically conjectured possibility of a
so-called super-solid quantum state. In a series
of INS experiments, a reduction of the spin
gap as a function of hydrostatic pressure was
discovered. To overcome existing limitations
in high pressure INS above ~ 12 kbar, a new
high pressure cell was developed and tested
successfully up to 16 kbar at 1.5 K. The results
indicate a possible quantum phase transition
between two gapped phases. The existence
of such a phase has been highly debated
among theorist [120]. High pressure neutron
diffraction data, resolved a new monoclinic
structural phase above 50 kbar. Complemen-
tary high pressure uSR, ESR, specific heat
and exact diagonalization is being pursued
with MaNEP collaborators and samples were
grown within MalNEP. As a side benefit, state-
of-the-art high pressure expertise for neutron
spectroscopy and diffraction is now available
within MaNEP.

b) Structure and magnetic excitations of the
spin trimer system Ca3zCuz_Niy(POy)y At-
tempting to observe the Bose-Einstein conden-
sation in a quantum spin-trimer system the
LNS group at PSI studied the linear trimer
CazCu3_xNiy(POyg)s (x = 0, 1, 2) system (Cu-
Cu-Cu or Cu-Cu-Ni or Ni-Cu-Ni). Determina-
tion of the crystal and magnetic structures by
neutron powder diffraction [10] revealed that
for x = 1 the middle position is occupied by
Cu?*, whereas the end positions are equally
populated by Cu?* and Ni**. For x = 2 the
trimers are always of the type Ni-Cu-Ni. While
the x = 0 and x = 1 compounds do not exhibit
long-range magnetic ordering down to 1 K, the
x = 2 compound shows antiferromagnetic or-
dering below Ty = 20 K with the propagation
vector star k = {(1/2,1/2,0),(-1/2,1/2,0)}
and magnetic moments of 1.89(1) up/ Ni?+
and 0.62(2) up/ Cu®t. The relevant trimer in-
teractions are parametrized by means of INS
[11] in terms of antiferromagnetic Heisenberg-
type nearest-neighbor exchange (Jc,—cy =
—4.8 meV for x = 0, 1 and Jo,_ni =
—0.85(10) meV for x = 1, 2) and axial
anisotropy (Dy; = —0.7(1) meV for x = 1, 2),
whereas next-nearest-neighbor exchange was
found to be negligibly small.
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Figure 2: (a) Charge density distribution in
CuyOClgdacay at T = 80 K. (b) Temperature depen-
dence of dc-magnetization (M/H) of the single crys-
tal (points) and powder (black line), and (M/H)-T
measured at 0.1 T (right scale). Inset: zoomed 1.8 K-
30 K temperature interval of M/H of the crystal.

c) Magnetic exchange versus molecular vibra-
tions in CuysOClgdacay tetrahedra An iso-
lated tetrahedral cluster of four Cu?* ions
is one of the simplest geometrically frus-
trated quantum spin units. Although being
a spin singlet the residual degrees of free-
dom can lead to complex behavior in a lat-
tice of these spin units. Mesot and collabo-
rators studied a metal-organic CusOClgdacay
(daca=diallylcyanamide) system, where tetra-
hedral clusters are almost ideal and isolated.
Extensive experimental characterization and ab
initio density functional theory calculations of
the electronic structure (Fig. 2) as well as ab
initio molecular dynamics reveal a complex in-
terplay between magnetic exchange, molecu-
lar vibrations and plasticity of the Cu?* coor-
dination sphere while cooling [12]. DFT calcu-
lations performed in this study show that the
unpaired electron is only partially localized in
the Cu d-states. It is transfered to the oxygen
atom and is further delocalized around atomic
cores within the molecule. The spin-vibrational
Hamiltonian with the antiferromagnetic ex-
change | = —1.8 meV is the most appropri-
ate model to describe the ideal CusOClgdacay
system. Studies of this and other cluster sys-
tems should promote convergence of theoret-
ical methods for quantum chemistry, electron
structure and magnetic models.

d) Co-existence of order, classical and quan-
tum excitations in the coupled spin tetrahedra
of CupTeyO5X,  The materials CuyTe,Os5X5
(X=Cl, Br) are built of moderately coupled
tetrahedral units. They represent a challeng-
ing example of a system where both, individ-
ual intra-tetrahedral cluster properties and col-
lective inter-tetrahedral properties, could be
tracked. The complex ground state has been
determined by polarized and unpolarized neu-
tron diffraction [13, 14] and the excitation spec-
trum has been studied by single crystal INS.

Research m———
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Figure 3: Summary of results on Cuy Te;O5Ch. (a)
A typical energy scan, showing existence of four
gapped modes. (b) A very weak Goldstone mode
revealed with the enhanced resolution of IN14, ILL.
Experimental (c) and calculated (d) dispersion maps
near the incommensurate reciprocal point (-Qy/3,

O, 3/2).

Despite magnetic order, only a fraction of the
spectral weight of the excitation spectrum rep-
resent spin-waves, while the dominant part re-
mains a gapped reminiscence of the tetrahe-
dron quantum states (Fig. 3). This behavior
is to our knowledge unique. Present theoret-
ical discussions provide qualitative agreement
but cannot reconcile the presence of order with
a dominant gapped mode. A new theoretical
framework is necessary to treat classical order
and quantum fluctuations on equal footing.

e) S = 1/2 spin tubes The structural config-
uration of the compound Na, V307 allows for
the formation of spin tubes with 9 S = 1/2
degrees of freedom on rings which are cou-
pled to form the spin tubes. The compound
orders magnetically below 0.1 K. With a model
calculation, Ott and collaborators attempted to
reproduce the temperature and magnetic field
dependencies of the specific heat at low tem-
peratures (Fig. 4). A surprisingly good agree-
ment was obtained by assuming the formation
of spin dimers with a broad distribution of an-
tiferromagnetic and, to a much lesser extent,
ferromagnetic exchange couplings. The same
model is also adequate to reproduce the tem-
perature dependence of the magnetic suscepti-
bility below room temperature. The data were
interpreted as an indication that the system is
close to a quantum critical point, particularly
in low magnetic fields, which may be due to
the rather complex exchange pattern among
the sites carrying a spin.
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Figure 4: C,, as a function of T for Na, V30, mea-
sured in different external magnetic fields. The solid
lines represent the model calculation, including a
contribution that is indicated by the broken lines.

1.3 Exotic order in quantum spin systems

a) The Resonating Valence Bond phase of Quan-
tum Dimer Models Mila and collaborators
have carried on a systematic and exhaustive
investigation of the Quantum Dimer Model
(QDM) on the triangular lattice. In order to un-
derstand the transition between the Resonat-
ing Valence Bond (RVB) phase and the so-
called plaquette phase, they have developed
a Green'’s function Quantum Monte Carlo ap-
proach to study the dynamical properties of
the model [15, 16]. In particular, it was shown
that soft modes develop upon reducing the
dimer-dimer repulsion, indicating the presence
of a second-order phase transition into an or-
dered phase with broken translational symme-
try. Mila and coworkers have also shown that
these soft modes are non-local, vortex like ex-
citations (‘visons’) which condense at the tran-
sition. They have further investigated the na-
ture of this ordered phase, for which a 12-
site unit cell has been previously proposed,
with the surprising result that significant Bragg
peaks are only present at two of the three
high-symmetry points consistent with this unit
cell. The absence of a detectable peak was
attributed to its small magnitude due to the
nearly uniform internal structure of the 12-site
crystal cell, which is interpreted as a local RVB
structure. In parallel with the numerical simu-
lations, a semi-classical approach to the prob-
lem was developed based on a Z,-gauge the-
ory representation of the model, and on its
dual Ising model, which reproduces all fea-
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tures observed numerically and gives a sim-
ple and transparent picture of the underlying
physics [17].

b) Quadrupolar order in spin-1 Mott insulators
When the SU(2) symmetry is broken in the low-
temperature phase of Mott insulators, it is usu-
ally due to the development of some kind of
magnetic long-range order. This is not the only
possibility however. If the order parameter is
a higher order tensor, breaking the SU(2) sym-
metry will not lead to magnetic order. One
of the simplest possibilities is quadrupolar or-
der, which can be realized in S > 1/2 quan-
tum magnets if the spins are locally in a state
with a zero expectation value of the spin op-
erators, as for instance the S, = 0 state of a
spin-1. Motivated by recent experiments on
NiGajSy4 [121], Mila and coworkers have inves-
tigated the bilinear-biquadratic spin-1 model
on the triangular lattice. Using mean-field the-
ory, exact diagonalization, and SU(3) flavor
theory, they have precisely mapped out the
phase diagram of that model in a magnetic
field [18], with emphasis on the quadrupolar
phases and their excitations (Fig. 5). In partic-
ular, it was shown that ferroquadrupolar order
can coexist with short-range helical magnetic
order, and that the antiferroquadrupolar phase
is characterized by a remarkable 2/3 magne-
tization plateau, in which one site per trian-
gle retains quadrupolar order while the other
two are polarized along the field. This leads
to the conclusion that, in addition to the anti-
ferroquadrupolar phase suggested previously,
ferroquadrupolar order is a viable candidate to
explain the properties of NiGayS,.

c) Spontaneous trimerization in frustrated spin
chains  Simulations of highly frustrated mag-
nets were also performed in a collaboration of
Troyer’s group with groups at UCSB. A spin
nematic phase in two-dimensional frustrated

Figure 5: Phase diagram of the bilinear-biquadratic
spin-1 Heisenberg model on the triangular lattice in
a magnetic field.
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magnets, partially breaking SU(2) symmetry
was found in [19]. A spontaneous trimeriza-
tion was found in a DMRG calculations of a
spin-1 zig-zag chain with next nearest neighbor
coupling [20], and the ordering of a spiral spin
liquid in an order-by-disorder phenomenon on
a frustrated diamond lattice antiferromagnets
was investigated [21].

d) S = 1 spin chains Compounds with the
chemical composition AVX,0¢ with A= Li or
Na, X = Si or Ge, contain structural subunits
which may be regarded as spatially well sep-
arated chains of V ions. As a consequence of
their ionic configuration, the latter carry a spin
S = 1. The overall structural configuration
implies that these spin chains are only weakly
coupled and hence the system may be expected
to exhibit a ground state with a well devel-
oped gap in the spin excitation spectrum, as
predicted by Haldane. However, each of the
four possible compounds orders antiferromag-
netically at temperatures of the order of 20 K,
as revealed by results of measurements of the
magnetic susceptibility x(T) and NMR prob-
ing either “Li or 2*Na nuclei between 4 and
300 K. The analysis of the situation of weakly
interacting S = 1 chains involved a modi-
fied random phase approximation which takes
into account the results of quantum Monte
Carlo (QMC) calculations. In this way, the ra-
tio J,/] as a function of Ty / Tyax, where Ty
denotes the temperature of the susceptibility
maximum, was obtained from theory. The cal-
culation implies that the Haldane-type ground
state is adopted only if ], /] < 0.02. For all the
investigated compounds, J,/], as determined
by the experimental values of Ty and Tyuax,
turned out to exceed the critical value men-
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Figure 6: J,/] as a function of Ty / Tyax, resulting
from the modified RPA approximation. The value
of T/ Timax for the AVX,O4 compounds are indi-
cated. The dashed line represents J,/J(Tn/Tinax)
for weakly interacting spin S = 1/2 chains.
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tioned above (Fig. 6). A comparison of x(T)
as calculated with QMC techniques with ex-
perimental data indicated that a more realistic
treatment of the situation would require the in-
clusion of a an additional term in the Hamil-
tonian which describes the single-ion magnetic
anisotropy. This would also be a natural choice
for explaining the formation of a gap in the ex-
citation spectrum of the ordered phase (not to
be confused with the Haldane gap) that is re-
vealed by the temperature dependencies of the
NMR spin-lattice relaxation rates below T ob-
tained in Ott’s group [22, 23, 24] and [122].

e) Optical properties of KCuf3 The pervoskite
KCuF;3 is presumably one of the best realiza-
tions of an ideal 1D antiferromagnetic Heisen-
berg chain. This effective magnetic dimension-
ality is a direct consequence of the orbital or-
dering in this compound, which leads to strong
antiferromagnetic exchange | = 190 K within
the chain (along the c-axis) and a weak fer-
romagnetic coupling ] = 0.01 - | between
the chains, which is responsible for the 3D-
antiferromagnetic ordering at the Néel temper-
ature Ty = 39 K.

Recent results of resonant X-ray scattering
studies had shown a considerable change in
the orbital ordering parameter at a tempera-
ture of 43 K, close to but well distinguish-
able from the antiferromagnetic ordering at the
Néel temperature Ty = 39 K. Using opti-
cal spectroscopy van der Marel’s group could
identify the local orbital excitations which be-
come observable due to their coupling to lat-
tice vibrations, thus forming a vibronic state
that allows for the appearance of electric dipole
transitions. These local d — d transitions rep-
resent a sensitive means to probe change in
the local symmetry and, hence, should reflect

Figure 7: Optical spectra of KCuF;.
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the reported changes in orbital ordering. In-
deed, upon cooling below 43 K the emergence
of very sharp optical absorption features re-
lated to these local orbital excitations was ob-
served (Fig. 7). The appearance of these tran-
sitions evidences a symmetry breaking at T =
43 K, which makes these excitation optically al-
lowed. This structural change can be seen as
a precursor for the antiferromagnetic ordering
that locks in at 39 K and might be a generic fea-
ture of orbitally ordered antiferromagnetic sys-
tems, as indicated by similar changes in the or-
bital order parameter in manganite system like
LaMnOj or Lag 5511 sMnQy.

f) Entanglement and quantum spin dynamics on
the square lattice of Cu(DCOO),-4D,0 An in-
triguing example of coexistence of magnetic or-
der and excitations of a purely quantum na-
ture was found in Cu(DCOOQO),-4D,0O (CFTD),
which is an excellent realization of one of
the central quantum many-body Hamiltoni-
ans, namely the S = 1/2 Heisenberg an-
tiferromagnet on a square lattice. In addi-
tion to fundamental theoretical interest, this
model describes the undoped parent com-
pounds of the high temperature superconduc-
tors. The polarized and unpolarized neutron
studies by Rennow and collaborators [25] of
the transverse (one-magnon) and longitudinal
(two-magnon) spin dynamics show that long-
wavelength excited states are well-described
by classical spin-wave theory. However, at
short wavelengths, a dramatic quantum effect
was discovered, centered on the (7r, 0) point
(Fig. 8). Comparisons with numerical stud-

Figure 8: (a) Classically expected spin-wave dis-
persion surface of the 2D Heisenberg antiferromag-
net. (b) Constant energy slices (shaded plane in (a))
through the measured excitation spectrum. (c)-(d)
Energy cuts at the high-symmetry positions on the
Brillouin zone boundary, revealing a 50% reduction
of spectral weight at the special (,0) point.
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ies, which fit the short-wavelength anomalies,
and analytical theories, which are in qualita-
tive agreement, indicate that although the sys-
tem displays classical order, singlet correla-
tions play a key role in the short wavelength
physics. This would imply an experimental ob-
servation of the resonating valence bonds that
a group of leading theorist argue responsible
for high-temperature superconductivity.

2 Spectroscopy of heavy Fermion and

mixed-valence 4f-electron systems

The present understanding of heavy Fermion
systems, inter-metallic compounds containing
ions with partially filled f-shells, is based on
the lattice version of the Kondo or Ander-
son model. The complexity incorporated in
these apparently simple models is reflected in
the large body of different low-energy physics
encountered in the numerous known com-
pounds. Within MaNEP this area has mainly
been tackled by spectroscopic methods, such
as NMR and NQR in Ott’s group to ex-
plore unusual cooperative magnetic proper-
ties. A deeper understanding of the Kondo
physics in such materials can be obtained from
the newly developed hard-X-ray photoemis-
sion spectroscopy (HAXPES) and from high-
resolution X-ray absorption spectroscopy pur-
sued by Grioni and collaborators. Moreover,
we report here also on developments with res-
onant inelastic X-ray scattering (RIXS) on the
charge transfer insulator NiO as it is in method
and aim related. Several of the reported stud-
ies have only become possible due to the exten-
sive development of measurement techniques
at high-pressure and low-temperature within
the MaNEP activity.

2.1 Low-temperature magnetic properties of
PrCus

The Van Vleck paramagnet PrCus is character-
ized by a cooperative Jahn-Teller transition at
7.6 K, induced by the interaction between the
Pr3* quadrupole moments [123]. The energies
of the 4f-electrons singlets split by the crystal
electric field are shifted at the transition and the
structure changes from orthorhombic to mono-
clinic [124]. Consistent with the persisting Van
Vleck-type paramagnetism, no anomaly is ob-
served in the magnetic susceptibility down to
2 K[125, 126].

An antiferromagnetic order of the Pr magnetic
moments was claimed to be indicated by a
recent muon-spin-resonance (#SR) experiment
[127]. Since this result is quite unexpected, Ott
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Figure 9: Left: ®*Cu NQR frequency (a) and line-
width (b), as extracted from the NQR spectra and
spin. Right: spin lattice (c) and spin-spin (d) ®3Cu
NQOR relaxation rates.

and collaborators decided to check it by means
of NMR/NQR measurements [26].

The measured powder Cu-NMR spectra ob-
tained between 300 K and 10 K show no
anomaly around 65 K, contrary to expectations
triggered by the uSR result. Because of the
complexity of the NMR spectra, it was not pos-
sible to extract all the microscopic parameters
characterizing the electric field gradient and
the hyperfine coupling. Therefore NQR mea-
surements were carried out in the range be-
tween 4 and 300 K. Also these data show no
signature of a magnetic order at 65 K. Neither
the NOR frequency (Fig. 9a) nor the NOR line-
width (Fig. 9b) show any feature at 65 K. It is
expected that the onset of an internal magnetic
field would induce a shift of the line position
or at least cause a broadening. Magnetic or-
der is also expected to result in a freezing of the
nuclear spin dynamics, contrary to what is ob-
served in the spin-lattice (Fig. 9c) and spin-spin
(Fig.9d) relaxation rates, which are strongly en-
hanced below 80-60 K.

On the basis of the obtained data and of an
ab initio calculation of the electronic structure
of PrCuy, [26], Ott and coworkers suggest an
explanation of the observed discrepancy be-
tween NMR/NQR and #SR. The interpretation
is that slow electronic spin fluctuations on the
time-scale of 1 us are present in PrCu, and are
averaged to zero in NMR/NQR experiments,
whereas they are strongly enhanced by the im-
planted muon and detected as a static internal
field in pSR.

2.2 Pressure induced variation of the ground
state of CeAls

Since 1975, CeAl; is known as the prototype
compound of a heavy electron system with
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Figure 10: %’ AI-NMR spectra at various pressures
recorded at low temperatures.

a strongly enhanced effective charge carrier
mass [128]. Although the material has been
investigated with many techniques, measure-
ments probing microscopic properties under
pressure have not been made so far. Previ-
ous microscopic investigations were done at
ambient pressure and suggested an inhomoge-
neous ground state made up of two different
phases [129, 130]; one of them exhibiting quasi
static magnetic correlations, leading to a distri-
bution of local magnetic fields at the Al sites,
and a second, paramagnetic phase. The recent
27 AI-NMR study under pressure done in Ott’s
group and at very low temperatures, done un-
der very demanding experimental conditions,
provided evidence that CeAl; is driven away
from a magnetic instability by the application
of pressure [27, 28].

In Fig. 10, 2 AI-NMR spectra at various pres-
sures recorded at low temperatures are shown.
At ambient pressure, these results confirm the
quoted earlier measurements, where a broad
background signal was observed in the NMR
spectrum, reflecting the magnetically corre-
lated phase. The superimposed narrower line
was interpreted to originate from nuclei in
the paramagnetic phase. From the raw data
recorded under pressure it is evident that dra-
matic changes are induced already by modest
pressures of approximately 1 kbar. The NMR
spectrum narrows considerably and can be re-
produced by simulations of 2/ AI-NMR spectra
showing that the ground state is homogenous
for pressures exceeding 1.25 kbar.

In addition, the spin lattice relaxation rate
(SLRR) was measured for pressures exceeding
1.25 kbar. Most obvious is the significant re-
duction of (T;T)"'(T) with increasing pres-
sure by almost 2 orders of magnitude in the
covered pressure range. This signals a dimin-
ishing density of electronic states at the Fermi
energy and is in qualitative agreement with the
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pressure induced reduction of the Knight shift
components that results from the analysis of
the 27 AI-NMR spectra. Below 1 K, the tem-
perature variation of (T;T)~'(T) is weak for
non zero pressures. Considering the spectra
in Fig. 10 and the T, !(T) data, it may be con-
cluded that the pressure-induced single phase
does not order magnetically above 50 mK.

In CeAl;, the inhomogeneous ground state
is quenched by the application of moderate
pressures. The so-called correlated phase, re-
flected in the broad part of the low-pressure Al-
NMR spectra, vanishes upon increasing exter-
nal pressure between 0.42 and 1.25 kbar. The
remaining phase is modified in the sense that,
with increasing pressure, D(Ef) is consider-
ably reduced, as reflected in the SLRR and in
the Knight shift. This is consistent with the
pressure dependence of macroscopic quanti-
ties such as the specific heat or the electrical re-
sistivity. The observations imply that the inho-
mogeneous ground state at ambient pressure is
indeed an intrinsic property of CeAl; and that
the broad line, previously attributed to a mag-
netically correlated phase, is not simply an ar-
tifact.

2.3 Tuning the antiferromagnetic transition in
Ceszln

The heavy electron system CePdyIn is known
to order antiferromagnetically below 1.23 K
[131,132]. In magnetically ordering heavy elec-
tron compounds, this transition is usually the
result of a competition between Kondo screen-
ing and RKKY coupling including both the lo-
calized Ce®" 4f electrons and the conduction
electrons. Changing the lattice parameters is
expected to change also the balance between
those two interactions and therefore influence
the antiferromagnetic transition. In Fig. 11,
NOR spectra recorded at p = 7.5 kbar are
shown. From the splitting of the resonance
line below Ty and also from the analysis of
SLRR, it is evident that the transition temper-
ature is enhanced by the application of ex-
ternal pressure [29]. It is concluded that the
antiferromagnetically ordered ground state is
not quenched by the application of pressure,
at least not in the available pressure range of
0 < p < 14.6 kbar. While the Doniach Kondo
necklace model would predict a reduction of
Ty with increasing pressure, CePdyIn is not
the only compound with an opposite behavior.
The increase of the Néel temperature Ty with
increasing pressure signals a gain of strength
of the RKKY interaction (which favors the anti-
ferromagnetic order) with respect to the Kondo



MaNEP

M Av 60 mK
—_
b N%%%%%m 1K
(0]
= . e LISK
é 00Doo DODOOO
8 5 0 12K
N
b 000000 5 . , V%%WM, gﬂmﬂ\%’v\?gw{(w
z I 12K
o
E 135K
2 .
o LS
o
L 15K
=
=
s 17K
B
: ooooo 3 K
o
0000000000000 K|
8K
T T T T T
30.5 31.0 31.5 32.0 32.5
Veor (MHz)

Figure 11: 5In NQR spectra recorded at p =
7.5 kbar for various temperatures.

screening in this pressure range. Inspecting
the NOQR spectra and the spin lattice relaxation
rate, Ott and collaborators concluded that the
arrangement of the moments in the magnet-
ically ordered phase is not affected by these
pressures.

2.4 HAXPES and RIXS of strongly correlated
electron systems

a) Hard X-ray photoemission Conventional
photoemission (PES) and ARPES in the UV
or soft X-ray range are intrinsically surface-
sensitive probes, due to the short photoelectron
escape depth (2-10 A). While this is a valu-
able feature in surface science studies, prob-
lems may arise when comparing photoemis-
sion and bulk-sensitive transport or thermo-
dynamic probes, especially in strongly corre-
lated materials. This limitation can be par-
tially overcome by increasing the excitation en-
ergy, since the escape depth of the photoelec-
trons increases with their kinetic energy. Prob-
ing depths of 50-100 Afor valence band states
can be achieved with photons of 6-10 keV, but
extremely bright X-ray sources are required to
compensate the dramatic reduction of the pho-
toemission cross section compared to the UV
experiments. Grioni’s group has performed
hard X-ray photoemission (HAXPES) measure-
ments of metallic Yb-based intermediate va-
lence compounds, with the dedicated VolPE
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Figure 12: a) HAXPES spectra of the Kondo system
YbInCuy at two temperatures. The dashed line is the
spectrum of LulnCu4 after removal of an atomic-like
4f doublet. The Yb 4f spectral function at 20 K, ob-
tained by subtracting the LulnCuy, signal is shown
in b).

spectrometer at beamline ID16 of the ESRF
(Grenoble). An interpretation of UV photoe-
mission data in these strongly correlated ma-
terials is notoriously problematic because the
strength of the interactions is heavily renormal-
ized at the surface. The HAXPES data, which
are not contaminated by an overlapping sur-
face signal, yield a direct view of the 4f states
in these systems, and enable a more reliable de-
termination of the relative weight of the Yb3*
and Yb?* configurations in the mixed ground
state (Fig. 12) [30]. The spectra clearly re-
veal the characteristic many-body Kondo reso-
nance and its spin-orbit satellite near the Fermi
level. Moreover, a comparison of the sister Lu-
substituted compounds, with a core-like filled
4f shell, yields an accurate determination of
the bulk Yb 4f spectral function. These re-
sults are important because they unambigu-
ously demonstrate that spectral weight is pro-
gressively transferred with increasing temper-
ature from the Kondo resonance to the Yb%*
manifold. This provides a clear spectroscopic
confirmation of the thermal depopulation of
the singlet ground state occurring over the
Kondo temperature scale, predicted by the An-
derson impurity model [133].

b) High-resolution XAS under pressure Truly
bulk-sensitive spectroscopic information can
be obtained in photon in — photon out measure-
ments, namely by X-ray absorption (XAS) in
the fluorescence detection mode, and resonant
X-ray scattering (RIXS). Due to their resonant
character, these spectroscopical techniques
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Figure 13:  Experimental (dots) and calculated
(solid lines) PFY-XAS spectra of metallic Yb at vari-
ous pressures. The shaded areas under the 10 GPa
and 20 GPa curves are the calculated Yb(2+) and
Yb(3+) contributions.

provide both chemically and orbitally selective
information. The large (1000-10000 A) pen-
etration depth of the hard X-ray photons is
compatible with experiments under pressure
in specially designed diamond cells. Grioni’s
group has utilized Yb Lz 2p — 5d) absorp-
tion spectroscopy to determine the pressure de-
pendence of the Yb valence in metallic Yb [31].
Yb is divalent (4f1) at ambient conditions, but
pressure is known to favor the smaller Yb**
(413 ion. This partial delocalization of the 4f
states is reflected in changes of the unoccupied
conduction band, which is probed by XAS. In
the experiment, the large spectral broadening
(several eV’s) of conventional XAS, a conse-
quence of the short lifetime of the deep Yb 2p
core hole, was effectively removed by select-
ing a well-defined radiative channel (the 3d —
2p La emission) in the high-resolution partial
fluorescence yield (PFY) mode. The dramatic
change of the measured XAS line shape, which
evolves with pressure towards that of an inter-
mediate valence compound, illustrates the pro-
gressive increase of the Yb valence with pres-
sure, from 2 to 2.55 at 20 Gpa (Fig. 13). These
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changes can be reproduced by a theory based
on pressure-dependent first-principle supercell
calculations of the density of states within the
Falicov-Kimball model, including a complete
solution of the dynamical screening of the Yb
core hole.

c) Resonant inelastic X-ray scattering Reso-
nant inelastic X-ray scattering (RIXS), also
known as resonant X-ray Raman spectroscopy,
is a second-order optical process where the res-
onant excitation of a core state is followed by
a radiative decay. RIXS has the typical chemi-
cal selectivity of a core spectroscopy, with two
distinct advantages: i) its energy resolution is
not intrinsically limited by lifetime broaden-
ing effects, and ii) the final states are not re-
stricted to those accessible via dipole transi-
tions as in XAS. RIXS is therefore a powerful
probe of neutral single-particle and collective
excitations in solids. Grioni’s group, in col-
laboration with a group from Milano, has per-
formed a benchmark high-resolution RIXS ex-
periment on NiO, a prototypical strongly cor-
related material [32]. The measurements were
performed through the Ni My3 Bp — 34d;
hv = 67 eV) absorption edge, at beam line
SIS of the Swiss Light Source (SLS). With an
experimental resolution AE = 130 meV sev-
eral low-energy losses could be identified in
the RIXS spectra. They are assigned to the ex-
cited states of the Ni d® configuration in an
octahedral environment, for a crystal field pa-
rameter 10 Dq = 1 eV, in agreement with in-
dependent estimates. A closer analysis shows
that these spectral features are actually split
by the interatomic exchange in antiferromag-
netic NiO. A line shape analysis allows the ex-
change energy to be estimated at 125415 meV,
in agreement with measurements of the spin
wave dispersion by neutrons. The shallowest
excitations, at that energy scale, are masked
by the prominent elastic peak in the M; 3 edge
data, but not in high-resolution Ni L3 3p —
3d) spectra, measured more recently by Gri-
oni and collaborators at the dedicated soft X-
ray RIXS spectrometer ADRESS of the SLS
(Fig. 14). The new data give the first di-
rect evidence by RIXS of the dispersion of the
magnon losses. These results confirm that RIXS
in the soft X-ray domain yields momentum-
dependent bulk-sensitive information on the
electronic structure of strongly correlated ma-
terials, including insulators, complementary to
ARPES, optics, and neutrons.
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Figure 14: (Top) High-resolution RIXS spectra at
two excitation energies through the Ni M, 3 absorp-
tion edge. The energy splitting of the 3 Tp¢ state in-
duced by the exchange field is highlighted in the in-
set. The crystal field excited states can be easily as-
signed by comparison with the Tanabe-Sugano dia-
gram (bottom).

3 Magnetic metals and metamagnetic tran-
sitions

In this subproject, several spectroscopic and
theoretical studies on the magnetic behavior
and the influence of magnetism on transport
properties in metals have been performed. Ma-
terials of special interest here include systems
showing giant magnetoresistance effects such
as (Eu,Ca)Bg studied in Degiorgi’s and Ott’s
teams and compounds like FeSi or FeSb, and
their relatives investigated by van der Marel
and coworkers, which as narrow-gap semicon-
ductors may be close to magnetic instabilities
leading to metal-insulator transition. More-
over the nature of the low-temperature phases
associated with metamagnetic transitions, as
observed in the ruthenate bilayer compound
Sr3Rup Oy, are studied theoretically by Rice,
Sigrist and collaborators. A motivation for
some of these studies lies naturally in the possi-
ble applications of magnetoresistance effects as
well as the close connection with spintronics.
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3.1 Magneto-optical investigations
magneto-resistive materials

of giant

Because of the potential technological applica-
tions, materials exhibiting colossal magnetore-
sistive (CMR) effects are of high current inter-
est in solid state physics. Europium hexaboride
(EuBg) and the well known manganites (dis-
cussed in the section on transition metal ox-
ides), for which the onset of ferromagnetism
is accompanied by a dramatic reduction of the
electrical resistivity, are primary examples, that
have intensively been studied.

a) Euy_yCayBs The team of Degiorgi and Ott
has first concentrated on the series of cubic
Eu;_,CayBg, which displays interesting corre-
lations between magnetic, transport and opti-
cal properties. The high temperature electronic
transport of EuBg, a ferromagnet (FM) below
Tc ~ 12 K, relies on a small effective elec-
tron density. The magnetic properties are dom-
inated by the half-filled 4f shell of divalent Eu,
which accounts for the measured magnetic mo-
ment of 7up per formula-unit. The strong cou-
pling of transport properties to the magneti-
zation was revealed by measurements of the
magneto-optical properties, which unveiled a
substantial blue shift of the plasma edge in
the optical reflectivity with decreasing temper-
ature and increasing magnetic field. These
remarkable results correlate with the precipi-
tous drop in the dc resistivity just below T¢,
and the large negative magnetoresistance ob-
served near T¢. The intimate relation between
magnetization and electronic conductivity also
emerged from experiments on the Eu;_,CayBg
series. The Ca-substitution leads to significant
changes of the magnetic and electronic proper-
ties. The FM transition temperature decreases
with increasing Ca content and stochiometric
CaBg exhibits no magnetic order.

A theoretical approach to explain the behavior
of EuBg, as well as offering specific predictions
for the electronic properties of the Eu;_,CayBg
series, is based on a double-exchange scenario.
This scenario may be regarded as an effective
theory for the Kondo lattice problem in the
limit of a very small number of carriers. The re-
duced itinerant carrier concentration places the
Fermi level near a magnetization dependent
mobility edge, which emerges in the spectral
density because of the disordered spin back-
ground and/or Ca-doping. A FM metal to in-
sulator crossover is expected as a function of
the position of the Fermi level with respect to
the mobility edge, which can be tuned by the
Ca-content [33].

The goal of this work was to present and ana-
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Figure 15: Dependence of the Curie temperature,
Tc, on Ca-doping, compared to ASWDrude ; gy TOT
the change of the spectral weight in the Drude com-
ponent, normalized by the total spectral weight (at
0 or 7 T) encountered in 01(w) up to about 1 eV.
The dashed lines for Tc(x) above x ~ 0.7 schemati-
cally define the interval of T and Ca-content, where
a cluster spin glass phase was established.

lyze the measured magneto-optical data of the
Euy_,CayBg series. Replacing Eu by Ca has
direct consequences on the electrodynamic re-
sponse. It influences the distribution of the
spectral weight between the metallic (Drude)
component and excitations at non-zero en-
ergy in the absorption spectrum for differ-
ent Ca-contents at different temperatures and
magnetic fields. Fig. 15 displays the varia-
tion of the normalized Drude spectral weight
(i.e. ASWPrude ;GWTOT) 55 a function of x, in
comparison with the variation of T¢ for the
Euy_,Ca,Bg series. The ranges on the verti-
cal axes were chosen such that Tc(x = 0) co-
incides with the renormalized changes of the
Drude spectral weight, inserting SWTCT for
either 0 or 7 T. For both values of SWTOT,
Degiorgi and collaborators obtain the same
type of variation with x. ASWP"# decreases
sharply between x = 0 and 0.3, reaching
zero at approximately 50% Ca-content. The x-
dependence of ASWP"4 reveals the reduction
of the maximum of itinerant charge carriers
with increasing x in Eu;_,Ca,Bs, previously
indicated by results of resistivity Hall effect
and optical response measurements. The be-
havior of ASWP4de / SWTOT () mimics indeed
the crossover from a metallic ferromagnet (for
x < 0.4) to a ferromagnetic Anderson insulator
for higher Ca concentration. These magneto-
optical investigations on the Eu;_ ,Ca,Bg series
provide therefore support for the phase dia-
gram that emerges from the double-exchange
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model predictions.

b) EulnpP, Degiorgi’'s and Ott's groups
have extended their study to the compound
EulnyP;, which belongs to the broad class
of materials known as Zintl compounds.
The Zintl concept for the formation of
compensated-valence inter-metallic com-
pounds is based on a complete charge transfer
from an alkali or alkaline-earth element to
a post-transition element of the groups 13
(IITA) or 15 (VA) in the periodic table. The
concept was later extended to synthesize
more complicated inter-metallic compounds
with new types of structures and a variety
of physical properties, such as magnetic
order and superconductivity. =~ Concerning
magnetism, Zintl-phase compounds with
rare-earth elements as one of the regular con-
stituents were investigated. For EulnyP;, the
magnetic order involves the local moments of
the partially occupied Eu 4f-electron orbitals
and is thought to be induced by common
exchange interactions. In the latter case,
the onset of magnetic order is accompanied
by a considerable reduction of the electrical
resistance in the ordered state and related
magnetoresistance effects upon the application
of external magnetic fields. In view of similar
observations in previous studies of materials,
such as the perovskites LVO3; (L=La, Lu and
Y), EuO and EuBg, and the discovery of giant
magneto-optical effects, at least in EuBg (see
above), it seemed of interest to probe the
optical properties of Euln,P; in a wide spectral
range and, in addition, their variation with
temperature and external magnetic field [34].

Fig. 16 displays the measured reflectivity R(w)
as a function of temperature (panel (a)), and
as a function of magnetic field at 10 and 30
K (panels (b) and (c)), respectively. The main
panels of Fig. 16 emphasize the far-infrared
(FIR) range, where the temperature and mag-
netic field dependences are significant. Above
50 K, the magnetic field dependence is neg-
ligible. The inset of Fig. 16a displays R(w)
across the entire measured spectral range at
room temperature. It exhibits a metallic com-
ponent with a plasma edge at very low fre-
quencies (w < 250 cm 1), a strong infrared ac-
tive phonon mode, peaking at 270 cm~! with
a shoulder on its high frequency tail, a broad
excitation centered at 600 cm~! and several ab-
sorptions above 1000 cm~!. The strong ab-
sorption centered at 600 cm~! bears a strik-
ing similarity with what has been often ob-
served in heavy-electron or Kondo materials
and was ascribed to excitations across the hy-
bridization gap (HG). For each combination
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Figure 16: Reflectivity spectra R(w) of Eulny P, in
the infrared spectral range as a function of temper-
ature at B = 0 T (a). Panels (b) and (c) show R(w)
at 10 and 30 K, and in magnetic fields between 0 T
and 7 T, respectively. The inset in panel (a) displays
R(w) at 300 K in the whole measured spectral range
(logarithmic energy scale).

of temperature and magnetic field the high-
frequency parts of all spectra merge. Remark-
able is the extremely low plasma edge which
suggests that Euln,P; is a system with a low
itinerant charge-carrier density. The reflectiv-
ity is significantly influenced by magnetic field
(Fig. 16b and 16¢), much less, however, by tem-
perature (Fig. 16a).

The decomposition of the optical properties
into their characteristic components (i.e. metal-
lic component, HG, phonon and interband
transitions) also provides the basis for dis-
cussing the distribution of the spectral weight
(5) in the absorption spectrum. The spectra
were described within the phenomenological
Lorentz-Drude approach, ascribing the Drude
term to the metallic component and a selection
of Lorentz harmonic oscillators (HO) to the fi-
nite frequency excitations. Fig. 17 shows the
spectral weight distribution for some of these
components as a function of magnetic field at
selected temperatures. Included are the effec-
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Figure 17: Magnetic field dependence of the
spectral weight distribution S at (a) 10, (b) 30
and (c) 50 K in the effective metallic component
(Setantic=w} (Drude)+wy (150 cm™')), the lattice
phonon mode (Sphonon:w%,(270 cm*1)+w%(310
cm™')) and the hybridization gap feature
(Spybr.=w5(600 cm™!)+w3 (590 cm™1)). Wy s
the squared plasma frequency and mode strength
for the Drude term and HO at the resonance
frequency given in the brackets, respectively.

tive metallic component, i.e. the Drude term
plus its high frequency tail described by the
HO at 150 cm !, the phonon signal at 270 cm !
together with its high frequency shoulder at
310 cm~! and the broad absorption peaking at
600 cm~!. The most significant result of the
spectral weight analysis presented in Fig. 17 is
the remarkable gain of spectral weight of the
effective metallic component (i.e. for frequen-
cies w < 200 cm~!) and the HG feature cen-
tered at about 600 cm~!. It is particularly pro-
nounced at 30 K and even more so at 10 K
(Fig. 17a and 17b). The renormalized density
of states is significantly enhanced both at low
temperatures and in high magnetic fields and
is due to the increasing hybridization between
the localized 4f states and the itinerant states of
the d bands. This immediately leads to an en-
hancement of the transition probability, across
the HG, i.e. a gain of the mode strength. The
enhancements of the metallic component and
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HG excitation tend to saturate in high mag-
netic fields at all temperatures. This satura-
tion is actually expected because of the fully
ordered magnetic state in high fields. The spec-
tral weight for all components of o;(w) re-
mains almost constant at any fields above 50 K
(Fig. 17¢), confirming the direct experimental
observation that at these temperatures, there
is nearly no magnetic field dependence in the
R(w) spectra. In order to satisfy the optical
sum rule, the gain of spectral weight of the
low energy excitations of Euln,P, below 30 K
is accounted for by an equivalent loss of sig-
nal at high energies, possibly above 1 eV. The
transfer of weight from energies even higher
than the experimentally covered spectral range
seems to be a common feature of highly corre-
lated systems.

The non-negligible enhancement of spectral
weight in 0j(w) into the low-energy metal-
lic component with increasing magnetic field
implies a release of additional charge carriers
upon spin polarizing the material. Therefore,
Euln,P, shares common features with other
CMR compounds. In interpreting the data on
EulnyP;, similarly to the Eu;_,CayBg series
(see above), again the recently developed con-
cepts based on the double-exchange scenario is
favored, which, although by no means unique,
catches some of the experimental findings.

3.2 Condon domains at metamagnetic transition

Recently the metamagnetism in correlated
metallic systems, especially the example of the
bilayer Sr3Ru,O7, have been studied mainly in
the context of unusual quantum phase transi-
tion and quantum critical behavior [134]. It has
been noticed that the metamagnetic transition
can be associated with a quantum critical end
point. Interestingly, a novel low-temperature
phase has been observed in high-quality sam-
ples, whose nature has not been identified yet
[135]. Motivated by this finding, Binz, Braun,
Rice and Sigrist discuss the possible occur-
rence of Condon domains around the metam-
agnetic transition as possible explanation for
this new phase [35]. The conditions for Con-
don domains could be realized at very low
temperatures, if the metamagnetic transition
constitutes a discontinuous, first-order, transi-
tion. Demagnetization effects due to the long-
ranged dipole forces would then favor the for-
mation of magnetic domains, so-called Con-
don domains. There are various structures of
these domains, most simple the lattice of bub-
bles and stripes whose stability depends on
the applied field strength. Such domain struc-
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tures would have an influence on the trans-
port properties as observed in the experiments
[35]. The experimental relevance of this pro-
posal is still under debate. Experimentally the
unusual low-temperature phase at the metam-
agnetic transition is insensitive to the sample
geometry so that the Condon domain scenario
is most likely not a consistent explanation. On
the other hand, Condon domains are inevitable
for samples with strong demagnetization ef-
fects and should be observable. This is the first
theoretical study of this effect for a metamag-
netic transition.

3.3 Optical study of FeSi,
Fe;_yCo,Si

MnSi, FeGe and

Future technologies based on the idea that the
spin of a charge carrier can be controlled are
commonly referred to as spintronics. Efforts to
produce materials for spintronics have mostly
focused on thin film III-V semiconductors al-
loyed with manganese. Another route to mag-
netic semiconductors relies on carrier doping
into narrow band, strongly correlated insula-
tors. Transition metal monosilicides display in
interesting and potentially useful combination
of magnetism and semiconducting properties.
Bulk single crystals can be grown by standard
techniques. FeSi is a paramagnetic semicon-
ductor, which owes its strong paramagnetism
to electron-correlation effects. The isostruc-
tural and iso-electronic compounds FeGe is
metallic at all temperatures and becomes heli-
magnetic below room temperature. It has been
argued by Anisimov et al., that the difference
in electronic structure between FeSi and FeGe
consists of a relative shift of the majority and
minority spin bands for the latter material, re-
sult confirmed by ab initio cluster calculations.
Also the alloy Fe;_,Co,Si and the pure com-
pound MnSi order helimagnetically at temper-
atures of typically 50 K or below.

The group of van der Marel has observed the
evolution of a low-energy (0.22 eV) interband
transition in FeGe, and a clear signature of a
Drude-like free carrier with a strongly temper-
ature dependent scattering rate, like in MnSi
(Fig. 18). However a large finite conductivity
remains below the interband transition which
appears to be the high-energy tail of the free
carrier response, due to the coupling to bosonic
degrees of freedom, which are most likely spin
fluctuations in the present case. The frequency
dependent effective mass and scattering rate
derived from the optical data indicate the for-
mation of dressed quasiparticles with a mass
renormalization factor of 5. Similar to FeSi, the
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Figure 18: Optical conductivity of MnSi, FeSi and
FeGe. When the temperature is lowered, spectral
weight is removed below 1000 cm~! in FeSi and
FeGe. This graph shows that this spectral weight is
not recovered up to at least 0.5 eV.

spectral weight in FeGe is not recovered over
a broad frequency range, an effect usually at-
tributed to the influence of the on-site Coulomb
interaction.

Partial Co substitution for Fe produces a spin-
polarized doped semiconductor. The spin-
polarization causes suppression of the metallic
reflectivity and increased scattering of charge
carriers, in contrast to what happens in other
magnetic semiconductors, where magnetic or-
der reduces the scattering. The loss of metallic-
ity continues progressively even into the fully
polarized state, and entails as much as a 25%
reduction in average mean-free path. The ob-
served effect can be attributed to a deepening
of the potential wells presented by the ran-
domly distributed Co atoms to the majority
spin carriers. This mechanism inverts the se-
quence of steps for dealing with disorder and
interactions from that in the classic Al'tshuler
Aronov approach — where disorder amplifies
the Coulomb interaction between carriers —
in that here, the Coulomb interaction leads to
spin polarization which in turn amplifies the
disorder-induced scattering.

In a further step, van der Marel and collabora-
tors have measured core-level absorption spec-
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tra at the 2p — 3d edge of MnSi, FeSi and CoSi.
From a comparison with theoretical calcula-
tions taking into account the local 3d calcula-
tions (multiplet theory) and standard LDA cal-
culations, one learns that the valence fluctua-
tions are suppressed by a factor of 2.5 due to
the intra-atomic Coulomb repulsion between
electrons occupying the 3d states of the tran-
sition metal atoms. The electron-electron inter-
actions therefore appear to influence the elec-
tronic structure of this material quite strongly,
but not strongly enough to suppress com-
pletely the valence fluctuations of the ground
state. This implies that the magnetism in this
material is intermediate between the two ex-
tremes of itinerant bands and local moments.

3.4 Field-induced transition in narrow-gap semi-
conductors

In a study by Rice and Sigrist with Anisimov’s
group, the magnetic properties of FeSb, have
been analyzed based on band structure calcu-
lations (LDA), which show that this compound
is a narrow-gap semiconductor and, thus, com-
pletely looses magnetism at low temperatures,
analogous to FeSi. The calculations using aug-
mented local density approximation (LDA+U)
reveal, however, that for large enough onsite
repulsion U (> 2.6 eV) this material could be-
come a ferromagnetic metal with a moment of
1up per Fe [36]. Since experimentally the sys-
tem is non-magnetic, such a transition could, in
principle, be induced by an external magnetic
field through a level crossing transition be-
tween the non-magnetic semiconducting and
the ferromagnetic metallic state. Such a field-
induced transition would obviously constitute
a strong magnetoresistance effect. These prop-
erties are similar to the earlier findings on FeSi
— FeGe with the former being a narrow-gap
semiconductor and the latter a ferromagnetic
metal.

4 Cold atoms in optical lattices

Cooling atoms to the nanoKelvin regime al-
lows for the realization and study of new
phase transitions and their associated phases,
with an interesting synergy emerging between
the fields of quantum atom optics and con-
densed matter physics. Topics of current in-
terest are the study of the superfluid to Mott-
insulator quantum phase transition appearing
in cold bosonic systems subject to an optical
lattice, the striving for the realization of a BCS-
type condensate in a fermionic system and its
crossover to a BEC condensation of bosonic
molecules, the investigation of effects due to
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disorder and reduced dimensionality (dimen-
sional crossover) and the proposal and imple-
mentation of novel quantum phases belonging
to new universality classes and associated tran-
sitions. As these systems are more difficult
to probe, also novel measurement techniques
have to be invented. Within MaNEP so far
this is exclusively a theoretical activity by the
groups of Blatter, Giamarchi and Troyer.

4.1 Superfluid-Mott insulator transition

In the past, Blatter and collaborators have
studied the instability towards the Mott insu-
lator appearing in one-dimensional confined
Bose gases [37], the appearance of a supersolid
phase in two-dimensional fermion-boson mix-
tures [38], the instability towards phase sepa-
ration [39], and the implementation of a ring-
exchange term with quantum optical means
leading to a lattice gauge theory [40]. In their
most recent work, they study the bosonic Mott-
insulator to superfluid quantum phase transi-
tion in an optical lattice [41, 42].

a) Excitations in the Bose-Hubbard model
Bosonic atoms subject to an optical lattice
are accurately described by the Bose-Hubbard
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Figure 19: Mean-field phase diagram of the Bose-
Hubbard model with disconnected incompressible
Mott-insulating phases (grey shaded areas at small
hopping t; density is pinned at integer values ng),
and a connected superfluid phase. The lines sy
mark the second-order quantum phase transition
separating these phases. The commensurate fill-
ing in the Mott Iobes is exported into the super-
fluid along the lines Sy, (bent downward) where
particle-hole symmetry is preserved. A truncation
scheme is used in order to discuss one lobe at a time.
Black dots mark the positions where the spectra of
Fig. 20 have been evaluated. The chemical potential
difference 6y is measured away from the lobe mid-
pointatt = 0.
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Hamiltonian [136]

Hpy = —t ) afa; + = 3 onf —ou) mi (31)
i i

— 2

(i)
with aj the bosonic creation operator for a
Wannier state at site i, n; = a:»rai the num-
ber operator, and én; = n; — ny the devia-

tions of the particle number from a mean fill-
ing ny. Depending on the value of the nearest
neighbor hopping amplitude ¢, the on-site in-
teraction U, and the chemical potential Jy, the
Bose-Hubbard model exhibits a superfluid or
an insulating (with ny € IN particles per site)
ground state, separated by a quantum phase
transition (Fig. 19). The phase diagram has
been investigated on a mean-field level, using
perturbation theory, and via numerical quan-
tum Monte Carlo methods.

The present study concentrates on dynami-
cal properties of the Bose-Hubbard model in
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Figure 20: Panels (a)-(d) show spectra for different
points in the ny = 1 lobe of the phase diagram 19
(energies measured in units of U). Results refer to
2D with dispersion along ky. Panels (a) and (c) re-
fer to the Mott phase, with the full line correspond-
ing to the particle branch and the dashed line to the
hole branch. (a) t = t./3; black lines display dis-
persions on the line Sy, gray lines correspond to
éu = 0.2U; change in chemical potential produces
a shift in the spectra. (c)t = 0.9t. and oy = Opp,;
note the reduction in the gaps Apy) as compared to
(a). Panels (b) and (d) refer to the superfluid phase
with sound- and massive modes given by dashed
and dash-dotted lines, respectively. (b)t = 1.5t.;
black and gray lines refer to the chemical potentials
Oy = Opny and ou = 0.2U. (d) t = 1.2t. closer to the
transition and with 6y = Syy,. Panel (e) gives the
gap values Ap, A, A and the sound velocity vs for
t € [0,2tc] and 8y = Sy, and oy = 0.2U. The value
t = 0.719t. corresponds to the phase boundary for
op =02U.
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the limit of strong interactions. In particu-
lar, the interest lies in finding the spectra and
eigenstates in the Mott-insulating as well as
in the superfluid phase close by. Weakly in-
teracting theories such as the Gross-Pitaevskii
equation or the Bogoliubov theory cannot cap-
ture the physics close to localization. On the
other hand, strong coupling perturbation ap-
proaches are often incapable to correctly de-
scribe the broken U(1)-symmetry phase. A
Hilbert-space truncation-technique due to Alt-
man et al. [137] was used to derive an ef-
fective Hamiltonian H.g for the excitations.
The results of such a calculation are shown
in Fig. 20: the Mott-insulator phase is charac-
terized by two gapped modes (Fig. 20(a) and
(c)), while the strongly correlated superfluid
nearby exhibits one gapped (Higgs) and one
sound (Goldstone) mode (Fig. 20(b) and (d)).
Fig. 20(e) traces the evolution of the gaps and
the sound velocity with increasing value of the
hopping parameter .

b) Low energy field theories The Bose-
Hubbard model generates two effective
low-energy field theories for the complex
order-parameter field ¢ (Fig. 21) For weak
interaction U7 < t, the length scale is set by
the healing length {gp = av/'t/Un > a, and
one arrives at the Galilean-invariant Gross-
Pitaevskii theory (non-linear Schrodinger
equation; 7 is the mean filling per site)
Lep() = ¢ hdcy + Ungp| V> + Ulp|*/2.
The effective Galilean invariance ensures that
at zero temperature there is only one sound
(Goldstone) mode, but no amplitude mode
independent of first sound.

Quite remarkably, close to the superfluid-
insulator transition at U ~ tii, the combined
action of the lattice and the interaction leads to
a Lorentz-invariant critical theory (non-linear
Klein-Gordon equation) [138]. The diverging

% Quantum phase model
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Figure 21:  Schematic overview of models de-

scribing the superfluid phase of lattice bosons. For
small (dimensionless) interactions u = U/2tiz <
1/7?, the Bose-Hubbard model is well approxi-
mated by the continuum Gross-Pitaevskii action
Sgp(y). Close to the critical interaction u ~ u, = 2,
the dynamics is described by the Klein-Gordon type
theory Sppou(). For u > 1/72, the Bose-Hubbard
model is equivalent to the quantum phase model.
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the (commensurate) superfluid—Mott-insulator
transition at u = U/2tniz = 2 allows
for a description in terms of a continuum
Lorentz-invariant critical theory Lyon(¢) =
[hdcp|?/tz + tz(ue — u) [GRonl VII* — [91%] +
U|y|*/2, with z = 2d the coordination num-
ber and | = 2ti1. As a consequence, this the-
ory admits the possibility of independent am-
plitude (Higgs) and phase (Goldstone) modes.
The emergent (Higgs) mode involves a collec-
tive oscillation of the amplitude || of the or-
der parameter with a frequency that vanishes
at the transition. Such oscillation of the order
parameter is accompanied by a local change in
the non-condensed fraction, leaving the local
density unchanged. Furthermore, this mode is
independent of the usual sound mode; this can
be understood from the fact that the order pa-
rameter vanishes towards the transition while
the density remains constant.

¢) Quantum phase model The question of how
the Higgs mode emerges upon increasing the
interaction U should be addressed within a mi-
croscopic theory that explicitly accounts for the
interplay between interactions and the lattice,
as is done by the quantum phase model

N A u
Aoy = — }_ cos(§i — ) + 5 _0A7 (32)
(i) i

with the Josephson coupling | = 2t1, a suitable
approximation of the Bose-Hubbard model for
large filling 7. Here, the conjugate operators
¢; and 67, [§;,67j] = ihdyj, describe the local
phase and deviation from mean filling, respec-
tively.

For analysis of the quantum phase model a
dynamical variational approach [139] was ap-
plied, which accounts for both phase and am-
plitude degrees of freedom and allows to cap-
ture the low-energy physics of a depleted
condensate near the Mott-insulator transition.
Blatter and coworkers have derived the static
properties in a mean-field approach and have
identified the insulator-superfluid transition.
The extension of the formalism to include dy-
namical features within a Gaussian approxi-
mation provides the excitations [42]. These
then have been used to determine the kinetic
response function amenable to experimental
tests [140].

d) Comparison with experiments While cold
atoms in optical lattices excel in their tuneabil-
ity, they do suffer from a limited number of
tools available for their characterization. In
fact, so far only two experimental techniques
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Figure 22: The response function to the lattice mod-
ulation SX"(w) within the quadratic theory for dif-
ferent values of the interaction strength u in two di-
mensions. The dark gray peak relates to the absorp-
tion of a single amplitude mode at hw = A, (for
illustrational purposes the delta-peak a finite width
is given). The area in faint gray corresponds to the
two-phonon continuum excited at energies below
twice the phonon bandwidth hw < 2Wy (the loga-
rithmic divergence is a density-of-states effect pecu-
liar to two dimensions). Both absorption probabili-
ties scale as u at small u.

are being used to determine the dynamical
properties of cold atoms in an optical lattice,
Bragg spectroscopy described by the dynamic
structure factor

S(qw) =Y |(1]8p—q|0)|* 6(w — wno) (3.3)

with dpq the density-fluctuation operator (the
sum runs over all eigenstates |n)), and lat-
tice modulation [140] involving the kinetic re-
sponse function

Sth@ =1

n

(T 0] (e — o) (34

with Ty = Y j) ) a:raj the hopping operator
along the direction (x). In their work, Huber
et al. [41] have determined both response func-
tions using the truncation technique, where in-
teresting interference effects in the lattice mod-
ulation experiments were found. The result for
the kinetic response function calculated within
the quantum rotor model is shown in Fig. 22.
It was found that both amplitude and sound
modes contribute to the response. While ex-
periments have provided evidence for the pres-
ence of such a mode [141], their spectral resolu-

tion does not yet allow for its detailed analysis.

4.2 Low-dimensional systems and dimensional
crossover

a) Low dimensional structures and Luttinger lig-
uids Cold atomic gases allow to realize one-
dimensional structures for bosons or fermions
and, thus, to probe the associated physics of
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Luttinger liquids. Several experiments have
already addressed these properties for single-
component bosonic systems. Giamarchi and
coworkers have investigated what happens
for two component bosonic systems, which
mimic separate excitations for the “charge”
and “spin” leading to the physics of spin-
charge separation in one dimension. Since
for bosons the preferred exchange is ferromag-
netic, regimes that would not be available for
fermionic systems can be explored here. In ad-
dition, on a practical side, bosons are well con-
trolled in current experiments allowing for a
good test of the computed properties.

First the interaction between the two species of
bosons is tuned to provide dominant antiferro-
magnetic exchanges. Then the two-component
system of bosons lead to a “standard” Lut-
tinger liquid with “spin” and “charge” exci-
tations. Simulations using a time-dependent
density matrix renormalization group (DRMG)
procedure showed that with realistic parame-
ters this system would offer an excellent probe
for the property of spin-charge separation [43,
44]. This is specially appealing since spin-
charge separation is extremely hard to probe in
condensed matter systems [142]. Moreover, the
spectral function was computed finding very
good agreement between the numerics and an-
alytical calculations [45].

The case when the interactions provide domi-
nant ferromagnetic exchange (such as isotropic
interactions) leads to a radically new physics.
The one-dimensional system is not a Luttinger
liquid anymore [46], but belongs to a new
universality class, which is a remarkable fact
in one dimension, analogous to finding non
Fermi-liquid behavior in higher dimensions.
Giamarchi and coworkers computed the corre-
lation functions of such a system and show in
Fig. 23 the spin-spin correlation function. Spin
excitations are much more localized than in a
Luttinger liquid and posses at short time a sub-
diffusive behavior where the spin excitation
diffuses in space x as x> ~ log(t), thus very
slowly with time t. This phase is also related
to several other situations such as the case of
an impurity in a Luttinger liquid or Caldeira-
Leggett models. This study is only at the be-
ginning and will be continued.

Finally, up to very recently in cold atomic
gases, phases with non-local interactions could
not be explored. However the experimental
progress in the realization of quantum degen-
erate atomic and molecular gases with domi-
nating dipole-dipole interactions have shown
the potential to bridge that gap. The possi-
ble quantum phases of a dipolar bosonic gas
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Figure 23: Spin correlation function for a ferromag-
netic two component Bose gas. The system is in a
new universality class compared to a Luttinger lig-
uid. In particular the spin excitations are strongly lo-
calized while they would propagate with a constant
velocity in a Luttinger liquid.

in a planar array of one-dimensional homoge-
neous tubes was investigated using bosoniza-
tion methods [47]. An external field is ap-
plied to align the dipoles. The different tubes
are coupled by the presence of the dipolar in-
teraction. A ‘sliding Luttinger liquid phase’
(SLL) was found, a phase that was proposed
in the context of high-T. systems in condensed
matter. This phase is novel in a bosonic sys-
tem. The surprising feature of the SLL is that
even though the system is two dimensional,
the main characteristic of one-dimensional sys-
tems, as algebraically decaying correlations,
survive. Furthermore a charge density ordered
phase occurs, which can be either a stripe
phase or a checkerboard ordering depending
on the dipole direction. Giamarchi and collabo-
rators proposed how these phases can be mea-
sured in quantum gases.

b) Coupled low dimensional structures and decon-
finement transition A system made of weakly
coupled one dimensional bosonic tubes real-
ized in the Esslinger group [143] allows to
study a dimensional crossover between the
one-dimensional (Luttinger liquid) and the
three-dimensional physics. This dimensional
crossover — or when the chains are in a Mott
state, deconfinement transition — is relevant
to systems in condensed matter such as the or-
ganic conductors [48].

Motivated by these experiments, Giamarchi
and collaborators studied coupled one-
dimensional tubes both for bosons [49] and
fermions [50, 51]. For bosons, the phase dia-
gram was determined, as shown in Fig. 24. The
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Figure 24: Phase diagram of coupled bosonic tubes
as a function of the repulsion y between the bosons
and of the inter-tube hopping |. K is the Luttinger
parameter inside each tube. There is a deconfine-
ment transition between a 1D Mott insulating phase
and an anisotropic 3D superfluid.

phase boundary depends crucially on the Lut-
tinger properties of the individual tubes. This
description, which correctly incorporate the
interactions, goes beyond the Gross-Pitaevskii
description of an anisotropic superfluid, valid
only for weak interactions. In particular it
was found that, as a consequence of the inter-
actions, a massive amplitude mode exists in
the 3D superfluid in addition to the standard
massless Goldstone mode characteristics of
phase fluctuations [49].

Cazallila, Ho and Giamarchi and collaborators
have analyzed the phase diagram of coupled
chains of fermions, both for standard Hubbard
chains and for chains where the two species
of fermions (two spins or isospins) have dif-
ferent hoppings. This system presents differ-
ent phases than the standard Hubbard model.
In particular the second case leads to the open-
ing of a spin gap [50] and single-particle hop-
ping between the tubes is suppressed, when
the tubes are weakly coupled, leading to a
spin-triplet superconducting ground state, for
purely repulsive local interactions [51].

Finally, Cazalilla et al. investigated the case
of two dimensional pancakes of bosons, cou-
pled by Josephson hopping [52]. Experimen-
tally a system of two parallel harmonically
trapped 2D (pancakes) cold gases of Rb was re-
alized in the ENS group to probe the physics of
the Berezinsky-Kosterlitz-Thouless (BKT) tran-
sition for decoupled pancakes and the even
richer phenomena beyond the BKT physics
when the Josephson coupling was turned on.
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This allows to control the competition between
the phase coherence among the pancakes and
the thermally excited vortices in each planes,
leading to the so-called deconfinement transi-
tion. The effect of coupling is observable, for
example, in a change of the universal expo-
nents at the transition, and the superfluid frac-
tion experiences a jump in the crossover. The
techniques developed in this study had a di-
rect application also for the layered supercon-
ductors described in Project 2.

4.3 Probes for cold atomic gases

Despite the high degree of tuneability and con-
trol offered by cold quantum gases, they are
difficult to probe. This makes the identifica-
tion of exotic quantum phases extremely in-
volved and generates the demand for new de-
tection techniques. Giamarchi and coworkers
have thus focused on two aspects of this ques-
tion in this year’s project: (1) they analyzed in
depth one of the technique (shaking technique)
that was used by the Zurich group to probe
the transition between a superfluid and a Mott
insulator; (2) they proposed a new technique,
analogous to the STM in condensed matter, to
be able to make local probing in cold atomic
systems.

An experimental technique to probe the excita-
tion spectrum in a gas of bosonic atoms relies
on the driving of the system by periodic mod-
ulations of the optical lattice potential. There
was considerable debate on what is exactly
probed by this technique. A linear response
analysis of the response to such a modulation
has been performed [53]. To go beyond such
a linear response analysis (the experiment uses
a very large modulation) and to include addi-
tional effects such as the parabolic confinement
potential, Kollath et al. used a novel DMRG
technique dealing also with non-equilibrium
effects. Treating in this way the full time evolu-
tion of the excited atomic gas leads to the inter-
pretation of the experimental observations [54].
It was shown, in particular, that the presence of
a peak at an energy 2U in the absorption spec-
trum (U local interaction) is a direct measure
of the degree of incommensurability in the sys-
tem.

Giamarchi’s group has applied the same anal-
ysis for the shaking of a fermionic system
[55]. Here it was shown that the absorp-
tion peaks give a remarkably accurate measure
of the interaction U, which is difficult to ob-
tain otherwise. Moreover an excellent correla-
tion between the absorption peak weight and
the degree of antiferromagnetic correlation was
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Figure 25: Cold Atom Tunneling microscope (CAT),
using an ion in a magnetic trap to probe for local
properties in an optical lattice.

found, which is useful in analyzing the connec-
tion with the Hubbard model.

The probe discussed above, as all the ex-
isting ones, are essentially probing homoge-
neously the atomic gas. Because trapped cold
atomic systems are inherently inhomogeneous,
involving spatially separated phases, a local
probe would be highly desirable. Giamarchi
and coworkers [56] proposed a novel experi-
mental setup, similar to the scanning tunnel-
ing microscope (STM) in condensed matter, to
locally probe cold atomic gases. This probe re-
lies on the coherent coupling of a single parti-
cle to the atomic system, as depicted in Fig. 25.
Depending on the measurement sequence, ei-
ther the local density, with a resolution on the
nanometer scale, or the single particle corre-
lation function in real time can be observed.
The realization of such a probe will open the
possibilities to investigate locally the proper-
ties of exotic quantum phases. In this work,
Giamarchi and collaborators showed how the
various possible phases for a two-dimensional
Hubbard system of fermions in an optical lat-
tice could be identified.

4.4  Coupled double well superlattices

The generation of states with long-distance en-
tanglement is crucial for many applications in
quantum communication. A method is pro-
posed for a robust and well-controlled gen-
eration of such states through the dynam-
ics of cold bosonic atoms loaded on a dou-
ble well superlattice. Such systems have al-
ready been realized by the group of Immanuel
Bloch in Mainz. The scheme by Giamarchi and
coworkers iteratively swaps the entanglement
between pairs of atoms by controlling the tun-
neling between the double wells. In the limit of
deep wells and large on-site repulsion one can
describe the system by a Heisenberg chain with
(ferromagnetic) time-dependent exchange con-
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stants J1(f), Jo(t). For a well-chosen time de-
pendence (a periodic interchange of the two
coupling constants) long-range entanglement
can be dynamically generated starting with an
initial product state of nearest-neighbor spin
triplets (or singlets) [144].

In the case of homogeneous couplings (J; =
J» = constant), the many-body dynamics can
lead to the formation of states of mixed cor-
relations, in which antiferromagnetic short-
distance correlations are mixed with ferromag-
netic correlations at longer distances [144].
This state is also characterized by a high degree
of multi-particle entanglement.

4.5 Numerical simulations of cold atomic gases

The goal of the computational approach to
cold atoms is to provide access to quantities
which can often not be measured directly in
experiment and to develop computational ap-
proaches on the ab initio level.

a) Fermions Troyer and coworkers have in-
troduced the notion of adiabatic quantum sim-
ulation and shown that it is technologically
feasible to check whether the ground state of
the two-dimensional Hubbard model is a d-
wave resonating valence bond (RVB) state [57].
This approach solves the problem posed by
the very hot temperatures of about T/Epr =~
0.3 in current experiments, which were deter-
mined using a thermometry method proposed
by Troyer and collaborators [58]. The behav-
ior of fermions trapped in a three-dimensional
optical lattice was calculated, when they are
swept across the Feshbach resonance. By solv-
ing the fermion problem on lattices of similar
size to the experiments, a quantitative expla-
nation of the experiments could be given [145]
also by using this to measure the temperature
of fermionic gases.

b) Bosons Inbosonic models, Troyer’s group
can do full ab initio simulations of systems of
sizes comparable to experiments. In a one-
dimensional simulation, they investigated the
occurrence of a quasi-condensate at finite tem-
peratures in a trap and showed that it sur-
vives up to the strong interaction limit [59].
In two dimensions, they have studied the ef-
fect of the trap shape (quadratic or quartic) on
the sharpness of the crossover from a super-
fluid to a Mott insulator in optical lattice ex-
periments with bosons [60]. By calculating the
entropy in a trapped Bose gas, they can calcu-
late the temperature change when they adia-
batically change the repulsion between bosons
in optical lattices. These results show that there
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is minimal heating across the Mott transition,
and substantial heating only sets in deep inside
the Mott phase [61].

c) Bose-Fermi mixtures Troyer and coworkers
also focused their research efforts on the phase
diagram of Boson-Fermion mixtures on optical
lattices. This model is a prototypical bridge be-
tween condensed matter physics and quantum
optics, since it shows how cold atomic gases
can be used to realize variants of standard con-
densed matter models. In quantum Monte
Carlo simulations they have determined the
rich ground state phase diagram of the one-
dimensional version of the model. They have
determined the phase diagram at double half
filling [62] and studied effects of the confining
trap on the formation of superfluid and Mott
regions [63, 64].

d) Universal behavior of resonant fermions The
connection between the BCS theory of su-
perconductivity with pairing in momentum
space and the Bose-Einstein condensation
(BEC) of bosonic “molecules” consisting of
two fermions tightly bound in real space is a
long-standing problem. While this BEC-BCS
crossover is not a phase transition, there is
a universal behavior at the resonance point
at which the energy of a bound pair of two
fermions is in resonance with the bottom of the
band of unbound fermions. In the dilute limit,
all properties at this point are universal in units
of the reduced temperature T/Er where Ef is
the Fermi energy. Using large-scale quantum
Monte Carlo simulations, Troyer and collabo-
rators could determine the value of the univer-
sal properties including the universal critical
temperature at this point [65, 66].

5 Charge density wave systems

Charge density wave (CDW) systems have
recently attracted renewed interest, since in
many cases the mechanism leading to this or-
dered phase is not clear. The Peierls mecha-
nism relying on Fermi surface nesting is indeed
often not compatible with the electronic struc-
ture found in the studied materials. Thus the
question arises whether in some systems alter-
native mechanisms are at work, such as the re-
alization of an excitonic insulator state mediat-
ing lattice distortions, as suggested below for
1T-TiSe;. A further intriguing aspect lies in the
discovery of superconductivity near the quan-
tum critical point of the CDW state under pres-
sure or through intercalation in systems such
as 1T-TiSe, and 1T-TiS;. These studies were
performed in the groups of Aebi, Degiorgi and

Research m———



meesssssss———— Project 1

Forré. Optical measurements were carried out
by van der Marel and coworkers on another
class of CDW systems with complex phase di-
agrams, the RsIrySiyg.

5.1 Infrared study of the charge-density-wave

rare-earth polychalcogenides RTe,

Following Peierls’ idea, Fermi surface nesting
is a most favorable condition to realize a CDW
instability which leads to the opening of an
energy gap at the Fermi level, i.e. quasi-1D
metals are among the best candidates. Several
families of materials, including the transition-
metal di- and trichalcogenides, the molybde-
num and tungsten oxides, such as the blue and
purple bronzes, and the organic charge transfer
salts, have been studied intensively over sev-
eral decades.

In recent years the rare-earth polychalcogenide
RTe, (R stands for rare earth, and n= 2, 2.5
and 3) systems have attracted a great deal of
interest, due to their intrinsic low dimension-
ality. These materials are also characterized
by a layered structure, consisting of corrugated
rare-earth-chalcogen slabs alternated with pla-
nar chalcogen square lattices (i.e. single layer
for di- and double layer for tri-tellurides).
The interest in these systems has recently also
been promoted by the astonishing discovery
of a pressure induced superconducting state in
CeTe; below 2.7 K which is competing with the
CDW phase (Tcpw well above 300 K) and with
magnetic order (T ~ 4.3 K).

Degiorgi and coworkers have investigated the
RTe; and RTe; series by optical means. Op-
tical spectroscopic methods have been gen-
erally proven to be a powerful experimental
tool in order to address the relevant absorp-
tion features associated with the CDW ground
state. Their first optical reflectivity data on
RTe; (R=La, Ce, Nd, Sm, Gd, Tb and Dy), col-
lected over an extremely broad spectral range,
provide information on both the Drude com-
ponent and the single-particle peak, ascribed
to the contributions due to the free charge car-
riers and to the excitation across the CDW
gap, respectively. They have then measured
the pressure dependence of the optical reflec-
tivity on CeTez at 300 K (ie. in the CDW
state). Upon increasing the externally applied
pressure, the excitation due to the CDW gap
decreases, analogous to the observation when
the lattice was compressed by substituting rare
earth ions with a large ionic radius by ones
with small one. Furthermore, the metallic
(Drude) weight was found to be moderately
enhanced with chemical pressure (i.e. along
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Figure 26: Optical reflectivity R(w) of Ry Tes with
R= Nd, Sm and Gd at 300 K. Thin lines are the
Lorentz-Drude fit. The arrow points out the deple-
tion at about 4000 cm™.

the rare earth series). Similar behaviors were
discovered in the RTe; series, as well. These
results demonstrate that chemical and applied
pressure similarly affect the electronic proper-
ties and equivalently govern the onset of the
CDW state in RTe, and RTes. The reduction
of the effect that the CDW condensate has on
the states at the Fermi surface through the
shrinking lattice constant is most likely a con-
sequence of a quenching of the nesting condi-
tions, driven by the modification of the elec-
tronic structure because of the lattice compres-
sion.

In comparison to RTe, and RTej, little is known
about the R;Tes family of compounds. Their
orthorhombic crystal structure is intermediate
between that of RTe, and RTes, comprising al-
ternating single and double Te planes sand-
wiched between RTe corrugated block layers.
The existence of this class of compounds raises
the question of whether separate modulation
wave vectors might exist on the single and
double Te planes, respectively, and, if so, how
these wave vectors might interact or compete
with each other.

Fig. 26 displays the optical reflectivity R(w)
spectra for the RyTes (R=Nd, Sm and Gd) com-
pounds at 300 K. The spectra turn out to be
temperature independent between 10 and 300
K. Two features are clearly evident: the over-
all metallic behavior with a plasma edge on-
set at about 1.7 x 10* em™!, and a broad ab-
sorption, overlapped to the plasma edge and
peaked around 5000 cm~!. This latter absorp-
tion leads to a more or less pronounced de-
pletion in R(w) (arrow in Fig. 26), bearing
striking similarities with previous data on RTe;
and RTe,. By applying the phenomenological
Lorentz-Drude approach Degiorgi and collabo-
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rators extract from the absorption spectrum of
the rare-earth polychalcogenide R,Tes (R=Nd,
Sm and Gd) compounds the excitation energy
of the CDW gap and estimate the fraction ® of
the Fermi surface which remains ungapped by
the formation of the CDW condensate (Fig. 27).
In analogy to previous findings on the related
RTe, (n=2 and 3) families, they establish the
progressive closing of the CDW gap (Fig. 27a)
and the moderate enhancement of the metallic
component upon chemically compressing the
lattice. The decrease of the CDW gap upon
compressing the lattice thus generalizes the
concepts already developed for the RTe, and
RTe; series. Such a suppression of the CDW
gap signals indeed a reduction in the quality
of nesting upon applying pressure, therefore
inducing a lesser impact of the CDW conden-
sate on the electronic properties, and leads to
a release of additional charge carriers, mani-
fested by the shift of weight from the gap fea-
ture into the metallic component of the optical
response. Therefore, the fraction @ of the un-
gapped Fermi surface (Fig. 27b) is enhanced by
reducing the lattice constant.
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5.2 Transition metal dichalcogenides

From a vast class of transition metal dichalco-
genide (TMC) compounds, 1T-TaS, and 1T-
TiSe, — which share a 1T polytype stacking be-
tween the adjacent layers, and therefore have
the smallest unit cell compared to the 2H or the
4H polytype systems — have been chosen for
investigation. Despite their structural simplic-
ity both compounds show a rich abundance of
phases.

a) IT-TaS, Even at ambient external condi-
tions the quasi-two-dimensional material 17-
TaS, features a highly complex phase dia-
gram, with a commensurate CDW phase, ac-
companied simultaneously by a Mott localiza-
tion at low temperatures to an incommensurate
CDW phase and eventually a metallic phase
at high temperatures. The Mott localization
melts through a nearly commensurate CDW
phase at intermediate temperatures and dis-
plays an intriguing thermal hysteresis, which
hints at an additional hidden nearly commen-
surate CDW phase. Forr6 and coworkers have
applied pressure and traced the evolution of
the commensurate charge density wave phase
through a vast range of pressures 0-25 GPa.
The commensurate CDW phase and conse-
quently the Mott localization collapse at a pres-
sure of about 1 GPa, followed by the establish-
ment of a mixed nearly commensurate CDW
phase consisting of CDW domains and metal-
lic stripe-like features. Amazingly, a super-
conducting state emerges at low temperatures,
with a maximum superconducting transition
temperature of 6 K, as soon as at the CDW
phase is suppressed. Even more perplexing
is the fact that the superconductivity persists
through the entire pressure range 1-25 GPa
with apparently little variation in the transition
temperature. Forré and collaborators suggest
that the superconductivity arises in the nearly
commensurate phase and that the Cooper pair-
ing mechanism may be related to the proxim-
ity of the metallic stripe-like modulations to
the CDW domains in that phase. The phase
diagram was constructed from resistivity mea-
surements under pressure (Fig. 28) and is sum-
marized in Fig. 29. High temperature and high
pressure studies are essential to determine the
nature and the dominant scattering mechanism
in this system once it becomes metallic above
8 GPa.

In a collaboration of the groups of Aebi
and Forr6, the temperature dependence of
the electronic structure of 1T-TaS, has also
been analyzed by ARPES. Density func-
tional theory was used to calculate and com-
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Figure 28: The resistivity in the pressure range 0-
25 GPa and temperature range 1.3-300 K.

pare the imaginary part of the static elec-
tronic susceptibility characterizing the nesting
strength. While nesting appears to play a
role in the high-temperature phase, the ARPES
line shapes reveal peculiar spectral properties
which are not consistent with the standard
two-dimensional Peierls scenario for the for-
mation of a CDW. The temperature depen-
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Figure 29: Pressure temperature phase diagram of
1T-TaS,: the Mott localization and the commensu-
rate CDW phase melt at 0.8 GPa, the lattice struc-
ture for these both phases is composed of interlock-
ing David star-like deformations. The nearly com-
mensurate CDW phase extends over the pressure
range 1-7 GPa and may be visualized as roughly
hexagonal domains suspended in an inter-domain
phase, where the inter-domain phase forms stripes.
The pressure shrinks the domains. From the nearly
commensurate CDW state the first signatures of su-
perconductivity appear and remain roughly at 5 K
throughout the entire pressure range 3-25 GPa. In
the pressure range 8-25 GPa the system may be de-
scribed as a fluid of mobile David stars interspersed
in a metallic matrix.
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dence of these anomalous spectral features
suggests a lattice-distortion enhanced electron-
phonon interaction [67].

b) Evidence for an excitonic insulator phase in
IT-TiSe;  TiSep has intrigued scientists for a
long time due to the mystery around the ori-
gin of a CDW at low temperature. Now strong
evidence has been found for the realization of
an exotic ground state, the excitonic insula-
tor phase [146]. TiSe; has an electronic struc-
ture near the Fermi energy comparable to that
of a semimetal, as its valence and conduction
bands are slightly overlapping through an in-
direct gap. In the case of the excitonic insu-
lator phase, the Coulomb interaction, weakly
screened due to the low free carrier density, is
strong enough to bind together an electron in
the conduction band and a hole in the valence
band, forming excitons (Fig. 30). Once tem-
perature decreases, a scenario similar to BCS
superconductivity starts to work, as illustrated
schematically in Fig. 30. Since the valence and
the conduction bands are indirectly overlap-
ping, the energy to create excitons is nega-
tive. Thus they will form spontaneously and
then condense into a macroscopic state. Due to
the mixed nature of excitons, this state induces
a new periodicity in the system characterized
naturally by the distance between the valence
and the conduction bands. In other words, ex-
citon condensation leads the system towards a
CDW phase with a purely electronic origin.

High-resolution angle-resolved photoemission
experiments on 1T-TiSe; by Aebi and collabo-

Figure 30: Schematic picture of the CDW phase
transition in the excitonic insulator phase model.
At high temperature (a), the electronic structure of
TiSey near the Fermi energy consists of a valence and
a conduction bands which overlap slightly and in-
directly. At low temperature (b), excitons, consist-
ing of holes in the valence band and electrons in
the conduction band, condensate in a macroscopic
quantum state, leading to the CDW phase.



MaNEP

rators in both its normal phase at room tem-
perature and its low-temperature CDW phase
have been carried out [68]. At low temperature
the photoemission spectra are strongly modi-
fied, with large band renormalizations at high-
symmetry points of the Brillouin zone and a
very large transfer of spectral weight to back-
folded bands. A calculation of the spectral
function for an excitonic insulator phase re-
produces the experimental features with very
good agreement. This gives strong evidence
in favor of the excitonic insulator scenario as
a driving force for the CDW transition in 17-
TiSe; (Fig. 31).

The possibility of encountering here an ex-
otic mechanism for the CDW instability, the
realization of an excitonic insulator, puts 1T-
TiSe; on a special stage. This material shows
a commensurate 2 X 2 x 2 structural distor-
tion accompanying the CDW. Pressure sup-
presses this CDW, possibly by depleting the
excitonic condensate in the system. At a crit-
ical pressure of 2 GPa, when the CDW phase
is completely suppressed, Forré and cowork-
ers observe a narrow dome of superconduc-
tivity bracketed by a pressure range of 1.5-
3.5 GPa. The maximum superconducting tran-
sition temperature is 1.8 K. Preliminary mea-
surements in a magnetic field indicate a very
low critical field of the order of a few hun-

Figure 31: (Right) ARPES data taken at the X09LA
beamline of the SLS on 1T-TiSe; samples. At 250 K,
the system is in the normal phase, above the tran-
sition. At 65 K, it is in the CDW phase where one
clearly sees at the border of the Brillouin zone (the
so-called M point) replica of the bands originally sit-
uated in the center of the Brillouin zone (theT point).
(Left) Simulated intensity maps derived from the ex-
citonic insulator model, above and below the CDW
transition. Arrows mark the presence of weak spec-
tral weight. Note that the simulation only treats the
topmost of the three bands present at T in the exper-
iment.
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Figure 32: Optical conductivity of LusIrySiyg (left
panel). Right panel: Temperature dependence of
the integrated optical conductivity below the charge
density wave gap (from 0 to 0.3 eV, open circles), and
above the gap (0.3 to 3.7 eV, closed circles).

dred Gauss, which is in strong contrast with
the superconducting phase reached through
Cu intercalation (Cu,TiSep) [147]. Magneti-
zation measurements under pressure to study
the nature of the critical magnetic field are in
progress.

5.3 Optical properties of the RslrySijg — family

At ambient pressure LuslrsSiqg exhibits an in-
teresting interplay of a CDW occurring at
83 K with the superconducting state at 3.9 K.
ErslrySijg has two CDW transitions (T; =
150 K'and T, = 55 K) and a phase transition at
2.8 K from a paramagnetic to an antiferromag-
netic phase. The group of van der Marel stud-
ied the optical conductivity of a single crystal
of LuslrySijp along the two main crystal orien-
tations. The anisotropy of the electronic bands
in the optical conductivity shown in Fig. 32
is weak, indicating that this material has a 3-
dimensional Fermi surface. Below the transi-
tion temperature, a weak suppression of the
optical conductivity indicates the opening of a
gap on part of the Fermi surface, with a maxi-
mum value of 90 meV. The ratio 2A/kgTc = 12
for the gap maximum is much larger than the
prediction from weak coupling theory, which
points toward strong coupling. This interpreta-
tion is further supported by the fact that spec-
tral weight from below the gap region is found
to be recovered in the broad energy range up to
about 0.5 eV, i.e. far above the maximum gap
value.

6 Surface and interface properties

Interfaces between different materials can give
rise to interesting new phases through the re-
construction of electronic states and correlation
effects. Theoretical studies of the electronic
and transport properties at interfaces between
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a band- and a Mott insulator have been car-
ried out in Sigrist’s group. A further aspect
of interfaces and surfaces is the fact that inver-
sion symmetry is broken. The induced spin-
orbit coupling effect has Rashba-like structure
and leads to a spin splitting in the electronic
band structure as has been observed by means
of ARPES in the groups of Aebi and Grioni for
BiAg, and Mg-W-interfaces.

6.1 Electronic reconstruction and transport in ar-
tificially structured materials

Interfaces between materials with different
properties are of great interest in condensed
matter physics and applications, because they
provide the environment for novel electronic
phases not available in the bulk and have a
high potential for novel devices. This subject
has gained new momentum with the tremen-
dous progress in the fabrication of high-quality
heterostructures in recent years, especially us-
ing certain types of transition metal oxides,
e.g. LaTiO3 — SrTiO3 or LaAlO3; — SrTiO3 het-
erostructures [148, 149]. In this sense this dis-
cussion is also strongly connected with the
Project 5. Since it contains important funda-
mental aspects of electron correlation it will be
reported here.

Riiegg, Pilgram and Sigrist have studied as-
pects of strong electron correlations for a model
of a BI/MI/BI sandwich heterostructure where
Bl is a band insulator and MI can be tuned
from the simple metallic to the Mott insulating
regime by varying the on-site repulsion within
an extended Hubbard model [69]. The theoreti-
cal treatment of this continuous modification of
electronic properties poses a considerable chal-
lenge. Among the first to tackle this problem
were Okamoto and Millis who have used dy-
namical mean field theory (DMFT) to deal with
the correlation effects [150]. As an alternative
approach Ruegg et al. extended the Kotliar-
Ruckenstein slave-boson mean-field scheme to
the case of inhomogeneous systems. This al-
lows a rather efficient analysis of the electronic
properties over a wide range of on-site inter-
action strengths and geometrical parameters
of the sandwich structure. Correlation effects
manifest themselves in the marked separation
between the weakly (Hartree) and strongly
correlated (Mott) regimes, visible most spec-
tacularly in the behavior of the charge rear-
rangement and the optical conductivity, in-
dicating a correlation induced change in the
charge fluctuation behavior. In the limit of
strong interactions the coherent quasiparticles
are confined to the interface region and are
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responsible for the metallic behavior. Over-
all the strong renormalization effects of this
quasi-two-dimensional multi-band system can
be very well observed in this method, as long
as long range order (magnetism, superconduc-
tivity, ...) is ignored. The aspect of order is the
topic of future studies.

The complex and strongly renormalized band
structure of these heterostructures involves
both strongly dispersing and nearly localized
bands, a situation which may provide favor-
able conditions to enhance thermopower ef-
fects. Ruegg et al. analyze the low-temperature
electric and thermal transport properties in the
same type of heterostructure as above based on
the slave-boson approach. The transport quan-
tities are derived from the Boltzmann transport
equation in the relaxation time approximation.
It can be shown that the strong electron inter-
actions have a significant influence both on the
Drude weight (free carrier response) and on the
low-temperature thermoelectricity. The width
of the Mott-insulating material is identified as
the most important parameter, in particular,
this parameter allows to optimize the thermo-
electric powerfactor at low temperatures. This
study is still in progress.

6.2 Spin-split states at BiAgy-surfaces

The degeneracy of the spin states in a solid is
the result of the combined time-reversal and
inversion symmetries. When the former is
broken in a magnetic field, states of opposite
spin are separated in energy, a situation typi-
cally encountered in ferromagnets. However,
the spin degeneracy may also be lifted by the
spin-orbit interaction in a non-magnetic ma-
terial when inversion symmetry is broken ei-
ther in the bulk or at the surface (Rashba ef-
fect) [151]. The energy and momentum split-
tings are proportional to the atomic spin-orbit
interaction, and to the electric field at the sur-
face layer [152]. This effect has been experi-
mentally verified by ARPES for the nearly-free-
electron Shockley surface state at the Au(111)
surface [153], with a small characteristic en-
ergy splitting AE= 2 meV. The group of Grioni
has now demonstrated a much larger separa-
tion of the spin-orbit split bands in ordered sur-
face alloys formed by large-Z elements at the
Ag(111) surface. For a one-layer BiAg, alloy
a giant AE = 200 meV splitting was observed,
with a correspondingly large momentum offset
Ak = £0.13 A~ of the two sub-bands (Fig. 33)
[70]. The enhanced band separation has led
to the first observation by scanning tunneling
spectroscopy (STS) of a 1D-like divergence at
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Figure 33: a) Calculated energy dispersion for the
nearly-free-electron spin-orbit split bands. b) Con-
stant energy contours (E=-180 meV) of the two sub-
bands measured in the BiAg, alloy by ARPES.

the band edge in the electron density of states
[71]. The band separation and band filling
are reduced in the isostructural PbAg, alloy,
which is consistent with the lower valence of
Pb, and with the smaller atomic spin-orbit pa-
rameter. The experimental data are well repro-
duced by fully relativistic band structure cal-
culations, which underline the importance of
an in-plane component of the electric field as a
source of the large splitting (Fig. 33a). As an
extension of this work, spin-orbit split states
have now been realized on a Si(111) substrate,
by growing the BiAg, surface alloy on a silver
buffer layer. These results open the way to a
manipulation of the spin states by tuning the
surface chemical composition.

6.3 Rashba spin-splitting at the Mg-W-interface

Quantum well states are a consequence of con-
finement in a quantum cavity. In this study
Aebi and collaborators investigate with pho-
toemission the influence of the interface elec-
tronic structure on the quantum well state en-
ergy dispersion in ultra-thin Mg(0001) films
on W(110). Coupling between the sp-derived
quantum well states and the substrate across
the interface becomes manifest in deviations
from the free-electron-like dispersion behavior.
Most importantly, a marked level splitting was
observed, which is interpreted as due to the
Rashba effect at the interface. Such an inter-
facial electron beam splitting on materials with
strong spin-orbit coupling is an essential ingre-
dient for novel spintronic devices. The combi-
nation of a quantum cavity with a heavy, elec-
tron reflecting substrate reveals spin-splitting
effects in ultra-thin films without conventional
magnetism being involved. [72]
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7 Theory of exotic many body states and
quantum phase transitions

Strongly correlated many body systems pro-
vide an immense reservoir for unusual phases
and physical properties whose theoretical de-
scription represents a challenges on the ana-
lytical and the computational level. Here we
report on a series of theoretical studies of the
groups of Baeriswyl, Mila, Sigrist and Troyer.
They are devoted to the treatment of mod-
els, such as the Hubbard- and the t-] model
near the Mott-insulating state, and the discus-
sion of intriguing phases such as the super-
solids, valence bond solids and phases dis-
playing topological order. Moreover this sec-
tion also considers the discussion of quantum
phase transitions between different ground
states. These studies are in parts motivated by
the physics encountered in real materials such
as the cuprates and cobaltates. However, also
model related aspects are addresses as well as
issues being potentially relevant in the context
of quantum computation.

7.1 Competition between magnetism and super-
conductivity on the triangular lattice

Mila and collaborators have investigated the
phase diagram of the ¢-] model on a triangu-
lar lattice using a variational Monte Carlo ap-
proach [73]. They have used an extended set of
Gutzwiller projected fermionic trial wave func-
tions allowing for simultaneous magnetic and
superconducting order parameters. Upon elec-
tron doping (with a hopping integral t < 0),
this phase is surprisingly stable variationally
up to n = 1.4, while the dxz,yz + idyy or-
der parameter is rather weak and disappears
at n = 1.1. For hole doping, however, the
coplanar magnetic state is almost immediately
destroyed and d2_,» + idxy superconductivity
survives down to n = 0.8. For lower n, be-
tween 0.2 and 0.8, saturated ferromagnetism
occurs. Moreover, there is evidence for a nar-
row spin density wave phase around n = 0.8.
Commensurate flux phases were also consid-
ered, but these turned out not to be competi-
tive at finite doping. These results show that
the single-band t-] model is not sufficient to
explain the occurrence of superconductivity in
hydrated cobaltates.

7.2 Aspects of Mott-localization

The Hubbard model undergoes a (Mott) metal-
insulator transition as a function of the onsite
repulsion U at T = 0 and for n = 1 (half fill-
ing). In cases where this transition is not pre-
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ceded by the onset of antiferromagnetic long-
range order, for instance for the honeycomb lat-
tice [154, 155], the critical value U, separates
the regimes of delocalized and localized many-
electron states. This is explicitly confirmed by
variational studies in the group of Baeriswyl
using two types of wave functions, a (delocal-
ized) Gutzwiller ansatz for U < U, and its dual
wave function, a localized state for U > U,
[156].

Away from half filling, the Mott transition is
replaced by a crossover. An important phys-
ical quantity signaling this crossover is the
Drude weight D, which is expected to be pro-
portional to the number of electrons in the
delocalized (Fermi liquid) regime, but to the
number of holes (of the doped Mott insulator)
in the localized regime. This picture agrees
with exact (Bethe ansatz) calculations for the
one-dimensional Hubbard model, yielding a
crossover from a D ~ n behavior for small U
toa D ~ 1 —n behavior at large U. Starting
from U, = 0 for n = 1 Baersiwyl and collab-
orators find that the crossover value U.(n) in-
creases as n decreases. Thus doping the Hub-
bard model at a fixed value of U can lead from
an initial localized state at half filling to a de-
localized metallic state away from half filling.
A similar behavior is found for 1D spinless
fermions coupled by a nearest-neighbor repul-
sion. Baeriswyl, Eichenberger and Gut have
earlier suggested that such a crossover occurs
in layered cuprates, namely from a localized
underdoped phase to a delocalized overdoped
phase [74].

An alternative approach for describing this
crossover is, in terms of a dual pair of varia-
tional wave functions, one linked to the filled
Fermi sea, the other to the fully localized limit
for U — oo, in analogy to the approach used
for the Mott transition at half filling. Unfortu-
nately, this procedure is very challenging, es-
pecially in two dimensions, where the ground
state for U — oo is known only for very special
lattices, such as those with “cage symmetry”.

7.3 Ground states of the t-+ Hubbard chain

The t-t' Hubbard chain, defined by the Hamil-
tonian

_ t t
H= -t Z (Ci,vci+1,¢7 + Ci+1,¢rci,¢7>

i,0
/ t t
+ Z(Ci,(rci+2,(7 + Ci+2,aci,¢7)
i

+ U Z njq 1y | (3.5)
i
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(t > 0, ' > 0), represents a highly non-
trivial extension of the simple Hubbard model
(! = 0). This is due to the Fermi “surface”,
which changes from 2 Fermi points for t' < 0.5¢
to 4 Fermi points for # > 0.5¢, or from one-
chain to two-chain behavior. The group of
Baeriswyl investigated the phase diagram for
n = 1 (half filling) in the U-t' plane. For a
fixed value of U there are two transitions as
t' varies, a first transition from a region with
a charge gap, but no spin gap (the case of
the simple Hubbard chain) to a region with fi-
nite charge and spin gaps, and a second tran-
sition from the region with two gaps to one
with a finite spin, but no charge gap. This sec-
ond transition is an insulator-to-metal transi-
tion which had been previously described as
a dielectric catastrophe [75]. In a more re-
cent work Baeriswyl and coworkers have used
both analytical (bosonization) and numerical
(DMRG) techniques for describing the two
transitions and for characterizing the various
phases [76]. The gross features of the phase di-
agram are well described by the standard the-
ory of commensurate-incommensurate transi-
tions. For the transition line #,(U) separating
the metallic phase from the spin-gapped insu-
lator they have derived an explicit analytical
expression.

Using DMRG calculations a detailed numeri-
cal analysis of the excitation spectrum was per-
formed and the charge and spin density dis-
tributions in various sectors of the phase dia-
gram were calculated. In particular, the evolu-
tion of the charge and spin gap with increas-
ing next-nearest-neighbor hopping amplitude
t' was studied. Evidence for a spin gap was
found in the parameter range 0.5t < ' < t/, in
agreement with previous studies. It has been
shown here that the change in the topology
of Fermi surface at the insulator-metal transi-
tion is reflected in the appearance of incom-
mensurate modulations of the charge density.
Incommensurate spin-density distributions in
the triplet sector are always present in the
metallic phase, but can also appear indepen-
dently in the spin-gapped insulator due to frus-
tration.

For ' > t, Baeriswyl and collaborators have
argued that the insulator-metal transition can
be best understood starting from the limit of
two uncoupled chains. At small U, turning
on the zigzag coupling between the chains de-
stroys the commensurability present for a sin-
gle chain, and leads to a metallic phase. At
large U, the system is insulating and behaves
as two weakly coupled Heisenberg chains. The
obtained estimate shows that the insulator-
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metal transition in this regime occurs when the
shift in the Fermi energy is comparable to the
size of the charge gap in the isolated Hubbard
chain.

7.4 Valence-bond order in bisimplex lattices

Frustrated lattices show a large variety of
ground states, ordered and disordered. In
an extensive study, Indergand and collabora-
tors (Sigrist’group) have investigated ordered
phases which can occur in the Hubbard and
t-J-model as special fractional fillings on var-
ious bisimplex lattices, such as the kagome,
the pyrochlore and the checkerboard lattice
[77, 78]. It has been shown that a metal-
insulator transition can occur together with a
peculiar valence bond order which breaks in-
version symmetry. In order to provide ev-
idence for this type of ordered phase vari-
ous theoretical methods (plaquette perturba-
tion theory, Gutzwiller renormalization mean
field theory, exact diagonalization, DMRG and
CORE, N-patch weak-coupling renormaliza-
tion group theory for the kagome chain) have
been applied yielding a consistent support for
valence bond ordered phases if the electron
concentration corresponds to two electrons per
unit cell. For example on the kagome lattice the
valence-bond ordered state has stronger cor-
relations on one set of triangles (e.g. up tri-

Figure 34: Four different bisimplex-lattices. The
kagome lattice (a) and the pyrochlore lattice (b)
together with their lower dimensional analogues,
the kagome strip (c) and the checkerboard lattice
(d). The two types of corner sharing units (“up”
vs “down”) are distinguished by the line width.
They correspond to the bond order wave symmetry
breaking pattern occurring at a filling of two elec-
trons per unit cell.
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angles) and weaker ones on the others (down
triangles), while analogous patterns are found
for the other bisimplex lattices (Fig. 34). This
class of systems are a representative case for a
bond order purely based on electronic interac-
tion without invoking electron-phonon interac-
tion.

7.5 Supersolids

The supersolid phase combines two proper-
ties which seem mutually exclusive: liquid and
solid. Thus it would represent an exotic quan-
tum state if it were realized in nature. Here
we report on numerical simulation for He in
Troyer’s group and an alternative realization in
a quantum antiferromagnet by Mila’s group.

a) Supersolid helium Following experimental
evidence for the possible existence of a super-
solid in *He [157, 158], Troyer and cowork-
ers have performed ab initio quantum Monte
Carlo simulations of solid helium and found
that a perfect helium crystal is insulating and
not a supersolid. They found that the Andreev-
Lifshitz-Chester vacancy mechanism for a su-
persolid is unstable in helium since vacan-
cies attract and phase-separate instead of Bose-
condensing [79]. This attraction between va-
cancies and interstitials is also observed in clas-
sical Lennard-Jones crystals [80] and solid he-
lium is thus still a quite classical solid. Since a
perfect single crystal of solid *He is insulating,
the phenomenon observed by Kim and Chan
is most likely due to crystal defects. Troyer
and collaborators show, using quantum Monte
Carlo simulations, that superflow can occur
along grain boundaries [81] and screw disloca-
tions [82].

While the supersolid phase of matter is thus
excluded in perfect helium crystals there is ev-
idence for the existence of lattice supersolids:
lattice supersolids can be realized using gases
of ultra-cold polar molecules in triangular op-
tical lattices [83].

b) Supersolid phases of quantum antiferromag-
nets From a theoretical point of view, the ex-
istence of a supersolid phase is now well doc-
umented for a number of lattice bosonic mod-
els [83][159, 160, 161]. Bosonic models can also
be realized in quantum antiferromagnets, a
rather clean way being to consider weakly cou-
pled dimers in a magnetic field. Around the
critical field where one of the triplets crosses
the singlet, a hard-core boson description is
very natural. In this mapping, an empty
site represents a singlet, an occupied site a
triplet, and the chemical potential describes
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Figure 35: Magnetic-field-temperature phase dia-
gram of the bilayer system depicted on the top. The
supersolid region (dark gray) is displayed together
with its neighboring phases: superfluid, solid, para-
magnet.

the magnetic field. Regarding the possible
low-temperature phases, an insulating solid
phase signals a magnetization plateau, a Bose-
Einstein condensation represents magnetic or-
dering of the transverse spin components, and
a supersolid phase corresponds to the coexis-
tence of both orders. In the first part of this
study, Mila’s group has investigated the sig-
natures of such a supersolid phase in a quan-
tum antiferromagnet, namely a spin-1/2 bi-
layer, with emphasis on a precise characteriza-
tion of the quantum and thermal phase transi-
tions out of the supersolid state [84]. The re-
sulting magnetic-field—temperature phase dia-
gram is depicted in Fig. 35. They have shown
that both T = 0 quantum phase transitions
(superfluid-supersolid and supersolid-solid) as
well as the thermal transition (supersolid-
paramagnet) display special features of direct
experimental relevance. In particular, the melt-
ing of the supersolid is a two-step process
in contrast to standard transitions usually ob-
served in quantum antiferromagnets.

In the second part of this study, Mila and
collaborators have investigated more realistic
bosonic models of frustrated quantum mag-
nets, in which the kinetic energy of the bosons
is suppressed due to frustration and not to
anisotropic exchange couplings [85]. In this sit-
uation, the kinetic energy is dominated by cor-
related hopping processes, and these processes
induce a very strong tendency towards super-
solid phases, even in cases where no plateau
can be stabilized.
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7.6 Exotic quantum phase transitions

Recently a theory of deconfined quantum crit-
icality [162] has been proposed for an uncon-
ventional quantum phase transition between
two phases with different broken symmetries.
According to Landau theory such a phase tran-
sition should be of first order, but it has been
conjectured that in quantum systems a second
order quantum phase transition with decon-
fined fractionalized excitations could exist in
bosonic or magnetic systems. By simulating
the effective action of the proposed deconfined
critical point, Troyer and collaborators could
show that in the U(1) x U(1)-symmetric case
the transition is weakly first order, in contrast
to the proposed theory [86], but they have pre-
liminary evidence in spin-1 quantum magnets
that in a SU(2)-symmetric model such an un-
usual second order quantum critical point may
exist [87].

7.7 Topological phases and anyonic models

Strongly correlated quantum systems can ex-
hibit unusual quantum liquid phases with
topological order. Such a phase, if realized in
an experiment, would pave the way towards
stable, robust and decoherence-free quantum
bits: since the information is encoded in a non-
local topological property no local source of
noise can destroy the phase. Troyer and collab-
orators have shown by quantum Monte Carlo
simulations that an abelian topological phase
would be stable under imperfect realization
with large corrections or noise terms, and is
also stable under local dissipation [88]. While
the stability against noise was theoretically ex-
pected Troyer and coworkers could quantita-
tively analyze the breakdown of the phase at a
second order quantum phase transition in the
Ising universality class and clarify the previ-
ously unclear stability against dissipation.
Since no material exhibits topological quantum
liquid phases without edge states, a promising
route to realize these phases is in artificial de-
vices emulating quantum lattice models with
topological phases. The first such proposal was
to realize a quantum dimer model on a triangu-
lar lattice, built from an array Josephson junc-
tions [89]. Troyer and collaborators have re-
cently performed simulations to quantitatively
determine the microscopic operating parame-
ters of such a device [90]. The results show that
while such a device will indeed exhibit topo-
logical order, however the operating tempera-
tures are far too low for current technology.
Even more interesting is a non-abelian topolog-
ical phase with deconfined non-abelian any-
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onic excitations, since their braiding would al-
low universal quantum computation. To inves-
tigate the interactions between such anyons,
Troyer and collaborators have developed an
anyonic version of a quantum spin model,
which could be realized e.g. by trapping any-
onic quasiparticles on quantum dots in non-
abelian fractional quantum Hall states. They
have solved the anyonic chain with nearest
neighbor interactions and have solved the one-
dimensional chain of anyons, realizing a map-
ping of anyonic quantum chains to minimal
models of conformal field theories [91]. As
an extension they studied models with longer-
range interactions, generalizing the Majumdar-
Ghosh spin chain to anyonic matter, and found
a plethora of phases stabilized by topological
symmetries, and a number of special phase
transitions [92]. It turns out that these anyonic
chains exactly map to many exactly solvable
statistical mechanics models that so far were
just toy models now have microscopic realiza-
tions.

8 Phase diagram of BaVS; and BaVSe;

Due to an interplay between charge, spin
and orbital degrees of freedom, quasi-one-
dimensional BaVS; has for a long time at-
tracted both experimental and theoretical in-
terest. A series of phase transitions which
the compound undergoes, as well as its rich
phase diagram, have yet to be completely un-
derstood. At ambient pressure, a structural
transition occurs at T; ~ 240 K, followed by
a metal-insulator transition which takes place
at Tprr ~ 70 K, and finally a magnetic ordering
appears at Tx ~ 30 K.

The recent studies in Forré’s group have fo-
cused mainly on understanding the high-
pressure phase, marked by a sharp suppres-
sion of the metal-insulator transition above p 2>
1.7 GPa and an appearance of a non-Fermi lig-
uid behavior for p 2 2.0 GPa. Ott’s group ad-
dresses the magnetic properties in a detailed
NMR study.

8.1 The collapse of the metal-insulator transition
in BaVS3

One of the important questions pertaining to
the physics of BaVS; is what happens to the
magnetic transition when pressure is applied.
In order to trace the phase diagram of this
compound, electrical resistivity as a function
of temperature, pressure, and magnetic field
was measured in high purity single crystals.
The metal-insulator (MI) transition collapses to
T = 0 at the critical pressure value, p.r =~ 2 Gpa
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Figure 36: The temperature dependence of resis-
tivity of a BaVS; sample is shown for different pres-

sures.

(Figs. 36 and 37). In the 1.8-2.0 GPa pres-
sure range, where the MI transition appears
below 20 K, one can observe a sudden col-
lapse of the MI phase boundary upon increas-
ing pressure. Indeed, the MI phase bound-
ary collapses to zero within the narrow pres-
sure range of 0.3 GPa around the critical pres-
sure, per. This indicates that the transition is
more complex than a smooth pressure-induced
three-dimensionalization of the system, com-
mon in quasi-one dimensional materials. Fur-
thermore, at a fixed pressure a magnetic field
may induce insulator to metal transition. In
high quality samples, a hysteresis appears in
all measured physical quantities in the 1.8-
2.0 GPa region, both in function of temperature
and of magnetic field. Since the appearance
of hysteresis is the usual sign of a first order
phase transition, it can be concluded that in the
pressure region where the Ty} < Tx the order
of MI transition is changed: from the ambient
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Figure 37: Phase diagram of BaVS;, encompass-

ing numerous phases: from a low-pressure insulat-
ing ground state, to a high-pressure non-Fermi lig-
uid phase.
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pressure second order, it now becomes a first
order transition. All these observations point
to the fact that there is a crossing of the MI and
the magnetic phase boundaries upon increas-
ing pressure, at T ~ 20 K, implying that the
magnetic transition has only a weak pressure
dependence, in contrast to the MI transition.

8.2 The high-pressure non-Fermi liquid state

Understanding the high-pressure non-Fermi
liquid (NFL) state of BaVS;3 is another major
challenge. At high temperatures, the com-
pound is a metal with its vanadium d'-electron
shared between the broad quasi-one dimen-
sional d, band and the narrow, but more
isotropic eg band. At a critical pressure ps ~
2 GPa, where MI transition is suppressed, a
NFL behavior with a power-law dependence
of the resistivity (0 = pp + AT") sets in. In
order to clarify the microscopic origin of this
NFL and understand the role of the d,» and
eg electrons in this state, Forré and coworkers
applied pressure, p > p.r, and magnetic field
to tune the interaction within and in-between
these bands. With pressure, one can tune the
power-law exponent from the value of n ~ 1.5
at per, ton ~ 1.9 at p ~ 2.8 GPa. Similarly, the
parameters A and pp show a strong pressure
dependence. These results indicate that close
to the phase boundary, below ~ 15 K, substan-
tial charge density wave fluctuations still exist
in BaVS;3 above p.,. They give the NFL char-
acter of the resistivity. Since these fluctuations
disappear with pressure, the NFL behavior is
replaced by a standard Fermi liquid behavior.

8.3 NMR study of BaVS;

From earlier experiments, a sequence of phase
transitions with decreasing temperature has
been identified for BaVS;. New measurements
in Ott’s group probing the magnetic suscepti-
bility x(T) and the NMR response of the >'V
nuclei of single crystalline samples at low tem-
peratures were made, covering temperatures
from 0.1 to 300 K. In x(T) the previously es-
tablished metal-insulator transition at 69 K is
reflected in a distinct cusp. No evidence for
the previously reported magnetic transition at
30 K in powder samples is found in x(T) but
the loss of the NMR signal close to that tem-
perature indicates very rapid magnetic fluctu-
ations in a narrow temperature window. A
discontinuous change of the resonance shift at
30 K and an order of magnitude enhancement
of the NMR line width from above to below
30 K confirm the occurrence of some type of
transition (Fig. 38). At very low temperatures,
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Figure 38: 'V NMR field sweep spectra of BaVS;
above and below Tx = 30 K.

X(T) reveals field dependent broad maxima
and hysteresis effects, without any clear evi-
dence for another phase transition, however.
The magnetic response probed by NMR is very
complicated below 30 K. The line-width of the
NMR signal increases considerably with de-
creasing temperature and the position of the
signal depends very strongly on the relative
orientation between the crystal lattice and the
external magnetic field. Progress in establish-
ing the magnetic behavior of this compound at
very low temperatures may be expected only
if larger high-quality single crystals become
available.

8.4 BaVSe;

A valuable insight into the high pressure be-
havior in BaVS; may be acquired from the
study of its sister compound, BaVSe;. It is
only with the synthesis of high-quality sin-
gle crystals of BaVSes by H. Berger that it
has become possible to perform reliable high-
pressure studies of this compound. The larger
selenium atom replaces the sulphur atom, pro-
ducing the quasi-one dimensional structure al-
most identical to the one of BaVSs, but with
an increase in the orbital overlaps between the
chains. As a result, the physical properties of
BaVSes are very similar to those of BaVS3 un-
der high pressure. Namely, this compound is
metallic in the whole temperature range. It
undergoes a ferromagnetic transition at T, =~
42 K, resembling the magnetic transition in
BaVS; at Ty =~ 30 K. Furthermore, the resis-
tivity at low temperatures shows a powerlaw
dependence with an exponent n ~ 2, which is
a characteristic of Fermi liquid behavior.
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9 Two-dimensional transition metal oxides

Layered transition metal oxides are known for
their large variety of unusual properties, low-
temperature phase and puzzling phase transi-
tions. The most prominent CuO,-systems lead-
ing to high-temperature superconductors are
part of Project 2 related to the superconductiv-
ity. In this project Na,CoO, has been studied
mainly in Ott’s group at x = 0.5 with the enig-
matic magnetic and metal-insulator transitions
and at x ~ 0.7 with the puzzling magnetic be-
havior of the metallic system showing also sig-
natures of local Co moments. Moreover man-
ganites films have been investigate by scanning
tunneling spectroscopy in Fischer’s group in
order to gain insight in the interplay of spin, or-
bital, charge and lattice degrees of freedom and
also to probe whether phase separation plays a
role in the electronic properties of these mate-
rials.

9.1 NayCoO; - Spin and charge configurations

The compound series Na,CoOp (0 < x < 1)
provides a system where both spin and charge
degrees of freedom are confined to Co planes
which, together with an oxygen network and
intercalated planes of different arrangements
of Na atoms, form the crystal lattice. It turns
out that the Na subsystem does not partici-
pate in electronic and magnetic responses of
the compounds directly, but the concentra-
tion x has, nevertheless, a strong influence on
the physical properties of the individual com-
pounds. A special case is x = 0.5. These
measurements of the magnetic susceptibility
x(T) and the NMR response of the 2Na nu-
clei identified the magnetic nature of a phase
transition with an onset at 88 K (Fig. 39) [93].
This is quite puzzling because the preceding
paramagnetic phase is characterized by a weak
Pauli-type susceptibility, i.e. there is no evi-
dence for the presence of localized moments
on the Co sites. The temperature dependence
of both x(T) and the NMR spin-lattice relax-
ation rate T, '(T) indicate a loss of magnetic
degrees of freedom with decreasing tempera-
ture above the transition. Below the transition,
the internal staggered fields lead to two mag-
netically inequivalent Na sites with a constant
ratio of the corresponding hyperfine fields with
decreasing temperature. With respect to elec-
tronic transport, it is noted that the conductiv-
ity ¢ is very low and decreases with decreas-
ing temperature below 300 K. The phase tran-
sition at 88 K is clearly not reflected in o(T).
At 53 K, a discontinuous change of the nega-
tive slope do /9T to a much enhanced negative
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Figure 39: Width Afp of the rectangle-shaped NMR
signal B as a function of temperature T. Afp is ex-
tracted from the 2> Na NMR spectra measured in
magnetic fields yoH = 4.2 T and yoH = 7.0 T. In-
set: Af of the signals B and C.

value is observed. At very low temperatures,
o(T) tends to saturate to a low but still non
zero value. The NMR responses indicate that
no significant charge rearrangement occurs at
either of the two transitions. Although the
NMR response indicates some magnetic com-
ponent for the transition at 53 K, the temper-
ature dependence of the hyperfine fields does
not reveal a significant change of these values
at and below this transition.

For x > 0.5, the compounds are metallic. The
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Figure 40: Temperature dependence of the *Co
spin-lattice relaxation rate T, ! measured in two
different external magnetic fields and temperatures
between 1.5 and 300 K. Lower inset: Details of
T 1(T) at low temperatures. Upper inset: com-
parison of the 59Tf1(T) and 23Tfl(T) data (*°Co
and > Na). The solid and dotted lines represent fits
to the data.
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NMR data for the compound Nag;CoO; is
anomalous across the entire temperature range
below 300 K, however (Fig. 40) [94]. Below
room temperature, Ott and collaborators ob-
served considerable reductions of the spin lat-
tice relaxation rates for both 2Na and *Co nu-
clei by one to two orders of magnitude, with-
out a clear indication for the reasons of this re-
duction [94]. In particular, no clear evidence
for any charge redistribution within the sys-
tem has been found. The temperature depen-
dence of the magnetic susceptibility x(T) re-
flects a Curie-Weiss type behavior above 100 K.
Below a transition region, yet another Curie-
Weiss type feature with much reduced values
for the effective moment and the paramagnetic
Curie temperature is obtained at T < 20 K.
The spin-lattice relaxation rates for both types
of nuclei at very low temperatures indicate the
absence of magnetic order above 0.1 K and con-
firm the confinement of itinerant charge carri-
ers to the Co planes. Although the x(T) fea-
tures mentioned above indicate the presence
of local moments on Co sites, the NMR data,
especially the rather unusual behavior of the
temperature variations of the Knight shift and
the spin-lattice relaxation rates, are interpreted
as revealing the itinerant nature of the Co de-
rived d electrons

For both these compounds, the magnetic and
electronic properties are anomalous in many
ways. No convincing models have yet been
found to explain these observations.

9.2 Local electronic properties of manganite thin

films
In manganite compounds such as
Lag7Cap33MnO3; (LCMO), the resistivity

p can be switched from insulating (do/dT < 0)
to metallic (do/dT > 0) by cooling across the
ferromagnetic Curie temperature or through
the application of a magnetic field. The
transport properties of the high-temperature
phase have been attributed to the presence of
polarons [163, 164, 165], electrons trapped in
a local lattice distortion, but there is currently
no consensus on the fate of these polarons
at the transition. While some authors claim
that the onset of magnetic order delocalizes
the trapped electrons [163, 164], others ob-
serve a remaining polaronic signature at low
temperatures [166, 167]. In addition, intrinsic
phase separation has been proposed to play
a major role at the transition, with the huge
decrease of resistivity stemming from the
percolation of metallic domains growing in an
insulating matrix [168]. Scanning tunneling
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spectroscopy (STS) is an ideal technique to
probe electronic properties and their spatial
dependence, but its capabilities have not yet
been fully exploited in manganite studies since
most works either report the thermal behavior
of single spectra [169, 170] or conductance
maps at a single energy [170, 171]. Further-
more, results on films of the same nominal
composition are often conflicting (for example,
Ref. [171] observes strong inhomogeneities in
conductance maps while Ref. [170] fails to do
s0). The contribution of Fischer’s group to the
understanding of these problems relies, firstly,
on the growth and careful characterization of
the samples, and secondly, on the study of the
spatial dependence of electronic properties not
only at zero bias, but also at energies of the
order of the polaronic binding energy.

These studies show that substrate-induced
strain modifies macroscopic transport proper-
ties of manganite films but also that an inho-
mogeneous structural relaxation process takes
place on increasing thickness when mismatch
with the substrate is large (see Project 5). This
coexistence of regions with different degrees
of strain within a film implies the presence of
regions with different (local) transport proper-
ties, a situation to be avoided if one expects
to gain insight into the intrinsic properties of
these materials.

Fischer and collaborators have therefore stud-
ied two kinds of structurally homogeneous
LCMO samples: ultra-thin and homoge-
neously highly-strained films grown on SrTiO;
(STO) and homogeneously weakly-strained
films grown on NdGaO3 (NGO). In this study,
the high strain film is 28 nm thin and has a
metallic-insulating transition of about 150 K,
while the low-strain film is 42 nm thick and
has a transition temperature of about 220 K.
STS measurements were performed in a setup
constructed as a part of this project, that al-
lows temperature stabilization in the range 4.2
to ~ 320 K. For both types of films, the topog-
raphy exhibits plateaus separated with steps
of unit-cell-multiple height and no substantial
difference in the spectroscopic features was ob-
served between different plateaus [95]. All the
conductance measurements were calculated
from I(V) and normalized as (dI/dV/(I/V))
in order to remove the tunnel barrier depen-
dence [96].

Tunneling spectra measured on manganite thin
films reveal a gap at low bias, seen as a kink,
a conductance depletion, and a weak zero-
bias conductance. This kink occurs at approx-
imately 0.2-0.3 eV, roughly twice the polaron
binding energy obtained from resistivity. Pre-
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Figure 41: Mapping of local gap values at (a) 140,
(b) 143, (c) 153 and (d) 176K. All maps correspond to
60 x 60nm? areas with a resolution of 0.75nm/pixel.
(e) Distributions of gap values (symbols) obtained
from the maps fitted with a Gaussian law (lines).

vious measurements have shown that the spec-
tra are gapped at all temperatures, not only
in the high temperature ‘insulating’ phase, but
more strikingly also in the low-temperature
‘metallic’ phase [96]. At room temperature, the
gap tends to vanish, indicating a change in the
nature of the polarons. Films have proven to
be ideal systems to investigate electronic phase
separation in the absence of chemical and crys-
talline inhomogeneities. Fig. 41 shows maps
of local gap values for a highly-strained film,
at temperatures close to the metal-insulator
transition, where phase separation would be
most likely. Within the experimental resolu-
tion, a single gap is detected everywhere, re-
flecting the film homogeneity and indicating
that a phase separation between ‘metallic” and
‘insulating’” domains does not occur at length
scales greater than Inm. Similar conclusions
are found when considering the spectroscopic
properties at energies close to the Fermi level.

The behavior of local spectroscopic properties
for the weakly and highly strained samples is
shown in Fig. 42. At high temperatures, both
types of films present roughly the same spec-
tral characteristics. They exhibit roughly the
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Figure 42: (a) Resistivity and zero-bias conduc-

tance as a function of temperature for a 42nm thick
film on NGO (black) and a 28 nm thick film on STO
(red). (b) Normalized conductance curves for differ-
ent temperatures.

same zero-bias conductance values (Fig. 42a)
and the spectral shape of both films is similar
(Fig. 42b).

There is a sharp contrast between the two
kinds of films when the temperature is re-
duced. In the case of weak strain, zero-bias
conductance is low and roughly constant at
high temperatures but increases upon cooling
through the transition. Highly strained films
exhibit zero-bias conductance values similar to
those of the weakly strained film at high tem-
peratures, which rapidly decrease on cooling.
On decreasing temperature, the spectral shape
also evolves differently for both kinds of sam-
ples. Films on STO become increasingly in-
sulating upon cooling, the kink becomes more
marked and the depletion sharper, and even-
tually peak-like features develop on the edges
of the depletion [96]. The peaks are more de-
veloped on the positive bias side, which corre-
sponds to the unoccupied states in the sample.
On the other hand, in weakly strained films the
kink becomes less marked on cooling and no
peak-like features develop down to 100 K. For
both samples, the characteristic energy of the
kink decreases on decreasing temperature.
This intriguing behavior appears to be related
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to the strain state. However, since STM is
a surface-sensitive technique, further studies
have to be undertaken to discern if the ob-
served behavior represents that of the bulk of
the film or it stems from a different phase in-
duced at the surface. Cation segregation and
changes in the Mn valence have been reported
to occur at the surface of manganite films [172,
173] and the formation of a charge-ordered sur-
face state induced by the truncated symmetry
has been proposed [174]. On the other hand,
strain modifies the balance of the different in-
teractions taking place in manganites, and it
could give rise to a phase with a different na-
ture altogether.

However, the zero-bias conductance tempera-
ture dependence is consistent with the evolu-
tion of the gap-edge peaks for both films. For
the highly strained film, the zero bias conduc-
tance decreases while the peaks develop pos-
sibly indicating a transfer of spectral weight
from the Fermi level to the gap-edge energies.
For the weakly strained film, the zero bias con-
ductance peak increases together with a van-
ishing of the peaks. More measurements have
to be done to check whether the trend of the
spectral characteristics of the highly-strained
films proceeds at temperatures much lower
than the transition temperature.

10 Spectroscopy and transport properties in
bismuth and carbon-based systems

Graphite and bismuth, as important examples
of elemental semi-metals, represent a material
class with outstanding electronic properties
[175, 176]. While most basic aspects of these
apparently simple materials are well estab-
lished, still many experimental effects are not
understood. Much enthusiasm drives this field
again since the recent discovery of the produc-
tion of single-layer graphene flakes [177, 178].
In this section we report on investigations of
the optical properties of bismuth in van der
Marel’s group showing the presence of plas-
maron excitations. The same group also stud-
ied the issue of the universal optical conduc-
tance of graphite. Sigrist and collaborators dis-
cuss the problem of Anderson localization in
graphene ribbons showing that under certain
circumstances one perfectly conducting chan-
nel is surviving in this type of quantum wire.
The Empa team around Groening investigates
the defects on graphite and carbon nanotubes
and the possible application to design in this
way devices behaving like quantum dots.
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10.1 Infrared plasmarons in elemental bismuth

The optical and infrared properties of bismuth
provide a fascinating picture of an elemen-
tal semi-metal. In their study van der Marel
and collaborators have focussed on the fre-
quency and temperature dependence of the
optical properties of single-crystal bismuth by
means of FT spectroscopy in the IR and visi-
ble spectral range. The optical data show an
absorption anomaly in an energy range which
is incompatible with any of the direct inter-
band transitions. In the experiment a tiny pre-
peak structure precedes a pronounced absorp-
tion peak in the mid-infrared region. As dis-
played in Fig. 43, this anomaly has a tempera-
ture dependence following the gradual reduc-
tion of the screened plasma frequency w;, with
decreasing T. The onset of the prepeak absorp-
tion always appears above wj which demon-
strates a close relation between the two ef-
fects. An extended Drude analysis reveals that
the position of the absorption feature corre-
sponds to an abrupt increase of the scattering
rate. This corresponds very much to the ex-

Figure 43: (a) Infrared reflectivity of pure bis-
muth for 6 different temperatures. The deep mini-
mum corresponds to the screened plasma frequency
for each temperature. (b) According to conven-
tional wisdom the plasma peak can not be observed
in the imaginary part of the dielectric function:
electromagnetic waves have transverse polarization,
whereas plasmons are longitudinal. However, €,
exhibits a weak but distinct absorption peak at the
screened plasma frequency. This is a possible conse-
quence of charge-carrier plasmon interactions.
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pectations in the case of electron-boson inter-
action. The electron-energy-loss function ob-
tained from experiment together with the ex-
pected plasmon peak lead to a second feature
centered at the same frequency as the prepeak.
This provides an unambiguous proof for a cou-
pling between the electron system and a lon-
gitudinal bosonic collective mode, an interac-
tion known as a plasmaron. To the best of our
knowledge this represents the first optical ob-
servation of such interaction.

10.2  Universal optical conductance of graphite

One of the most remarkable macroscopic mani-
festations of quantum mechanics is the appear-
ance of a universal conductance e?/h, where e
is the elementary charge and / is the Planck
constant, in various physical phenomena. This
value appears in the quantum Hall effect [179,
180], in the superconductor-insulator transi-
tion in two dimensions [181, 182] and in 1D
ballistic transport [183, 184, 185]. Notably, all
these observations were restricted so far to
the DC transport. Monolayer graphene [186,
178] represents an interesting example, where
the optical, or AC, conductance due to opti-
cal interband transitions is expected to be fre-
quency independent and solely determined by
the same universal value [187, 188, 189] in a
broad range of photon energies:

2
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(index ‘1" refers to the real part). Quite re-
markably, G;(w) does not depend on micro-
scopic parameters that normally determine op-
tical properties of materials. This is a conse-
quence of the unusual low-energy electronic
structure that resembles the dispersion of rela-
tivistic particles [178]. At energies considerably
smaller than the bandwidth (~ 2 eV), the dis-
persion of monolayer graphene features mass-
less electron and hole conical bands €, (k) =
+horplk — kp| formed by the p, orbitals (as
shown in the inset of Fig. 44c), where kp is the
momentum of the Dirac point (there are two
of them at the points K and K’ of the Brillouin
zone) and vr ~ 10° m/s is the Fermi velocity.
This type of dispersion is qualitatively different
from more common quadratic massive bands,
as has been most convincingly demonstrated
by a E,(B) « sign(n)+/|n|B field dependence
of Landau levels [177, 190, 191, 192].

The absolute value of the optical conductance
in graphene, the determination of which is
an experimentally challenging task, has not
yet been reported. However, it is legiti-
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Figure 44: The real part of the optical sheet conduc-
tance of graphite per layer (a - experiment, b - calcu-
lation) as well as the calculated conductance of iso-
lated undoped graphene (c). In panel (b) the dashed
lines indicate the interband conductance only, while
the solid line represent the total conductance with a
Drude peak added (the scattering rate is 5 meV). In
panel (c) the thermally activated Drude peak is not
shown.

mate to ask whether the predicted univer-
sality can already be observed in the con-
ventional bulk graphite.  The experimen-
tal results of van der Marel’s group show
that the answer is affirmative, and it can
be shown that this result is expected based
on the classical Slonczewski-Weiss-McClure
(SWMcC) band model of graphite [193, 194].

10.3 Localization  behavior in  disordered

graphene ribbons

The recent controlled fabrication of graphene
(single-layer graphite sheets) has opened an in-
tense theoretical and experimental research ac-
tivity on the properties of electrons with rela-
tivistic energy dispersion. Interesting are also
the boundaries of this system where unusual
edge states can appear. In narrow graphene
ribbons (quantum wires) such edge states play
a crucial role for the transport properties. Most
impressively this can be seen in graphene rib-
bons with zigzag edges, where edge states
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entirely dominate the low-energy transport
[195]. The two inequivalent Dirac points in
the graphene band structure appear as two
valleys in the graphene zigzag ribbon, which
are well separated in momentum space. In
their recent study on disordered ribbons Wak-
abayashi, Takane and Sigrist show that in each
valley the propagating modes include one chi-
ral mode originating from a partially flat band
due edge states [97]. This feature is the ori-
gin of a conducting channel remaining delo-
calized even in the disordered system, if the
impurity scattering does not connect the two
valleys, i.e. for long-range impurity potentials.
In contrast, ribbons with short-range impurity
potentials exhibit ordinary localization behav-
ior as inter-valley scattering is not suppressed.
The two regimes belong to different universal-
ity classes: unitary for long-range and orthog-
onal for short-range impurity potentials. This
finding may be relevant for devices made of
graphene as it was shown that natural disorder
(e.g. warping of graphene sheets) corresponds
to long length scale disorder, such that a single
perfectly conducting channel could survive in
quantum wires.

10.4 Defects in carbon nanostructures

Groening and collaborators at Empa have in-
vestigated the role of local defects on the
atomic scale on influencing the local electronic
properties of graphitic carbon systems which
have attracted much attention also for their po-
tential for novel devices.

The exposure of graphite surfaces to a hydro-
gen electron cyclotron resonance (ECR) plasma
is very effective in creating single defects of C-
H chemisorption and C-vacancy type [98][196],
where both kind of defects act as electron scat-
terers. Due to the point-like Fermi surface
(at the k points of the first Brillouin zone)
of graphite the electron scattering leads to a
characteristic superstructure in the vicinity of
the defects [196]. Next the influence of H-
ECR plasma induced defects for single walled
carbon nanotubes (SWNT) was investigated.
Characteristic signatures of the local density
of states (LDOS) of vacancy-H complexes have
been identified and compared to DFT cal-
culations. This investigation could explain
the appearance of very characteristic mid-gap
symmetric electronic states, which can be at-
tributed to a pair of interacting chemisorbed
H-atoms on semiconducting SWNT. As in the
case of graphite, electron scattering at the de-
fects on the SWNT could be observed by the

characteristic (\@ X \/§)R30° superstructure.
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However the scattering proved to be not strong
enough to lead to the formation of quasi bound
states between to two closely (approx. 10 nm)
spaced defects. Eventually, to increase the
probability of vacancy formation (which are
strongly scattering defects) Groening and col-
laborators have used medium energy (200-1500
eV) Ar ion bombardment to induce the desired
defects yielding quasi bound states (QBS) on
metallic tubes due to the electron confinement
between two defects. Such a defect induced
electron resonator on a SWNT is highly inter-
esting because it can be regarded as a “quan-
tum dot with leads”.

a) Defects on Graphite Groening’s group has
succeeded in identifying the electron scattering
mechanism of H-plasma induced defects on
graphite as large momentum scattering with a
wave vector of kr in the first Brillouin zone.
They successfully compared the standing wave
interference patterns of the scattered electron
waves between several defects to tight-binding
calculations [98]. It was observed that the in-
terference pattern as measured by STM at low
bias (50 mV) exhibited a characteristic (v/3 x
\/§)R30° where a multitude of different pat-
terns could be seen.

From the experiment and the comparison to
the simulation it could be concluded that the
interference patterns originate from a large mo-
mentum scattering of the electron waves at
the defects similar to a Friedel-type oscillation,
where the scattering vector of 2 - kr is reduced
to kr by an Umklapp-process.

b) Defects on SWNT In analogy to the in-
vestigation of ECR-plasma induced defects on
graphite, Groening and coworkers investigate
the same type of defects on SWNT. Three main
questions have been addressed in this regard:
1) What is the influence of the defects on the lo-
cal band structure and can the defects be used
for a local band gap engineering, e.g. can the
band gap of semiconducting SWNT be modi-
fied locally?

2) Can quantum dots states be created in a res-
onator between two defects?

3) What is the influence of the 1D character of
the SWNT on the electron scattering, e.g. are
effects associated to a Luttinger-liquid model
for the electrons visible?

By combination of STM with STS the interfer-
ence pattern formation as a function of semi-
conducting and metallic tubes has been inves-
tigated as shown in Fig. 45. The same super-
structure as in graphite appears for metallic
SWNT. Due to the 1D character of the SWNT
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Figure 45: (a) STM topography image of a semi-
conducting tube in a bundle (Us = 1.6 V, Iy = 0.35
nA, Az =2.4 A, the image is flattened for higher con-
trast). Three defect sites are indicated by the labels
d1-d3. (b) Detail STM image of (a) showing the re-
gion between d2 and d3 as indicated by the dashed
rectangle in (a). Close to d3 the reconstruction of
the charge density can be well observed. The 1x1
and unit-cells are indicated. On the left hand side
the unperturbed honeycomb lattice is evidenced.
(c) STM topography image of two metallic SWNT
showing two different reconstruction patterns near
defect sites (Us = 1V, Iy = 0.1 nA, Az =1.63 A). (d) -
(f) Calculated spatial maps of the LDOS (see [99]).

the superstructure extends to quite large dis-
tances of up to 6-10 nm from the defect. A simi-
lar superstructure is also observed on semicon-
ducting tubes (Fig. 45a and 45b) with a smaller
range and amplitude compared to the metallic
ones [99].

The appearance of sharp, spatially localized
peaks in the LDOS is also characteristic for
the hydrogen ECR-plasma induced defects on
semiconducting SWNT. Single peaks can be ob-
served at the Fermi energy as for the metallic
ones, but also at other energetic positions in the
conduction or valence band [100]. More often
however than single peaks, for semiconducting
tubes sharp double peaks were observed in the
LDOS symmetric around the mid-gap energy
(see dI/dV line scan map at 5 K in Fig. 46 with
double peaks P4-P5, P6-P7 and P8-P9). Us-
ing DFT calculations these double peaks could
be attributed to orbital bonding-antibonding
splitting of pairs of nearby H-atoms. An effec-
tive attractive lattice mediated interaction fa-
vors the proximity of adsorbed H-atoms [100].
This is different for nitrogen ECR-plasma in-
duced defects which show also sharp peaks in
the STS spectra. However, double peak struc-
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Figure 46: Upper panel: STM topography image
of a (6,2) semiconducting SWNT with a series of hy-
drogen plasma induced defects. Lower panel: Scan-
ning tunneling spectroscopy mapping of the along
the line indicated in the topography image showing
different mid-gap symmetric states at the defect po-
sitions.

tures are absent indicating that adsorbed N-
atoms tend to avoid each other.

¢) Quasi bound states Although electron scat-
tering could be observed in the case of hy-
drogen and nitrogen ion bombardment of the
tubes as evidenced by the reconstruction of
the STM atomic lattice of the SWNT, a clear
quantized electron states (quasi bound electron
states) between two defects was not visible.
These quasi bound states (QBS) would origi-
nate from a sufficiently strong confinement of
the electronic states between two defects sepa-
rated by 10-20 nm. The use of medium energy
(200-1500 eV) Ar ion bombardment created
sufficiently strong scattering defects, that the
appearance of QBS could be observed. Fig. 47
shows a section of a metallic SWNT irradiated
by 200 eV Ar ions resulting in a series of defects
on the tube with a stochastic separation around
10 nm. The STS spectroscopy map shown in
the lower part, shows the appearance of QBS in
different defect bounded sections of the tubes.
The QBS can be identified by the standing elec-
tron wave between the defects which varying
wave length as a function of the energy (sam-
ple bias). As the band crossing in metallic
SWNT is close to the Fermi energy at 0 V, sim-
ilar QBS can be observed in the occupied and
unoccupied density of states. In accordance
with the band dispersion the level spacing is
of the order of 100-200 meV for defect separa-
tions around 10 nm. This level spacing is con-
siderably higher than kT at room temperature
(25 meV) and therefore should be relevant for
electron transport even at room temperature.
These experiments clearly show that electron
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Figure 47: Upper panel: STM topography image
of a metallic SWNT with a series of 200 eV Ar-ion
induced defects. Lower panel: Line STS mapping
of the local density of states around the Fermi en-
ergy. In the defect bounded sections between 20-30
nm and 30-40 nm the appearance of QBS is clearly
observable, by the standing wave patterns with de-
creasing wave length as the energy (sample bias) de-
creases.

confinement using artificial defects on SWNT
can be used to created Quantum Dots (QD),
where in the case of metallic SWNT these QD
would already have electrical leads.

11 Mesoscopics:
tron transport

quantum coherent elec-

Carbon based nano-systems can display prop-
erties, which lead to the field of mesocopic
physics. Within this project also various ques-
tions in the context of mesoscopic physics are
addressed by Biittiker’s group who also ex-
tends the discussion to areas concerned with
basic aspects of quantum measurements which
are relevant for problems appearing in the con-
text of quantum computation devices.

11.1 Two-particle Aharonov-Bohm effect

The standard Aharonov-Bohm (AB) effect can
be considered as the interference of a parti-
cle with itself. Astonishingly, two particles
emitted by two completely independent metal-
lic contacts enclosing an AB flux would yield
an effect visible in the shot noise of the con-
ductor even without a single particle AB ef-
fect [197]. A suitable geometry could be real-
ized in a two-dimensional quantum Hall sam-
ple as proposed by Samuelsson, Sukhorukov
and Buttiker [101] where no single-particle in-
terference occurs. In such an interferometer
a cross-correlation between currents would be
sensitive to the AB flux, as a consequence of
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the fact that the correlation probes two-particle
processes [101].

Following the suggestion of Ref. [101] four ex-
perimental teams have realized samples with
an intent to measure a two-particle AB effect in
a shot noise correlation. Thus far only Neder
et al. [198] from the group of M. Heiblum at
the Weizmann Institute of Science have suc-
ceeded convincingly demonstrating the two-
particle interference effect.

The significance of the two-particle AB-effect
lies in the fact that it should be possible to vi-
olate a Bell inequality since the resulting states
are orbitally entangled. A violation of a Bell in-
equality requires sixteen correlation measure-
ments on this structure. In recent work Biittiker
and collaborators examined a quantum state
tomographic method [102] which requires the
same number of correlation measurements as
the violation of the Bell inequality but since the
reduced two particle density matrix is obtained
it determines a number for the degree of entan-
glement and not only a yes or no answer as the
Bell inequality. A brief review of this subject is
given in Ref. [103].

11.2  Dynamics of a quantum coherent capacitor

Interest in quantum coherent electron trans-
port in the AC regime has been revived re-
cently thanks to progress made in controlling
and manipulating small high mobility meso-
scopic structures driven by high frequency pe-
riodic voltages at ultra low temperatures. The
state-of-the-art includes the realization of high
frequency single electron sources, which might
be important for metrology. In Ref. [199] this
was achieved by applying large amplitude pe-
riodic voltage pulses of a few hundred MHz
on the gate of a mesoscopic capacitor. The ac-
curacy of this single electron emitter was ana-
lyzed theoretically in Ref. [104]. The frequen-
cies of interest here are in the GHz range. A
quantization occurs only if the period of the
pulse is long compared to the RC-time of the
capacitor. Thus the dynamics of charge relax-
ation is of central importance for these experi-
ments.

Of particular interest is the work of Gabelli
et al. [200], who succeeded in measuring both
the in and out of phase parts of the linear
AC conductance G(w) = I(w)/V(w) of a
mesoscopic capacitor at the driving frequency
w ~ 1 GHz. The capacitor consists of a sub-
micrometer Quantum Dot (QD) connected to
an electron reservoir via a tunable Quantum
Point Contact (QPC) and capacitively coupled
to a metallic back or top gate (Fig. 48).
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Figure 48: Mesoscopic capacitor: a cavity is con-
nected via one lead to an electron reservoir at volt-
age V¢ and capacitively coupled to a gate with volt-
age Vy. Only one contact formed by a quantum
point contact permits carrier exchange. The voltage
Vype controls the transmission through the quantum
point contact.

The question “What is the RC-time of a quan-
tum coherent capacitor?” has been theo-
retically addressed by Biittiker, Thomas and
Prétre [201]. In the low-frequency regime w <
1/trc, where tgc is the RC-time of the sys-
tem, the response is determined by an elec-
trochemical capacitance C;, and a charge relax-
ation resistance R,;. Together these determine
the RC-time in complete analogy to the clas-
sical case: Trc = R;Cy. The quantum RC-
time obtained from their product is sensitive to
the quantum coherence of the system and con-
sequently displays typical mesoscopic fluctua-
tions [105][202, 203]. Surprisingly, for a coher-
ent capacitor with a single channel, only the ca-
pacitance fluctuates and the resistance is found
to be constant and given by half a resistance
quantum [201]

h

17 pp2°
This quantization has indeed been observed
experimentally [200] thus establishing a novel
manifestation of quantum coherence in the AC
regime.
The interesting question is the length scale on
which coherence is necessary for the AC effect
[106]. Unlike in the quantization of conduc-
tance where coherence over the width of point
contact is sufficient, the quantization of the
charge relaxation resistance requires coherence
over the entire capacitance plate (the quantum
dot). Thus the quantized charge relaxation re-
sistance in Eq. (3.7) is indeed very sensitive to
dephasing.
A further surprising aspect is the fact that the
quantization of the charge relaxation resistance

(3.7)
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R; = h/(2¢%) is not depending on the trans-
mission probability. For a coherent capaci-
tor plate connected via a single spin polarized
channel to a reservoir the quantization of R, is
truly universal and holds even in the Coulomb
blockade regime [107].

Of course, no matter how pure the samples are,
a spurious interaction with environmental de-
grees of freedom, is unavoidable, and intro-
duces dephasing into the system. It is thus of
interest to ask how dephasing affects the quan-
tization of the single channel charge relaxation
resistance and to investigate the crossover from
the coherent to the incoherent regime. It is fur-
thermore important to be able to distinguish
on a theoretical level between finite tempera-
ture effects and effects due to pure dephasing
and to understand the interplay between these
two fundamental mechanisms. Intuitively, one
would expect that in the presence of strong
enough dephasing, the QD starts behaving like
an electron reservoir. Nigg and Biittiker find
that for the QD to become a true electron reser-
voir it is necessary that many channels partic-
ipate in the inelastic relaxation process which
a true reservoir must provide [106]. They em-
ploy a description of dephasing provided by
the voltage and dephasing probe models [108,
109], where one attaches a fictitious probe to
the system which can absorb and reemit elec-
trons from or into the conductor. If the probe
supports only one channel, the charge relax-
ation resistance of the fully incoherent meso-
scopic capacitor is given by [106]

ho h1-T

Rp= 4+ 42772
T7 202 "2 T 7

(3.8)
with 7 as the transmission probability. Hence,
the charge relaxation resistance is the sum of
the resistance as found from the (original) Lan-
dauer formula h/e?(1 — T)/7 and one inter-
face resistance h/(2¢?) [204, 205]. Remark-
ably, this is also the value of R, obtained in
the high temperature limit for the coherent
system, illustrating an interesting relation be-
tween single channel dephasing and tempera-
ture induced phase averaging [106].

As remarked above, the quantized resistance
given by Eq. (3.7) has been measured. The
experiment sees similarly a strong increase of
the charge relaxation resistance as the QPC is
closed (presumably when the electron dwell
time in the dot becomes long compared to the
dephasing length). However, the difference be-
tween Eq. (3.7) and Eq. (3.8) is possibly too
small to be experimentally observed.
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11.3  Quantumness of two level systems

Can an experimental physicist prove that the
system he is observing is truly a quantum sys-
tem? The best known example of such a test
is Bell’s inequality (BI), originally devised to
demonstrate quantum non-locality. The semi-
nal work by Leggett and Garg [206] provides
another inequality involving only one quan-
tum variable together with a set of projective
measurements. While the lesson of Bl is that
quantum correlations are non-local, the les-
son of the Leggett-Garg inequality (LGI) is that
quantum measurement is fundamentally an in-
vasive procedure. An interesting parallel be-
tween the two inequalities is that the role of
hidden variables in the BI is played by tra-
jectories in the LGI. The belief that the quan-
tum system really takes a definite classical tra-
jectory between two points (chosen from an
arbitrary probability distribution) may be dis-
proved with the LGI.

Biittiker and coworkers propose a generaliza-
tion of the LGI using quantum non-demolition
(OND) measurements weakly measuring the
quantum state by pumping current [110].
Weak measurements, in contrast to projec-
tive measurements, obtain partial information
about the state from an inherently noisy out-
put, so wavefunction collapse happens contin-
uously. In the solid state, the typically weak
coupling between system and detector implies
that weak measurements are the norm. A
generic problem that arises in making a projec-
tive measurement out of many weak measure-
ments is that the quantum system has its own
Hamiltonian dynamics that effectively rotates
the continuous measurement basis, destroying
the state. The way around this problem is with
QND measurements.

The studied system is schematically shown in
Fig. 49. Two coupled dots represent a charge
qubit. The tunnel coupling of the dots permits
an electron to be in the upper or lower dot or
in a superposition of these two states. The elec-
tron position is measured with the help of a
quantum point contact. This is a narrow ori-
fice for electrons with a conductance that de-
pends on nearby charges. A sequence of volt-
age kicks of duration smaller than the oscilla-
tion period of the qubit is applied to the QPC,
alternating in sign every half oscillation period.
For this detector the different positions of the
electron in the double dot give rise to differ-
ent currents measured in response to the volt-
age pulse. Note that if the qubits were for
certain on the red path current would flow to
the right, and if the qubits were for certain on
the blue path current would flow to the left.
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Figure 49: Visualization of the kicked QND mea-
surement. A voltage pulse is applied to the QPC,
followed by a quiet period of zero voltage bias, last-
ing for a Rabi oscillation period, followed by an-
other pulse, and so on. The up/down variation is
depicted, where the kicks come every half period,
and the sign of the voltage pulse alternates with ev-
ery kick. Read-out of the coherent superposition of
trajectories (red or blue) occurs by measuring the

sign of the current, and corresponds to an elemen-
tary quantum pump.
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Thus under the combined action of the volt-
age pulses and the oscillations of the qubit, the
system acts as a pump. Biittiker and collabo-
rators analyze in detail how with the help of
such a kicked quantum non-demolition pump
a Leggett-Garg type inequality can be violated
and the quantumness of the qubit be demon-
strated.

12 New algorithms and new instruments

Developments of new algorithms to simulate
quantum systems are a key component of the
contribution from Troyer’s group with the ex-
pansion of ALPS (Algorithms and Libraries for
Physics Simulations). A simulation package
is provided by Ott and collaborators for NMR
spectra analysis.

12.1 Impurity solvers for dynamical mean field

theory.

Troyer’s group has developed a new quan-
tum Monte Carlo solver [111] for dynamical
mean field theory (DMFT) and the fermionic
impurity problem [207]. The new solver is
based on diagrammatic expansion in the non-
local hybridization of DMFT, combined with
an exact summation over all permutations of
the fermion lines. The latter trick removes the
fermionic negative sign problem for a single-
site impurity problem. Benchmarks show [112]
that for the prototypical infinite-dimensional
case the new algorithm performs many orders
of magnitudes better times better than the stan-
dard Hirsch-Fye algorithm [208] and allows to
reach about 50-100 times lower temperatures,
which is very important in studying the low



MaNEP

temperature regime important for the Kondo
effect and other impurity problems. This new
QMC solver substantially speeds up all kinds
of DMFT simulations, including cluster vari-
ants.

12.2 Fermionic simulations.

The negative sign incurred upon exchange of
fermions leads to the “negative sign problem”
of fermionic Monte Carlo simulations, prevent-
ing accurate simulations due to an exponential
increase in computer time with increasing par-
ticle number and inverse temperature. Since
the sign-problem is nondeterministic polyno-
mially (NP) hard, there is almost certainly no
general solution. Besides developing a new ef-
ficient worm algorithm for simulations of at-
tractive Hubbard models [65, 66], a proposal
for a sign-problem free algorithm for the re-

pulsive Hubbard model has been examined
[113, 114]

12.3  Optimized ensembles

Troyer and collaborators have developed an al-
gorithm to optimize temperature sets for par-
allel tempering simulations [115], based upon
ideas of extended ensemble simulations, re-
viewed in Ref. [116], and have extended these
optimized ensemble simulations to quantum
systems [117]. These algorithms give huge
speedup at first order phase transitions, and
allow the direct computation of the partition
function, free energy and entropy which are
inaccessible in Monte Carlo simulations in the
canonical ensemble.

12.4 The ALPS project.

The ALPS team around Troyer has published
release 1.3 of their open source ALPS software
[118] for the simulation of quantum systems,
making modern algorithms available to non-
experts.

12.5 Solid-state NMR spectra simulation pack-
age

NMR is a powerful tool in experimental solid-
state physics, as it is sensitive to the static and
dynamical properties of nuclear spins and can
provide useful information on the magnetic
state of crystalline solids. Nonetheless, the in-
terpretation of the NMR spectra is, in many
cases, rather difficult because of the simulta-
neous presence of quadrupolar and hyperfine
interactions acting at the same level. When
this happens the positions and intensities of the
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Figure 50: Field sweep % Al NMR powder-spectra
of CeAly at 64 mK and high-pressure. Symbols: ex-
perimental data, solid lines: simulations. The essen-
tial numerical fit parameters, namely the isotropic
(Kiso) and anisotropic (K,,;) Knight-shift, its ax-
ial asymmetry (g), the principal axis electric-field-
gradient (V,;), and its in-plane anisotropy () are
displayed in the panels.

spectral features cannot be connected to the mi-
croscopic properties of the system in a simple
way.

One possible solution is the employment of
numerical routines to simulate the experimen-
tal spectra. Although many NMR simulation
codes are commercially available, to the best of
our knowledge none of them is especially de-
signed for solid-state NMR. For this reason Ott
and collaborators developed a simple but effi-
cient Fortran77 code devoted to this purpose.
The program input embodies the microscopic
parameters describing the hyperfine as well as
the quadrupolar interaction, from which the
nuclear-spin Hamiltonian is constructed. A nu-
merical diagonalization provides the eigenen-
ergies and eigenvectors, which eventually al-
low to establish the transition frequencies and
intensities and thus the spectrum. Different
isotopes and/or lattice sites can be considered
for the simulation. It is also possible to carry
out frequency or field sweep spectra calcula-
tions for either single crystalline or powder
specimens.

Fig. 50 shows the NMR spectra of CeAls at high
pressure and low temperature calculated with
this program and compared with the experi-
mental data [28]. The good agreement between
the simulated and measured spectra provides
reasonable values for the microscopic param-
eters characterizing the electric-field gradient

Research m———
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and the hyperfine coupling at the Al-site.

13 Collaborative efforts

A major component in collaborative efforts
is the encouragement to form communities
working on similar topics and materials.
Within Project 1 this is especially visible in
the areas of quantum spins, charge density
wave systems, exotic phases (e.g. supersolids
and novel order parameters), spin splitting
in surface states, metal-insulator transitions in
BaVSs, LiCuyO; and cold-atoms in optical lat-
tices. For these topics collaboration and pro-
viding a common forum to discuss a subject
has been very stimulating and generated new
synergies which would not be likely found
without MaNEP. An important aspect is the
discussion between experimental groups and
theorists. In parts this occurs within MaNEP
through direct collaborations which is mainly
seen in the areas of quantum spin systems
and charge density wave instabilities. Compu-
tational techniques empower within MaNEP
not only the theoretical groups, but ALPS
and the tutorials provided by Troyer’s group
make simulations also available to experimen-
tal groups for testing models, e.g. for quan-
tum spin systems. An important aspect of the
collaboration is also in the sample production
which has led to an intensive relation between
different labs with different expertise in crys-
tal growth under special conditions. Within all
projects MaNEP as network has facilitated tak-
ing up new developments through the combi-
nation of widely spread competences.

14 Goals for the next year

Project 1 incorporates the work of more than 15
research teams and over 10 basic themes. Thus,
it is not easy to the cover all the plans and goals
in detail and we restrict here on some of the
main targets for the final year of the phase II.

a) Quantum spin systems The neutron scatter-
ing group will continue their studies of the spin
excitations in the spin ladder (Hpip),CuBry4
all the way to the fully polarized state. On
the theoretical side the magnetization curve of
SrCuy(BO3),; will be analyzed including mag-
netization plateaus and to explain the nature
of a new phase in this compound reached un-
der pressure, based on the Shastry-Sutherland
model.

b) Charge density wave systems The investiga-
tion of the rare-earth-polytelluride family will
be continued using optical tools and doing
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measurements at Elettra under pressure. More-
over, Raman and X-ray scattering studies are
planed. Further ARPES and transport studies
are planed for the dichalcegonide compounds
in order to elucidate the nature of the CDW
phase and to explore the phase diagram under
pressure.

c) Cold-atoms in optical lattices In this field
the theoretical study of low-dimensional
atomic gases will be continued, in particular,
with the focus on the effect of controlled
disorder (speckle or dichromatic lattices) in the
interacting systems, which can be experimen-
tally realized. Interfaces in strongly correlated
quantum atomic systems will be investigated,
in particular, the transmission and reflec-
tion properties of superfluid-Mott-insulator
boundaries and its physical implications such
as transport of entropy and heat. Furthermore,
a study of the effect of fluctuations on the
behavior of strongly correlated Josephson
junctions is planed.

d) Magnetism in metals Magneto-optical and
dichorism studies will be pursued for the al-
loys Fe;_,CoySi, Mn;_,Co,Si and Mn;_ ,Ni,Si
to explore their magnetic and metallic proper-
ties. Theoretical studies of the metamagnetism
in the bilayer ruthenates will include the ef-
fect of spin-orbit coupling in order to explain
the peculiar field direction dependence of low-
temperature properties.

e) Properties of semi-metals Magneto-optical
and pressure techniques will be applied to
investigate the metal-insulator transition of
the Bi;_,Sby alloys and semi-metallic heavy
Fermion compounds.

f) Carbon systems For single-walled carbon
nanotubes the electron scattering mechanisms
leading to resonant bound states in ion-beam
treated tubes will be studied, in order to elu-
cidate the difference between armchair and
zigzag tubes. Moreover the effect of the ad-
sorption of atomic hydrogen on nanotubes will
be further investigated to clarify the nature of
the symmetric electronic midgap states pre-
viously discovered. Transport and magnetic
properties of nano-graphene ribbons will be
further investigated theoretically.

g) RIXS At the Swiss Light Source reso-
nant X-ray scattering experiments will be
performed to study electronic excitations in

strongly correlated oxides, most notably NiO
and CuO.
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h) Mesoscopics The research efforts on meso-
scopic physics aim at the characterization of
high-frequency single-electron sources with re-
spect to the coherence properties of emitted
states and the noise. A further target is the dis-
cussion of the interaction induced deviations
from Onsager symmetries in non-linear trans-
port. In the area of quantum measurements
Bell tests in electrical conductors at finite tem-
perature shall be performed.

i) Interfaces in heterostructures Magnetic or-
der and transport properties of interfaces in the
heterostructures of correlated electron systems
will be investigated theoretically. The exten-
sion of theses studies to multi-orbital systems
is intended.

j) Theory of many-body systems Theoretical
efforts to understand and describe the proper-
ties of a lightly doped Mott insulators within
the Hubbard and t-J-model will continue.
Computational studies on the exotic phases
with anyonic excitations remain an important
issue for the coming year.

k) BaVS; and BaVaSe; Efforts to explore the
phase diagram and non-Fermi liquid proper-
ties near the metal-insulator transition under
pressure will continue. This activity will, how-
ever, depend on the progress of producing bet-
ter single-crystals of these materials.

MaNEP-related publications

[1] C. Riegg, B. Normand, M. Matsumoto, C. Nie-
dermayer, A. Furrer, K. W. Kramer, H. U. Giidel,
P. Bourges, Y. Sidis, and H. Mutka, Phys. Rev. Lett.
95, 267201 (2005).

C. Riiegg, B. Normand, M. Matsumoto, A. Fiirrer,
D. McMorrow, K. Kramer, H.-U. Giidel, S. N.
Gvasaliya, H. Mutka, and M. Boehm, Phys. Rev. Lett.
(2008).

T. Giamarchi, C. Riiegg, and O. Tchernyshyov, Na-
ture Phys. 4, 198 (2008).

H. M. Rennow, R. Parthasarathy, J. Jensen, G. Aep-
pli, T. E. Rosenbaum, and D. McMorrow, Science 308,
389 (2005).

H. M. Rennow, J. Jensen, R. Parthasarathy, G. Aep-
pli, T. E. Rosenbaum, D. McMorrow, and C. Kraemer,
Phys. Rev. B 75, 054426 (2007).

C. Kraemer, Magnetische Eigenschaften von LiErFy
— Eine Untersuchung mittels Neutronenstreung,
Master’s thesis, ETHZ (2006).

M. Clémancey, H. Mayaffre, C. Berthier, M. Hor-
vati¢, ].-B. Fouet, S. Miyahara, F. Mila, B. Chiari, and
O. Piovesana, Phys. Rev. Lett. 97, 167204 (2006).

S. Miyahara, ].-B. Fouet, S. R. Manmana, R. M.
Noack, H. Mayaffre, I. Sheikin, C. Berthier, and
E. Mila, Phys. Rev. B 75, 184402 (2007).

K. Penc, ].-B. Fouet, S. Miyahara, O. Tchernyshyov,
and F. Mila, Phys. Rev. Lett. 99, 117201 (2007).

(5]

(6]

(8]

191

52

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

V. Y. Pomjakushin, A. Furrer, D. V. Sheptyakov,
E. V. Pomjakushina, and K. Conder, Phys. Rev. B 76,
174433 (2007).

A. Podlesnyak, V. Pomjakushin, E. V. Pomjakushina,
K. Conder, and A. Furrer, Phys. Rev. B 76, 064420
(2007).

O. Zaharko, J. Mesot, L. A. Salguero, R. Valent,
M. Zbiri, M. Johnson, Y. Filinchuk, B. Klemke,
K. Kiefer, M. Mys’kiv, T. Strassle, and H. Mutka,
arXiv:0801.1507 (2008).

O. Zaharko, H. Rennow, J. Mesot, S. J. Crowe, D. M.
Paul, P. J. Brown, A. Daoud-Aladine, A. Meents,
A. Wagner, M. Prester, and H. Berger, Phys. Rev. B
73, 064422 (2006).

O. Zaharko, H. M. Rennow, A. Daoud-Aladine,
S. Streule, F. Juranyi, ]J. Mesot, H. Berger, and
P. Brown, Low Temp. Phys. 31, 814 (2005).

A. Ralko, M. Ferrero, F. Becca, D. Ivanov, and F. Mila,
Phys. Rev. B 74, 134301 (2006).

A. Ralko, M. Ferrero, F. Becca, D. Ivanov, and F. Mila,
Phys. Rev. B 76, 140404 (2007).

G. Misguich and F. Mila, Phys. Rev. B (2008).

A. Lauchli, F. Mila, and K. Penc, Phys. Rev. Lett. 97,
087205 (2006).

A.Léduchli, J. C. Domenge, C. Lhuillier, P. Sindzingre,
and M. Troyer, Phys. Rev. Lett. 95, 137206 (2005).

P. Corboz, A. M. Liuchli, K. Totsuka, and H. Tsunet-
sugu, Phys. Rev. B 76, 220404(R) (2007).

D. Bergman, J. Alicea, E. Gull, S. Trebst, and L. Ba-
lents, Nature Phys. 3, 487 (2007).

B. Pedrini, J. L. Gavilano, D. Rau, H. R. Ott, S. M.
Kazakov, J. Karpinski, and S. Wessel, Phys. Rev. B
70, 024421 (2004).

B. Pedrini, S. Wessel, J. L. Gavilano, H. R. Ott, S. M.
Kazakov, and J. Karpinski, Eur. Phys. J. B 55, 219
(2007).

P. Vonlanthen, K. B. Tanaka, A. Goto, W. G. Clark,
P. Millet, J. Y. Henry, J. L. Gavilano, H. R. Ott, F. Mila,
C. Berthier, M. Horvatic, Y. Tokunaga, P. Kuhns, A. P.
Reyes, and W. G. Moulton, Phys. Rev. B 65, 214413
(2002).

N. B. Christensen, H. M. Rennow, D. E. McMorrow,
A. Harrison, T. G. Perring, M. Enderle, R. Coldea,
L. P. Regnault, and G. Aeppli, Proc. Nat. Acad. Sci.
USA 104, 15264 (2007).

A. Sacchetti, M. Weller, J. L. Gavilano, R. Mudliar,
B. Pedrini, K. Magishi, H. R. Ott, R. Monnier, B. Del-
ley, and Y. Onuki, arXiv:0709.3009 (2007).

M. Weller, J. L. Gavilano, A. Sacchetti, and H. R. Ott,
Physica B 403, 834 (2008).

M. Weller, J. L. Gavilano, A. Sacchetti, and H. R. Ott,
Phys. Rev. B 77, 132402 (2008).

M. Weller, J. Hinderer, J. L. Gavilano, B. Pedrini,
D. Rau, L. Sheikin, M. Chiao, and H. R. Ott, Physica
B 378-380, 892 (2006).

L. Moreschini, C. Dallera, J. J. Joyce, J. L. Sarrao,
E. D. Bauer, V. Fritsch, S. Bobev, E. Carpene, S. Huo-
tari, G. Vanko, G. Monaco, P. Lacovig, G. Panaccione,
A. Fondacaro, G. Paolicelli, P. Torelli, and M. Grioni,
Phys. Rev. B 75, 035113 (2007).

C. Dallera, O. Wessely, M. Colarieti-Tosti, O. Eriks-
son, R. Ahuja, B. Johansson, M. I. Katsnelson, E. An-
nese, J.-P. Rueff, G. Vankd, L. Braicovich, and M. Gri-
oni, Phys. Rev. B 74, 081101(R) (2006).

Research m———



eeesssssss———— Project 1

» [32]

> [33]

> [34]

» [35]

[36]

[37]

(38]

[39]

» [40]

> [41]

> [42]

[43]

[44]

[45]

» [46]

» [47]

[48]
» [49]

» [50]

[51]

[52]

(53]

> [54]

[55]

» [56]

» [57]

[58]

[59]

S. G. Chiuzbdian, G. Ghiringhelli, C. Dallera,
M. Grioni, P. Amann, X. Wang, L. Braicovich, and
L. Patthey, Phys. Rev. Lett. 95, 197402 (2006).

G. Caimi, A. Perucchi, L. Degiorgi, H. R. Ott, V. M.
Pereira, A. H. Castro Neto, A. D. Bianchi, and
Z. Fisk, Phys. Rev. Lett. 96, 016403 (2006).

F. Pfuner, L. Degiorgi, H. R. Ott, A. Bianchi, and
Z. Fisk, Phys. Rev. B 77, 024417 (2008).

B. Binz, H. B. Braun, T. M. Rice, and M. Sigrist, Phys.
Rev. Lett. 96, 196406 (2006).

A. V. Lukoyanov, V. V. Mazurenko, V. I. Anisimov,
M. Sigrist, and T. M. Rice, Eur. Phys. J. B 53, 205
(2006).

H. P. Biichler, G. Blatter, and W. Zwerger, Phys. Rev.
Lett. 90, 130401 (2003).

H. P. Biichler and G. Blatter, Phys. Rev. Lett. 91,
130404 (2003).

H. P. Biichler and G. Blatter, Phys. Rev. A 69, 063603
(2004).

H. P. Biichler, M. Hermele, S. D. Huber, M. P. A.
Fisher, and P. Zoller, Phys. Rev. Lett. 95, 040402
(2005).

S. D. Huber, E. Altman, H. P. Biichler, and G. Blatter,
Phys. Rev. B 75, 085106 (2007).

S. D. Huber, B. Theiler, E. Altman, and G. Blatter,
Phys. Rev. Lett. 100, 050404 (2008).

A. Kleine, C. Kollath, I. P. McCulloch, T. Giamarchi,
and U. Schollwock, Phys. Rev. A 77, 013607 (2007).

A. Kleine, C. Kollath, I. P. McCulloch, T. Giamarchi,
and U. Schollwock, to be published in New ]. Phys.
(2008).

A. Tucci, G. A. Fiete, and T. Giamarchi, Phys. Rev. B
75, 205116 (2007).

M. B. Zvonarev, V. V. Cheianov, and T. Giamarchi,
Phys. Rev. Lett. 99, 240404 (2007).

C. Kollath, J. S. Meyer, and T. Giamarchi, to be pub-
lished in Phys. Rev. Lett. (2008).

T. Giamarchi, Chem. Rev. 104, 5037 (2004).

M. A. Cazalilla, A. E. Ho, and T. Giamarchi, New ]J.
Phys. 8, 158 (2006).

M. A. Cazalilla, A. F. Ho, and T. Giamarchi, Phys.
Rev. Lett. 95, 226402 (2005).

M. A. Cazalilla, A. E. Ho, and T. Giamarchi, in Se-
ries on advances in Quantum Many-Body theories vol.
10, “Recent progress in many body theories”, S. Her-
nandez and H. Cataldo, eds. (World Scientific, 2006),
preprint cond-mat/0605419.

M. A. Cazalilla, A. Iucci, and T. Giamarchi, Phys.
Rev. A 75, 051603(R) (2007).

A. Tucci, M. A. Cazalilla, A. F. Ho, and T. Giamarchi,
Phys. Rev. A 73, 041608 (2006).

C. Kollath, A. Tucci, T. Giamarchi, W. Hofstetter, and
U. Schollwock, Phys. Rev. Lett. 97, 050402 (2006).

C. Kollath, A. Tucci, I. P. McCulloch, and T. Gia-
marchi, Phys. Rev. A 74, 041604(R) (2006).

C. Kollath, M. Kéhl, and T. Giamarchi, Phys. Rev. A
76, 063602 (2007).

S. Trebst, U. Schollwock, M. Troyer, and P. Zoller,
Phys. Rev. Lett. 96, 250402 (2006).

H. G. Katzgraber, A. Esposito, and M. Troyer, Phys.
Rev. A 74, 043602 (2006).

C. Gils, L. Pollet, A. Vernier, E. Hebert, G. G. Ba-
trouni, and M. Troyer, Phys. Rev. A 75, 063631 (2007).

53

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

[78]

[79]

(80]

[81]

[82]

[83]

[84]

[85]

[86]

MaNEP

O. Gygi, H. G. Katzgraber, M. Troyer, S. Wessel, and
G. G. Batrouni, Phys. Rev. A 73, 063606 (2006).

L. Pollet, C. Kollath, K. Van Houcke, and M. Troyer,
arXiv:0801.1887 (2008).

L. Pollet, M. Troyer, K. Van Houcke, and S. M. A.
Rombouts, Phys. Rev. Lett. 96, 190402 (2006).

L. Pollet, C. Kollath, M. Troyer, and S. Ulrich, Phys.
Rev. A 77, 023608 (2006).

F. Hébert, F. Haudin, L. Pollet, and G. G. Batrouni,
Phys. Rev. A 76, 043619 (2007).

E. Burovski, N. V. Prokof’ev, B. V. Svistunov, and
M. Troyer, Phys. Rev. Lett. 96, 160402 (2006).

E. Burovski, N. V. Prokof’ev, B. Svistunov, and
M. Troyer, New ]. Phys. 8, 153 (2006).

F. Clerc, C. Battaglia, M. Bovet, L. Despont, C. Mon-
ney, H. Cercellier, M. Garnier, P. Aebi, H. Berger, and
L. Forrd, Phys. Rev. B 74, 155114 (2006).

H. Cercellier, C. Monney, F. Clerc, C. Battaglia, L. De-
spont, M. G. Garnier, H. Beck, P. Aebi, L. Patthey,
H. Berger, and L. Forr6, Phys. Rev. Lett. 99, 146403
(2007).

A. Riiegg, S. Pilgram, and M. Sigrist, Phys. Rev. B 75,
195117 (2007).

C. R. Ast, J. Henk, A. Ernst, L. Moreschini, M. C.
Falub, D. Pacilé, P. Bruno, K. Kern, and M. Grioni,
Phys. Rev. Lett. 98, 186807 (2007).

C. R. Ast, G. Wittich, P. Wahl, R. Vogelgesang,
D. Pacilé, M. C. Falub, L. Moreschini, M. Papagno,
M. Grioni, and K. Kern, Phys. Rev. B 75, 201401(R)
(2007).

C. Koitzsch, C. Battaglia, F. Clerc, L. Despont, M. G.
Garnier, and P. Aebi, Phys. Rev. Lett. 95, 126401
(2005).

C. Weber, A. Liuchli, F. Mila, and T. Giamarchi,
Phys. Rev. B 73, 014519 (2006).

D. Baeriswyl, D. Eichenberger, and B. Gut, Phys.
Stat. Sol. (b) 244, 2299 (2007).

C. Aebischer, D. Baeriswyl, and R. M. Noack, Phys.
Rev. Lett. 86, 468 (2001).

G. L Japaridze, R. M. Noack, D. Baeriswyl, and
L. Tincani, Phys. Rev. B 76, 115118 (2007).

M. Indergand, A. Lauchli, s. Capponi, and M. Sigrist,
Phys. Rev. B 74, 064429 (2006).

M. Indergand, C. Honerkamp, A. Lauchli, D. Poil-
blanc, and M. Sigrist, Phys. Rev. B 75, 045105 (2007).

M. Boninsegni, A. B. Kuklov, L. Pollet, N. Prokof’ev,
B. V. Svistunov, and M. Troyer, Phys. Rev. Lett. 97,
080401 (2006).

P. N. Ma, L. Pollet, M. Troyer, and F. C. Zhang,
arXiv:0710.3940 (2007).
L. Pollet, M. Boninsegni, A. B. Kuklov, N. V.

Prokof’ev, B. V. Svistunov, and M. Troyer, Phys. Rev.
Lett. 98, 135301 (2007).

M. Boninsegni, A. Kuklov, L. Pollet, N. Prokof’ev,
B. V. Svistunov, and M. Troyer, Phys. Rev. Lett. 99,
035301 (2007).

S. Wessel and M. Troyer, Phys. Rev. Lett. 95, 127205
(2005).

N. Laflorencie and F. Mila, Phys. Rev. Lett. 99, 027202
(2007).

K. P. Schmidt, J. Dorier, A. Laeuchli, and F. Mila,
Phys. Rev. Lett. 100, 090401 (2008).

A. B. Kuklov, N. V. Prokof’ev, B. V. Svistunov, and
M. Troyer, Ann. Phys. 321, 1602 (2006).



MaNEP

(87]
(88]
[89]
[90]

[91]

[92]

[93]

[94]

[95]

» [96]

» [97]

> [98]

> [99]

> [100]

[101]
> [102]
[103]
> [104]
[105]
> [106]
> [107]
> [108]
[109]
> [110]
> [111]
[112]
[113]

[114]

K. Harada, N. Kawashima, and M. Troyer, ]. Phys.
Soc. Jpn. 76, 013703 (2007).

S. Trebst, P. Werner, M. Troyer, K. Shtengel, and
C. Nayak, Phys. Rev. Lett. 98, 070602 (2007).

L. B. Ioffe, M. V. Feigel'man, A. Ioselevich, D. Ivanov,
M. Troyer, and G. Blatter, Nature 415, 503 (2002).

A. F. Albuquerque, H. G. Katzgraber, M. Troyer, and
G. Blatter, arXiv:0708.0191 (2007).

A. Feiguin, S. Trebst, A. W. W. Ludwig, M. Troyer,
A. Kitaev, Z. Wang, and M. H. Freedman, Phys. Rev.
Lett. 98, 160409 (2007).

S. Trebst, E. Ardonne, A. Feiguin, D. A. Huse,
A. W. W. Ludwig, and M. Troyer, arXiv:0801.4602
(2008).

B. Pedrini, J. L. Gavilano, S. Weyeneth, E. Felder,
J. Hinderer, M. Weller, H. R. Ott, S. M. Kazakov, and
J. Karpinski, Phys. Rev. B 72, 214407 (2005).

J. L. Gavilano, B. Pedrini, K. Magishi, J. Hinderer,
M. Weller, H. R. Ott, S. M. Kazakov, and J. Karpinski,
Phys. Rev. B 74, 064410 (2006).

S. Seiro, Y. Fasano, I. Maggio-Aprile, O. Kuffer, and
. Fischer, ]. Mag. Mag. Mat. 310, 243 (2007).

S. Seiro, Y. Fasano, I. Maggio-Aprile, E. Koller,
O. Kuffer, and O. Fischer, Phys. Rev. B 77, 020407(R)
(2008).

K. Wakabayashi, Y. Takane, and M. Sigrist, Phys.
Rev. Lett. 99, 036601 (2007).

P. Ruffieux, M. Melle-Franco, O. Groning, M. Biel-
mann, F. Zerbetto, and P. Groning, Phys. Rev. B 71,
153403 (2005).

G. Buchs, P. Ruffieux, P. Groning, and O. Gréning,
Appl. Phys. Lett. 90, 013104 (2007).

G. Buchs, A. V. Krasheninnikov, P. Ruffieux,
P. Groning, A. S. Foster, R. M. Nieminen, and
O. Groning, New J. Phys. 9, 275 (2007).

P. Samuelsson, E. V. Sukhorukov, and M. Biittiker,
Phys. Rev. Lett. 92, 026805 (2004).

P. Samuelsson and M. Biittiker, Phys. Rev. B 73,
041305 (2006).

M. Biittiker and P. Samuelsson, Ann. Phys. (Leipzig)
16, 751 (2007).

M. Moskalets, P. Samuelsson, and M. Biittiker, Phys.
Rev. Lett. 100, 086601 (2008).

M. Biittiker and S. E. Nigg, Nanotechnology 18,
044029 (2007).

S. E. Nigg and M. Biittiker, Phys. Rev. B 77, 085312
(2008).

S.E.Nigg, R. Lopez, and M. Biittiker, Phys. Rev. Lett.
97, 206804 (2006).

S. Pilgram, P. Samuelsson, H. Forster,
M. Biittiker, Phys. Rev. Lett. 97, 066801 (2006).

H. Forster, P. Samuelsson, S. Pilgram,
M. Biittiker, Phys. Rev. B 75, 035340 (2007).

A.N.Jordan, A. N. Korotkov, and M. Biittiker, Phys.
Rev. Lett. 97, 026805 (2006).

P. Werner, A. Comanac, L. de Medici, A. J. Millis, and
M. Troyer, Phys. Rev. Lett. 97, 076405 (2006).

E. Gull, P. Werner, A. Millis, and M. Troyer, Phys.
Rev. B 76, 235123 (2007).

F. F. Assaad, P. Werner, P. Corboz, E. Gull, and
M. Troyer, Phys. Rev. B 72, 224518 (2005).

P. Corboz, M. Troyer, A. Kleine, 1. P. McCulloch,
U. Schollwock, and F. F. Assaad, Phys. Rev. B 77,
085108 (2008).

and

and

54

[115]

[116]

> [117]

» [118]

H. G. Katzgraber, S. Trebst, D. Huse, and M. Troyer,
J. Stat. Mech. p. P03018 (2006).

S. Trebst, D. A. Huse, E. Gull, H. G. Katzgraber,
U. H. E. Hansmann, and M. Troyer, in Computer
Simulation Studies in Condensed Matter Physics XIX,
D. P. Landau, S. P. Lewis, and H.-B. Schiittler, eds.
(Springer, 2007), Springer Proceedings in Physics.

S. Wessel, N. Stoop, E. Gull, S. Trebst, and M. Troyer,
J. Stat. Mech. p. P12005 (2007).

A. E Albuquerque, F. Alet, P. Corboz, P. Dayal,
A. Feiguin, S. Fuchs, L. Gamper, E. Gull,
S. Girtler, A. Honecker, R. Igarashi, M. Korner,
M. Kozhevnikov, A. Liuchli, S. R. Manmana,
M. Matsumoto, I. P. McCulloch, F. Michel, R. M.
Noack, G. Pawlowski, L. Pollet, T. Pruschke,
U. Schollwock, S. Todo, S. Trebst, M. Troyer,
P. Werner, and S. Wessel, ]. Mag. Mag. Mat. 310, 1187
(2007).

Other references

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

D. M. Silevitch, D. Bitko, J. Brooke, S. Ghosh, G. Aep-
pli, and T. F. Rosenbaum, Nature 448, 567 (2007).

S. Miyahara and K. Ueda, J. Phys.: Cond. Mat. 15,
R327 (2003).

S. Nakatsuji, Y. Nambu, H. Tonomura, O. Sakai,
S. Jonas, C. Broholm, H. Tsunetsugu, Y. Qiu, and
Y. Maeno, Science 309, 1697 (2005).

J. L. Gavilano, S. Mushkolaj, H. R. Ott, P. Millet, and
F. Mila, Phys. Rev. Lett. 85, 409 (2000).

H. R. Ott, K. Andres, P. S. Wang, Y. H. Wong, and
B. Liithi, in Crystal field effects in metals and alloys,
A. Furrer, ed. (Plenum, New York, 1977), p. 84.

J. K. Kjems, H. R. Ott, S. M. Shapiro, and K. Andres,
J. Phys. (Paris) C6, 1010 (1978).

P. Ahmet, M. Abliz, R. Settai, K. Sugiyama, Y. Onuki,
T. Takeuchi, K. Kindo, and S. Takayanagi, J. Phys.
Soc. Jpn. 65, 1077 (1996).

K. Andres, E. Bucher, ]J. P. Maita, and A. S. Cooper,
Phys. Rev. Lett. 28, 1652 (1972).

A. Schenck, F. N. Gygax, and Y. Onuki, Phys. Rev. B
68, 104422 (2003).

K. Andres, J. E. Graebner, and H. R. Ott, Phys. Rev.
Lett. 35, 1779 (1975).

S. Barth, H. R. Ott, F. N. Gygax, B. Hitti, E. Lippelt,
A. Schenck, and B. C., Phys. Rev. B 39, 11695 (1989).

J. L. Gavilano, J. Hunziker, and H. R. Ott, Phys. Rev.
B 52, R13106 (1995).

A. D. Bianchi, E. Felder, A. Schilling, M. A.
Chernikov, E. Hulliger, and H. R. Ott, Z. Phys. B 99,
69 (1995).

P. Vonlanthen, J. L. Gavilano, B. Ambrosini,
D. Heisenberg, FE. Hulliger, and H. R. Ott, Z. Phys.
B 102, 347 (1997).

N. E. Bickers, D. L. Cox, and J. W. Wilkins, Phys. Rev.
B 36, 2036 (1987).

S. A. Grigera, P. Gegenwart, R. A. Borzi, F. Weickert,
A.]. Schofield, R. S. Perry, T. Tayama, T. Sakakibara,
Y. Maeno, A. G. Green, and A. P. Mackenzie, Science
306, 1154 (2004).

R. A.Borzi, S. A. Grigera, J. Farrell, R. S. Perry, S. . S.
Lister, S. L. Lee, D. A. Tennant, Y. Maeno, and A. P.
Mackenzie, Science 315, 214 (2007).

D. Jaksch, C. Bruder, J. I. Cirac, C. W. Gardiner, and
P. Zoller, Phys. Rev. Lett. 81, 3108 (1998).

Research m———



eeesssssss———— Project 1

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]
[150]
[151]

[152]
[153]

[154]

[155]

[156]

[157]
[158]
[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

E. Altman and A. Auerbach, Phys. Rev. Lett. 89,
250404 (2002).

S. Sachdev, Quantum Phase Transitions (Cambridge
University Press, Cambridge, UK, 1999).

R. Jackiw and A. Kerman, Phys. Lett. A 71, 158
(1979).

T. Stoferle, H. Moritz, C. Schori, M. Kohl, and
T. Esslinger, Phys. Rev. Lett. 92, 130403 (2004).

C. Schori, T. Stoferle, H. Moritz, M. Kohl, and
T. Esslinger, Phys. Rev. Lett. 93, 240402 (2004).

O. M. Auslaender, A. Yacoby, R. de Picciotto, K. W.
Baldwin, L. N. Pfeiffer, and K. W. West, Science 295,
825 (2002).

T. Stoferle, H. Moritz, C. Schori, M. Kohl, and
T. Esslinger, Phys. Rev. Lett. 92, 130403 (2004).

P. Barmettler, A. M. Rey, E. Demler, M. Lukin,
L. Bloch, and V. Gritsev, Quantum many-body dy-
namics of coupled double well superlattices (2008),
unpublished.

M. Kohl, H. Moritz, T. Stoferle, K. Giinter, and
T. Esslinger, Phys. Rev. Lett. 94, 080403 (2005).

D. Jérome, T. M. Rice, and W. Kohn, PR 158, 462
(1967).

E. Morosan, H. Zandbergen, B. Dennis, ]. Bos,
Y. Onose, T. Klimczuk, A. Ramirez, N. Ong, and
R. Cava, Nature Phys. 2, 544 (2006).

A. Ohtomo, D. A. Muller, J. L. Grazul, and H. Y.
Hwang, Nature 419, 378 (2002).

A. Ohtomo and H. Y. Hwang, Nature 427, 423 (2004).
S. Okamoto and A. J. Millis, Nature 428, 630 (2004).

Y. A. Bychkov and E. I. Rashba, Sov. Phys.—JETP 39,
78 (1984).

L. Petersen and P. Hedegard, Surf. Sci. 459, 49 (2000).

S. LaShell, B. A. McDougall, and E. Jensen, Phys.
Rev. Lett. 77, 3419 (1996).

S. Sorella and E. Tosatti, Europhys. Lett. 19, 699
(1992).

L. M. Martelo, M. Dzierzawa, L. Siffert,
D. Baeriswyl, Z. Phys. B 103, 335 (1997).

M. Dzierzawa, D. Baeriswyl, and M. Di Stasio, Phys.
Rev. B 51, 1993(R) (1995).

E. Kim and M. H. W. Chan, Science 305, 1941 (2004).
E. Kim and M. H. W. Chan, Nature 427, 225 (2004).

D. Heidarian and K. Damle, Phys. Rev. Lett. 95,
127206 (2005).

R. G. Melko, A. Paramekanti, A. A. Burkov, A. Vish-
wanath, D. N. Sheng, and L. Balents, Phys. Rev. Lett.
95, 127207 (2005).

N. Prokof’ev, Adv. Phys. 56, 381 (2007).

T. Senthil, A. Vishwanath, L. Balents, S. Sachdev, and
M. P. A. Fisher, Science 303, 1490 (2004).

A. J. Millis, P. B. Littlewood, and B. 1. Shraiman,
Phys. Rev. Lett. 74, 5144 (1995).

A.]J. Millis, B.I. Shraiman, and R. Mueller, Phys. Rev.
Lett. 77, 175 (1996).

M. Jaime, M. B. Salamon, M. Rubinstein, R. E. Treece,
J. S. Horwitz, and D. B. Chrisey, Phys. Rev. B 54,
11914 (1996).

A. Lanzara, N. L. Saini, M. Brunelli, F. Natali,
A. Bianconi, P. G. Radaelli, and S.-W. Cheong, Phys.
Rev. Lett. 81, 878 (1997).

and

55

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]
[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

MaNEP

C. Hartinger, F. Mayr, A. Loidl, and T. Kopp, Phys.
Rev. B 73, 024408 (2006).

E. Dagotto, Nanoscale Phase Separation and Colossal
Magnetoresistance (Springer-Verlag, Berlin, 2003).

J. Y. T. Wei, N. C. Yeh, and R. P. Vasquez, Phys. Rev.
Lett. 79, 5150 (1997).

J. Mitra, M. Paranjape, A. K. Raychaudhuri, N. D.
Mathur, and M. G. Blamire, Phys. Rev. B 71, 094426
(2005).

M. Fith, S. Freisem, A. A. Menovsky, Y. Tomioka,
J. Aarts, and J. A. Mydosh, Science 285, 1540 (1999).

J. Choi, J. Zhang, S.-H. Liou, P. A. Dowben, and E. W.
Plummer, Phys. Rev. B 59, 13453 (1999).

S. Valencia, A. Gaupp, W. Gudat, L. Abad, L. Bal-
cells, A. Cavallaro, B. Martinez, and F. J. Palomares,
Phys. Rev. B 73, 104402 (2006).

M. J. Calderén, L. Brey, and F. Guinea, Phys. Rev. B
60, 6698 (1999).

X. Du, S.-W. Tsai, D. L. Maslov, and A. F. Hebard,
Phys. Rev. Lett. 94, 166601 (2005).

Y. Kopelevich, J. C. M. Pantoja, R. R. da Silva, and
S. Moehlecke, Phys. Rev. B 73, 165128 (2006).

K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang,
M. L. Katsnelson, I. V. Grigorieva, S. V. Dubonos, and
A. A. Firsov, Nature 438, 197 (2005).

A. K. Geim and K. S. Novoselov, Nature Mat. 6, 183
(2007).

K. v. Klitzing, G. Dorda, and M. Pepper, Phys. Rev.
Lett. 45, 494 (1980).

R. B. Laughlin, Phys. Rev. B 23, 5632 (1981).

H. M. Jaeger, D. B. Haviland, A. M. Goldman, and
B. G. Orr, Phys. Rev. B 34, 4920 (1986).

M. P. A. Fisher, G. Grinstein, and S. M. Girvin, Phys.
Rev. Lett. 64, 587 (1990).

M. Biittiker, Y. Imry, R. Landauer, and S. Pinhas,
Phys. Rev. B 31, 6207 (1985).

B. J. van Wees, H. van Houten, C. W. J. Beenakker,
J. G. Williamson, L. P. Kouwenhoven, D. van der
Marel, and C. T. Foxon, Phys. Rev. Lett. 60, 848
(1988).

D. A. Wharam, T. J. Thornton, R. Newbury, M. Pep-
per, H. Ahmed, J. E. E. Frost, D. G. Hasko, D. C. Pea-
cock, D. A. Ritchie, and G. A. C. Jones, J. Phys. C 21,
1209 (1988).

K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang,
Y. Zhang, S. V. Dubonos, L. V. Grigorieva, and A. A.
Firsov, Science 306, 666 (2004).

T. Ando, Y. S. Zheng, and H. Suzuura, ]J. Phys. Soc.
Jpn. 71, 1318 (2002).

V. P. Gusynin, S. G. Sharapov, and J. P. Carbotte,
Phys. Rev. Lett. 96, 256802 (2006).

L. A. Falkovsky and A. A. Varlamov, Eur. Phys. ]. B
56, 281 (2007).

Y. Zhang, Y.-W. Tan, H. L. Stormer, and P. Kim, Na-
ture 438, 201 (2005).

M. L. Sadowski, G. Martinez, M. Potemski,
C. Berger, and W. A. de Heer, Phys. Rev. Lett. 97,
266405 (2006).

Z. Jiang, E. A. Henriksen, L. C. Tung, Y.-J. Wang,
M. E. Schwartz, M. Y. Han, P. Kim, and H. L. Stormer,
Phys. Rev. Lett. 98, 197403 (2007).

J. W. McClure, Phys. Rev. 108, 612 (1957).



MaNEP

[194]
[195]
[196]

[197]
[198]

[199]

[200]

[201]

J. C. Slonczewski and P. R. Weiss, Phys. Rev. 109, 272
(1958).

K. Wakabayashi and M. Sigrist, Phys. Rev. Lett. 84,
3390 (2000).

P. Ruffieux, O. Groning, P. Schwaller, L. Schlapbach,
and P. Groning, Phys. Rev. Lett. 84, 4910 (2000).

M. Biittiker, Phys. Rev. Lett. 68, 843 (1992).
I. Neder, N. Ofek, Y. Chung, M. Heiblum, D. Mahalu,
and V. Umansky, Nature 448, 333 (2007).

G. Feve, A. Mahé, J. M. Berroir, T. Kontos, B. Plagais,
D. C. Glattli, A. Cavanna, B. Etienne, and Y. Jin, Sci-
ence 316, 1169 (2007).

J. Gabelli, G. Feve, J. M. Berroir, B. Placgais, A. Ca-
vanna, B. Etienne, Y. Jin, and D. C. Glattli, Science
313, 499 (2006).
M. Biittiker, H. Thomas, and A. Prétre, Phys. Lett. A
180, 364 (1993).

56

[202]

[203]

[204]

[205]
[206]

[207]

[208]

V. A. Gopar, P. A. Mello, and M. Biittiker, Phys. Rev.
Lett. 77, 3005 (1996).

P. W. Brouwer and M. Biittiker, Europhys. Lett. 37,
441 (1997).

Y. Imry, in Directions in Condensed Matter Physics.
Memorial volume in honor of Sheng-keng Ma, G. Grin-
stein and G. Mazenko, eds. (World Scientific, Singa-
pore, 1986), p. 101.

R. Landauer, Z. Phys. B 68, 217 (1987).

A.]. Leggett and A. Garg, Phys. Rev. Lett. 54, 857
(1985).

A. Georges, G. Kotliar, W. Krauth, and M. J. Rozen-
berg, Rev. Mod. Phys. 68, 13 (1996).

J. E. Hirsch and R. M. Fye, Phys. Rev. Lett. 56, 2521
(1986).

Research m———



MaNEP

e Project 2

| ] 2 Superconductivity, unconventional mechanisms and novel
PI’O_jeCt materials

Project leader: D. van der Marel (UniGE)

Participating members: D. Baeriswyl (UniFR), C. Bernhard (UniFR), G. Blatter (ETHZ), @. Fischer
(UniGE), T. Giamarchi (UniGE), M. Grioni (EPFL), H. Keller (PSI), D. van der Marel (UniGE), J. Mesot
(PSI), E. Morenzoni (PSI), T.M. Rice (ETHZ), M. Sigrist (ETHZ). Contributions from H.R. Ott and J.-M.
Triscone (UniGE).

Introduction: The research in this project is on the properties of novel superconducting materi-
als, in particular noncentrosymmetric superconductors such as CePt35i, Cel15 d-wave superconduc-
tors, and Chevrel-phase superconductors, organic superconductors, the superconducting inteface
between LaAlO; and SrTiO3, MgB,, ZrBy; and inversion asymmetric superconducting pyrochlore
osmates. The surface melting of Abrikosov flux-line lattices was studied theoretically, and the com-
petition between superconductivity and magnetism was studied in multi-layers of superconducting
and magnetic oxyde materials. The microscopic properties of high T, cuprate materials were subject
of theoretical studies and a wide variety of experimental techniques.

Summary and highlights netic fields and temperatures, exhibiting an al-
ternation of rhombic, square and hexagonal
symmetries of the vortex lattice [3]. This be-
havior -far from the standard Abrikosov vortex
lattice- may have its origin in the d-wave sym-
metry of the order parameter, and lends sup-
port to earlier claims that near the Pauli-limit
this material enters an FFLO state.

The recent discovery of noncentrosymmetric
superconductor such as CePt35i has created
opportunities for discovering novel phenom-
ena related to the parity mixing of pairing
channels with spin zero and spin one. An ex-
ample is the prediction by Iniotakis, Fujimoto
and Sigrist that the interface between twin do-
mains of opposite spin-orbit coupling provides
an environment allowing flux lines with frac-
tional flux quanta to be formed [1]. Their pres-
ence could have strong implications on the flux - )
creep behavior in such superconductors. are both insulators, but at the interface be-

Almost half a century ago Fulde, Ferrell, tv'veen these t‘“{o 'insulators a dense and mo-
Larkin, and Ovchinnikov (FFLO) have pre- bile electron fluid is formed. A collaboration of

the groups of Triscone (UniGe) and Mannhart
(University of Augsburg, Germany) studied
the properties of this fluid at low temperatures,

Interfaces between different materials repre-
sent a rapidly growing field, where unique
phenomena can occur which can not be real-
ized in bulk materials. LaAlOsz and SrTiOjz

dicted that, close to the Pauli-limit, a super-
conductor may enter a state of matter where

the superconducting condensate has a finite ;
momentum and the order parameter devel- and observed that it becomes even supercon-

ops regularly spaced planar nodes perpendic- ducting below 0.2 Kelvm. [4], close to .the Te of
ular to the vortex lines. This state has been n-doped SrTiO;. The thickness of this super-
elusive for more than four decades, but re- conducting layer was argued to be less than 10
cently this so-called FFLO state was observed nanometers, implying that this superconductor
in the layered organic superconductor (BEDT- is effectively 2-dimensional. Indeed the char-
TTF),Cu(NCS), by Lortz et al. (UniGe) us- acteristics of the transition were found to be

ing calorimetry and magnetic torque measure- consistent with those of a 2D electron system
ments upto 28 Tesla [2]. undergoing a Berezinskii-Kosterlitz-Thouless

Another candidate for the FFLO state is (BKT) transition.

CeColns, a d-wave heavy-fermion supercon- In the field of cuprate high T, superconduc-
ductor with a critical temperature T, = 2.3 K. tivity, the big — still unanswered — chal-
Using neutron-scattering with a magnetic field lenges emerge from their complex phase di-
parallel to the c-axis, a collaboration of the agram. The interplay between superconduc-
group of Mesot (PSI) and researchers from Los tivity, magnetism, stripes or stripe-like order,
Alamos, Brookhaven, and the universities of spontaneous time-reversal symmetry breaking
Indiana, Notre Dame, and Birmingham, ob- and quantum criticality is central in theoreti-
served a rich phase diagram for different mag- cal and experimental approaches. While the
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Hubbard model is universally considered as
a ‘minimal model” for the electronic proper-
ties of the cuprates, the question whether or
not it can explain superconductivity has not
received a definite answer yet. An impor-
tant step in this direction was obtained by the
group of Baeriswyl who, using a novel varia-
tional wave function which generalizes previ-
ously used trial states [5, 6], found that ground
state of a hole doped Hubbard insulator with
a hole concentration between 5 and 20% is a d-
wave superconductor. In their calculation the
kinetic of the electrons increases when the sys-
tem becomes superconducting, a trend which
is precisely opposite to the prediction by the
BCS theory. This result agrees with trends re-
ported by the group of van der Marel for the
temperature dependence of the free carrier op-
tical spectral weight of under- and optimally-

1 Novel superconductors
1.1 Surface bound states of CePt3Si

Until recently superconductivity in metals
without inversion center has been a largely un-
explored area of superconductivity. With the
discovery of the heavy Fermion superconduc-
tor CePt3Si in 2003, the investigation of the
unusual properties of this class of supercon-
ductors started. Non-centrosymmetricity af-
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Figure 1: Normalized low-temperature con-
ductance G(eV) for a normal metal/non-
centrosymmetric superconductor junction with
boundary orientation n 1 z. The ratio q of the gap
amplitudes for s- and p-wave component is varied
from 0 to 1.5 in steps of 0.1.
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doped Bi-2212 [7, 8, 9], Bi-2223 [10], and Hg-
1201 [11].

Signatures of the coupling of bosons to the
conduction bands, such as phonons or spin-
waves, can be seen in spectroscopic probes of
the electrons near the Fermi energy, in par-
ticular angle resolved photoemission (ARPES),
scanning tunneling spectroscopy (STS) and in-
frared spectroscopy (IRS). Using STS Fischer’s
group has obtained robust evidence that the
dip-hump feature in the single particle spec-
tral function of the cuprates is due to a collec-
tive bosonic mode like the (77,7r) spin-wave res-
onance [12]. Evidence for coupling to a con-
tinuum of bosonic excitations up to 0.3 eV is
implied by the strong coupling analysis of in-
frared spectra [13] and from the ‘waterfall” dis-
persion recently observed in ARPES data of
Lap_,Sr,CuOy [14].

fects the electronic properties through spin-
orbit coupling which leads to a characteristic
spin-splitting of the electronic bands. This has
a strong effect on Cooper pairing at the Fermi
surface resulting in a non-unitary pairing state.
It was shown by several groups that this pair-
ing state displays parity mixing involving both
spin-singlet and spin-triplet character.

A non-trivial phase structure of the gap func-
tion can lead to Andreev bound states at sur-
faces and interfaces of an unconventional su-
perconductor. In the presence of line nodes
the s = p-wave state proposed by Frigeri et
al. [15] for CePt3Si satisfies the conditions for
such quasiparticle states with subgap energies.
These bound states could be detected through
resonant quasiparticle tunneling and appear
as so-called zero-bias anomalies in the I-V-
characteristics. The study by Sigrist’s group
was motivated by the aim that such spectral
tunneling features could provide a mean to
probe the presence of nodes as well as the sym-
metry of the mixed-parity state [16]. In particu-
lar, for the s &= p-wave state it was found that I-
V-spectrum depends in a characteristic way on
the tunneling direction providing the selection
rule: in plane tunneling would show a zero-
bias anomaly (Fig. 1), while it should be absent
for the c-axis direction.

1.2 Fractional flux lines on twin boundaries of
CePt3Si

Intrinsic interfaces separating twin domains of
opposite spin-orbit coupling in the crystal can
yield intriguing effects. Sigrist’s group has
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been analyzing this situation for the case of
CePt3Si for which two distinct twin domains
are possible [1]. The mixed parity phase can
lead to Andreev bound states at such inter-
faces, possibly observable by STS measure-
ments, and a locally time reversal symmetry
breaking (two-fold degenerate) phase can oc-
cur. Line defects separating the two degener-
ate interface states constitute flux lines enclos-
ing flux which is only a fraction of a flux quan-
tum. The fact that a conventional vortex in the
superconductor can decay into two fractional
ones which are strongly pinned on the inter-
face, implies that such interface states would
provide a strong impediment for the flux creep
behavior of such superconductors. This flux
creep effect is under experimental investiga-
tion now.

1.3 Josephson effect between CePt3Si and a con-
ventional superconductor

The Josephson effect between a mixed-parity
phase in a non-centrosymmetric superconduc-
tor such as CePt35i and a conventional super-
conductor involves some aspects of selection
rules. Sigrist and collaborators have examined
the Josephson coupling along different direc-
tion [17]. It is interesting that, for certain direc-
tions only, the even-parity part of the pair wave
function can couple to the order parameter of
the conventional superconductor. For other
directions spin-orbit coupling allows to cou-
ple both even- and odd-parity. For such junc-
tions the intrinsic Josephson phase may vary
between the two values 0 and 7t depending on
the contributions of the two spin-split Fermi
surfaces. This would give rise to distorted in-
terference patterns in a magnetic field, similar
to those found in 45°-asymmetric grain bound-
aries of cuprate superconductor films. This
property could explain recent experiments by
a japanese group [78].

1.4  Coexistence of superconductivity and anti-
ferromagnetism in CePt3Si

CePt35i has an antiferromagnetic transition at
Ty = 2.2 K slightly above the onset of su-
perconductivity at T, = 0.45 K. The behav-
ior under pressure suggests that the super-
conducting phase is associated with a mag-
netic quantum phase transition, analogous to
other Ce-based heavy Fermion superconduc-
tors. In previous studies ignoring the antifer-
romagnetic order, it was shown that the spin
susceptibility has a very specific anisotropy
in the superconducting state [18], which has
been verified experimentally for other similar
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non-centrosymmetric superconductors such as
CeRhSi3. However, for CePt3Si experimental
results are in conflict with this theoretical pre-
diction [79]. In a recent study in Sigrist’s group,
the role of antiferromagnetism in CePt3Si was
analyzed theoretically [19, 20]. The presence
of antiferromagnetism was identified as the
prime cause for the discrepancy between the-
ory and experiment for the spin susceptibility.
In this context, testable predictions have been
made for the behavior of the superconducting
state as a function of pressure. Moreover, it was
shown that the structure of the spin fluctua-
tions in CePt3Si favoring A-type order would
favor an s £ p-wave pairing state consistent
with the superconducting properties found ex-
perimentally so far.

1.5 Optical properties and electronic structure of
CeMiIns (M = Co, Rh, Ir)

Cerium based compounds are well known to
exhibit strongly correlated electronic phenom-
ena. Among them, the materials of the CeMIns
(M = Co, Rh, Ir) group have recently attracted
considerable attention for their unusual super-
conductivity and, presumably, proximity to a
quantum critical point with pressure and mag-
netic field as tuning parameters. In collab-
oration with D. Basov at UCSD (San Diego)
van der Marel’s group has determined the in-
frared conductivity CeMIns (M = Co, Rh, Ir)
in the photon energy range from 2 meV to
4.5 eV using the combination of near normal
incidence reflectivity (2 meV-0.8 eV) and ellip-
sometry (0.8-4.5 eV) [21]. In all compounds
signatures of the formation of a coherent state
is found. In CeColns and CelrIns, which do not
order magnetically but become superconduct-
ing, the spectral weight is recovered in a fre-
quency range that is considerably larger than
the hybridization gap. However, as a result of
the competition with anti-ferromagnetism, the
energy region where the coherent state occurs
is much lower in the CeRhIns compound that
orders magnetically.

1.6 Neutron scattering study of the FFLO phase
in CeColns

Many superconducting materials allow the
penetration of magnetic fields in a mixed state
in which the superfluid is threaded by a regular
lattice of Abrikosov vortices, each carrying one
quantum of magnetic flux. The phenomeno-
logical Ginzburg-Landau theory, based on the
concept of characteristic length scales, has
generally provided a good description of the
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Figure 2: Structural phase diagram for the VL in
CeColns with the magnetic field parallel to the c-
axis.

Abrikosov vortex lattice (VL) state. After hav-
ing established the B vs T phase diagram of
the VL (Fig. 2), a collaboration of the group
of Mesot with researchers from UCI, Univer-
sity of Notre Dame, University of Birming-
ham, Los Alamos National Laboratory and
Brookhaven National Laboratory conducted
neutron-scattering measurements of the vor-
tex lattice form factor in the heavy-fermion su-
perconductor cerium-cobalt-indium (CeColns)
and found that this form factor increases with
increasing field — opposite to the expecta-
tions within the Abrikosov-Ginzburg-Landau
paradigm. The anomalous field dependence of
the form factor is attributed to Pauli paramag-
netic effects around the vortex cores and from
the proximity of the superconducting state to a
quantum critical point [3].

1.7 High Pressure XAS and RIXS of heavy
fermion superconductors

The unusual properties of the cuprates
have stimulated a strong interest in non-
conventional mechanisms of pairing. In
particular, in magnetic heavy fermions com-
pounds like e.g. CePd;Si; or Celnz, spin
or valence fluctuations associated with the
strongly correlated 4f states, could replace
the phonons as the glue that binds electrons
in Cooper pairs [80]. In these compounds,
superconductivity is found in narrow regions
around a quantum critical point (QCP), where
the system can be driven by hydrostatic pres-
sure from the magnetic to the superconducting
phase. High-resolution X-ray absorption in
the partial-fluorescence yield mode (PFY-XAS)

60

Figure 3: YD valence in YbRh,Si, as a function of
pressure and temperature estimated from PFY-XAS
and RIXS experiments.

and resonant X-ray scattering experiments
(RIXS) can provide a direct microscopic view
of the 4f occupation in a region of the phase di-
agram that is strongly influenced by the QCP.
Such experiments are very challenging, since
they require cryogenic conditions and high hy-
drostatic pressures, but are now feasible at the
Yb Lz 2p — 5d; hv = 8.9 keV) absorption edge
[22, 23, 24]. In collaboration with scientists
from Milano (Dallera), Grenoble (Knebel) and
Paris (D’Astuto) the group of Grioni measured
at beam line ID 26 of the ESRF the temperature
and pressure dependence of the Yb valence
in the Yb-based heavy fermion compounds
YbNirGe; and YbRh,Sip (Fig. 3). In all cases
the valence increases with increasing pressure
and temperature, with a clear deviation from
the pure Yb®>* configuration in the vicinity of
the QCP.

1.8 The two colors of MgB,

Magnesium diboride MgB,, which contains
graphene-like boron planes, is an interesting
example of a non-cuprate ‘high-T,” supercon-
ductor (T, ~ 40 K). In addition, it clearly shows
a rare phenomenon of a two-gap superconduc-
tivity. The anisotropic optical conductivity of
MgB, between 0.1-3.7 eV on single crystals by
the spectroscopic ellipsometry and reflectance
measurements [25] was studied by van der
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Figure 4: Reflectivity (top panel), optical conduc-
tivity and the dielectric constant (bottom panel) of
MgB, at 300 K for two polarizations. The pho-
tographs on the top panel are made on the ac-
oriented surface in polarized light.

Marel and collaborators (Fig. 4). The bare (un-
screened) plasma frequency w;, was observed
to be almost isotropic and equal to 6.3 eV,
which contrasts some earlier reports of a very
small value of wy. The data indicate that the o-
bands are characterized by a stronger electron-
phonon coupling A but smaller impurity scat-
tering ;y,p, compared to the 7r-bands. The op-
tical response along the boron planes is marked
by an intense interband transition at 2.6 eV, due
to which the reflectivity plasma edges along
the a- and c-axes are shifted with respect to
each other. This shift explains a double color
appearance of MgB,. The optical spectra are
in good agreement with the published ab initio
band structure and electron-phonon coupling
calculations.

1.9 Electron scattering by defects in MgB,

In earlier work [26] investigating the two-
band character of the superconductivity of
MgB; by measurements of the temperature
and magnetic-field dependence of the thermal
conductivity «(T,H) in the mixed state, Ott
and collaborators have identified the relative
contributions of the electrons in either the o-
or the 7w band to the thermal transport below
Tc. This work was extended to single crystals
of Mg, AlyB; and MgB, _Cy (x,y < 0.1), i.e.
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Figure 5: Magnetic field induced variations of the
thermal conductivity k(H) in the mixed state of
superconducting Mg(B;_,Cy), (upper panel) and
Mgy _yAlyB, (lower panel). The open and closed
symbols are data for H oriented parallel and perpen-
dicular to the c-axis, respectively.

on material with impurities on either the Mg or
the B sublattice [27, 28]. In pure MgB, the elec-
tronic heat transport is divided almost equally
between the electrons occupying states in the
o- and the 77 band. Low concentrations of C
on B sites reduce the heat conduction by elec-
trons occupying o-band states by 2 orders of
magnitude, i.e. the heat transport is almost en-
tirely carried by 7-band electrons. Replacing
small amounts of Mg by Al on the correspond-
ing sublattice enhances the intraband scattering
of electrons of both bands in approximately the
same way. For both types of defects, the data
on k(T, H) indicate, however, that the interband
scattering is not significantly affected by the in-
troduction of either type of defect (Fig. 5). The
gap anisotropy between the - and the 77 band
is thus preserved in either case.

1.10 Zirconium dodecaboride: transport and op-
tical properties

In zirconium dodecaboride (T, = 6 K), boron
atoms make up a three-dimensional network
forming spacious By4 cages, which accommo-
date metal ions. The van der Marel group de-
termined the optical conductivity of ZrBi, us-
ing ellipsometry in the range 0.8-4.6 eV and IR
reflectometry in the range 6 meV-0.8 eV from
300 K down to 20 K [29]. The Drude plasma fre-
quency and interband optical conductivity cal-
culated by the self-consistent, fullpotential lin-
ear muffin-tin orbital method agree well with
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Figure 6: Top panel: optical conductivity of ZrB;;
at selected temperatures. Inset: low-energy part;
symbols represent the DC conductivity. The dot-
ted line shows the interband conductivity from LDA
calculation. Bottom panel: effective number of car-
riers per unit cell. Inset: low-frequency part; the
horizontal dotted line corresponds to the calculated
plasma frequency of 6.3 eV.

experimental data (Fig. 6). The Eliashberg
function #?F(w) extracted from optical spec-
tra features two peaks at about 25 and 80 meV,
in agreement with specific heat data. The to-
tal coupling constant is Ay, = 1.0 £ 0.35. The
low-energy peak presumably corresponds to
the displacement mode of Zr inside By4 cages,
while the second one involves largely boron
atoms. An unexpected removal of about 10 %
of the Drude spectral weight was observed.
This effect may be caused by the delocalization
of the metal ion from the center of the boron
cluster.

1.11 Thermal spectroscopy of the vibrational
modes in superconducting materials

When measured with a high accuracy, spe-
cific heat, electrical resistivity and thermal ex-
pansivity can be regarded as “thermal spec-
troscopies”. A complete set of these data
gives rich information on the interplay be-
tween lattice vibrations (specific heat), anhar-
monicity (thermal expansion) and electronic
properties (resistivity). A method to obtain
the phonon density of states from specific heat,
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the electron-phonon coupling function from re-
sistivity and the mode Gruneisen parameter
from thermal expansion was developed, which
in some cases can compete with standard de-
terminations as e.g. inelastic neutron or X-
ray scattering. Although the energy resolu-
tion is limited, a great advantage of the phonon
density of states obtained from specific heat
is that it provides absolute values and is not
bothered by the different scattering cross sec-
tions of the atoms forming the structure. De-
tailed analyses were performed by R. Lortz et
al. (UniGe) on superconductors with struc-
tures based on ions in oversized crystalline
cages with very low-lying (‘rattling’) phonon
modes: the clathrates BagSiys and BanySiigo,
the borides ZrBi;, YBg and LuBj;, the lin-
ear Chevrel phases Tl)MogSes, InoMogSes and
the pyrochlore KOs,Og [30, 31, 32]. From
the analysis it was possible to identify the
phonon modes responsible for superconduc-
tivity. Some of these superconductors revealed
themselves as textbook examples, where su-
perconductivity is mediated by a single soft
phonon mode.

1.12 KOSzo(, and RbOS206

The discovery of superconductivity in the
B-pyrochlore osmate compounds AQOs;Oq
(A =K, Rb, Cs) [81, 82, 83] has highlighted the
question of the origin of superconductivity in
classes of materials which possess geometrical
frustration [84, 85]. The reported absence of
inversion symmetry in the crystal structure of
KOsy0g [33] raises the question of its Cooper
pair symmetry and the possibility of spin
singlet-triplet mixing [34, 35, 36].

Scanning tunneling spectroscopy (STS) mea-
surements on atomically flat regions of the as-
grown surface of KOs,Og were performed by
the group of Fischer [37]. With 9.6 K, this
compound displays the highest-T. of the p-
pyrochlores. Fitting the spectra (dI/dV) and
their derivatives (i.e. d>1/dV?) at different tem-
peratures revealed that KOs, Og is fully gapped
with an anisotropy of around 30% [38]. In addi-
tion, the observed spectra are compatible with
an s — p-wave spin-triplet mixed state which is
allowed if the compound lacks inversion sym-
metry.

The magnetic properties of the samples were
also investigated. Magnetization vs. tempera-
ture was measured at different fields, in Field-
Cooled (FC) and Zero-Field-Cooled (ZFC) con-
ditions. This measurement gives the criti-
cal temperature T, as well as the tempera-
ture of irreversibility T, defined as the tem-
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Figure 7: Vortex Phase Diagram of RbOs,Og. Lines
are guides to the eye. Inset: magnetization vs. tem-
perature in FC and ZFC at a field of 11 Oe

perature where the FC and ZFC curves split
(inset of Fig. 7). The vortex phase diagram
was then constructed, shown in Fig. 7. Com-
pared to most superconductors, for example
BipSryCapCuzOqg4.4, the reversible zone is very
large. This means that the vortex pinning is
very low in this compound.

1.13 Transport and specific heat measurements
in quasi-1D molybdenum cluster conden-
sates and quasi-3D Chevrel phase com-
pounds

For many years, the scientific community has
sought a compound to bridge the gap between
conventional BCS type-II superconductors and
the high-T, cuprates. With their extremely
short coherence lengths (as low as 23 A in
PbMogSg) [39] and high upper critical fields,
Chevrel phase superconductors appear to be
an ideal candidate for this role. Although these
materials crystallize in a quasi-3D structure
comprising weakly-coupled MogXg (X =S, Se,
Te) clusters, it is also possible to condense such
clusters into infinite-length chains, thus form-
ing the MyMogXe family which includes the
most highly one-dimensional superconductors
currently known.

Fischer and collaborators have measured the
low-temperature characteristics of the quasi-
particle DOS of superconducting PbMogSg for
the first time using scanning tunneling spec-
troscopy. In light of these results, a highly
anisotropic gap function is the likely explana-
tion for the low-energy excitations observed in
the spectra. In particular, the measurements
are well described by 3D d-wave models com-
patible with the rhombohedral symmetry of
PbMogSs. Interestingly, the spatial dependence
of some of the compatible gaps is very reminis-
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cent of the peculiar shape of the first Fermi sur-
face sheet. Such d-wave superconductivity in
PbMogSg could result from the very short co-
herence length which would favor the appear-
ance of a repulsive component in the coupling
interaction [39]. The combination of possible
d-wave symmetry, a large 2A(/kgT, ratio and
short coherence length in PbMogSs is strongly
reminiscent of the high T. superconductors and
calls for further investigation.

Quasi-1D MyMogSegs (M = TI, In, Rb) were
studied using AC susceptibility, electrical
transport and specific heat techniques. The
low-dimensional nature of these materials is
immediately apparent in the superconducting
transitions for M = Tl, In which are substan-
tially broadened in a magnetic field [40, 41].
This effect is significantly greater in Tl,MogSeq
due to its reduced coherence volume. The
magnitude of the broadening cannot be ex-
plained by conventional 3D thermal fluctua-
tions, although a 1D model developed for su-
perconducting nanowires [86] gives more real-
istic transition widths.

By combining the data for the lattice specific
heat with the electrical resistivity, the approx-
imate phonon densities of states (PDOS) and
electron-phonon coupling were measured for
M =Tl, In (Fig. 8) [41]. The PDOS obtained
compare well with previous neutron scatter-
ing data [87], displaying a strong low-energy
(5-7 meV) Einstein-type mode from the M ion
vibration, together with a set of intra-chain
modes in the 10-30 meV range. Electrons in

Figure 8: Phonon density of states (histogram)
and normalised electron-phonon transport coupling
function Dc%er (line) for Tl MogSeg and In, MogSeg.
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TI)MogSes couple strongly to both low and
high-energy modes, whereas InpMogSes only
displays a coupling with the high-energy intra-
chain modes. From the specific heat data,
the BCS coupling ratios 2A/kpT, > 5 and 3.5
for M = Tl, In respectively. This implies that
although not entirely responsible for super-
conductivity, the Einstein mode from the TI
atom is able to “boost” superconductivity in
TIoMogSes. In contrast, RbpMogSes undergoes
a broad metal-insulator transition at T ~ 170 K.

1.14 Specific heat study of the FFLO phase in
(BEDT-TTF),Cu(NCS),

The layered organic superconductor (BEDT-
TTF);Cu(NCS), was studied by R. Lortz
(UniGe) in the high-field laboratory in Greno-
ble in fields up to 28 T with a high-precision
micro-relaxation calorimeter [2]. When the
field was applied parallel to the superconduct-
ing planes, the superconducting transition be-
came of first-order in fields above 21 T (Fig. 9).
This is a clear sign that the Pauli limit for su-
perconductivity is reached. Above this field,
the upper critical field line exhibits a sharp
upturn and a second phase transition appears
within the superconducting phase. A compari-
son with a theoretical model shows that the ob-
served phase is a realization of a Fulde-Ferrel-
Larkin-Ovchinnikov state. This phase has been

Figure 9: Electronic contribution to the spe-
cific heat of the organic superconductor (BEDT-
TTF), Cu(NCS), in high magnetic fields applied par-
allel to the superconducting layers. The supercon-
ducting transition becomes of first order when the
Pauli limit for superconductivity is reached. A sec-
ond first-order transition within the superconduct-
ing phase represents the transition into an inhomo-
geneous Fulde-Ferrel-Larkin-Ovchinnikov state. In-
set: phase diagram showing the sharp upturn of
the H, line due to the presence of an FFLO state
(black squares) and the transition into the FFLO
state (green triangles).
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before only identified in the heavy-fermion su-
perconductor CeColns. In a following experi-
ment the existence of this phase was confirmed
by means of magnetic torque measurements.

1.15 Local ferroelectric field-effect in supercon-
ducting Nb-doped SrTiO3.

The long term goal of this project is to cre-
ate superconducting nanostructures in thin ox-
ide films using the ferroelectric field effect.
The group of Triscone fabricated heterostruc-
tures by growing first, using pulsed laser de-
position (PLD), high quality epitaxial metal-
lic 1 weight% Nb-doped SrTiO3; (Nb-STO) thin
films on insulating TiO;-terminated SrTiO3
(STO) substrates. Then, using RF-magnetron
sputtering, a ferroelectric PbZr( 2 TiggO3 (PZT)
film was grown onto the metallic Nb-STO film.
Switching the polarization of the PZT with
an atomic force microscope (AFM) allows to
change the carrier concentration of the Nb-STO
film at the nanoscale. The reversal of the po-
larization induces a shift in the superconduct-
ing critical temperature [42]. As can be seen
in Fig. 10, over a given temperature range,
the Nb-STO is in the superconducting or nor-

Figure 10: Top: resistance vs temperature of a 150 A
Nb-STO film for the two polarization states of the
500 A PZT top layer. Bottom: the corresponding
points on the phase diagram of doped SrTiO; (from
[88]) are shown by the red and blue points. The car-
rier concentration is estimated using the Hall effect
at 200 K. The dashed circles show the estimated T,’s
that one would expect for half the initial doping.
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mal state, depending on the polarization ori-
entation. Ultimately this technique will be ap-
plied to define normal state regions in a super-
conducting background (or the inverse) to cre-
ate vortex pinning centres, SQUID’s, Josephson
junctions or other mesoscopic devices.
Working on the improvement of the Nb-STO
and PZT thin film growth, a large PZT fer-
roelectric polarization of 20 #C/cm? was ob-
tained using 10 nm thick metallic Nb-STO, al-
lowing an induced change in carrier concentra-
tion of up to 8:10'” (cm~3). At room temper-
ature, the carrier concentration and the resis-
tivity are changing by a factor as large as 3.5
and 4.2 upon polarization reversal. The initial
doping level of the Nb-STO films is 1 weight-
% which is close to the optimal doping for su-
perconductivity. This however explains why
the T. shift is not very important as observed
on Fig. 10. Using a 0.5 weight-% doped thin
film, and assuming an identical PZT polariza-
tion, much larger T, shifts could be expected
(about 200 mK), as illustrated by the dashed
circles on Fig. 10 (bottom).

1.16 The LaAlO3 SrTiO3 system

At the interfaces between complex oxides, sys-
tems with unusual and novel electronic prop-
erties can be generated. The interest in the
physics of such interfaces has been largely
boosted by the 2004 discovery of Ohtomo
and Hwang of metallic conduction at the in-
terface between LaAlO3; and TiO, terminated
SrTiOs; [89]. A possible explanation for this
phenomenon is the so-called “polar catastro-
phe” scenario. This phenomenon is related to
the polarity discontinuity at the interface be-
tween non-polar (001) SrTiO3 planes and po-
lar LaAlO3; atomic planes. When these are
stacked on top of each other, an electric poten-
tial develops and increases as the film thick-
ness increases. Above a critical thickness, an
electronic reconstruction may take place which
could lead to a charge transfer at the inter-
face (thus explaining the observed conductiv-
ity), creating a quasi two dimensional electron
gas.

The group of Jochen Mannhart (University
of Augsburg) has been actively working on
these interfaces [90]. In collaboration with this
group, Triscone’s group studied the transport
properties at very low temperatures (down to
25 mK) to reveal the ground state of this con-
ducting interface.

The ground state of this electron gas turned
out to be a superconducting condensate for
samples grown in Augsburg as well as those
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Figure 11: Resistance versus temperature for sev-
eral 5rTiO3 /LaAlO; samples with different LaAIOs
thicknesses grown in Augsburg and Geneva reveal-
ing a transition to a superconducting state.

grown in Geneva. Thus, remarkably, the in-
terface between these two insulating oxides is
found to be superconducting! (Fig. 11) The su-
perconducting transition temperature is about
200 mK and the observed characteristic super-
conducting properties reflect the two dimen-
sional nature of this system. More specifically,
the footprint was investigated of a Berezinskii-
Kosterlitz-Thouless (BKT) transition expected
in a 2D superconductor.

In the ideal BKT framework, one expects that
the voltage versus current curves follow a
power law behavior V ~ [?, with the expo-
nent a jumping from 1 to 3 at the BKT transi-
tion temperature. In a real system with a fi-
nite size the transition is smoothed. However,
the transition temperature is, as in the infinite
size case, defined by the relation a(Tgxr) = 3.
Independently, the resistance versus tempera-
ture curve should follow a particular behav-
ior: R = Ry - exp(—b(T/Tgxr — 1)1/?) close to
Tpxr-

The resistance measurements are consistent
with these expressions. Both of these predic-
tions have been checked for an 8uc sample and
give remarkably similar Tgxr values, close to
200 mK as can be seen on Fig. 12. More de-
tails can be found in reference [4]. The devia-
tion from the ideal case has been checked to be
due to the finite size of the current path.

2  Quantum matter

2.1 Density functional theory of (surface) melt-
ing in layered superconductors

The melting of the vortex lattice is one of the
most striking aspects of the phenomenology of
high-temperature superconductors. It is now
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Figure 12: V-I characteristics, a versus T, and
(dInR/dT)~%/3 versus T, signatures of the 2D BKT
superconducting transition.

both theoretically and experimentally estab-
lished that enhanced thermal fluctuations ren-
der the Abrikosov flux-line lattice unstable to
a vortex liquid over a large part of the B-T
phase diagram in these materials [91]. Much
interest has been devoted to the melting tran-
sition in extremely anisotropic materials such
as BiSrpCaCupOg. The large value of the
anisotropy in these materials motivates their
modeling in terms of a one dimensional ar-
ray of magnetically-coupled two-dimensional
superconducting layers with no inter-layer
Josephson coupling. Vortex lines are then de-
scribed by linear arrangements (stacks) of pan-
cake vortices, whose highly anisotropic inter-
actions are mediated only by the magnetic field
[92].

Blatter and collaborators [43] combine the
methodology of a mean-field substrate model
[93] with the classical density functional the-
ory (DFT) of freezing [94]. A free-energy func-
tional was derived in terms of a scalar order-
parameter profile and used to derive a sim-
ple formula describing the temperature depen-
dence of the melting field, (Fig. 13). The cen-
tral quantity in the theory, the direct correla-
tion function between pancake vortices, is de-
scribed in a novel way exploiting the layered
structure of the system: the strong and long-
range in-plane correlations are obtained from
Monte Carlo data, while the weak but long-
range out-of-plane interaction is treated pertur-
batively. The latter then provides the mean-
field substrate potential stabilizing the solid
phase beyond the two-dimensional situation.
The theoretical predictions are in good agree-
ment with simulation data and largely improve
on previous results obtained via purely analyt-
ical (e.g. hypernetted chain equations) closure
schemes. The theoretical framework is thermo-
dynamically consistent (in contrast to previous
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Figure 13: Comparison of the melting line B (T)
obtained via the DFT-substrate approach (present
work, full line) with that of Dodgson et al. (dashed
line). Top right: numerical solutions of the order-
parameter profile y, for different fields B increasing
from top to bottom: (a) at T = 0.08 egd (O, transition
with the liquid-solid interface invading the bulk as
B /" Bm)and (b) at T = 0.33¢pd (O, transition with
the thick line corresponding to B = B,).

work) and thus capable of describing the neg-
ative magnetization jump obtained in experi-
ments.

The extension of this work to include the ef-
fect of an ab surface [44, 45] leads to the phe-
nomenon of surface melting for which two dis-
tinct scenarios are known [95], a first-order
type melting termed O; or surface-non-melting
where the order parameter undergoes a jump
to zero at the bulk melting temperature Tr,
and a second-order type melting termed O;
or surface-melting where the order parameter
smoothly goes to zero at T,, (Fig. 13). Start-
ing from the microscopic interaction between
pancake vortices, the density functional theory
in the mean-field substrate approach is used
to derive a Landau-type theory describing sur-
face melting. Both scenarios, O; and Oy, turn
out to be realized in the pancake vortex sys-
tem of a layered superconductor, with the O
behavior realized at very low and high mag-
netic fields. In the most important intermedi-
ate field regime, the transition is continuous
(O7), in agreement with the asymmetric hys-
teresis observed in the experiment (absence of
an overheated solid, see Ref. [96]). The two
regimes (O; versus Oy) are separated via mul-
ticritical points.

2.2 Quantum instability in a dynamically asym-
metric de-SQUID

A classical system cannot escape out of a
metastable state at zero temperature. However,
a composite system made from both classical
and quantum degrees of freedom may drag it-
self out of the metastable state by a sequen-
tial process. This sequence starts with the tun-
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Figure 14: Schematics of the dynamically asym-
metric dc-SQUID. Two Josephson-junctions are inte-
grated in a current (I) biased superconducting loop
with inductance L. The two junctions have equal
critical current I., but strongly asymmetric (shunt)
capacitance C; and (shunt) normal resistance R;; the
parameters are chosen such that junction 1 behaves
classically, whereas junction 2 is subject to quantum
effects.

neling of the quantum component which then
triggers a distortion of the trapping potential
holding the classical part; provided this distor-
tion is large enough to turn the metastable state
into an unstable one, the classical component
can escape (the ‘Miinchhausen effect’).

A device where this physics can be imple-
mented and observed experimentally is the dy-
namically asymmetric de-SQUID (Supercon-
ducting Quantum Interference Device), see
Fig. 14, where the capacitances play the role
of effective masses, the kinetic energy of junc-
tion jis 7; = (h/ZE)ZC]-quZ/2 with ¢; the time
derivative of the relative phases of the su-
perconducting order parameter across the two
junctions.

The coupling of the two junctions via the loop
inductance L produces the interaction energy,
whereas the external driving current I cou-
ples to the absolute coordinate. Small junc-
tions exhibiting quantum behavior in the form
of quantum tunnelling [97, 98] and even quan-
tum coherence [99, 100] can be routinely fabri-
cated today.

The result of the theoretical analysis is conve-
niently expressed in a dynamical phase dia-
gram involving the inductive coupling L be-
tween the junctions and the bias current I
through the SQUID loop (Fig. 15). A small
inductance L strongly couples the ‘light” and
‘heavy’ junctions and the transport through
the SQUID turns dissipative close to the max-
imal critical current 21.. On the other hand, a
large inductance L in a large loop allows the
‘light” junction to decay violently and a large
number of flux quanta enter the loop, redirect-
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Figure 15: Phase diagram of the dynamically asym-
metric dc-SQUID as a function of bias current i =
I/2I. and inductive coupling k = ®gc/27LI. with
both junctions overdamped. The critical current
ic(k) (solid line) marks the boundary between a lo-
calized classical junction (i < i.) and a delocalized
classical junction (i > i), which corresponds to a fi-
nite voltage state of the SQUID; branches with neg-
ative slope (dashed lines) are triggered by a classi-
cal pathway, while those with positive slope (dotted
lines) are determined by the quantum instability of
the light junction. The inset shows a comparison be-
tween the approximate analytical result (solid line)
and the exact numerical result (dashed).

ing the current over the classical ‘heavy’ junc-
tion — as a consequence, the maximal current
transported across the SQUID loop is limited
to I, half the critical current expected in a clas-
sical setting. The complex zig-zag boundary
in the I-L diagram separating the dissipation-
free- (localized) from the finite voltage (delo-
calized) regime is the consequence of a delicate
competition between the stepwise increase in
flux-quanta entering the loop with increasing
inductance L, while the concomitant decrease
in coupling o 1/ L reduces the ability of the flux
quanta in redirecting the current.

For a classical junction with massive dynamics,
the kinetic energy has to be accounted for in the
decay process and the transition line in Fig. 15
is shifted towards smaller currents. Replac-
ing the quantum junction by an underdamped
junction as well (as is relevant in experiments
attempting to observe this effect), effects of
quantum coherence and avoided level cross-
ings have been accounted for in this model [46].
Experiments with typical parameters as chosen
for superconducting flux qubits and with a dy-
namical anisotropy of order 300 in the capaci-
tances are under way.

2.3 STS study of vortices in
Rb05206

KOSzO6 and

Fischer and collaborators have mapped the
vortices for different applied fields on KOs;Oy



H=2T H=6T
GO T ——
@) 50l (B) ]
50+ 8
a0} | a0 1
€ L |
£ 30 { 80
>
20+ : : 4 207 1
10} 4 10 b
0 0
60 ' 3 i
(9 d
© ol @ ]
50t 8
__4o0f : : 1 4 1
3 | ]
£ 30} 4 %
>
20k . . | 20t 1
10F 4 10} 1
0 S S S 0 R S S S
0 10 20 30 40 50 60 0 10 20 30 40 50
X (nm) x (nm)
|
0.6 0.8 1

ZBC (normalized)

0 20 40 60
Distance (nm)

Distance (nm)

Figure 16: Vortices mapped by STS through ZBC
maps on KOsyOg. (a), (b) Experimental ZBC maps
for 2 and 6 T respectively with corresponding fits (c),
(d); large values (red) correspond to normal regions
(i.e. vortex cores) and low values (blue) to super-
conducting (gapped) regions. (e), (f) Experimental
ZBC profiles across vortex centers together with the
corresponding profiles from the 2D fits (red lines).

and demonstrated that they are arranged in an
hexagonal lattice with spacings consistent with
those of an Abrikosov vortex lattice. The out-
standing agreement between the experimental
and theoretical Zero Bias Conductance (ZBC)
maps (Fig. 16) allowed to extract the coher-
ence length ¢ of 3140 A showing a slight field-
dependence. This value, obtained through a
microscopic probe, confirms previous thermo-
dynamic estimates. The absence of a zero bias
conductance peak, the apparent field depen-
dence of ¢ and the precise radial dependence
of the LDOS all call for deeper exploration.
Another member of the B-pyrochlore family,
RbOs,Og, has a slightly lower T. and a signif-
icantly smaller upper critical field [82]. STM
measurements revealed gapped spectra, with
well-developed coherence peaks and a flat
background at high energies (inset of Fig. 17).
Spectra taken at different temperatures show
that the gap closes progressively (Fig. 17), but
remains measurable above the bulk T, (5.5 K
for this sample) and only completely disap-
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Figure 17: Tunnelling Spectra of RbOs; O, taken at
temperatures from 1.78 K to 8.26 K. Inset: spectrum
at 1.80 K.

pears at about 7.5 K.

2.4  Effects of oxygen doping
BipSrpCapCuzOqg4 5 vortex matter

on

Understanding the extremely-anisotropic elec-
tronic and magnetic properties of layered
cuprates requires to unveil the nature of the
coupling mechanisms between the supercon-
ducting Cu-O planes [91, 101]. Fischer et
al. studied the effect of oxygen doping on
the critical temperature T, the vortex matter
phase diagram and the nature of the coupling
between Cu-O planes in the three-layered
BipSryCapCuzOqg4s (Bi-2223) compound [47,
48].

Contrary to previous reports [102, 103], in
the overdoped regime, T. varies with the
annealing pressure, though less significant
than in the bi-layer parental compound
BiySryCaCuyOqp1 s (Bi-2212). As shown in the
insert of Fig. 18, magnetic measurements re-
veal that increasing oxygen concentration pro-
duces a reduction of the liquid vortex region.
The second-peak field Hgp associated with the
order-disorder transition between the quasi-
crystalline Bragg glass and the disordered vor-
tex glass also increases with oxygen concentra-
tion. These findings imply that the interlayer
coupling (anisotropy) between Cu-O planes
monotonously increases (decreases) with é.
The main panel of Fig. 18 shows that
the anisotropy parameter varies between 50
(Te/ TP ~ 0.9) and 15 (Tc/T&I™ ~ 0.96)
when increasing oxygen concentration (s =
18 A) . These data were obtained from in
and out-of-plane first-penetration field mea-
surements. On the contrary, the in-plane
penetration depth Ay, presents a boomerang-
like behavior with §, having a minimum
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Figure 18: London penetration depth A,,(0),

v/ ®o/ Hsp and anisotropy times the interlayer spac-
ing, sy, as a function of T. for the underdoped
(UD), optimally-doped (OPT) and overdoped (OD)
regimes of BipSryCayCu3Oy. Insert: vortex phase
diagram for the same sample in UD (O sym-
bols), OPT (O symbols) and extremely OD (A sym-
bols) regimes. The irreversibility, Hy (T) (full sym-
bols), second peak Hgp(T) (open symbols) and zero-
dimensional pinning Top (gray-filled symbols) lines
are shown.

value close to optimal doping. In spite
of Bi-2223 being roughly three times less
anisotropic than Bi-2212, these effects lead to a
crossover from a Josephson(overdoped)- to an
electromagnetic(underdoped)-dominating in-
terlayer coupling in the vicinity of optimal
doping.

2.5 Competition between high T, super-
conductivity and  ferromagnetism in
YBazCuz0,/SrRuO3 multilayers

The LE-uSR technique [49] was applied to ex-
plore on the depth-resolved scale (of nanome-
ters) the magnetic properties of superconduct-
ing YBCO layers that are part of a supercon-
ductor/ferromagnet (YBayCuzO, /SrRuQO;) su-
perlattice.

As shown in Fig. 19 well defined sidebands
below Tc, highlight that the ferromagnetic
phase transition in the SrRuO3 (SRO) layers
gives rise to induced magnetic moments within
the YBa;CuzO,, (YBCO) layer that have a fairly
well defined spatial order. Similar phenomena
have been observed experimentally in classical
Fe/Ag/Fe and Fe/Pb/Fe multilayers and cor-
responding superconductor/ferromagnet mul-
tilayers with conventional superconductors
and ferromagnets [104][50, 51]. However,
while in the latter systems the spin-density-
wave propagates along the direction perpen-
dicular to the film plane, the analyses of
Morenzoni and Bernhard seems to imply that
in the YBCO/SRO superlattice the spin-density
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Figure 19: (a) Depth of the muon implantation with
8 keV muon energy. (b) Magnetic field distribution
as seen by the muons at different temperatures. (c)
Temperature dependent magnetic field distribution
as seen by the muons. Note the peaks on both sides
of the applied magnetic field B,y = 252 G whose
evolution is indicated by the gray lines.

wave is oriented along the CuO; planes.

2.6 Neutron reflectometry of
Y832CU3O7/L32/3C31/3MHO3 superlat-
tices

Superlattices consisting of individual lay-

ers (of equal thickness of 10 nm) of
the high-temperature superconductor
YBapCuzOferromagnet La;/3Caj /3MnO3

(LCMO) exhibit a wealth of interesting phe-
monena related to the competition between
ferromagnetism and superconductivity. For
example, a ferromagnetic (FM) moment is
induced within the superconducting (SC)
YBCO layers that is antiparallel to the one of
the LCMO layers [52, 53].

Recently Bernhard and Morenzoni observed a
superconductivity induced modulation of the
ferromagnetic moment along the vertical direc-
tion in similar multilayers with strongly under-
doped Y0.6Pr0.4Ba2Cu3O7 (Y0_6Pr0.4BCO) lay—
ers. In particular a peak appears at the posi-
tion of the 0.5™ Bragg peak in the reflectivity
curve right below the superconducting transi-
tion temperature of the Yo4(T; = 40 K). The
data indicate that the magnitude of the FM
moment in the LCMO layers becomes modu-
lated along the vertical direction with a period-
icity of twice the one of the bilayers when the
Y0.6Pr04BCO layers enter the superconducting
state.

2.7 Superconductivity and  magnetism in
YBayCuz07/PrBas CuzO7 multi-layers

The critical temperature of superlattices com-
posed of one unit cell thick layers YBa;CuzO7
(YBCO) separated by PrBa,CuzO7 (PBCO) lay-
ers of variable thickness has been found to
decrease continuously as the PBCO thickness
is increased, indicating that coupling persists
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Figure 20: Internal magnetic fields measured by
Zero Field-uSR in a bulk powder sample (blue tri-
angles), a single PBCO layer (black squares), inside
a PBCO layer in a tri-layer (red circles) and in a bi-
layer (brown nablas).

over distances of approximately 10 nm [105].

Spin polarized low energy muons were
used to investigate the local superconduct-
ing and magnetic properties of c-axis oriented
YBCO/PBCO/YBCO tri-layers, YBCO/PBCO
bi-layers and single layer films. The mag-
netic properties of the PBCO layers have
been investigated by zero field uSR. Fig. 20
shows the local magnetization for a sin-
gle layer with a thickness of 50 nm, as
part of the YBCO(75nm)/PBCO(75nm) bi-
layer and embedded in two YBCO layers
in a YBCO(75nm)/PBCO(50nm)/YBCO(75nm)
structure. The energy of the muons has been
chosen so that they stop in the center of the par-
ticular PBCO layers. In all investigated single
layer and multi-layer film structures the anti-
ferromagnetic ordering is similar to bulk sam-
ples, as shown from the evolution of the inter-
nal field and the muon depolarization rate with
temperature.

When a magnetic field is applied parallel to the
ab-planes of a YBCO/PBCO/YBCO trilayer, a
sizeable fraction of the PBCO buffer layer dis-
plays a diamagnetic shift characteristic of the
superconducting state. This fraction coexists
with an antiferromagnetic fraction exhibiting
the same ordering as described above for the
zero field experiment. A typical depth profile
of the diamagnetically shifted field component
is depicted in Fig 21 at a temperature below
the critical temperature of YBCO. In the trilayer
film the monotonic decrease of the screened
field in the top superconducting layer and the
large shift in PBCO imply that unexpected
large dissipation free supercurrents are flow-
ing through a 50 nm AF barrier to the bottom
YBCO layer, which sustains the return flow. By
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Figure 21: Depth dependence of the local screened
magnetic field in the bi-layer (black squares) and tri-
layer (red triangles) samples at T = 25 K in the
Meissner state. The dotted line indicates the top
YBCO/PBCO interface. For comparison the depth
profile of a 200 nm thick single layer of YBCO is also
shown (blue diamonds).

applying a magnetic field perpendicular to the
film the field distribution becomes characteris-
tic for a rigid vortex state in the top and bottom
superconducting layer, reflecting the vortex su-
percurrents flowing in the ab-planes. These re-
sults present the signature of a large proxim-
ity effect between two compounds with differ-
ent electronic ground state, not expected on the
base of conventional proximity theory.

3 Microscopic properties of the cuprates

3.1 Modelling the asymmetric tunnelling spectra
in Bi-based cuprates

This program aims to unveil clues on the
microscopic mechanisms of superconductiv-
ity from modelling STM spectra of high-T,
cuprates [54, 12]. Previous works [54] [106,
107, 108] have focused on the particularities
of the dip-hump structure observed in Bi-
based compounds. The present study fol-
lows this program by modelling the spec-
tra measured on Bi;Sr,CaCuyOg (Bi-2212) and
BiySrpCayCus Oy (Bi-2223) single crystals.

The group of Fischer measured nanometer-size
maps of d1/dV spectra and sort them by their
peak-to-peak energy-separation. The spectra
with smaller (larger) A, are associated to an
overdoped (underdoped) local doping level.
As an example, Fig. 22 shows optimally-doped
(OPT) Bi-2223 and underdoped (UD) Bi-2212
spectra. Spectra of both materials present an
asymmetric background (becoming more pro-
nounced in the UD regime), a significant asym-
metry in the height of the coherence peaks and
a strongly developed dip-hump feature.

Research m———
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Figure 22: Top panel: average spectrum of

optimally-doped Bi;SryCay,Cuz Oy fitted without
the asymmetric background term. Bottom panel:
average spectrum of under-doped BipSr; CaCup Oy
fitted considering an asymmetric background term.
The background contribution is depicted in blue.
Inserts: evolution of the superconducting gap, A,
and the collective mode energy, Oy, with the
peak-to-peak gap A, for Biy Sry Cap Cuz Oy (top) and
Biy Sry CaCuy Og (bottom).

Using the strong-coupling model introduced
in Ref. [108], which takes into account the d-
wave BCS pairing, the two-dimensional band
structure of the Cu-O planes and an interaction
of the quasiparticles with the (7, 7r) spin res-
onance observed in neutron-scattering experi-
ments [109, 110, 111], excellent were obtained
of the STM spectra in both Bi-2212 [54] and
Bi-2223 [12] in the optimally- and over-doped
regimes (top panel of Fig. 22).

However, the model does not properly fit the
UD spectra where the asymmetry is more pro-
nounced (bottom panel of Fig. 22). Therefore
an asymmetric slowly-varying background
was introduced, associated to the incoherent
part of the spectral function as suggested by a
slave-boson theory [112]. This resulted in ex-
cellent fits of the UD spectra as well, and al-
lowed to follow the trend of the microscopic
parameters also in the UD regime (bottom
panel of Fig. 22). The trends are in agreement
with measurements done by other non-local
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techniques ([113][55]). In particular, the energy
of the collective mode decreases as a function
of increasing A, (inset of the figure).

Therefore robust evidence was obtained that
the dip-hump feature in the electron excitation
spectra of high-T. superconductors is due to
a collective bosonic mode like the (7, 7r) spin
resonance. Whether this collective mode is at
the origin of the superconducting pairing de-
serves further studies.

3.2 Scanning Tunneling  Spectroscopy on
YBa2CU3O77x
Unlike the Bi-based cuprate family,

YBa,CuzO7_, (Y123) does not offer natural
cleaving planes, making surface measurements
quite challenging. Up to now, the best scan-
ning tunneling spectroscopic measurements
were obtained on optimally-doped single crys-
tals, along the (001) crystallographic direction.
Measurements were done on the (100) or (010)
facets of a thick optimally-doped single crystal
in situ fractured. Two kinds of spectra have
been measured, both spatially reproducible
over tens of nanometers: superconducting-like
spectra showing mostly small gaps of the
order of 10 meV, and spectra with a sharp
zero-bias conductance peak (ZBCP). All spec-
tra can be fitted using a d-wave based Blonder,
Tinkham and Klapwijk (BTK) model [114]
mixing tunneling into the (001), (100) and
(110) directions. For the spectra with a ZBCP
the superconducting gap is of the order of
20 meV, similar to the one detected in (001)
tunneling. The topography roughness by
STM is consistent with the possibility to inject
charge carriers into the (110) direction while
position the tip perpendicularly to a (100) or
(010) crystal edge.

While a lot of studies have been reported on
the doping dependence of the spectra in the Bi-
based cuprates, very few measurements have
been successfully performed on Y123 with
non-optimal doping. The Fischer group has
carried out the first STS studies on a Y123 sin-
gle crystal presenting a very broad supercon-
ducting transition (> 40K). Contrary to mea-
surements done on homogenous samples, the
measurements reveal here spectra with a large
distribution of gaps. Fig. 23 show spectra ac-
quired at different locations, and ordered by
decreasing gap amplitude. As the gaps in-
crease (from 20 meV to more than 50 meV) the
height of the gap-edge peaks (coherence peaks)
decrease, similarly to what in observed for Bi-
based cuprates. Spectra showing the largest
gaps have almost no coherence peaks, and re-
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Figure 23: STM spectra of YBay, CuzO; at different
Iocations, and ordered by decreasing gap amplitude.

flect a possible pseudo-gap state like in BSSCO.
A temperature dependence of these spectra is
under study, and may confirm these assump-
tions.

3.3 Lap_SryCuOy4 and YBayCuyOg

The existence of an extended pseudogap phase
in both La;_,Sr,CuQOy4 (LSCO) and YBa;CuyOsg
(Y124) compounds has been claimed from
magnetic and transport bulk measurements
[115]. However, the local electron spectro-
scopic properties of this pseudogap phase
have not been thoroughly explored [56]. For
optimally-doped Laj 8551y 15CuO4 (Tc = 38 K,
in situ fractured in UHV), and YBa;CuyOsg,
spectra were acquired in two regimes: high
(true tunneling) and low (pseudo point-
contact) tunneling resistance regimes. In the
true tunneling regime, spectra are gapped-like
with a finite zero-bias conductance and faint
gap-edge peaks. In the pseudo point-contact
regime, spectra reveal sharp zero-bias conduc-
tance peaks, consistent with theoretical predic-
tions of electrons injected in the nodal in-plane
directions. For the two compounds, fits of con-
ductance curves using a BTK-like model as-
suming a d-wave density of states [114] give
the same superconducting gap in both regimes:
A = (7+1.5) meV for LSCO, and A = (14 +
2) meV for Y124 [57]. The ratio 2A/kgT, is
4.3 for LSCO, and 4.1 for Y124, within the d-
wave BCS value but in contrast with results ob-
tained for cuprates with an extended pseudo-
gap phase such the BiSrCaCuO family [56].

The first temperature dependence of the tun-
neling spectra were also performed (Fig. 24).
For both compounds, the low-bias conduc-
tance dip progressively vanishes with temper-
ature, and no gap is measured at T,. The
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Figure 24: Temperature evolution of the tunneling
spectra for Y124 (left panel) and LSCO (right panel).
T, is 78K for Y124, and 38K for LSCO.

tunneling-detected pseudogap phase is there-
fore restrained to a region close to T.. For
LSCO, this T* ~ T, = 38 K is 3-5 times smaller
than values reported from various bulk tech-
niques [115]. For Y124, T* ~ T, = 78 K, in
contrast with nuclear magnetic resonance and
transport measurements which report a T* ~
180 — 240 K.

These results stress the need to clarify the dif-
ferences between the pseudogap phases de-
tected by charge and spin sensitive techniques.
However, surface effects cannot be completely
ruled out: the gap values provided from the
measurements are compatible with a slightly
overdoped and pseudogap-less surface.

3.4 Local correlations between the supercon-
ducting gap size and the superstructure in
Bi25r2C32CU3010+5

The interplay of inhomogeneities and super-
conductivity in high-temperature supercon-
ductors is an highly debated subject. For ex-
ample, the well-known structural modulation
in BiSrCaCuO compounds and its influence
on superconducting properties is currently un-
clear. This modulation has a period of nearly
5 unit cells [58]. All metal atoms are modu-
lated parallel to the c-axis. In addition, both the
bismuth and strontium atoms also vary from
there ideal rocksalt positions in the a-b plane
[116]. In Fig. 25A scanning tunneling spec-
troscopy (STS) measurements are represented
on BiySryCayCuzOqg45 (Bi-2223), which reveal
a modulation of the superconducting gap mag-
nitude, A, in correlation with the structural
modulation.

The dI/dV spectrum shown in Fig. 25B is an
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Figure 25: (A) Typical topography of the
Bip Sty Capy Cuz Oy 5 sample (U = 0.4 V, I = 0.2 nA).
The supermodulation is 45° from the Bi sublattice
(black arrow). (B) Normalized average dI/dV spec-
trum over a 30 nm square region. The average gap
value is 48 meV.

average of thousands of spectra acquired over
a 30 x 30 nm? surface. It shows all of the typi-
cal features of an underdoped Bi-2223 surface:
large gap, asymmetry of the peak height and
background.

Studying the variation of the superconduct-
ing gap on the atomic scale shows a strik-
ing relation between the size of the gap and
the position relative to the superstructure.
Fig. 26B is an image of the local superconduct-
ing gap magnitude in each spectrum of a 255 x
255 pixel low-temperature spectroscopic map.
Bright areas indicate regions with a large A.
Fig. 26A is the simultaneously acquired topog-
raphy. Dark areas indicate regions with lower
apparent height. The bright lines running diag-
onally downwards in the gapmap correspond
to the dark lines running in the same direc-
tion in the topography. Fig. 26C is the cross-
correlation of the gapmap and topography.

To quantify the magnitude of the gap variation,
all gap values lying at a given distance from the
superstructure were averaged and then plotted
in Fig. 27 (blue line). The green line shows a
similar averaging of the topography. The gap
value varies sinusoidally by roughly 8-10 per-

Figure 26: (A) 255 x 255 pixel topographic map ac-
quired on a Bi-2223 single-crystal at low tempera-
ture. (B) 255 x 255 pixel image of the local gap mag-
nitude over the area seen in (A). Bright areas indi-
cate regions of large gap. (C) Cross-correlation of
(A) and (B) shows that the gapmap and topography
are anticorrelated.
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Figure 27: Average value of the superconducting
gap (blue line) and topography (green line) as a
function of distance from the superstructure (phase
offset from the minimum of the superstructure). The
topography units are not shown.

cent from its mean value, being maximal at the
minimum of the superstructure.

3.5 lIsotope shift of the STM of cuprate super-

conductors

The recent series of scanning tunneling mi-
croscopy (STM) experiments on cuprate super-
conductors by the Davis group has received
a lot of attention. The STM spectra they ob-
tained cover large surface areas, show strong
variations on an atomic scale and yield spec-
tacular pictures [117]. However, there has been
relatively little theory of the physics under-
lying these pictures and their interpretation.
The group of Rice has investigated three issues
raised by these STM spectra.

First, the spectra showed structures consis-
tent with an O-phonon sideband. In conven-
tional superconductors such phonon structure
in tunneling spectra can be nicely explained
within BCS-Eliashberg theory and is the most
direct confirmation of this microscopic theory.
In the present case Pilgram and collaborators
[59] proposed an alternative explanation aris-
ing from inelastic tunneling processes as elec-
trons tunnel through the insulating barrier be-
tween the STM tip and the conducting CuO;-
planes (Fig. 28).

Second, a prominent feature of the spectra
in underdoped cuprates is a modulated pat-
tern when the STM tip is above O-sites in the
CuO;-plane with enhanced and reduced sig-
nal strengths on opposite O-pairs in a (CuO)4-
plane (Fig. 29). This pattern was interpreted
as evidence for a strong charge modulation on
O-sites in the CuO,-planes. Chen et al. [60]
showed that interference effects occur exactly
when the tip is in this position, which depend
on the relative phase for tunneling processes
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Figure 28: Left panel: geometry relevant for the

STM experiment with the superconducting CuO»
plane lying below BiO and SrO layers. Right panel:
proposed inelastic cotunneling process via the api-
cal oxygen atom which leads to phonon satellites
in the current-voltage characteristics in the electron-
energy scheme.

through the apical O-ions lying above the two
Cu-neighbors of a planar O-ion. Further they
found a similar interference pattern generated
by hole states localized around the dopant ac-
ceptors. These calculations demonstrate that
the STM patterns do not simply measure local
density variations but contain phase informa-
tion about the underlying many-body wave-
function of the holes doped into the CuO;-
planes.

Lastly the tunneling spectra on superconduct-
ing BiSrCaCuO cuprates showed a simultane-
ous modulation of the superconducting gap
and the phonon feature in phase with the
known structural superlattice in the BiO layers
of these compounds. At first this was claimed

Cu 3d,‘2_y2

Figure 29: Schematic crystal structure of
Cay_xNayCuO,Cl, around a Ca®T ion or a doped
Na™ ion. The sign represents the phase of the Cu-
and Cl-orbital wavefunction.
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to be evidence that exchange of this phonon
was a key component in the microscopic ori-
gin of the superconductivity. However Yang et
al. [61] demonstrated that both modulations di-
rectly follow from the structural displacements
induced in the CuO;-planes within the strong
correlation t-J-model and do not imply a causal
relation between the superconducting gap and
the phonon.

3.6 Variational wavefunction approach to the
Hubbard model in two dimensions

The Hubbard model plays a key role in the
analysis of correlated electron systems, and it is
widely used for describing quantum antiferro-
magnetism, the Mott metal-insulator transition
and, ever since Anderson’s suggestion [118],
also for describing superconductivity in the
layered cuprates. While the one-dimensional
case can be treated exactly, approximate tech-
niques have been developed to determine the
various phases of the two-dimensional Hub-
bard model. For very weak coupling, the
perturbative Renormalization Group has al-
lowed to extract the dominant instabilities in
an unbiased way, namely antiferromagnetism
at half filling and d-wave superconductivity for
moderate doping [62]. Quantum Monte Carlo
simulations have been successful in extracting
the antiferromagnetic correlations at half fill-
ing, but in the presence of holes the numeri-
cal procedure is plagued by the fermionic mi-
nus sign problem. This problem appears to
be less severe in dynamic cluster Monte Carlo
simulations, which exhibit a clear tendency to-
wards d-wave superconductivity for interme-
diate values of U [119].

Variational techniques address directly the
ground state and thus offer an alternative to
quantum Monte Carlo simulations, which are
limited to relatively high temperatures. Previ-
ous variational wave functions include mean-
field trial states from which configurations
with doubly occupied sites are either com-
pletely eliminated (full Gutzwiller projection)
[120, 121, 122] or at least partially suppressed
[123]. Recently, more sophisticated wave func-
tions have been proposed, which include, be-
sides the Gutzwiller projector, non-local op-
erators related to charge and spin densities
[124, 125]. Eichenberger and Baeriswyl’s vari-
ational wave function [5, 6] is based on the
idea that for intermediate values of U the best
ground state is a compromise between the con-
flicting requirements of low potential energy
(small double occupancy) and low kinetic en-
ergy (delocalization). It is known that the ad-
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dition of an operator involving the kinetic en-
ergy yields an order of magnitude improve-
ment of the ground state energy with respect
to a wave function with a Gutzwiller projector
alone [126, 127].
In its most simple form, the 2D Hubbard model
is composed of two terms, H=1+T+UD, with
T=- Z (C:{cha + c]t,cig) 1)
(i)

D = ZniTnil (2)
i

Here c:fg creates an electron at site i with

spin ¢, the summation is restricted to nearest-
neighbour sites and n;, = cjgcm. Beariswyl and
collaborators considered a square lattice with
periodic-antiperiodic boundary conditions and
choose U to be equal to the bandwidth, U = 8t.
The ansatz

[¥) = e e 8P ¥y 3)
is linked to a a mean-field ground state |¥o)
with either a (d-wave) superconducting or an
antiferromagnetic order parameter. The op-
erator e8P partially suppresses double occu-
pancy for ¢ > 0, while e promotes both hole
motion and kinetic exchange (close to half fill-
ing). In the limit # — 0 the Gutzwiller ansatz
is recovered [123]. For ¢ — oo and h <« 1
the present variational problem is equivalent
to that of the ¢-] Hamiltonian with respect to
a fully Gutzwiller-projected mean-field state.
The calculations for i > 0 are carried out
in momentum space where the operator D is
not diagonal. Therefore a discrete Hubbard-
Stratonovich transformation is applied to de-

couple the terms 1;;7;, in the operator e P by
introducing an Ising spin at each site. Expec-
tation values are obtained using a Monte Carlo
simulation with respect to the Ising spin con-
figurations.

For an average site occupation n = 1 (half-
filling) the ground state is expected to exhibit
long-range antiferromagnetic order. A mean-
field reference state |¥() is therefore chosen
with a finite staggered order parameter. There
is indeed an energy minimum for a finite stag-
gered magnetization. The order parameter is
reduced with respect to both the unrestricted
Hartree-Fock appoximation and the Gutzwiller
ansatz, although it is still larger than the value
expected in the large U limit (the Heisenberg
model).

Away from half filling a BCS wave function is
used with d-wave symmetry as mean-field ref-
erence state, characterized by a gap parame-
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Figure 30: Gap (triangles) and order parameter

(squares) as functions of the doping for U = 8t and
an 8 x 8 lattice.

ter A describing pairing and a “chemical po-
tential” u fixing the average electron density
n. For such a “grand canonical” trial state the
problems with the fermionic minus sign, which
show up strongly for a fixed particle number,
are greatly reduced and allow to obtain reli-
able results for both rather large system sizes
and a realistic value of the interaction parame-
ter (U = 8t).

The minimization of the energy with respect to
the variational parameters A, g, h for a given
average density is very time consuming. The
initial results [6] for n ~ 0.8 were not conclu-
sive, but the more recent results [63] clearly
exhibit both a finite gap parameter A and a
finite superconducting order parameter & for
0.8 < n < 0.95, as shown in Fig. 30.

For some densities three different lattice sizes
were studied (6 X 6, 8 x 8 and 10 x 10). The
results do not change much between the larger
lattice sizes, at least for densities where A is not
too small.

The “kinetic” and potential energies were also
calculated separately (see section 3.7 for the ex-
perimental data). Quite generally the conden-
sation energy is found to be to a large extent
due to a decrease in kinetic energy and to a
much lesser extent to a decrease in potential en-
ergy.

The Fermi surface determined by ARPES data
for hole-doped cuprates suggests that the re-
striction to nearest-neighbor hopping in Eq. (1)
is not adequate and that next-nearest-neighbor
hopping (parameter ') cannot be neglected. It
is straightforward to include such a term in
this variational procedure. The first results for
' = —0.3t indicate that d-wave superconduc-
tivity remains stable and even persists up to
higher doping (n. ~ 0.75) than for the simple
Hubbard model.
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3.7 Optical spectral weight and free carrier ki-
netic energy in high T, cuprates

Many-body electronic correlations play a dom-
inant role in the physics of cuprate materi-
als. The main optical feature associated with
the free charge carriers (electrons or holes) of
a metallic system is the zero-frequency mode,
which for non-interacting electrons becomes
a Lorentzian centered at zero frequency, the
width of which is due to impurity scatter-
ing. Electrons in a solid have in general a
more complex lineshape due to the interac-
tions, which can be formally decomposed in a
zero-frequency mode and one or several oscil-
lators, the latter representing the ‘incoherent’
transport of a charge carrier while the former
represents the propagation the Landau Fermi
liquid quasi-particles. The total free carrier
spectral weight is defined as the total (coher-
ent + incoherent) free charge carrier spectral
weight, which is obtained by integrating the
optical conductivity
Qe

W(T) = [ 1w, Do (4)
where the value of the cutoff up to a fre-
quency (). (typically ~ 1 eV) chosen to sep-
arate the free carrier response from the inter-
band transitions. In all cuprate compounds
investigated so far W(T) is seen to increase
when the temperature is decreased. This in-
crease is 5 to 10 times larger than the tempera-
ture dependence expected from the Local Den-
sity Approximation (LDA) bandstructure, and
neglecting the effect of electron-electron inter-
actions [128][64]. The observed large increase
is on the other hand consistent with cluster
Dynamical Mean-Field Theory (DMFT) calcu-
lations within the framework of the repulsive
Hubbard model [128][9].
At the normal-to-superconducting phase tran-
sition, the free charge carrier spectral weight
W(T) shows a kink-like anomaly. The sign
and the size of the superconductivity-induced
change AW = W; — W, are related to the
change of the electronic kinetic energy Ey;, (in
the simple tight binding model with nearest
neighbor hopping, AW o —AEy;,). This al-
lows, in principle, distinguishing between a
BCS-like mechanism, where the increase of the
kinetic energy is overcompensated by a de-
crease of the potential energy and the oppo-
site scenario where the condensation energy is
due to the gain in kinetic energy in the super-
conducting state. AW was determined for sev-
eral superconducting cuprates (Hg-1201 [11],
Bi-2212 [8, 9], Bi-2223 [10]) in order to establish
its dependence on doping, the number of the
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Figure 31: The doping dependence of the neg-

ative of the superconductivity induced change of
free carrier optical spectral weight of several cuprate
compounds, which is approximately proportional
to AEy;,. The critical temperature is indicated for
BiszzCaCUQOlo+(5.

CuO; planes and the chemical composition.
Since the energetic changes are rather small,
spectroscopic ellipsometry was used in combi-
nation with reflectivity measurements and ad-
vanced methods of the analysis of optical spec-
tra (as described below) in order to improve the
accuracy of AW. The results of these studies are
summarized in Fig. 31.

The cuprates from the studied families appear
to follow the same trend: AEy;, is negative (not
BCS like) at low doping levels but crosses over
to positive, i.e. BCS-consistent, values for the
overdoped regime. Intuitively this can be as-
sociated with the fact that the quasiparticles in
the normal state are much more coherent, or
Fermi-liquid like, for the overdoped samples
than for the underdoped ones, which make the
energetics more conventional.

Two issues regarding the interpretation of
these experimental results have been ad-
dressed: first of all the truncation at finite (),
introduces a systematic underestimation of the
free carrier spectral weight. This was inves-
tigated in collaboration with M. Norman, A.
Chubukov and F. Marsiglio, using a strong
coupling model fitted to the experimental op-
tical data (see section 3.8). In the normal state
the strong temperature dependence of W(T)
can be largely accounted for by the cutoff [13,
65]. However, at any finite impurity scatter-
ing, the same model predicts a superconduc-
tivity induced decrease of W(T) [65], which
contradicts the observations on underdoped
and optimally doped samples. The second is-
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sue is that the simple relation AW o« —AE;,
is valid only for a simple tight-binding band
with nearest-neighbor hopping only. The rela-
tion between AW and AEy;, was studied the-
oretically, taking into account a realistic band
structure of the cuprates, which is consistent
with ARPES experiments. In the relevant dop-
ing regime (below about 0.28 holes/Cu), the
change of the spectral weight due to supercon-
ductivity is AW < 0 [64].

This confirms that BCS theory cannot account
for the experimental observations of the super-
conductivity induced spectral weight change,
in that for the underdoped and optimally
doped cuprates the kinetic energy of the charge
carriers decreases when the material becomes
superconducting. On the other hand, these
observations agree with cluster DMFT calcula-
tions [9] and variational ansatz calculations [5,
6] within the framework of the repulsive Hub-
bard model.

3.8 Electron-boson coupling function from opti-
cal spectra

Although the discovery of high-temperature
superconductivity in the cuprates raised
doubts about the applicability of the Fermi-
liquid description of these materials, there
is growing evidence that quasiparticles exist
at low energies, and that they interact with
bosonic degrees of freedom. These observa-
tions have given rise to a renewed interest
in the analysis of experiments in terms of
the more conventional Fermi Liquid based
approaches. Therefore the optical spectra of
a large number of different high T. super-
conducting materials were measured and
analyzed using a strong coupling model. The
goal is to obtain a boson spectral density
#?F(w) which can then be compared to spec-
tral densities obtained by other techniques.
The analysis is based on the Kubo expression
for the optical conductivity,

w? 1
- _P -
o(w,T) = imiw
/°° np(w+ ') —np(w')
o (w4, T)-2%(w', T) —w

do’

The self-energy ~(w, T) is related to a’F(w)
via,

sm = e [

+”B(w/) +1—nr(e)
w—€—w +1id

©)
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Figure 32: The electron-boson coupling function

#?F(w) obtained by fitting of optical data of the sin-
gle layer high T, superconductor Hg-1201 (T, = 97
K), in the normal state.

An analytical function was chosen for a?F(w)
with a few parameters that are to be optimized.
In view of the double integral linking a?F(w)
to the self-energy, which in turn is linked to
the optical conductivity through an integral ex-
pression, it is not realistic to try to fit any details
of a?F(w). Instead a®F(w) is represented as a
sum of square blocks, the width and height of
which are adjustable parameters of a numerical
fitting routine.

This idea was tested for Bi-2212 at various dop-
ings, Bi-2223 and Hg-1201. In all cases it turns
out that a?F(w) has two main features: a low
energy feature around 50 meV and a much
broader one centered around 250 meV. An ex-
ample of this is shown in Fig. 32, which in
this case corresponds to the single-layer Hg-
1201 (T, = 97 K). This is in good agreement
with the observations made by ARPES exper-
iments where one finds the low energy kink at
the same binding energy and a “waterfall” like
feature at high binding energy.

3.9 Momentum anisotropy of the scattering rate
in cuprate superconductors

Mesot and collaborators examined the momen-
tum and energy dependence of the scattering
rate of the high-temperature cuprate super-
conductors using angle-resolved photoemis-
sion spectroscopy. The scattering rate is of the
form a+bw around the Fermi surface for under-
and optimal doping. The inelastic coefficient
b is found to be isotropic. The elastic term
a, however, is found to be highly anisotropic
for under-and optimally doped samples, with
an anisotropy which correlates with that of the
pseudogap. This is contrasted with heavily
overdoped samples, which show an isotropic
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scattering rate and an absence of the pseudo-
gap above T.. This was found to be a generic
property for both single-and double-layer com-
pounds [66].

3.10 Dual character of the electronic structure
of YBapCuyOg: the conduction bands of
CuO; planes and CuO chains

Microprobe angle-resolved photoemission
spectroscopy (ARPES) was used by the Mesot
group to separately investigate the elec-
tronic properties of CuO, planes and CuO
chains in the high temperature supercon-
ductor, YBapyCuyOg. For the CuO; planes, a
two-dimensional (2D) electronic structure is
observed and, in contrast to Bi,Sr,CaCuyOg s,
the bilayer splitting is almost isotropic and
50% larger, which strongly suggests that
bilayer splitting has no direct effect on the
superconducting properties. In addition, the
scattering rate for the bonding band is about
1.5 times stronger than the antibonding band
and is independent of momentum. For the
CuO chains, the electronic structure is quasi-
one-dimensional and consists of a conduction
and insulating band. Finally, the conduction
electrons are well confined within the planes
and chains with a nontrivial hybridization
[67].

3.11  When low- and high-energy electronic re-

sponses meet in cuprate superconductors

The existence of coherent quasiparticles near
the Fermi energy in the low-temperature state
of high-temperature superconductors has been
well established by angle-resolved photoe-
mission spectroscopy (ARPES). The group of
Mesot has studied Laj g35rj17CuQy, in the su-

Figure 33: Dispersion of E; (boundary between
Iow- and high-energy features) as a function of the
Fermi surface angle ¢.
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perconducting state, and reported an abrupt
change in the quasiparticle spectral function,
as the dispersion of the ARPES signal was
followed from the Fermi energy to 0.6 eV.
The interruption in the quasiparticle disper-
sion separates coherent quasiparticle peaks at
low energies from broad incoherent excita-
tions at high energies. The boundary between
these low-energy and high-energy features ex-
hibits a cosine-shaped momentum dependence
(Fig. 33), reminiscent of the superconducting d-
wave gap. Further intriguing similarities be-
tween characteristics of the incoherent exci-
tations and quasiparticle properties suggest a
close relation between the electronic response
at high and low energies in cuprate supercon-
ductors [14].

3.12 ARPES study of
Bi2SI’2C32CU3010+5

triple-layer

A collaboration of the groups of Mesot, Gri-
oni and van der Marel has studied the
electronic structure of the three-layer com-
pound BizSrpCarCuzOqp45 (Bi-2223) by high-
resolution ARPES studies. Experiments have
been performed with a UV source at Lau-
sanne, and with synchrotron radiation at the
Swiss Light Source on optimally doped (OPT;
T = 110 K) and slightly overdoped (OD; T; =
108 K) high-quality samples grown by E. Gian-
nini (UniGe).

The ARPES data illustrate the opening of a d-
wave superconducting gap (Ag = 76 £ 4 meV
for the OPT sample). The measured dispersion
exhibits clear signatures of renormalization on
two different energy scales: a low-energy kink
(at ~ 60 meV) and a high-energy waterfall, in
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Figure 34: ARPES (SLS data) of an optimally

doped BiySry Cay Cuz Oy 5 sample, measured near
the antinodal point, showing the splitting of the con-
duction band.
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agreement with recent ARPES literature [129].
The present data unambiguously show that the
Cu-O band is split by a coupling between CuO
planes within each 3-layer block (Fig. 34). Re-
markably only two branches are observed in-
stead of three, as would be expected from a
simple model of three coupled metallic layers.
This is likely to be a manifestation of different
doping levels in the outer and inner planes of
the tri-layer, as was previously suggested by
NMR data [130]. These new ARPES data will
therefore provide a stringent test for realistic
band structure calculations for this material.

3.13 ARPES study of single-layer Bi;SrpCuOg 4 5
thin films

While almost all ARPES studies of cuprates
are performed on the cleaved surfaces of sin-
gle crystal samples, artificially grown thin film
samples are of clear interest. Thin films of-
fer the possibility of introducing a controlled

Figure 35: (top) The Fermi surface of an UD Bi-
2201 film in a narrow momentum range around the
M(0,7t) point. Besides the main sheets (dashed lines)
two symmetric superlattice arcs are visible. (bottom)
ARPES intensity plots showing the evolution of the
dispersion for various cuts along the ' M direction.
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strain in the lattice, which is known to have
a considerable effect on the superconducting
properties [131]. Moreover, they may enable
a better control over the stoichiometry and the
surface conditions than bulk samples.

Thin films were grown using pulsed laser
deposited and immediately transfered under
ultra high vacuum to the ARPES chamber.
Fully relaxed underdoped (UD) films of Bi-
2201 showed sharp superconducting transi-
tions with T, <10 K. The LEED images show
the presence of the pseudo 5x 1 periodicity, and
the coexistence of two equivalent domains in
the ab plane. The presence of domains is veri-
fied also in the ARPES results, where two sets
of superlattice bands, symmetric around the
I'M direction, are observed (Fig. 35). The nor-
mal state data show quasiparticle (QP) peaks
that are consistent with the best single crys-
tal spectra of Bi-2201, which confirms the good
quality of the films. They also exhibit the typ-
ical low energy kink from the coupling of the
QPs to a bosonic mode. Close to the nodal di-
rection the high-energy water fall anomaly was
clearly visible (Fig. 36).

Figure 36: ARPES intensity plot of an UD Bi-2201
film near the nodal point, showing both the low-
energy kink and high-energy water fall features.



MaNEP

—_
-

= 038
=
Q
o 0.6
q
o0
204
0.2
0 s s s s s
0 0.2 0.4 0.6 0.8 1
T./T.(Opt)

Figure 37: Normalized Ay, versus normalized T,
for LSCO (open symbols) and YBCO (tilled circles
and filled squares).

3.14 Magnetic-field-induced spin excitations and
renormalized spin gap of the Underdoped
La1.8955r0.105CuOy4 Superconductor

High-resolution neutron inelastic scatter-
ing experiments in applied magnetic fields
have been performed on Lajggs55r)105CuOs
(LSCO). In zero field, the temperature de-
pendence of the low-energy peak intensity
at the incommensurate momentum transfer
QIC=(0.5,0.544,0),(0.54+6,0.5,0) exhibits an
anomaly at the superconducting T. which
broadens and shifts to lower temperature
upon the application of a magnetic field along
the c-axis. A field-induced enhancement of the
spectral weight is observed, but only at finite
energy transfers and in an intermediate tem-
perature range. These observations establish
the opening of a strongly downward renor-
malized spin gap in the underdoped regime
of LSCO (Fig. 37). This behavior contrasts
with the observed doping dependence of most
electronic energy features [68].

3.15 Nature of the magnetic order in the charge-
ordered cuprate Laj 4gNd4Srg12CuQy

Using polarized neutron scattering the mag-
netic order in Laj4gNd4Srp12,CuO4 was
shown to be either (i) one dimensionally
modulated and collinear, consistent with the
stripe model or (ii) two dimensionally modu-
lated with a novel noncollinear structure. The
measurements rule out a number of alternative
models characterized by 2D electronic order or
1D helical spin order (Fig. 38). The low-energy
spin excitations are found to be primarily
transversely polarized relative to the stripe
ordered state, consistent with conventional
spin waves [69].
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Figure 38: Four models that yield magnetic diffrac-
tion patterns with principal Fourier components
Q=(1/2,1/2) £ q1 and (1/2,1/2) + q and equiv-
alent wavevectors, as observed experimentally. Two
stripe domains, two spiral domains, one “diagonal
stripe” domain and one complex 8 x 8 unit cell do-
main.

3.16 Two-gap superconductivity in cuprate su-
perconductors

The crystal structure of Hg1201 and T12201, be-
ing tetragonal, has an ideal fourfold symmetry,
and consequently the symmetry of the super-
conducting gap can have, among other possi-
bilities, s-wave or d-wave symmetry. The ad-
mixture of the form A = aA; + ibA, is also
allowed by symmetry. The latter state is fully
gapped (there are no nodes), and it has broken
time-reversal symmetry.

In most other cuprates superconductors the
crystal symmetry is orthorhombic. Due to the
low symmetry of the crystal the ground state
of the system can not have a pure d or s-wave
symmetry, and consequently the gap will be of
the form A = aA; + bA;, with the nodes shifted
away from 45 degrees relative to the copper-
oxygen bond direction.

Different order parameter symmetries can also
occur simultaneously when the Fermi energy
is crossed by several bands, each one hav-
ing a different order parameter. The super-
fluid density o(T) can then be decomposed
into two components having d-wave and s-
wave symmetry as o(T) = o*(T) + c*(T).
Keller and collaborators used the latter —
multi component — model to analyze uSR data
of YBa,CuyOg [70] and YBa,CuzO,_s [71, 72,
73]. The main results are summarized in Fig. 39
where the g, b, and ¢ components of the muon-
spin depolarization rate (0; o )\i_z) are plot-
ted as a function of temperature. The temper-
ature dependence of the c—axis related super-
fluid density closely follows the one expected
for a single s—wave gap (Fig. 39c and f), which
emphasizes the distinct role of the third dimen-
sion for high T, superconductors. Since mixed
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Figure 39: Temperature dependences of 7, o )\;2,
oy & A;Z, and 0. o« A72 of YBayCuyOg [panels (a),
(b), and (c)] and YBa,CuzO;_; [panels (d), (e), and
(f)]. Lines represent results of the analysis within
two-component and one-component models.

s and d—wave symmetries of the supercon-
ducting order parameter were observed pre-
viously in various cuprate families by various
different techniques, the present ySR data sup-
port the idea that this behavior is intrinsic and
possibly universal for the cuprates.

3.17 Doped Cu-O ladders

Recently the question of whether orbital cur-
rents could exist in the pseudogap regime of
cuprate materials has received much attention,
with the proposal that for a three band model
of the copper-oxygen planes orbital currents
could exist while absent for the single band
one. Of course the situation in the high T, con-
text is still quite open and reliable calculations
on this issue are quite challenging.

In order to tackle this question in a more con-
trolled situation, Giamarchi and collaborators
have looked at the case of a two leg ladder. For
a simple Hubbard ladder, the phase diagram is
now well established, with a superconducting
phase with d-wave like pairing for repulsive in-
teractions. Orbital currents can exist [132] but
only for more complicated and somewhat un-
realistic interactions. The case of a three band
ladder was thus examinated, using bosoniza-
tion and renormalization techniques for weak
interactions [74]. For this case where the calcu-
lation can be controlled, for intermediate dop-
ing the three band ladder presents, contrarily
to the single band one, a gapless phase with or-
bital currents. In this regime, the ground state
consists of a pattern of orbital currents plus a
spin density wave (SDW) structure. This is a
quite surprising result, suggesting that deep
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differences between the one and three band
model can exist. Of course, given the difference
in geometry and strength of interactions, ex-
trapolations to the case of the cuprates would
be quite hasty, and would certainly require
more than a grain of salt. Independently of the
cuprates, the above results could be applied to
compounds such as Srys4_,CayCupsO41 where
the hole concentration can be somewhat var-
ied. The NMR consequences of such patterns
of currents were calculated, a prediction which
now awaits experimental testing.

3.18 Layered superconductors

Much attention has been devoted to the ef-
fect of phase fluctuations in quasi 2D super-
fluid systems. Thin films are natural can-
didates for the observation of the “univer-
sal” (i.e. sample-independent) behavior char-
acteristic of the Beresinsky-Kosterlitz-Thouless
(BKT) physics, as the universal jump of the su-
perfluid density, measured in *He superfluid
films, or the non-linear I — V characteristic, ob-
served in thin films of conventional supercon-
ductors. Signatures of BKT physics can be ex-
pected also in layered superconductors with
weak interplane coupling. A remarkable exam-
ple of systems belonging to this class are un-
derdoped samples of high T. superconductors.
Recently, various experimental data, ranging
from finite-frequency conductivity, Nernst sig-
nal and non-linear magnetization, have been
interpreted as signatures of BKT phase fluctua-
tions. Nonetheless, several experiments failed
to observe any effect reminiscent of the uni-
versal jump of the superfluid density at the
critical temperature, which would be the most
direct probe of BKT physics in these systems.
Until now, the 2D-3D crossover in anisotropic
layered superconductors has been discussed
mainly within the theoretical framework of the
anisotropic 3D XY model. Within this model
a finite interlayer coupling J. stabilizes the su-
perconducting phase, by cutting the vortex po-
tential. However the superfluid phase has a
critical temperature T, at most a few percents
above Tgxr. This would be inconsistent with
several recent measurements of the superfluid
density in strongly underdoped YBa;CuzOg.
(YBCO) samples.

Giamarchi and collaborators [75] have thus
re-analyzed the role played by the interlayer
coupling and the vortex-core energy at the
crossover from 2D BKT to 3D superconducting
behavior in layered superconductors. In par-
ticular, focus was on the behavior of the super-
fluid density below T, and of the phase fluc-
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Figure 40: Temperature dependence of the su-
perfluid density in a layered superconductor. In
presence of interlayer coupling the discontinuous
jump of the BKT transition is replaced by a smooth
crossover. The shift is strongly dependent on the
vortex core energy .

tuation correlation length above T;. To per-
form this analysis, renormalization group tech-
niques were used which were developed and
used in the context of the metal-insulator tran-
sition in the quantum 1D sine-Gordon model
for the cold atomic gases described in MaNEP
Project 1. In these systems the interchain tun-
neling amplitude plays the same role as the
Josephson coupling in layered superconduc-
tors. In the presence of a finite interlayer cou-
pling the superfluid density looses its universal
character. The jump in the superfluid density
at TpxT observed in the pure 2D system is re-
placed by a downturn curvature at a tempera-
ture T; which is determined by the vortex-core
energy, as shown in Fig. 40. To account for the
data, a larger vortex core energy than the one of
a simple XY model is needed. Using the recent
data on bilayer systems the T, dependence of
this core energy could be determined [76] and,
from this phenomenological model it was seen
to scale roughly as T.

In addition to the above results, a similar map-
ping to the sine-Gordon model was used to
investigate the properties of a 2D supercon-
ductor under magnetic field [77]. This is di-
rectly relevant for the various superconduct-
ing films, as well as the novel 2D superconduc-
tors found at the interface between insulating
materials. Due to the strong interest of such
a question, this problem has been addressed
in the past but, unfortunately, contrarily to the
case of the B = 0 transition, the efforts have
been largely unsatisfactory. In particular most
of the literature on the subject rested on ex-
tending the mapping to the Coulomb gas to
incorporate the effects of the magnetic field,
ie., in the Coulomb gas language, of an ex-

82

cess of positive charges. However this map-
ping is not as transparent as in the neutral case,
and leaves some ambiguities in the definition
of the physical observables (like the magneti-
zation) and in their dependence on the mag-
netic induction instead of the magnetic field.
Using the mapping to sine-Gordon provides a
very simple and physically transparent way to
deal with the finite magnetic field case. In the
present scheme the physical observables have
a straightforward definition, regardless the ap-
proximation method used to compute them,
and the role of both magnetic induction and
magnetic field is clarified.

4 Collaborative efforts

There are many collaborative efforts within this
project. Crystals and thin films which have
been prepared at the ETHZ, the EPFL, the Uni-
versity of Geneva, and the PSI, have been stud-
ied by several groups in several other laborato-
ries participating to the MaNEP network. The
list of examples is too long to spell out in de-
tail here, since this is the case for almost all
of the projects described above in this report.
The Bi2223 crystals prepared at Geneva are
a typical and representative example. These
materials have been studied at Geneva (STM
and IRS), EPFL (ARPES) and PSI (ARPES and
RIXS). The results obtained with different tech-
niques, as well as theoretical calculations are
discussed in frequent sessions (every three
months) by the five teams involved in these
studies. Similar exchanges of samples, ideas
and experimental or theoretical data take place
for pure and doped MgB,, potassium and ru-
bidium osmates, SC/FM multilayers, several
cuprate superconducting materials, to give a
few examples.

5 Goals for the next year

e ARPES, optical and STM studies will be
carried out on copper-oxychlorides single
crystals.

e STM studies of K Rb;_,0s,0 will be
continued.

e STM experiments will be carried out on
the temperature dependance of STS spec-
tra in a magnetic field.

o A detailed study will be carried out of
elastic manifold subject to a random force.
The physics of thermal depinning and
the disorder potential generating the pin-
ning landscape for the vortices will be ad-
dressed using the Larkin model.
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e A theory will be developed describ-
ing the influence of spin-orbit coupling
on the superconducting phase in non-
centrosymmetric superconductors around
defects like twin-boundaries, and the frus-
tration effects in Sro,RuO4 with Ru-metal
inclusions.

e Low-energy uSR and neutron reflectome-
try measurements on the oxide multilay-
ers from cuprate high T, superconductors
and ferromagnets down to the scale of sin-
gle monolayers will be performed.

o Electron-doped cuprate superconductors
will be studied with uSR.

e The proximity effects in cuprate het-
erostructures (YBCO/PBCO/YBCO) will
be studied using LE-;SR.

e The local order in the pseudogap state will
be studied with STM.

e The theory which has been developed to
describe the properties of one dimensional
chains of bosons will be applied to layered
superconductors such as the high T.

o The effects of the next-nearest neighbor
hopping, on electron doping and long-
range order in the 2D Hubbard model will
be studied.

e Bi2223 and Bi2201 high T, films will be
studied for different doping levels with
ARPES.

o The optical properties of Bi2201 will be in-
vestigated for a series of doping concen-
trations.

e The doping dependence of the supercon-
ducting gap in LSCO will be studied by
ARPES.
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PrO_jeCt - 3 Crystal growth
Project leader: M. Forré (EPFL)

Participating members: J. Karpinski (ETHZ), D. van der Marel (UniGE), G. Margaritondo (EPFL), J.
Mesot (PSI). Contribution from @. Fischer (UniGE).

Summary and highlights: During the first and the second phases of MaNEP the importance of hav-
ing a co-ordinated effort on crystal growth was recognized and progressively developed in terms of
infrastructure and staff. Traditionally, good crystal growth laboratories were present at ETHZ and
EPFL. Very positively, strong single crystal growth programs were developed in the last period at
PSI and UniGE. At PSI (group leader J. Mesot) four-mirror optical furnaces were installed, with K.
Conder, as a leading scientist for synthesis. At UniGE (group leader D. van der Marel) besides the
Czochralski method using Hukin crucible, a high temperature image furnace has been purchased
for traveling solvent floating zone growth of the majority of materials. The leading scientist is E.
Giannini. At the EPFL (group leader G. Margaritondo) the major techniques are the self-flux and
the chemical vapor transport methods, and ~ 25 furnaces are used for these purposes. The lead-
ing scientist is H. Berger. At ETHZ, under the command of J. Karpinski, the high pressure crystal
growth is the major specialty. Crystalline phases which cannot be synthesized otherwise are suc-
cessfully prepared in this laboratory. With all these developments we can make a safe statement
that crystal growth is a strength of the Swiss solid state community. Here below, a very selective
list of the crystals synthesized in the last years will be presented. For an easier overview, they are
divided into the following categories: 1. Novel superconducting materials; 2. Magnetic materials;
3. Low-dimensional conductors; 4. Materials beyond the foreseen plan. Over 140 materials in single
crystalline form are available for internal and external collaborations, and the full list (with chemical
composition, preparation method, basic properties, contact person to ask for it) can be consulted in
the Single Crystal Catalog of MaNEP (see pages 99-101). The in-depth studies performed on these
crystals are given in Projects 1 and 2.

1 Novel superconducting materials Zone (TFZ) method using a 2-mirror furnace
(Fig. 1, left panel). In particular, crystals of

Studying novel superconductors, from theory BiySroCapCu3O1.s (T = 110 K) of unique size

through experiments to applications, has an
important place in the activity of the NCCR.
This is especially expressed in this project,
where high quality single crystals are grown
with original techniques, e.g. high pressure
synthesis. Lot of emphases are put on the mas-
tering of the chemical homogeneity of opti-
mally and underdoped cuprate superconduc-
tors, on the doping of MgB, and on supercon-
ducting pyrochlore osmates.

1.1 Crystal growth of Bi-based superconducting
cuprates
(contribution: D. van der Marel)

The most productive crystal growth activ-
ity of the laboratory at UniGE concerns
the family of superconducting compounds
BiySryCay—1Cuy, Oy i0415 (n = 1, 2, 3; abbrevi-
ated by BiSCCO 2201, 2212 and 2223, respec-
tively). Crystals of all the members of this
family have been grown (Fig. 1, right panels) Figure 1: Crystals of BiSCCO (right panels) grown
by means of the Travelling Solvent Floating by the TFZ method in a mirror furnace (left panel).

87



MaNEP

and quality have been grown.

A wide and fruitful collaboration among var-
ious MaNEP partners is working ahead since
few years on these materials and has lead
to outstanding experimental studies in op-
tics, as well as in local spectroscopy, photoe-
mission and structural investigations. From
high-resolution single-crystal X-ray diffraction
data, the modulated structure has been solved
and conveniently described in a 5-fold or-
thorhombic supercell in the space group P222
[1]. The relationship between doping, struc-
ture and properties has been investigated: as-
grown crystals were subjected to long (10 days)
post-annealing under controlled oxygen par-
tial pressure in order to tune and homogenize
the doping level. The high homogeneity of
these crystals is shown by the narrow (0.5-2 K)
transitions of the susceptibility at T.. The n = 3
phase (2223) is less sensitive to oxygen dop-
ing than the other two compounds of the same
family, as shown in Fig. 2 [2]. The effect of oxy-
gen doping on the superconducting properties,
namely the critical temperature and the vortex
lattice, has been studied. Scanning tunnelling
microscopy and spectroscopy (STM/STS) have
been performed on these crystals, achieving
the atomic resolution and making possible the
understanding of the peculiarities of the STS
spectra (see Project 2 for details).

Crystals of the 1-layer compound
BipSroCuOg1s have been grown with a
maximum T, = 11 K, and successfully over-
doped down to a critical temperature of about
5 K. Despite of the strong effort done by sev-
eral authors in growing La and/or Pb-doped
BipSryCuOg- s, the pure compound has been a
little disregarded in the past, mainly because of
the difficulty in crystal growth. These crystals
will make possible to study the transition from
the superconducting state to a FL-like state in

Figure 2: Oxygen doping dependence of T. in
Bi2201, Bi2212, and Bi2223 crystals.
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the overdoped regime, and, thanks to the low
critical field and temperature, to access the
normal state at low temperatures.

1.2 Synthesis and bulk properties of oxychloride
superconductor Cay_,Na,yCuO,Cly
(contribution: J. Karpinski)

Cap_¢Na,CuO,Cl, (Na-CCOC) is a struc-
tural analogue to the cuprate superconductor
Lay_,SryCuO, (La214) with Cl atoms replac-
ing oxygen on the apical sites. Na-CCOC is a
model system for studying the electronic state
of doped CuO; planes and for establishing the
role of the apical sites in high-temperature su-
perconductivity. Despite of similarity to other
cuprate superconductors, properties of the Na-
CCOC compound are not well characterized
due to difficulties in obtaining single crystals
which can be grown only at high pressure and
are very hygroscopic. Investigation of single
crystals with oxygen and halogen atoms on the
apical sites might help to clarify the origin of
superconductivity in cuprates. With the aim
of growing large crystals of Na-CCOC, suit-
able for physical measurements, we carried
out a systematic investigation of the parame-
ters controlling the growth of crystals, includ-
ing temperature, pressure, composition, reac-
tion time, and heating/cooling rate. A series
of polycrystalline samples and submillimeter
size single crystals of a cuprate oxychloride
Caj_yNa,CuO,Cl, (Na-CCOCQ), with values of
Na content ranging from underdoped to opti-
mally doped regions, were synthesized at pres-
sure and temperature ranges of 30-55 kbar and
1250-1700 °C (Fig. 3). Experiments performed
on samples grown at 45 kbar show that the
Na content depends not only on the synthesis
pressure, as it was established before [23, 24],
but also on the reaction temperature and time.
A systematic variation of the transition temper-
ature T, with a maximum value of 29 K for
x = 0.20 has been found as a function of Na
content (Fig. 4).

In order to check the role of the apical oxygen
for high-temperature superconductivity, we

Figure 3: From left to right. SE images of
Cay_,Na,CuO,Cl with x ~ 0.18 and T, = 27K;
x ~ 0.11 and T, = 13K; x = 0.06, not superconduc-
tor. Some rests of solidified flux can be seen on the
surface of crystals (marked by black lines).
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Figure 4: Normalized diamagnetic signal for a se-
ries of Cay_xNayCuO,Cl, samples with various Na
content (x) grown at high pressure. The highest
Teon = 29.0 K was observed for optimally doped
composition Ca; gNag 2 CuO, Ch.

performed muon-spin rotation and magnetiza-
tion studies of the in-plane magnetic penetra-
tion depth A, for Cay_,Na,CuO,Cl; samples
with x ~ 0.11, 0.12, 0.15, 0.18, and 0.19. Based
on a comparison of the present Na-CCOC data
with the data of Lay_,SryCuOy4 cuprate su-
perconductors, it is concluded that replacing
the apical oxygen by chlorine decreases the
coupling between the superconducting CuQO,
planes, leading to an enhancement of the two-
dimensionality of Na-CCOC. The torque stud-
ies imply that the anisotropy coefficient ¢ =
84(1) of Caj gpNag18CuO,Cl, single crystals is
much more enhanced compared to the struc-
turally related Laj g,Srp18CuQOy4, where, for the
same doping, 7 is much lower.

1.3 LaZ,xerCLIO4
(contribution: J. Mesot)

A series of single crystals of Lap_,SryCuQOy
(x = 0.08, 0.1, 0.17, 0.21) superconductor were
grown in order to study an oxygen isotope ef-
fect on a magnetic penetration depth. This
work is just at the beginning and will be con-
tinued (in collaboration with a group of Prof.
H. Keller, University of Zurich).

Inelastic neutron scattering study of vortex
structure of Laj 9Srp;CuQOy4 (about 5 crystals
have to be measured in one time) will be done
in 2008.

1.4 Crystal growth and substitutions in MgB,
(contribution: J. Karpinski)

MgB; crystals grow at T > 1800 °C. Our crys-
tal growth experiments have been performed
in the pressure range of 25-30 kbar using the
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Figure 5: MgB, crystals grown in BN crucible: a)
view from the top, b) view from the side, ¢) and d)
crystals after separation. Scale is 1 mm.

anvil system (Fig. 5). A doping/substitution
dependence of the superconducting properties
was performed for a large variety of elements.
Magnetic (Mn, Fe) and non-magnetic (Al, C,
Li) ions have been substituted during crystal
growth. Various levels of substitutions have
been done with a goal to obtain homogeneous
crystals for physical studies. This is a diffi-
cult task due to complicated chemistry lead-
ing to precipitation of different phases in the
crystals. In the case of Mn and C substitution
it was possible to grow single phase crystals
in a substitution range up to x = 0.07 and
x = 03 in Mg;_,Mn,B; and MgB,_,C, re-
spectively, while Al substitution turns out to
be more difficult and single phase crystals of
Mg _Al,By were grown up to x = 0.3. Fe sub-
stitution was possible up to x = 0.03, but many
Mg,_,FeyBy crystals contain intergrowth of
non-superconducting phase with larger con-
tent of Fe. Li up to x = 0.12 has been substi-
tuted in Mg;_,Li,B; crystals. Double Li and
C as well as Li and Al substitutions have been
performed in order to investigate the effects
of hole and electron doping effects. Li and C
contents have been determined from the single
crystal X-ray refinement, while Al, Mn and Fe
content have been determined with EDX anal-
ysis.

Substitutions change the electronic structure,
the superconducting gap value, the type of de-
fects and their density, the inter- and intra-
band scattering, and thus the superconducting
properties such as T,, the upper critical field,
H, and its anisotropy. Figure 6a summarizes
our results on the influence of substitutions in
MgB, single crystals on T.. Doping with elec-
trons, introduced by C or Al substitution, de-
creases T, as a result of increase of carrier con-
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Figure 6: a) T, as a function of various substitu-
tions in MgB,. Aluminum and carbon dope MgB,
with electrons. Lit! dopes MgB, with holes, while
isovalent Mn™? is a magnetic ion. b) T, dependence
on substitution of C (triangles) or co-substitution of
C and Li (reversed triangles, circles, and squares).
Dash lines show the same level of Li content for var-
ious level of C substitution.

tent as well as a result of the introduction of
new scattering centers. For the Li substitution,
T. also decreases with the increasing Li con-
tent, however the rate of this decrease is much
lower than for C or Al substitutions. This re-
duction of T;, which is accompanied by the in-
creased or decreased number of charge carri-
ers, seems to reveal MgB, as the close to op-
timally doped compound. For the Mn substi-
tution the change is much more rapid because
of the magnetic pair breaking. Co-doping with
holes and electrons is a very interesting case,
because it can bring new information about the
role of electronic band doping and of intra- and
interband scattering. In the crystals where Li
and C are substituted simultaneously one can
expect the compensation of the electron dop-
ing effect and an increase of T,. However, the
T. reduction in co-doped crystals is a sum of
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the T, reduction of separate C and Li doping
(Fig. 6a and b). The observed behavior can be
explained as a result of two effects, influencing
both T, and Hy,. The first one is the doping
related to the changes in the carrier concentra-
tion, which may lead to the decrease or to the
increase of T.. The second one is related to the
introduction of new scattering centers leading
to the modification of the interband and/or in-
traband scattering and therefore, to changes in
the gap structure and to the reduction of T.
Electrical transport measurements have shown
an increase of resistivity in Li doped crystals
and even an higher increase of resistivity in
crystals co-doped with Li and C. This indicates
an enhanced scattering due to defects intro-
duced by substitutions including distortion of
the lattice. In the crystals substituted with Li
and C, the increase of T, as a result of anneal-
ing at 1800 °C is observed. This leads to the
conclusion that distortion of the lattice being a
result of Li substitution plays an important role
in the modification of superconducting proper-
ties, and that not only the band filling effect is
important.

We studied the influence of high tempera-
ture vacuum annealing on the crystal structure
and superconducting properties of MgB, sin-
gle crystals, as well. MgB; single crystals were
annealed in vacuum (4 x 107° mbar) at vari-
ous temperatures between 800 and 1000 °C for
2 hrs followed by cooling to room temperature.
The present results imply that MgB; is a stable
phase up to 975 °C.

1.5 Crystal growth of superconducting py-
rochlore osmates
(contribution: J. Karpinski)

We were investigating the growth of single
crystals of osmates AOs;Og (A = K, Rb) with
the B—pyrochlore structure. Single crystals
of superconducting KOs;O4, and RbOs;Oq
with sizes up to 0.4 mm have been grown in
sealed quartz ampoule starting from Os metal
and KO, or RbyO respectively. The process
of crystal growth of RbOs;Og has been opti-
mized by using a temperature gradient. Single
crystal X-ray diffraction studies have shown
that both KOs;Og and RbOs;Oy crystallize in
the B—pyrochlore structure [3, 4]. Magnetic
moment measurements show superconducting
transitions at T, = 9.65 K and T, = 6.18 K
for KOs;Og and RbOs,Og respectively. These
compounds and their synthesis are extensively
studied in Project 4.
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2 Magnetic materials

Within MaNEP there is a strong interest for
magnetic materials both for experimental and
theoretical studies. In the second phase of the
NCCR the crystal growers made a considerable
progress at PSI, EPFL and UniGE in synthe-
sis of high quality crystals of a broad range of
magnetic materials.

2.1 Crystal growth of doped Sr14Cu404; “lad-
der” compounds
(contribution: D. van der Marel)

Doping the Sr atomic site in Sr14Cuy4O41 With
one or more elements (Ca, Bi, Y, Pb, ...) is
expected to modify the coupling between the
CuO chains and CuyO; ladders and change
the carrier doping, thus inducing supercon-
ductivity in ladder compounds [25]. Doping
with either Bi, Pb, or Y was found to modify
the incommensurately modulated structure of
the “ladder” compound. This study was car-
ried out in collaboration with the University
of L'viv, Ukraine [5]. Crystals of Bi- and Ca-
doped Sr14Cup4 041 were successfully grown at
UniGE by using the floating zone technique in
a 2-mirror furnace. An overpressure of flow-
ing pure oxygen (p(O) = 3 bar, 0.5 1/h) was
applied during crystal growth. Typically 3—
5 mm-size crystals of (Srs5¢Cay¢Big7)Cu4Osq
are cleaved from the crystallized seed rod.

2.2 Transition Metal Monosilicides
(contribution: D. van der Marel)

Transition Metal Monosilicides TMSi (TM = Cr,
Mn, Fe, Co) with the FeSi-type structure “B20”
attract a lot of attention because of the intrigu-
ing electronic properties related to the spin-
singlet formation and various ground states.
So far, the most studied TMSi compounds are
MnSi, an itinerant helimagnetic metal, FeSi,
a small gap semiconductor, and the solid so-
lution (Fe,Co)Si, a helimagnetic material with
a half-metallic behaviour. We have under-
taken a study of the whole family of TMSi and
the solid solutions TM'-TM”-Si, aiming at the
full understanding of their transport and mag-
netic properties. When doping the TMSi com-
pounds with Ni, a structural transition occurs
from the “B20” to the MnP-type “B31” struc-
ture. We have investigated the stability of the
Ni-doped B20 structure and the pseudo-binary
phase diagram of the Co-Ni-Si system. Single
crystals of CoSi, (Fe,Co)Si, and (Co,Mn)Si have
been grown.

a) The Coj_,NiySi solid solution A complete
set of samples of the series Co;_,Ni,Si has
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Figure 7: (a) Molar fraction of the B20 and B31
phases in the sample. b) Experimental and LDA pre-
dicted values of the cell volume for B20 (open sym-
bols) and B31 (closed symbols) structures.

been synthesized and a systematic study of
phase formation under various annealing con-
ditions has been carried out in order to un-
derstand the reason of the structural transition
when x goes from 0 to 1. Our study has re-
vealed a limit in the solubility of Ni in the CoSi
B20 structure of about 17.5 at.%, and of Co in
the NiSi B31 structure of about 13 at.%. For
0.35 < x < 0.74 both the B20 and B31 phases
are present in the samples at their respective
limits of solubility. The experimental study
was supported by first principle calculations of
the structural parameters, which well predict
the structural instability. The molar fractions
of the B20 and B31 phases as a function of the
composition are shown in Fig. 7. [6]

b) Crystal growth of Fej_,CoySi Large and
pure crystals of TMSi are needed for the in-
vestigation of the magnetic properties of such
family of compounds. The availability of
single crystals guarantees the chemical order
of the solid solutions and allows performing
neutron scattering experiments. Single crys-
tals of Fe;_,Co,5i have been grown with the
Czochralski crystal pulling technique from a
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Figure 8: Crystal growth of (Fe,Co)Si from
levitating melt (left). As-grown crystal boule of
Fey 6Coy 451 (right).

levitating melt using an RF-induction furnace.
This growth technique has proved to be very
useful for these materials, because it prevents
the crystal from reacting with the crucible ma-
terials and allows us to grow larger crystals
than the floating zone method. An example of
the as-grown crystal of Fe 4Cog 45i is shown in
Fig. 8. The study of the electronic properties of
these compounds has been carried out by opti-
cal spectroscopy (as reported in Project 1).

2.3 RBaCoy0s5.,x (R = Rare earth element)
(contribution: J. Mesot)

Layered cobalt oxides have a perovskite-
derived structure similar to those of high
temperature superconductors.  Despite be-
ing not superconducting, these compounds
have interesting physical properties (magne-
toresistance, metal-insulator transition, ionic
conductivity) [7]. We made lots of experi-
ments to optimize growth conditions in or-
der to obtain big single crystals of good qual-
ity [8]. By increasing the diameter of a
feeding rod and decreasing a growth rate
(0.5 mm/h) crystals of a good quality can
be obtained. We have grown single crys-
tals of TbBaCoy05,y, TbggDyp1BaCoy05.
and NdBaCo,0s5,,. Oxygen stoichiometry
was adjusted to 5.5 by annealing in different
gas-atmospheres and temperatures depending
on the rare earth in the structure. Mag-
netic and electric transport measurements in
external magnetic fields were performed on
TbBaCo0y0s55 single crystal [9], crystal and
magnetic structure were studied by means
of X-ray and neutron powder diffraction and
muon spin spectroscopy.
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2.4 RBaMn;,0g¢
(contribution: J. Mesot)

RBaMn;0Og is an interesting candidate for
which the magnetic and orbital degrees of free-
dom are strongly linked to each other. The
material shows a charge and orbital ordering
transitions similar as other half doped man-
ganates. In this case however, an orbital reori-
entation is proposed to occur at the antiferro-
magnetic transition temperatures, indicative of
strong correlations between the two order pa-
rameters. Using resonant soft x-diffraction in
combination with resonant hard X-ray diffrac-
tion, it will allow to entangle the different ef-
fects between orbitals, Jahn-Teller distortion,
structure and magnetism in this material, and
to test recent prediction on the driving force of
these phase transitions. First resonant soft X-
ray powder diffraction study to determine the
orbital ordering in A-site ordered SmBaMn,Og
were already successfully done [10] and will be
continued on a single crystal (already grown)
of the same composition and with another rare
earth (to be grown in 2008).

2.5 LaCoOs, Laj_,SryCoO3
(contribution: J. Mesot)
Large single crystals of LaCoOs; and
Laj_,SryCoO3 were grown (Fig. 9) for
studying Co spin-state transitions using
resonant X-ray absorption at the Co K edge
[11] and inelastic neutron scattering [12].
A novel inelastic excitation in LaCoO3 was
observed, which is due to a thermally excited
magnetic state in Co®>". This confirms the
presence of a thermally induced spin-state
transition at T ~ 100 K from the low spin
(LS) Co** to a magnetic high spin (HS) or
intermediate spin (IS) state. Further inelastic
neutron scattering study of low energy field
excitations were performed on the lightly Sr
doped Lag.998510,002C0O3 [13]. In contrast to
the parent compound LaCoOs; an inelastic
peak at energy transfer ~ 0.75 meV was found.
This can be explained assuming that the hole
doping of LaCoOs leads to the creation of a
magnetic polaron and hence to the low-to-high
spin state transition on the relevant Co sites.

Figure 9: Single crystal of LaCoOs.
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2.6 YMnOj;
(contribution: J. Mesot)

YMnO; is a geometrically frustrated two-
dimensional (2D) antiferromagnet, which con-
sists of weakly coupled triangular layers of
S = 2 spins. Our inelastic neutron scat-
tering studies [14] done on single crystal of
YMnOj3 have found evidence for coexisting
three-dimensional (3D) and 2D fluctuations.
More recent neutron studies done on powder
[15] show that the ordered moment decreases
with increasing hydrostatic pressure. Later
magnetism in geometrically frustrated YMnO3
(single crystal) under hydrostatic pressure was
studied with muon spin relaxation [26]. Below
Ty ~ 70 K muon-spin relaxation data show
two oscillatory relaxing signals due to mag-
netic order, with no purely relaxing signals re-
solvable (which would require different coex-
isting spin distributions). The transition tem-
perature Ty increases with applied hydrostatic
pressure, even though the ordered moment de-
creases. These results suggest that pressure in-
creases both the exchange coupling between
the layers and the frustration within the layers.

2.7 SrCup(BO3)2
(contribution: J. Mesot)

Large single crystals of SrCuy(BO3z), were
grown by applying a very small growth rate
(0.25 mm/h). The structure of this com-
pound is a physical realization of the Shastry-
Sutherland model. It is a quasi-two dimen-
sional spin system with a singlet dimer ground
state. The magnetic phase diagram of the sys-
tem was studied by means of inelastic neu-
tron scattering, muon spin resonance and mag-
netization measurements under different pres-
sures. Crystal structure modification under
hydrostatic pressure was studied with neu-
tron diffraction. Additional experiments with
a newly designed piston-cell up to ~ 20 kbar
will be done in 2008 to complete a phase di-
agram and publish the data (in collaboration
with a group of Prof. H. M. Ronnew, EPFL).

2.8 Lu Fe204
(contribution: J. Mesot)

The ferroelectricity of this multiferroic material
appears to result from Fe?* and Fe3* ions. In
order to understand the field dependence of a
magnetic order and to determine the magnetic
structure, neutron diffraction experiments (in
collaboration with a group of Prof. M. Kenzel-
mann, ETHZ) and resonant soft x-diffraction
experiments (in collaboration with a group of
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Dr. U. Staub (SLS, PSI)) were already done.
Different field and temperature dependent be-
havior of two magnetic peaks have been ob-
served. This fact allows to conclude that two
magnetic order parameters exist in this system.
This work will be continued in 2008.

2.9 Na,CoO,
(contribution: J. Mesot)

X-ray photoelectron diffraction measurements
have been performed on Na,CoO, single crys-
tal at room temperature to study the atomic
structure near the surface. Data are compared
with single scattering simulations based on the
P63/mmc and the R3m unit cells which are
bulk atomic structures proposed in the litera-
ture for different dopings x. The R3m symme-
try was discarded and the P63/mmc symme-
try was validated for surface unit cells. This is
in contradiction with bulk measurements, re-
vealing a drastic change in the surface struc-
ture. This work (in collaboration with a group
of Prof. Ph. Aebi, Neuchatel) will be continued
in 2008.

2.10 Single crystals of LiCupyO,
(contribution: G. Margaritondo)

Large specimens (4 x 4 x 2 mm3) of LiCu,O,
helimagnet, an antiferromagnetic S = 1/2
spin-chain quasi-one-dimensional compound
were synthesized by H. Berger (Fig. 10).
The ARPES spectra show several disper-
sive branches associated with hybrid copper-
oxygen states. The occurrence of the va-
lence band maximum halfway between the
center and the edge of the Brillouin zone, and
the complex spectral line shapes are not re-
produced by the existing calculations of the
electronic structure. They can be interpreted
within a one-dimensional scenario of strongly

Figure 10: Large single crystals of LiCuy O, grown
by chemical vapor transport method.
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correlated antiferromagnetic insulators. The
combination of ARPES and optics allowed us
to determine the 1.95 eV charge-transfer gap.
Moreover, the temperature-dependent optical
conductivity bears signatures of the three dif-
ferent magnetic phases of this material. The
field dependence of the electron spin resonance
of LiCupO, was also investigated for the first
time [16].

2.11 Single crystals of diverse magnetic com-
pounds
(contribution: G. Margaritondo)

Lately, a lot of attention has been devoted to
oxohalides (e.g. CuyTe;O5X; (X = Cl, Br)) with
their rather puzzling magnetic properties. The
compounds of interest include, among others:
Ni5(Te03)4C12, Ni5(Te03)4Br2, CO5(T€O3)4X2
(X=Cl, Br), Cu3(5e03),Cl, (Fig. 11). Initially,
mainly of interest to theorists (F. Mila), oxo-
halides were in the past two years also sys-
tematically studied by the group of ]. Mesot
(PSI). Moreover, the arrival of a new professor
(H. Rennow) to the IPMC-EPFL added an ad-
ditional impetus to this activity.

Specifically, Rennow et al. [17] have performed
single crystal inelastic neutron scattering to
study the excitation spectrum of the coupled
tetrahedra system CuyTe;Os5X; (X = Cl, Br).
While the spectrum of CuyTe;Os5Cl, behaves
very similarly to the one of ordered low-
dimensional antiferromagnet, the excitations
of CuyTepOsBry have an unusual temperature
dependence. They have established a qual-
itative relationship with previous bulk and
transport measurements and proposed remi-
niscences of singlet-triplet energy levels as re-
sponsible for the unusual Br-compound spec-

Figure 11: Selection of large single crystals of tran-
sition metal tellurium or selenium oxy-halide mag-
netic chain systems grown by chemical vapor trans-
port method.

trum above the ordering temperature.
Rennow et al. [17] have also performed the
SQUID magnetometry on NipCuTesO1,Br; and
NigCuTeyO12Brp, both new compounds, syn-
thesised by vapor transport. The SQUID mag-
netometry was done on a 28.7 mg single crys-
tal with one of the crystal axes parallel to the
field. A cusp characteristic of antiferromag-
netic ordering is observed at approximately
29 K. There is no apparent difference between
the low and high field curves or the ZFC and
FC curves, also implying the antiferromagnetic
order. A Curie-Weiss fit of the inverse sus-
ceptibility gives a magnetic moment of 3.45yp,
which is slightly larger than the spin only
formula prediction of 3.26up for 1 Ni** and
0.25 Cu?>" moments. The Weiss constant is
found to be ® = —50 K, consistent with the
ordering temperature.

3 Low-dimensional conductors

The competition between several collective
electronic states remains one of the main mech-
anisms for the formation of novel electronic
phases. The quasi one- and two-dimensional
compounds are a prime example of materials,
where collective phenomena compete forming
new phases. Several groups within MaNEP
are interested in the study of competing inter-
actions in such low-dimensional materials and
they are served by high quality single crystal.

3.1 Transition metal dichalcogenides
(contribution: G. Margaritondo)

The weak interlayer interaction in transition
metal dichalcogenides (TMD) renders them
a rich playground for tuning with pressure.
Structurally, the two most common types of
TMD are the 2H and 1T polytypes. The main
difference between these two types is the ar-
rangement of the chalcogen atoms within the
layers, which results in diverse electronic struc-
tures. Superconductivity was encountered in
2H-NbS, and 2H-TaS, among several others,
all belonging to the 2H polytype [27]. Re-
cently one of the 1T polytype compounds 1T-
TiSe, was found to develop superconductiv-
ity upon doping with copper [28]. The phase
diagram reported in this latter work bears a
significant resemblance to the cuprate high-
temperature superconductors, with the com-
mensurate charge density wave (CDW) phase
replacing antiferromagnetism. This provides
additional parallels to the already observed
link between the cuprate superconductors and
some organic CDW systems [29, 30]. In both
type of compounds the correlations due to the
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Figure 12:  Crystals of 1T-TiSe; and 2H-NbSe;
grown by chemical vapor transport method.

melting of the commensurate density-wave or-
der are regarded as essential for the develop-
ment of the superconductivity as well as pecu-
liar normal state properties.

A large variety of TMD was synthesized. They
include 1T-TaS,, 1T-TaSe,, 2H-NbSe,, 1T-TiSe,,
1T-Ti;_,CuySey, 2H-TaSe; (Fig. 12). It has re-
sulted a strong collaboration between several
groups within MaNEP, e.g. with the groups of
L. Degiorgi, P. Aebi, M. Grioni and L. Forré.
The scientific highlights are given in Projects 1
and 2.

3.2 BaVSj3 and BaVSej single crystals
(contribution: G. Margaritondo)

BaVS3 consists of linear chains of vanadium
atoms, surrounded by face-sharing sulfur oc-
tahedra, running parallel to the c-axis. Bar-
ium ions serve as spacers, separating the
chains. The room temperature space group is
P63/mmc with two formula units per cell. At
lower temperatures (at 240 K) a transition from
a hexagonal to an orthorhombic cell was ob-
served. The separation between the two near-
est neighboring vanadium ions on the same
chain at room temperature is 2.805 A, which is
close to the atomic distance (2.624 A) in pure
metallic BCC vanadium. The much larger dis-
tance between the chains, 6.73 A, suggests a
quasi-one-dimensionality of the compound. At
70 K the sample shows a MI transition preserv-
ing some short range magnetic character. Fur-
ther down in temperature, at Ty = 30 K, a
long range magnetic order sets in. The phase
diagram is complex and the full understand-
ing is missing. The physical properties are
strongly affected by the impurity content. It
is also known that BaVS3 begins to lose sul-
fur at approximately 370 K under vacuum. In
order to elucidate the intrinsic electrical and
magnetic properties of this material, a strong
effort was devoted to produce large (5 x 0.3 x
0.3 mm3) but homogeneous single crystals. It
was achieved with chemical vapor transport
method at EPFL (Fig. 13). In the last years their
quality and size have been significantly im-
proved, which enabled the first ARPES study

95

MaNEP

Figure 13: Large single crystals of BaVS; grown in
tellurium flux.

of this compound [18] and the group of H.R.
Ott has started detailed NMR study of a single
crystal.

Replacing sulfur in BaVS3 by isovalent but
slightly bigger selenium brings a change in the
overlap integrals of vanadium. BaVSe; has
smaller direct overlap of V ions along the c-axis
than BaVS3, and increased ligand-mediated
overlap between chains. The enhanced dimen-
sionality of the system leads to the absence of
the MI transition. Instead, there is metal-metal
phase transition at 43 K, accompanied by a fer-
romagnetic ground state.

Using newly synthesized single crystals of
BaVSes, high pressure measurements of resis-
tivity and Seebeck coefficient were performed
in the group of L. Forré. The crystals are of
high quality, which reflects in the residual re-
sistivity ratio of 30-50. As it is expected, the
temperature and pressure dependence of the
thermopower are different from what we have
previously observed on the ceramic samples.

3.3 Synthesis of Chevrel phases and molybde-
num chalcogenide cluster-based compounds
(contribution: . Fischer)

Recent STM [19], transport [20] and specific
heat [21] experiments have re-awakened a
long-dormant interest in the physics of MogXs
(X =S, Se, Te) cluster-based materials. This
family of superconductors was intensively
studied in the 1970s and 80s, falling out of
favour following the discovery of the high-
Tc cuprates. However, questions remain over
the nature of superconductivity in these com-
pounds, particularly in view of the extremely
short coherence lengths and high upper critical
fields exhibited by the Chevrel phases.

In collaboration with the Mineral Chemistry
group at the University of Rennes, we have
synthetised numerous molybdenum chalco-
genide cluster compounds exhibiting a wide
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Figure 14: Photograph of a typical single crystal of
PbMO@Sg.

range of physical properties. Our initial prior-
ities lay amongst the Chevrel phases MMogXg.
Using molybdenum crucibles at high temper-
ature (1600-1650 °C), we succeeded in pro-
ducing high-quality large (0.5-2 mm) homo-
geneous single crystals of PbMogSg (Fig. 14)
and SnMogSg with transition temperatures be-
tween 14 and 15 K, as well the solid solu-
tions Pb,Sn;_,MogSg (x = 0.2 and 0.35) and
SnMoSgSe;.

Other related compounds with lower criti-
cal temperatures, including InMogSg, Mo0gSg,
MogSes, MogSeBry, AgMogSg and LaMogSg,
have also been synthesised. It is hoped that
STM and high-resolution specific heat stud-
ies on these materials will finally reveal the
mysteries of superconductivity in the Chevrel
phases which have eluded researchers for over
30 years.

In contrast to quasi-3D MMogXg, the MogXs
clusters may also be stacked end-to-end to
form Mog, Xgn4+2 columns. An infinite-length
condensation of molybdenum selenide clusters
produces the MpMogSeg family, which includes
the most strongly one-dimensional supercon-
ductors currently known: TI,MogSeq (Te =
3 — 6 K) and InpMogSeg (T, = 2.9 K). For
M = Group IA metal (Na, K, Cs, Rb), the com-
pounds become semiconducting at low tem-
perature — it is unclear whether this is due to
a Mott transition or the formation of a charge
density wave. All quasi-one-dimensional com-
pounds are synthesised in molybdenum cru-
cibles at 1700 °C, except InoMogSeg which is
made in a sealed silica tube at 1075 °C (Fig. 15).
The related Rb;,,(M09S11)(Mo0g;,Sen+2) (n = 1 —
5) family comprises finite-length cluster stacks
with an intrinsic dimensionality therefore ly-
ing between the quasi-3D Chevrel phases and
quasi-1D M;MogSeg. These materials become
superconducting at low temperature with T,
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Figure 15: Photograph of a typical single crystal of
In2M06Se6.

between 4.2 and 11 K; they also boast high up-
per critical fields between 30 and 40 T. By vary-
ing the length of the cluster stacks, it is possible
to chemically tune the dimensionality of these
materials, offering a unique opportunity to ex-
amine the interplay between low dimensional-
ity, superconductivity and other competing in-
stabilities without applying pressure or uniax-
ial strain.

Two other cluster-based compounds have also
been synthesised: CsMo01,514 and BasMo1,51g
which become superconducting at T, = 7.5 K
and 5 K respectively. CsMo12514 has trigonal
symmetry (space group P-31c): unusually, it
is composed of infinite-length chains of MogSg
units sharing two sulphur atoms, separated by
channels in which the Cs ions are randomly
distributed over two half-filled sites. A struc-
tural phase transition resulting in the ordering
of the Cs ions takes place below room temper-
ature.

In contrast, Bag4Mo1,51g is hexagonal and crys-
tallises with space group P63/mmc. It is
formed from dimeric (Mog), clusters, exhibits
metallic behavior at room temperature and is
not believed to undergo any structural phase
transition prior to superconductivity. Using
sealed molybdenum crucibles at 1500 °C, we
have succeeded in producing high-quality sin-
gle crystals of size approximately 1 mm. It is
hoped that these new materials will enhance
our understanding of the factors influencing
superconductivity throughout the molybde-
num chalcogenide cluster family.

4 Materials beyond the foreseen plan

4.1 Crystal growth of elemental bismuth
(contribution: D. van der Marel)

Bismuth is a semimetal with exceptional
properties like large magnetoresistance and
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pressure-induced metal-to-insulator transi-
tions. This is due to its very low carrier density
and effective mass of the electrons. Single-
crystal bismuth was grown by a modified
Bridgman-Stockbarger technique in a vertical
three-zone furnace. A silica tube filled with
5N-pure Bi powder and sealed under vacuum
was heated above the melting point of Bi and
slowly cooled in a temperature gradient of
10-15 °C/cm at a rate of 30 °C/h. Bismuth is a
very soft material and the quality of the sam-
ples is strongly affected by mechanical stress
during handling and cutting. The crystals
were cleaved from the as-grown boule along
a plane perpendicular to the trigonal direction
[001] at LN, temperature. X-ray diffraction
revealed that the mirrorlike cleavage surfaces
were planes perpendicular to the trigonal axis
which were subsequently used as reflecting
surfaces for optical experiments. A detailed
optical study of these crystals has been per-
formed using reflectivity and ellipsometry, and
has provided the evidence of electron-plasmon
scattering [22] (see MaNEP Project 1).

4.2 Single crystals of TiOy
(contribution: G. Margaritondo)

Titanium dioxide occurs in three crystalline
modifications: rutile (tetragonal), brookite (or-
thorhombic) and anatase (tetragonal). The
last two less dense phases are metastable and
slowly convert to rutile on annealing. Most
sample preparation and growth techniques di-
rectly yield the rutile phase so that rutile is
the most extensively investigated form. Nev-
ertheless, anatase works much better in photo-
voltaic applications and as a dilute magnetic
semiconductor. Especially for this latter pur-
pose we have re-lunched its synthesis in single
cristalline form, together with rutile with dif-
ferent dopings (Fig. 16).

Figure 16: Large single crystals of anatase (left) and
rutile (right) phases of TiO,.
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Figure 17: Typical single crystals of rubrene organic
molecular crystal prepared by chemical vapor trans-
port method.

4.3 Semiconducting organic molecular crystals
(contribution: G. Margaritondo)

These materials are very attractive as the es-
sential part for organic light emitting diodes,
and organic field effect transistor applications.
Nevertheless, they are also interesting for ba-
sic science, e.g. for the understanding of the
electronic transport in polaronic materials. A
large variety of semiconducting organic crys-
tals were successfully synthesized: pentacene,
rubrene, coronene, perylene (Fig. 17). Their in-
depth study is foreseen in the final stage of the
present MaNEP program.

5 Conclusions

During the elapsed period of the second phase
of MaNEP, the single crystal growing activ-
ity had a remarkable productivity. It has
contributed strongly to the coherence of the
pool, reinforcing collaborations between vari-
ous groups. It has enhanced the international
visibility of the MaNEP members, as well.

6 Collaborative efforts

Within the solid state chemists, the members
of the project, the collaboration and the com-
munication were at a very good level. The
exchange of ideas and know-hows have hap-
pened during the meetings in Lausanne, top-
ical meetings in Neuchatel, and at the Dia-
blerets workshop. The collaboration with other
projects is at an enviable level, which is testi-
fied by numerous joint publications. This high
output was possible due to the active interac-
tion of the physicists with the crystal growers
which very often delivered “custom designed”
samples.
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7 Goals for the next year

For the remaining period of Phase II the
goals are the following: i) synthesis and
crystal growth of new superconductor
La(O;_,Fy)FeAs (T, = 26 K) and related
compounds from the same family; ii) high
pressure synthesis and crystal growth of
MgCNij3 superconductor and of oxichlorides;
iii) study the influence of Mg vacancies and
hole doping with Li on properties of MgB, sin-
gle crystals; iv) growth of high quality LSCO
crystals for neutron, ARPES and STM studies;
v) growth of the 2-D spin 1/2 frustrated
quantum magnet SrCuy(BOs3); for neutron
scattering studies; vi) improvement of the
stoichiometry and the crystal size of BaVS;3
and BaVSe; crystals.
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PI’O_]eCt 4 Novel materials
Project leader: J. Hulliger (UniBE)

Participating members: L. Forré (EPFL), J. Hulliger (UniBE), J. Karpinski (ETHZ), R. Nesper (ETHZ),
A. Schilling (UniZH), L. Schlapbach (Empa), J.W. Seo (EPFL).

Summary and highlights: During the three years of MaNEP phase II, the search for new materials
featuring physical properties of interest to other projects within MaNEP was intensified and resulted
in roughly 30 new compounds and 15 new modifications of known materials. Although physical
characterization is still ongoing, success emerged from different directions: oxynitrides are materi-
als gaining interest for heterostructures, showing e.g. a giant Seebeck effect. These new materials
exhibit other interesting properties which can be tuned by substitution of O by N. The search for
superconductivity in Ni-based rare earth compounds has produced four new metallic compounds
(LMNiOy, where L = Dy, Ho, Nd or Sm and M = Sr or Ca). Along this series only LaBaNiO, shows a
variable-range hopping type conductivity and becomes an insulator at T = 0, showing no magnetic
ordering down to 1.5 K. In the field of spintronics, the controversy on room temperature ferromag-
netism in oxides such as doped ZnO is ongoing. Homogeneously doped ZnO:Mn(Il) bulk material
was prepared, showing antiferromagnetic ordering at low temperature and no evidence for Mn(II)
cluster formation down to concentrations of a few percent. The search for novel pyrochlore com-
pounds using low and high pressure syntheses including ion exchange reactions has produced new
compounds as well. Upper critical fields of KOsyOg and RbOs,O¢ and the temperature dependence
of the superconducting transition at various fields were investigated. Nanostructured oxidic fibers
of molybdates and tungstates were explored. Such nanofibers have demonstrated enhanced sens-
ing properties, better than corresponding classical materials. The development of new strategies for
finding superconductors has reached a level, which will allow in a near future to explore known
and new classes of cuprates for grains showing a higher T, than known by today. The most essential
achievement is a high sensitive separation technique for superconducting particles down to one ppm.
More close to applications, the MgB, wire formation was continued and hole doping for related com-
pounds was successfully achieved. A collaborative project on the possibility of superconductivity in
d'— vanadium oxide was started.

1 Synthesis of new bulk materials at ambi- tride perovskites were prepared by two dif-
ent and high pressure ferent approaches: a two step process, which
implies the preparation of the corresponding
1.1 Anionic substitutions in perovskites oxide precursors and subsequent thermal or
plasma ammonolysis; or direct deposition of
Perovskite type materials still attract great in- oxynitride films by pulsed laser deposition
terest due to the varieties of their properties (PLD). Strontium and calcium titanates were
and applications. The most common way to chosen as model systems to investigate the in-
tune the material properties is the substitution fluence of different ammonolysis parameters
of different elements in the perovskite crystal on the crystal structure, chemical composition,
structure. While most research efforts on ox- and properties. In oxynitride titanates, the op-
ide compounds have been focused on mod- tical band gap width is modified by the nitro-
ifications of the cationic composition, a less gen content in a broad range, making the ma-
explored approach was to investigate mod- terial interesting as potential new pigments.
ifications of the anionic composition. The
group at Empa/PSI (A. Weidenkaff, T. Lip- Oxynitrides with the general formula
pert, L. Schlapbach) showed that the substi- La;_,Ca,TiOpxN1_, (x = 0, 0.3, 0.5, 0.7,
tution of oxygen with nitrogen to form per- 1.0) were synthesized by thermal ammonolysis
ovskite type oxynitrides is changing the prop- of oxide precursors produced by a soft chem-
erties in a profound way. These new materials istry method. The crystallographic structure,
exhibit promising electrical and optical proper- the optical properties and the thermal stability
ties, which can be tuned by continuous substi- of the compounds were studied with X-ray
tution of O with N. At Empa/PSI, the oxyni- and neutron diffraction, UV/VIS and Raman
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spectroscopy. All materials crystallized in a
perovskite type pseudo cubic unit cell. The
lattice parameters decrease with increasing
Ca content, while the optical band gap width
increases from 2.3 to 3.7 eV with increasing x.
Thin films of pure STO:N (0.7% N) revealed
only a slight increase of the band gap from 3.2
to3.25eV.

1.2 Surface plasma ammonolysis of single crys-
tals

In this work, the Empa’s group partially sub-
stituted oxygen by nitrogen in a microwave in-
duced quasi neutrally glow discharge plasma
of reactive ammonia (NHj3). SrTiO3 monocrys-
tals with (111) orientation were used as starting
material since the exposed (111) surface is as-
sumed to be more reactive than the non-polar
(100) surface. The studies on chemical compo-
sitions and structures of the products were per-
formed by X-ray diffraction (XRD), in-depth
profile X-ray photoelectron spectroscopy (XPS)
of core level binding energies, and elastic re-
coil detection analysis (ERDA), all confirming a
perovskite type structure with a nitrogen con-

Figure 1: Top: Resistance of plasma treated sam-
ples. Bottom: Cross sectional view of an ammonol-
ysed crystal.
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tent up to about 8%.

Novel nitrogenated heterostructures and
oxynitride single crystals were successfully
prepared by a microwave induced plasma
(MIP) from STO single crystals. These het-
erostructures showed interesting physical
properties such as a giant Seebeck effect and
superconductivity. The analysis of the het-
erostructures with varying nitrogen content
showed that they consist of a hundred of
micrometer reduced strontium titanate layer
(blue), covered with a STON layer of tenths of
microns (yellow) and a few nm thick layer of
TiN (Fig. 1 bottom). The superconductivity at
T < 5 K shown in Fig. 1 top (probably related
to a thin TiN layer) and the giant Seebeck effect
of —465 V/K at 300 K will need theoretical
work for understanding.

Pure oxynitride single crystals with a nitrogen
content of 3-4% could be obtained by opti-
mizing the MIP conditions. However, present
attempts to increase the nitrogen content re-
sulted in a Sr depletion from the surface and
TiN phase formation. Single crystals revealed
a metallic-like behavior.

1.3 Cation and anion substitutions in LaBaNiOy

Stoichiometric LapCuQO, is antiferromagnetic
at room temperature, with Cu in a 3d° (spin
s = 1/2) configuration, and it is regarded to
be a Mott-Hubbard insulator. These main fea-
tures (s = 1/2 antiferromagnet, Mott-Hubbard
insulator) are generally believed to be impor-
tant ingredients for the occurrence of supercon-
ductivity on subsequent doping the compound
with charge carriers. By contrast, stoichiomet-
ric LaSrNiOy is metallic, although a 3d” config-
uration of Ni in a low-spin s = 1/2 state might
be expected to also lead to a Mott-Hubbard-
type insulating state. For this reason LaSrNiOy4
has not been considered to be a serious candi-
date as a “parent compound” for superconduc-
tors. Doping experiments over a wide range
(0.4 < x <1)in Laj;,Sr;_,NiOy4, with the aim
to find a superconductor, have indeed not been
successful [16].

To modify the electronic structure of LaSrNiOy
and drive it to an insulating state, the group
of A. Schilling (UniZH) has attempted to ap-
ply chemical pressure, e.g. by the substitu-
tion of Sr by Ba (stretching of the lattice [17,
18]), or Sr by Ca and La by rare earths with
smaller ionic radii, respectively (lattice com-
pression). By analogy with other known oxy-
halides and oxynitrides with the KoNiF, struc-
ture where the apical oxygen in the oxygen
octahedra could be successfully replaced by
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Figure 2: Strategy to modify the electronic structure
of LaSrNiO;.

halogen atoms or nitrogen, they have also at-
tempted to substitute oxygen by F, Cl and N
(Fig. 2).

a) LaBaNiOy Very little is known about
LaBaNiO4_; which has been reported to be
semiconducting [17]. It has also been claimed
that this compound shows a crossover from a
high-spin to a low-spin state of Ni upon cool-
ing below T = 100 K [17]. The questions
Schilling wanted to clarify were: (i) is stoichio-
metric LaBaNiOy really an insulator at T =
0 K? And (ii) is Ni in a low spin s = 1/2 state,
and if yes, is there antiferromagnetic ordering
at finite temperature?

Consequently, they have prepared polycrys-
talline samples of LaSr; _,BayNiOy_s by a stan-
dard wet chemical procedure (dissolving metal

Figure 3: physical properties of LaBaNiOy in com-
parison with LaSrNiOj.
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nitrates in nitric acid with subsequent evap-
oration, firing the product at 900 °C for sev-
eral hours and finally at 1100 °C in form of
pressed pellets during 3 days in air). The
product was characterized by X-ray diffrac-
tion (S. Siegrist, UniZH), neutron diffraction
(M. Medarde, Laboratory for neutron scat-
tering at the PSI Villigen), chemical analy-
sis (K. Pomjakushina, PSI Villigen), resistiv-
ity, thermal conductivity, magnetic susceptibil-
ity, specific heat (S. Siegrist and R. Dell’Amore,
UniZH), and UV-excited photoemission (T.
Brugger, UniZH). Chemical analysis and neu-
tron diffraction clearly showed that as pre-
pared LaBaNiO,_; is always oxygen deficient
with § =~ 0.15, in contradiction to results
reported in [17, 18]. Samples of LaBaNiOy4
and LaSrgsBagsNiO4_; were therefore post-
annealed at 400 °C at an O; pressure of 880 bar
(J. Karpinksi, ETHZ). Only after such a treat-
ment, an oxygen content of 4.03(1) could be
achieved. In Fig. 3 they show the electrical con-
ductivity, the magnetic susceptibility and the
low temperature specific heat of LaBaNiO,_;
(a = 3869 A, c = 12.880 A), in compar-
ison with corresponding data from metallic
LaSrNiOy (2 = 3.826 A, c = 12.862 A).

The electrical conductivity of LaBaNiO4 shows
a pronounced variable-range hopping VRH-
type dependence over a wide range of tem-
peratures (Fig. 3 top). Therefore, it is clear
that the electrical transport in LaBaNiOy is in-
deed different from LaSrNiO,4, and LaBaNiO,
is an insulator at T = 0. Corresponding ther-
mal conductivity data show a slightly higher
thermal conductivity (¢ ~ 19 W/Km at T =
300 K) for LaSrNiO4 than for LaBaNiOy (=
1.7 W/Km). In contrast to these transport data,
the magnetic susceptibilities of all stoichiomet-
ric samples are almost temperature indepen-
dent like in a metal, and a metal-like linear
term in the specific heat at low temperatures,
v =~ 10 mJ/moleK?, is measured both in metal-
lic LaSrNiOy4 and in insulating LaBaNiO4. A
similarly paradoxical situation as in LaBaNiO4
is met in a so called Fermi-glass [19], where the
density of states at the Fermi level is finite, but
these states are localized. This typically leads
to a VRH transport property as it has been ob-
served in LaBaNiQOy, but resulting in a Pauli-
like paramagnetism typical of a metal. Fur-
ther neutron diffraction experiments on fully
oxygenated LaBaNiO4 (M. Medarde, PSI Villi-
gen) did not show any sign of magnetic order-
ing of the Ni magnetic moments down to T =
1.5 K. From all these facts, Schilling concludes
that LaBaNiOy, although an insulator at T =
0, does not represent the sought analogue to

Research m———
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Figure 4: UV excited photoemission data on poly-
crystalline LaSrNiO, and LaBaNiOy at T = 300 K.

LayCuOy4. Doping experiments on LaBaNiOy
(La<=Ca, La~Ba, both hole and electron dop-
ing) indeed did not result in metallic transport
properties of the substituted samples.

To clarify whether electrically insulating
LaBaNiO4 does show a finite electronic den-
sity of states (DOS) at its Fermi level Er or not,
Schilling’s group have performed preliminary
UV excited photoemission experiments (T.
Brugger, UniZH, see Fig. 4). A compari-
son with corresponding data from metallic
LaSrNiOy4 shows that in both compounds the
total measured DOS must be small. However,
the data also showed a slightly enhanced
DOS near Er in LaSrNiO; when compared to
respective data of LaBaNiO4. This result is
in agreement with bandstructure calculations
[20] that clearly show a finite DOS near Ef for
LaSrNiOy (corresponding calculations are not
available for LaBaNiQOy).

b) LaSrNiOy, lattice compression, substitution of
Sr by Ca or La by a rare earth In a differ-
ent approach, Schilling argued that the sub-
stitution of La or Sr with elements of smaller
ionic radii, i.e. the application of chemical
pressure, might distort the crystal structure of
LaSrNiOy in a way that a transition to an in-
sulating state can be achieved. This argument
is based on the observation that in some per-
ovskite oxides an increasing distortion of the
oxygen octahedra around the transition metal
atoms is indeed accompanied by such a tran-
sition [21]. To achieve this, they have made
a number of experiments, substituting La in
LaSrNiOy by rare earth elements and Sr by Ca.
Up to now, only the stoichiometric compounds
LaSrNiO4, NdSrNiOy4, SmSrNiO4, EuSrNiOy,
and GdSrNiO4 have been reported to exist
[22, 23] (all metallic, see Tab. 1). A partial sub-
stitution has been achieved for Dy 5511 5NiO4
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and Nd1_4Ca0,6NiO4 [24, 25].

While their conventional synthesis procedure
at ambient pressure always produced multi-
phased samples, the preparation under ele-
vated oxygen pressure (1 kbar at 1000 °C, J.
Karpinksi, ETHZ) resulted in the formation of
four new compounds: DySrNiO4, HoSrNiOy,
NdCaNiO4 and SmCaNiO4. While the as pre-
pared samples were semiconducting, a post an-
nealing procedure at ~ 1 kbar oxygen pres-
sure resulted in a drop of their room tempera-
ture resistivity by almost two orders of magni-
tude, and the temperature dependence became
very similar to LaSrNiQy, i.e., metallic. The re-
sults of all these experiments are summarized
in Tab. 1.

Subsequent substitution experiments
(Ndos2Ca1.18NiOg,  Ndj15CagssNiO4  and
Dy(83Sr1.17NiO4) had only a marginal effect
on the temperature dependence of the resistiv-
ity as compared to the unsubstituted samples.
From these investigations they conclude that
the lattice compression of LaSrNiO4 by chem-
ical substitution alone does not produce an
insulating phase analogous to the “parent
compound” LayCuQj, and subsequent doping
does not result in superconducting matter.

c) Anion substitution A number of attempts
have been made to change the electronic struc-
ture of LaSrNiOy by replacing the apical oxy-
gen in the oxygen octahedra by halogen atoms.
This substitution has been reported to be pos-
sible in several transition metal perovskites
with the K;NiF, structure. In the case of the
cuprates, for example, full or partial substitu-
tion with F, Cl or Br has been achieved [26, 27].
In analogy to these structures one might expect
the existence of compounds such as SroNiO3X
or CapNiO3X with X = F, Cl or Br. Among
the several possible synthesis techniques de-
scribed in the literature Schilling’s group chose
to fluorinate with NH4F and to try a direct
solid state reaction using NiCl,. In none of
these experiments compounds featuring the
K)NiFy structure, containing halogen atoms,
were formed.

Schilling’s group has also attempted to sub-
stitute the oxygen in La;NiOy by nitrogen, as
has been reported to be possible in oxynitrides
such as Sr,TaO3N [28]. To achieve this, they
mixed polycrystalline LayNiO4 with Ca,N and
heat treated this mixture at 750 °C for 2 h in
Nb ampoules (D. Widmer, Laboratory for In-
organic Chemistry, ETHZ). Preliminary X-ray
diffraction data indicate a partial decomposi-
tion, but at the same time small changes in
the diffraction pattern of the remaining K;NiFy
phase are clearly detectable. Whether these
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Composition a(A) c(A)  Preparation Metallic
LaSrNiOy 3.826 12.862  ambient pressure yes
LaBaNiOy4 3.869 12.880  ambient pressure post annealed 400 °C O, 880 bar no
NdSrNiOy4 [22] 3.786 12.26  ambient pressure yes
SmSrNiO4 [22] 3.777 12.25  ambient pressure yes
EuSrNiOy4 [22] 3.772 12.24  ambient pressure yes
GdSrNiOy [22] 3.768 12.23  ambient pressure yes
TbSrNiOy4 - - K>NiF, did not form -
DySrNiOy4 ~3.755 =~ 1215 1000 °C 1 kbar O, yes
HoSrNiO4 ~3.755 =~ 1215 1000 °C 1 kbar O, yes
ErSrNiO4 - - K;NiF, did not form -
YSrNiOy - - K>NiF, did not form -
LaCaNiOy - - K;5;NiF, did not form -
NdCaNiOy ~3.77 ~1215 950 °C 900 bar O, yes
SmCaNiO4 ~375 =11.95 950 °C 900 bar O, yes
GdCaNiOy - - 950 °C 900 bar O,, belt type 30 kbar, K,NiF, did not form -
DyCaNiOy4 - - 950 °C 900 bar O,, belt type 30 kbar, K,NiF, did not form -

Table 1: Summary of the syntheses of the lattice compression type.

changes are due to an incorporation of N or to a
substitution of La by Ca is, however, unknown
at present. Magnetization measurements on
the resulting powders showed the presence of
a ferromagnetic phase that they have not yet
identified.

In the remaining time of MaNEP phase II,
Schilling’s group is planning to complete their
investigations on LaBaNiOy, i.e. to more pre-
cisely determine its electronic structure, for
example by resonant inelastic X-ray scatter-
ing using soft X-rays. The research group
of T. Schmitt (SLS, PSI Villigen) is planning
to do such experiments on single crystalline
LaSrNiQy, therefore the results on their poly-
crystalline LaSrNiO4 and LaBaNiO, samples
may yield valuable complementary informa-
tion.

While the application of hydrostatic chemical
pressure on LaSrNiQOy, i.e. the simultaneous
reduction of all the lattice parameters, did not
result in the desired insulating phase, it will
be worthwhile to consider the application of
uniaxial chemical pressure, e.g. experiments
on epitaxial films with compressive strain on
LaSrAlO, substrates. Uniaxial deformations
are expected to have a subtle effect on the elec-
tronic structure of transition metal oxides, as
has been recently calculated for the case of
SroVOy [29]. This work may initiate further col-
laboration within MaNEP.
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1.4 Magnetically diluted semiconducting ZnO

Spintronics was launched by Sato and cowork-
ers [30] who first predicted theoretically
that diluted magnetic semiconductors (DMS)
doped with 34 transition metal ions, such as
V, Cr, Fe, Co and Ni may exhibit ferromag-
netism. This was followed by Dietl et al. [31]
having claimed that Mn(II) doped p-type ZnO
should be ferromagnetic above room temper-
ature. Ferromagnetic coupling is assumed to
be mediated via RKKY interactions, and thus a
sample may show a bulk ferromagnetic state.
These predictions, with the promise that DMS
may be the basis of semiconducting spintron-
ics devices, have triggered a vivid research in
this field. To confirm the predictions, a num-
ber of experiments have been performed on
ZnO substituted with transition metals. Some
of these materials exhibit ferromagnetism at
room temperature and above. The origin of
the ferromagnetism is, however, still not iden-
tified and often ascribed to synthesis artifacts.
For critical reviews on this field, see [32, 33].
In many cases, the synthesis involves complex
solid state chemistry based on high temper-
ature heat treatment leading to clustering of
transition metal ions or formation of magnetic
secondary phases. Indeed, samples with the
same nominal composition seem to have dif-
ferent magnetic properties when prepared by
different groups. To accurately identify the ori-
gin of the magnetism, the observation of room

Research m———
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Figure 5: Synthesis of ZnO doped with transition
metals by the nitrate route. The process is consist-
ing in three steps: melting of nitrates (a), quenching
to preserve the homogeneity of Mn distribution in a
powder form (b), fast decomposition to produce the
oxides (c).

temperature ferromagnetism must be accom-
panied by a careful identification of the phases
and structures that are present in the material.
The objective of the work inthe group of J.M.
Seo (continued by L. Forré in 2007, EPFL) is to
tune the material to achieve ferromagnetism in
a clear, controllable and reproducible way. For
the synthesis of high quality materials, their
strategy is based on the decomposition of pre-
cursors homogeneously doped with transition
metal ions at low temperature.

At first, they developed the nitrate route
(Fig. 5): zincnitrate, homogeneously doped
with transition metals was obtained by melt-
ing a stoichiometric mixture of zincnitrate and
transition metal nitrate below 100 °C. In order
to preserve homogeneity, liquid nitrates were
quenched, followed by a fast decomposition by
heating the powder above the decomposition
temperature of nitrates (400 °C). During the de-
composition of the nitrate, strongly oxidizing
NO; (g) is produced. An unforeseen oxida-
tion of the transition metal leads to the forma-
tion of a second phase. When Mn doped ZnO
is prepared, the presence of a ZnMnQOj3 impu-
rity (needle like particles) has been observed
by electron microscopy. The oxidation could
not be avoided by introducing additional H,
or carbon in the reactor during the decompo-
sition.

A more promising method is based on

Figure 6: TEM and HRTEM micrographs of Mn
doped hydrozincite particles (a and b). 5 nm par-
ticles of Min doped ZnO are obtained in the TEM by
decomposition due to beam irradiation (c).
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hydrozincite as precursor. Hydroz-
incite are zinchydroxocarbonate materials
(Zn5(OH)6—2,(CO3)14,) With a low decompo-
sition temperature. At 150 °C, the decompo-
sition produces CO; and H,O species with a
lower potential of oxidation than NO,. Mn(II)
doped hydrozincite materials can be produced
by a reaction between nitrate and urea which
can be summarized by the following equation:
15 Zno.ggMnO'oz(NOQ’,)Q + 25 CO(NH2)2 —
3 (Zng.9gMnyg 2 )5(OH)s2,,(CO3) 14, +x CO2 +
y H20+Z N>

The exothermic reaction originating from the
field of explosives and propellants can be per-
formed in hydrothermal conditions produc-
ing flakelike nanoparticles. The poor stabil-
ity of hydrozincite materials has been demon-
strated by the decomposition in situ occur-
ring during the TEM observations (Fig. 6). In-
deed, uniformly doped zincoxide along with
Mn nanoparticles have been obtained by the
interaction of hydrozincite particles in the elec-
tron beam. In addition, single phase materials
of uniformly doped ZnO have been produced
by low temperature heat treatment (150 °C).
Magnetic measurements showed that the re-
sponse of this homogeneously doped DMS is
antiferromagnetic. In conclusion, the group at
EPFL has produced ZnO bulk material being
uniformly doped up to about 2% Mn(II). Elec-
tron spin resonance showed single ion hyper-
fine splitting, confirming well dispersed Mn(II)
ions. SQUID measurements indicated antifer-
romagnetic coupling of the Mn(Il) cations.

As immediate perspectives to increase the dop-
ing level, they plan to dope ZnO with other
transition metal, in particular Fe or Co, which
exhibit an ionic radius closer to Zn than Mn.
Furthermore, codoping by Li is also envisaged.

1.5 A new approach to search for superconduct-
ing materials

The general effort for finding new ma-
terials featuring similarly high T, values
or surpassing those known for the Bi,
Tl, and Hg cuprates has not encountered
new superconductors for some years now
(for a US government report on “basic re-
search needs for superconductivity”, see
www.sc.doe.gov /bes/reports/list.html). This
might have reasons such as: either almost all
of what is possible has already been found
or what can be prepared quite easily has
been produced. However, it could well be
that, among compositions using elements
which most frequently are leading to high
T materials or by involving other elements,
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normal or high pressure ceramic reactions
might produce small amounts of difficult to
obtain phases. Such phases may form under
kinetic control or are very unlikely to nucleate.
Taking for a working hypothesis that among
many phase systems involving preferentially
cooper oxide there are still opportunities, the
group of J. Hulliger (UniBE) has elaborated
a systematic view on how to use ceramic
reactions to produce what thermodynamically
or in some cases kinetically can be anticipated
to form. Producing superconducting phases in
the presence of a large excess of normal state
matter is, however, very demanding in view of
phase separation. Consequently, the group has
put forward a great effort on the development
of a high sensitivity technique to separate
superconducting grains originating in normal
state multiphase ceramic samples.

a) Combinatorial ceramic synthesis The base of
the chemical approach they apply in Berne is
essentially combinatorial and thermodynamic:
assume a reaction mixture made of e.g. CuO,
BaO and Y03 particles of the micrometer size
pressed into a pellet. Locally, the stoichiome-
try of primary components follows an inhomo-
geneous distribution. Consequently, for short
reaction times transient phases may be formed
and only after a long reaction time and a sec-
ond grinding step, YBCO as a single phase
is formed. This basic behaviour of any ce-
ramic reaction system has systematically been
worked out by the group at Berne. Extended to
more than three components such a combinato-
rial sample can produce many phases in paral-
lel. At first they were using small starting par-
ticles of the typical size of 0.5 to 1 micrometer
for combinatorial reactions. In the case of three
different groups of materials, experimental re-
sults showed that local property formation is
indeed taking place: (i) spot wise observation
of second harmonic generation in 30 reacted
oxides, (ii) luminescent spots in a reacted mix-
ture of 16 oxides containing Eu for optical ex-
citation, and (iii) pyroelectric peaks measured
across a random ceramic pellet made of 10 ox-
ides containing Nb and Ti for perovskite for-
mation. Furthermore, bulk superconductivity
was observed up to 100 K for reacting similarly
CaO, SI‘O, BaO, La203, YzOg, T1203, Bi203,
PbO, HgO and CuO. However, here no spatial
information on the distribution could be ob-
served (for magneto-optic results, see below).
Essentials of the idea briefly summarized here
are worked out in more detail in [1, 2, 3, 4, 5].

A clear drawback of using small sized start-
ing materials is that product particles are of the
same size and thus too small for magnetic sep-
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Figure 7: Test for random neck synthesis (RNS)
by the YBCO system using spherical particles: the
enlargement shows the formation of a green and a
black phase around a white sphere that clearly indi-
cates the reaction in the neck regions. The pellet was
heated to 930 ° C for 3 days in oxygen atmosphere.

aration and chemical/structural characteriza-
tion. A main improvement resulted therefore
from the idea of using particles of the 50-100
micrometer size, which during solid state re-
action are not completely consumed up. Un-
der these conditions and thermodynamically
speaking, all phases kinetically accessible un-
der reaction conditions are formed in between
particles undergoing mass exchange. At that
point it appears reasonable to use (ij) particles,
i.e. starting grains composed of two metals i,
j, because most known cuprate superconduc-
tors are composed of 3 to 4 metals. During lo-
cal reaction of (ij) + (ik) or (ij) + (kl) starting
materials, (ijk) and (ijkl) product particles may
form. The feasibility of this extension of the
original idea was tested by reacting BaO/Y,03,
CuO/BaO and CuO/Y,0; particles to form
phases appearing in the known phase system
of YBCO. Fig. 7 shows clearly that expected
phases are formed in the neck zone of interact-
ing grains. X-ray diffraction confirmed the for-
mation of the green phase and YBa,CuzOy. To
demonstrate local formation of superconduc-
tivity, magneto-optical imaging (MOI) was ap-

Figure 8: MOI images of a polycrystalline RNS
YBCO disk measured at 10 K. Local formation of
superconducting YBCO inside the pellets is clearly
visible (collaboration with Dr. ]. Albrecht, MPI for
Metal Research, Stuttgart).
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plied (collaboration with Dr. ]. Albrecht, MPI
for Metal Research, Stuttgart, Germany). In
an external field, areas appearing black in the
optical microscope turned out to be supercon-
ducting, which in zero field (remanent state)
showed a contrast inversion. The magneto-
optical contrast was vanishing close to 90 K
(Fig. 8).

The use of starting materials in the size range of
50-100 micrometers seems to result in a feasible
procedure for locally producing sufficient ma-
terial of interest for characterization. Such sam-
ples were also suited to perform magnetic sep-
aration (see below). To perform various ran-
dom neck syntheses in the near future, the fol-
lowing set of (ij) particles of proper size were
made: Ca/Cu; Sr/Cu, Ba/Cu, Y/Cu, La/Cu,
Bi/Cu, Ca/Sr, Ca/Ba, Sr/Ba, Ca/Bi, Sr/Bi,
Ba/Bi, Y/Bi, Sr/Y, Ba/Y, Ca/Pb (all oxides).

b) Magnetic separation Different from general
chemistry performed in gases or solutions, in
solid state chemistry there are no methods for
efficient separation such as chromatography.
Therefore, the development of a most sensi-
tive method to collect superconducting grains
from a reaction mixture is of great importance
for the type of work undertaken by Hulliger’s
group. Here, they have developed (i) a unique
new method for phase separation in solid state
chemistry (ii) and a very sensitive method to
detect in situ traces of superconductivity [6].
The method is based on the fact that within an
inhomogeneous magnetic field superimposed
to gravity, a diamagnetic grain tends to move
into the area of lowest potential energy. Us-
ing a ferromagnetic wire, magnetized perpen-
dicular to its length, an optimum stray ele-
ment is given: diamagnetic particles in gravi-
tational field follow trajectories leading them to
the sides of the wire (paramagnetic and ferro-
magnetic particles move to the top and below).
Because of a large difference in the diamag-
netic susceptibility of a Meissner state super-
conductor and a normal state piece of matter
(ratio: about 10%, SI), the wire method is very
selective, unless the external magnetic field is
set to values (several Tesla) for which magnetic
forces for normal state grains are also exceed-
ing the effect of gravity.

Extensive experimentation (Fig. 9) of the group
at Berne using YBCO and Bi2223 has estab-
lished a great potential for using this type of
magnetic separation.

(i) Fields as low as 50-100 Gauss may overcome
gravity, an undoubted demonstration for a dia-
magnetism provided only by superconductors.
(ii) At higher fields (several hundred Gauss)
where at a given temperature the magnetiza-
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Figure 9: Attractive mode of separation for poly-
crystalline YBCO in a DC field after ZFC to 77 K and
liquid O, for a medium. Magnetic field perpendicu-
lar to the image plane. Wire (Fe) diameter: 500 ym.

tion M(H) is described by a hysteresis, rising
and lowering the field (DC or AC) showed that
particles can move from side to top and re-
versed. Such an observation is due to a hys-
teresis behavior of M (H) and again a clear sign
of superconductivity.

(iif) Most useful are alternating fields of a fre-
quency matching the viscosity of the suspend-
ing medium. In case of O,(l) 25-50 Hz or alka-
nes(l) 5-10 Hz worked out to be optimum. At
low frequency, grains can move in phase with
the field, thus a further indication for a move-
ment induced only by magnetic forces.

So far, the group at Berne has performed sep-
aration experiments at constant temperature
(liquid Np) up to fields of 600-700 Gauss. How-
ever, most interestingly is a temperature scan
and the use of higher fields. Also in a vor-
tex state, as estimated from Landau-Ginsburg
theory, the capturing force is still increasing
by rising the field into the range of several
Tesla. An upper limit is given by the fea-
sibility of an electromagnet operating at fre-
quency v and a loss of selectivity, because
at high fields also normal state matter is at-
tracted to the wire. The present solution op-
erates with a home made new magnet rising
up to 1000 Gauss and a maximum frequency
of 50 Hz. The magnet was constructed as
such to provide fast increase/decrease of the
field (calculated: up: 9 ms; down: 12 ms,
Fig. 10). Concerning the liquid for making
suspensions of particles, the group has elab-
orated a new mixture (using thermodynamic
data on pure components) allowing operation
down to 80 K and upwards. A 1:1 molar
mixture of propane/ethane was successfully
tested, proving a viscosity suited to apply fre-
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Figure 10: Simulated time dependence of field of
the new electromagnet for fast attraction and release
of superconducting particles.

quencies of 5-10 Hz. A further problem had
to be solved: the temperature of grains under
investigation is of crucial importance for any
interpretation on observed T. values. Conse-
quently, they have developed a capturing wire
system being simultaneously active as a ther-
mocouple (type J: Fe/Ni, Cu), were the Fe part
serves for magnetic purposes. To ensure ab-
solute temperature measurements, the doubly
equipped Fe-wire based thermocouple was cal-
ibrated (in collaboration with METAS, Berne,
Dr. A. Steiner) to 6T < 0.1 K. For future work,
this capturing element will be inserted into a
separation chamber (presently under construc-
tion), stabilized to 6T = 0.1 K. Preliminary in-
vestigations on the temperature dependence of
captured Bi(Pb)2223 grains allow to conclude
that the magnetic properties of grains within a
given powder sample were distributed. There-
fore, it may well be that certain grains can be
found which exceed the present T; limit of the
Bi-family (110 K). Indications for such a be-
havior from bulk measurements have been re-
ported [34].

A further step was also successfully managed:
a container system was attached to the wire for
taking out captured grains (Fig. 11). This be-
came possible because in the horizontal direc-
tion the field component is very low. There-
fore, inclining the wire can make particles mov-
ing to the end of the wire, where a container is
mounted for definitive collection.

The overall sensitivity of the separation was
tested by adding some YBCO grains to BiO3
powder (100 ppm, 10 ppm, 1 ppm): within sev-
eral minutes, in all cases, grains were found on
the wire. This means that the present sensitiv-
ity is as high as 1 ppm. In view of using several
wires in parallel and an automatic system for
particle agitation, a 10 ppb limit seems feasible.
Promising to notice that they were also able
to capture mixed particles, where only about
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Figure 11: Deposition cup fixed at one corner of the
U-shaped iron wire for in situ deposition and taking
out of superconductive particles for further analy-
sis. Particles move into the container by inclining
the wire with respect to the horizontal line.

10% of superconducting phase was present.
This is an important perspective, because ran-
dom neck syntheses most likely will produce
strongly intergrown particles.

In view of a bulk separator able to handle many
grams of material, they have theoretically in-
vestigated a feasible geometry of a multi-wire
configuration, proving a very high probability
for safely capturing grains (Fig. 12).

Concerning copper oxides showing ferromag-
netic behavior up to 300 K, Hulliger’s group
could show that any of the investigated YBCO
powder samples (made at Berne or e.g. from
Aldrich) exhibited a ferromagnetic hystere-
sis even above 300 K (Fig. 13). Such pow-
ders where passed though a magnetic separa-
tor proving 30 BFeNd magnets in vertical se-
ries. As can be seen from susceptibility mea-

Figure 12: A zig-zag arrangement worked out to
provide best results for capturing starting particles
from above. The figure shows a contour plot for po-
tential energy (greyscaled coded) and trajectories of
particles (in red).
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Figure 13: M(H) data for a YBCO sample with fer-
romagnetic impurities (blue curve). The red curve
shows the effect of purification from the magnetic
phase by column separation at 300 K.

surements, the content of ferromagnetic phase
could be reduced. For comparison, BaCuO,
was made, because literature [35] is reporting
such effects for MCuO, (M =Ca, Sr). However,
no ferromagnetism was found in this com-
pound, undergoing the same O;(g) treatment
as the YBCO. At present it is anticipated that
doping by Y is leading to ferromagnetic prop-
erties. During the synthesis of YBCO a certain
phase segregation could thus be responsible for
a small amount of ferromagnetic material.

In conclusion, the most relevant results of the
group at Berne is to have developed methods
to produce most inhomogeneous and phase
rich ceramic reaction mixtures and an ex-
tremely sensitive technique to investigate mul-
tiphase samples for the existence of supercon-
ductivity or ferromagnetism.

Having soon elaborated necessary procedures
for preparing combinatorial samples and mag-
netic separation including in situ magnetic
characterization, the group will in the last year
of MaNEP phase II concentrate on the fol-
lowing investigations: (i) search for a higher
Tc of grains in Bi, Tl and Hg cuprates, than
known from ceramic bulk measurements [36];
(if) search for minor quantities of supercon-
ducting phases in reaction systems involving

Figure 14: Single crystals of superconducting -
pyrochlore KOs, Og (left) and RbOs; Oy (right).
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Figure 15: Temperature dependence of resistance
for single crystals of B-pyrochlore KOs,Og and
RbOS206.

main elements not appearing so far in known
compounds; (iii) search for superconductiv-
ity in phase systems not involving Cu. Here,
many of the qualitative arguments of how to
make a superconductor [37, 38, 39] will be
used for a guideline, however, this will mainly
be done, because of a lack of advanced input
which might originate from first-principle calcu-
lations (see US report mentioned above).

1.6 Novel pyrochlore materials

The group of J. Karpinski at ETHZ is investi-
gating syntheses of superconducting osmates
AOs;O¢ (A = K, Rb) with the B-pyrochlore
structure.  Single crystals of superconduct-
ing B-pyrochlore KOs;Og, and RbOs,Og with
sizes up to 0.4 mm have been grown as well
in sealed quartz ampoules starting from Os
metal and KO, (Fig. 14). The process of crys-
tal growth of RbOs;Og has been optimized
by using a temperature gradient. Single crys-
tal X-ray diffraction studies have shown that
both KOs;Og and RbOs;O¢ crystallize in the
non centrosymmetric space group F-43m [7, 8],
while a recent Raman study indicates that the
structure is centrosymmetric Fd-3m [9]. Elec-
trical resistivity measurements of the KOs;Og
and RbOs;O¢ single crystals have been per-
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Figure 16: Temperature dependence of resistance
for single crystals of B-pyrochlore KOs,Og and
RbOs, Os measured in different magnetic fields.
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Figure 17: The upper critical fields vs temperature
for B-pyrochlore KOs; O and RbOs; Oy

formed at low temperatures and in high mag-
netic fields (Figs. 15 and 16). The high val-
ues of the resistance ratio R3gg/R1g = 7.7 for
KOs,0O4 and Rjzgp0/Ryg = 14.3 for RbOs;Oq
suggest a good quality of the obtained crystals.
The temperature dependence of the upper crit-
ical field H., for KOs;Og and RbOs,Og were
determined from the resistivity data and are
shown in Fig. 17. Attempts to synthesize py-
rochlore compounds A;Os,O7 (A = Na, Ca, 5r)
and A;Re,O7 (A = Pb, Hg, Zn) under normal
pressure were, however, unsuccessful.

It has been demonstrated that high pressure
synthesis is highly effective in preparation of
many pyrochlore type compounds [40]. This
motivated the group to use high pressure and
high temperature techniques in the search for
other pyrochlore compounds in related sys-
tems. The syntheses were carried out in a cu-
bic anvil device at 30 kbar in the temperature
range of 8001100 °C using AgO as an oxidizer.
The results of their experiments are summa-
rized in Tab. 2.

Figure 18: Single crystal of w«-pyrochlore
Naj ¢O0sy Og ¢ grown under high pressure.
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Figure 19: Heat capacity (top) and resistiv-
ity (bottom) vs temperature for a w-pyrochlore
Naj 0s, Og ¢ single crystal.

The synthesis of sodium osmate under high
pressure resulted in octahedral single crystals
shown in Fig. 18. From the single crystal
X-ray diffraction data they have found that
this compound crystallizes in the a-pyrochlore
structure (Fd-3m) and exhibits high Na de-
ficiency which leads to the composition of
Naj 60s20¢6. Heat capacity measurements
(Fig. 19a) showed slightly enhanced value of
the Sommerfeld coefficient v = 21 m]/ molK?
what is roughly half of the value observed for
superconducting B-pyrochlore RbOs;Oq [10].
The absolute value of the electrical resistiv-
ity is relatively low but, in contrast to typical
metals, it is almost temperature independent
(Fig. 19 bottom). The magnetic susceptibility
of this compound is also temperature indepen-
dent, suggesting a Pauli paramagnetism. Su-
perconductivity has not been detected down to
0.5K.

High-pressure synthesis of pB-pyrochlore
KOsy0O4 was unsuccessful, instead they have
obtained a non superconducting compound
of the same composition, crystallizing in the
triclinic system. Using high pressure methods
they were able to synthesize a-pyrochlore
Ca1.66OszO7 and Ca1.62R8206.82. Their phys—
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Nominal composition ~ A-ionic radius r (A)

Lattice parameter (A)
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Obtained compound

LiOs,06 0.92
Cdy0s,07 1.10
Ca20s,07 1.12
(Na15Cdo5)0s2,07 1.16
NaOs;Og 1.18
Sr;,08,07 1.26
KOs,04 1.51
RbOs;0¢ 1.61
CazRe;O7 1.10
CasRuy Oy 1.12
Caj 7Nag3RuyO7 1.13

no pyrochlore LiOsO3
10.170(1) «-Cd0s,07
10.211(1) «-Cay 5057065
10.220(1) «-Naj 7Cd 305,065
10.170(1) «-Naj 60s7,0¢ 6

no pyrochlore Sr30s4014

no pyrochlore triclinic KOs;Og
10.1137(1) B-RbOs;O4
10.285(1) x-Caq goRepOg g2
10.197(1) a-CapRuy Oy

no pyrochlore new compound (cubic)

Table 2: Summary of high pressure syntheses of the pyrochlore compounds.

ical properties have not been reported yet.
These compounds have in common a sub-
stantial Ca deficiency. Measurements suggest
for both compounds a metallic behavior and

temperature independent paramagnetism
down to 4 K.
They have also prepared a-pyrochlore

Cdy0s,07 which is reported to show metal-to-
insulator transition at 225 K [10]. Here, they
demonstrated that by using high-pressure syn-
thesis it is possible to prepare solid solutions
Cdy_+NayOsyO;_; which could be potentially
interesting objects for further studies. They
have also obtained the a-pyrochlore ruthenate
CayRuy0O7 which properties are similar to that
found for CapRuyO7 prepared hydrothermally
[41].

Karpinski’s attempt to prepare strontium os-
mate under high pressure resulted in a novel
compound Sr3OssO14. A collection of sin-
gle crystals of this compound is shown in
Fig. 20 left. The crystal structure deter-
mined using single crystal X-ray diffraction has
been identified as tetragonal, isostructural to
PbsNb,O1oF, [42]. The analysis of collected
data suggests P4onm or P4, /mnm as a possi-
ble space group. The crystal structure along
[001] direction is shown in Fig. 20 right. In
general, the structure may be regarded as a py-
rochlore type: here, zigzag chains of BOg octa-
hedra, linked to each other in the same manner,
are directed along face diagonals of the cubic
unit cell, forming a symmetrical framework. In
this structure, such chains are retained only in
one dimension. In a and b directions the chains
are broken, i.e. only fragments of two octa-
hedra remain connecting chains into a three-
dimensional framework. This arrangement
of a structural fragment creates another type
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Figure 20: Left: Single crystals of Sr30s54014 grown
under high pressure. Right: Crystal structure of
51305404 along [001] direction (green octahedra —
OsOg , blue spheres — Sr, red spheres — O).

of channels, running in the same direction,
namely along the c-axis. The presence of termi-
nal oxygen atoms from Os(2)Og octahedra and
the size of the channels allow to suggest that
small cations may be intercalated in them. This
compound is metallic as evidenced from resis-
tivity measurements (Fig. 21 top) and exhibits
temperature independent paramagnetism. Su-
perconductivity has not been observed down
to 2 K. The measured heat capacity is shown in
Fig. 21 bottom.

An attempt to prepare lithium osmate resulted
in novel compounds, e.g. LiOsOg3. This phase
crystallize in rhombohedral system and pre-
sumably is isostructural with LiReOs. Its prop-
erties are not known yet. In an attempt to sub-
stitute Ca by Na in CayRuyO7 under high pres-
sure, a novel cubic Ca;_,NayRuO3 has been
synthesized.

The pyrochlore structure contains tunnels sur-
rounded by six BOg octahedra. These tunnels
intersect in a three-dimensional manner. The
ionic mobilities of ions in the tunnels strongly
depend on the size of both the ion and the
tunnel. The sodium or potassium ions in the
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Figure 21: Temperature dependence of resistance
(top) and heat capacity (bottom) for the Sr30s4 014
single crystals.

pyrochlore structure are readily exchanged by
most other monovalent cations. This low tem-
perature ion exchange allows for the formation
of novel, often metastable, compounds that can
not be synthesized by conventional high tem-
perature solid state reactions.

The ionic exchange experiments were carried
out by reacting pyrochlore powder with an ex-
cess of metal nitrates in air at 175-300 °C (or
with 1 M HNOj at 80 °C); results are sum-
marized in Tab 3. Na™ ions in a-pyrochlore
Naj 60,046 can be easily exchanged for K™
or Ag™. Similarly, Kt in B-pyrochlore KOs,Og
can be exchanged for Na™t or Ag™. Itis interest-
ing to note that when Na™ ions are exchanged
for K in Naj 605,04 ¢ the a-pyrochlore struc-
ture transforms into the B-pyrochlore one and
the product become superconducting and vice
versa, when K ions in superconducting f-
pyrochlore KOs;Og are exchanged for Na™,
non superconducting a-pyrochlore is formed.
The exchange of Nat or K* ions for Ag™
results in the formation of the a-pyrochlore
Ag0s,04, 4 (non superconducting). Since the
ionic radius of Ag™ is larger than that of Na™,
but smaller than that of K*, one may conclude
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that, for osmates, KT is the smallest cation
which can occupy 8b sites in the B-pyrochlore
structure. All smaller cations occupy 16d sites
and the a-pyrochlore structure is formed. In
a reaction with 1 M HNOj3;, sodium can be
completely deintercalated from NajOsy04 6
to form Os,Og - n HyO. Karpinski’s group has
found that Na™ ions can be also exchanged for
divalent Sr cations, but this process is, how-
ever, very slow. Further attempts to exchange
Rb*, Ca’*t, Pb?* for Nat, K*, Ag* or HT as
well as Nat for BaZt were unsuccessful, mean-
ing that ion exchange may practically be lim-
ited to small monovalent ions.

2 Materials by thin film methods

2.1 Pulsed laser deposition (PLD) of SrTiO3:N
films

Nitrogen doped SrTiOj3 films were directly de-
posited by two different modifications of PLD:
nitriding pulsed reactive crossed beam laser
ablation (PRCLA) and RF-plasma assisted PLD
(RE-PLD) developed at PSI.

PRCLA is a modification of PLD in which an
additional gas pulsed synchronized with the
laser is used, which crosses the ablation plume
close to its origin. This geometry leads to
interactions of the gas pulse molecules with
the energetic ablation species, which results in
the formation of the additional reactive species
from the gas pulse molecules. The application
of a nitrogen or ammonia gas pulse provides
therefore the source of active N-containing
species, which can be incorporated into the
growing film.

In RF-PLD, an additional continuous RF-
plasma beam is utilized, which is directed to
the substrate during deposition. Using of Nj
or NHj for the RF-plasma leads to formation of
ionized active N-containing species, which can
be incorporated into the growing film. Most
of the studied SrTiOs:N films revealed epi-
taxial growth along the (100) plane direction,
even despite the relatively high lattice mis-
match with MgO(100) substrate of +7.8%.

The film composition was determined in two
steps: first, Rutherford backscattering spec-
troscopy (RBS) measurements were performed
to obtain the Sr:Ti:O stoichiometry. However,
the sensitivity of RBS for light elements is rel-
atively poor. Therefore, elastic recoil detec-
tion analysis (ERDA) was used to determine
the N concentration. RBS analysis show sto-
ichiometric transport of cations from the tar-
get to the growing film. The nitrogen con-
tent could be tuned within the range of 0.6—
1.8 atom % by adjusting the deposition param-
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Lattice parameter of the

Starting composition Exchanged ions Final composition pyrochlore phase (A)
B-KOs,04 K*t/Nat a-Nap_ 08,04 4 10.160
B-KOs,04 K*t/Ag™" a-Ag,0s04., 4 10.152
«-Naq ¢0sp04 6 Na* /K" B-KOs,04 10.092
a-Naj 05,046 Nat/Ag™ a-Agy0s04.1 4 10.166
«-Naj 605,066 Nat /Sr2t a-Sry0s704 1 4 10.232
a-Naj 605,066 Nat/H;0" 0s,04-nH,O0 10.199

Table 3: Summary of ionic exchange experiments.

Figure 22: Left: Set-up for thin film growth. Right:
Variation of the content in the films vs the laser flu-
ence.

eters. The nitrogen concentration increased
with the laser fluence, reaching a maximum
value of 1.8(0.3) atom % at a laser fluence of
6.0 ] cm~2 (Fig. 22 right). Higher laser fluences
resulted in higher ablation rates, kinetic ener-
gies, and plasma ionization degrees, which led
to a higher reactivity of the nitrogen species,
e.g. by formation of N or N* by collisions of
the energetic plasma species with N, molecules
from the gas pulse and background.

All films deposited by PRCLA exhibited a n-
type electronic conductivity, which is most
probably associated with the partial reduc-
tion of the film during the deposition pro-
cess. It is noteworthy to mention that homoepi-
taxial growth of N-doped strontium titanate
films on SrTiO3 substrates resulted in metallic-
like behavior of the conductivity with very
high electron mobilities, while the correspond-
ing films deposited on MgO and LaAlO3 sub-
strates revealed much higher resistances and a
semiconductor-to-metal transition of the con-
ductivity with increasing temperature.

Perovskite type nitrogen substituted SrTiO;
thin films were deposited with a one step pro-
cess by RF-plasma assisted pulsed laser de-
position using a N» plasma, while deposi-
tion with a NH3 plasma yielded films with
almost no incorporated nitrogen. The de-
posited films exhibited cubic perovskite type
crystal structure and revealed oriented growth
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Figure 23: Mobility of films made at different con-
ditions.

on MgO(100) substrates. The nitrogen con-
tent in the films varied from 0.2 to 0.7 atom %,
which is lower compared to the corresponding
films deposited by PRCLA. The amount of in-
corporated nitrogen in the films deposited by
RE-PLD decreased with increasing RF power,
while the N, flow rate did not have a pro-
nounced influence on the N content. The films
were insulators which is different to N-doped
SrTiO;3 films deposited by PRCLA.

Comparing the carrier mobility versus temper-
ature of the thin films with bulk materials and
reduced STO showed pronounced differences.
The thin films and reduced samples show a
1 ~ T~27 relation (Fig. 23).

3 Preparation and modification of nanosized
materials

The family of tungsten bronzes (MyWO3) and
tungstates (MyWOs; . /2) with open structures
represents an interesting and versatile target
of modern materials chemistry. Their unique
chemical, electrochemical and structural prop-
erties have attracted considerable research in-
terest. They readily incorporate cations, and
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the modification of the host tungstate frame-
work opens up new options for tailoring novel
materials [43]. This renders tungstates promis-
ing materials for the application as active elec-
trodes, and they can enhance the performance
of electrochromic devices, catalysts or large-
scale static displays.

In the course of previous investigations,
the group of R. Nesper (G. Patzke, ETHZ)
has established a preparative pathway to
nanoscale ammonium pyrochlore tungstates
based on ammonium metatungstate (AMT,
(NH,4)6[HoW12040] - 2H,0) [11]. Starting from
these results, they have systematically studied
the morphochemistry and kinetics of the hy-
drothermal formation of nanostructured alkali
tungstates in MC1/AMT systems (M = Li—Cs).
In addition, they have employed microwave-
hydrothermal techniques to compare the mor-
phological behavior of selected MCl/AMT-
systems under the influence of microwave ir-
radiation to conventional hydrothermal condi-
tions. In the next step, Nesper’s group has
evaluated the kinetics of nanostructured alkali
HTB tungstate formation through in situ EX-
AFS and EDXRD methods.

3.1 Hydrothermal synthesis of nanoscale alkali
HTB

AMT and the according alkali chloride are re-
acted in 25 vol. % acetic acid in a Teflon-
lined stainless-steel autoclave. After 2 days of
hydrothermal treatment at 180 °C, the quan-
titative formation of nanostructured prod-
ucts is completed under standard conditions
[12].  The microwave-hydrothermal experi-
ments were conducted using a MARS5 mi-
crowave digestion system (cooperation with
Prof. Dr. S. Komarneni, Pennsylvania State
University). For further details on the EXAFS
and EDXRD measurements, see [12] (coopera-
tions with Prof. Dr. A. Baiker/PD Dr. J.-D.
Grunwaldt, ETHZ and Prof. Dr. W. Bensch,
University of Kiel).

The Li- and Na-HTB tungstates readily incor-
porate ammonium cations from the AMT pre-
cursor, whereas the K-, Rb- and Cs-HTBs are
practically ammonium-free. This has been ana-
lyzed in terms of IR spectroscopy and LA-ICP-
MS analyses (cooperation with Prof. Dr. D.
Ginther, Laboratory of Inorganic Chemistry,
ETHZ).

The alkali cations exert a distinct structure-
directing influence on the phase and the mor-
phology of the products. RbCl and CsCl tend
to favor the formation of pyrochlore tungstates
under hydrothermal conditions. Thus, they
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Figure 24:
synthesized (a) under standard conditions (scale
bar = 300 nm), (b, c) from highly diluted AMT solu-
tions (c(W) = 0.007 M; scale bar = 3um and 300 nm,
respectively).

SEM images of lithium tungstates

have conducted extensive optimization work
to establish clear-cut preparative approaches to
phase pure HTB tungstates that can be directly
used for the production of larger quantities.

3.2 Morphology control

The aspect ratio of Li-HTB nanorods can be
adjusted through the initial concentration of
the AMT precursor (Fig. 24). Further dilution
of the starting materials induces the growth
of flower-like microscale orthorhombic lithium
tungstate with HTB nanorods emerging from
the flower leaves (Fig. 24b, c).

Similarly, the shape of Na-HTB tungstate
nanorods can be controlled via dilution tech-
niques. The emerging particles range from
small rods with lengths around 100 nm and di-
ameters in the 50 nm range to fibers with mi-
croscale lengths and diameters around 100 nm
(Fig. 25).

Whereas the morphology of K-HTB tungstate
nanorods is similar to the Na-HTB tungstate
nanorods, the XRD patterns of the obtained
rods reveal their almost amorphous structure.
In parallel, the yields drop sharply in the
K-HTB tungstate hydrothermal systems com-
pared to their Na-based analogues.

Research m———
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Figure 25: SEM images of Na-HTB tungstate rods
synthesized from highly diluted AMT solutions
(c(W) = 0.007 M in H,O. (a, b): scale bar =3 ym
and 300 nm, respectively).

When the hydrothermal reaction of AMT was
performed in the presence of RbCl, a sig-
nificant morphological change was induced:
the resulting Rb-HTB tungstate nanorods were
very small (Fig. 26a, b), and they showed a
strong tendency towards the self-assembly into
cylindrical arrangements.

This effect is even more pronounced in
the preparation of nanostructured Cs-HTB
tungstates: they exhibit a hierarchical structure
on three levels, because the above-mentioned
cylindrical arrangements (Fig. 26c) tend to
form microspheres.

3.3 Microwave hydrothermal experiments

The use of microwave irradiation can dramat-
ically speed up hydrothermal reactions, and
the full potential of this combined prepara-
tive approach for nanomaterials synthesis still
remains to be tapped. Nesper’s group has
studied the effect of microwave-hydrothermal
treatment on the formation of Li- and Cs-HTB
tungstates. Careful adjustment of the initial
Li:W ratio opens up a preparative pathway
to orthorhombic tungstates with a flower-like
morphology and a very low uptake of lithium.
The influence of microwave treatment is even
more pronounced in the CsCI-AMT hydrother-
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Figure 26: SEM images of nanostructured Rb-HTB
tungstate rods synthesized under standard condi-
tions (a, b): scale bar = 200 nm) and of Cs-HTB
tungstates (c): scale bar = 800 nm).

mal system: low Cs:W ratios favor the for-
mation of a microcrystalline cesium tungstate
with a hitherto unidentified structural motif.
When an excess of CsCl is employed, phase-
pure nanostructured Cs-HTB tungstates are
formed: this direct preparation method saves
a considerable amount of optimization work
that is required for suppressing the formation
of the concurring pyrochlore tungstate under
conventional hydrothermal conditions.

3.4 Formation of carbon nanotubes and other
carbon nanospecies

The procedure of growing carbon nan-
otube carpets on the surface of Si/B/C/N,
the high temperature polymer Si/B/C/N
(Tnax.decomp. 1700-2300 K) was further
developed. The amorphous polymer which is
free of grain boundaries has semiconducting
properties (Eg ~ 0.5 eV) and a good conduc-
tivity already at room temperature due to a
large number of dangling bonds in the glass
matrix. It can directly be heated through a cur-
rent and remains inert to air moisture. On Ni
doping carbon nanotubes grow on the surface
through the polymerization thermolysis in a
one step process [13] [44]. This process showed
to be reproducible (Fig. 27).
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Figure 27: SEM picture of two samples of carbon
NT coated Si/B/C/N polymer ceramics.

4 MgB, wire formation

MgB, wire formation was driven through a
method which the group of R. Nesper (ETHZ)
has sent in for patent in 2002. In 2006, the
patent was granted for the EU [14], specifically
the countries CH, D, E, F, GB, and I; the US ver-
sion is ready for acceptance and will be granted
in 2007, while the Japanese version is still in
the checking phase. The method utilizes a low-
melting ductile pre-alloy which may be a bi-
nary Li/B or a ternary Li/Mg/B form. Such al-
loy may be cast, coated or shaped into any form
and thereafter transformed into MgB,. The two
steps reaction schemes at 650 °C may be writ-
ten as follows:

Li+ x B< LiB, x =09
2 LiB + 9 Mg < LiMg, + MgB,

The Li/B and the Li/Mg/B melts capture
some of the impurities which may be brought
into the system through many ways, mainly
through impurities of the source materials, es-
pecially boron, as well as through the inert at-
mosphere. The procedure was primarily used
to coat wires, i.e. (& 0.5 — 1 mm): Mo, Pt, Ni,
Cu, W, Ag, Kanthal, stainless steel. While Pt,
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Figure 28: Small volume inert gas Schlenk line for
MgB, wire production.

Ag and Cu react with the alloys, coating of Ni,
W, Kanthal and stainless steel was successful
and led to very pure MgB; films. However, due
to shrinking effects (30% volume loss) cracks
occur which have to be filled through multiple
coating cycles. While the magnetic suscepti-
bility confirmed very pure MgB,, conductivity
was inferior due to grain boundary impurities
(mainly MgO and MgsNy). For this reason a
new small volume Schlenk apparatus was con-
structed (Fig. 28) which allows to perform all
manipulations under inert atmosphere. By the
help of a valve system, coated wires (Fig. 29) at
different stages of the procedure can be trans-
ferred from one reaction tube to the next one,
for example form furnace 1 to 2 or to 3 (for fi-
nal tempering up to 1100 °C).

Prior to use, they introduced a carbon precoat-
ing for two reasons: (i) reduction of surface
oxygen on the substrate wires; (ii) to enhance
carbon doping into MgB,. In addition, prior to
all experiments, lithium and magnesium were
distilled and boron was treated in high vacuum
at 900 °C for 24 h. Measured current densities
of wires are shown in Fig. 30.

4.1 Investigation on MgB, related hole-doped

compounds

Underdoped Li; ,BC and Mg; (BC), have
been prepared and investigated with respect
to superconductivity already a year ago [14].
Samples can be prepared upto x = 0.5and y =
0.78 but did no show superconductivity down
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Figure 29: (left) Steps of wire coating: top — uncoated (metal Kanthal) wire; middle — LiBy coated; bottom —
MgB, coated; wire thickness ~ 1 mm. (right) Picture height ~ 1 mm, red transparent crystals on the surface of

the wire have been identified as LizN.

Figure 30: Current densities of a free-standing 10 X
1 mm MgB; rod prepared according to the three-step
method from zero to four Tesla and 5, 10 and 20 K
(blue, red and yellow curves).

to 4 K in magnetic measurements. According
to theoretical investigations hole doping could
increase the superconducting T. to ~ 90 K
for LipsBC [15]. Aiming at underdoped sam-
ples different techniques of Mg deintercalation
have been applied to Mg;_,B,Cy which led to
compositions from 0 < x < 0.25. The thermal
decomposition under vacuum resulted in the
formation of graphite and borocarbides above
900 °C as reported already. Synthesis at re-
duced Mg ratios yielded hole doped MgB,C,
samples which could also be reintercalated by
either Mg or Li-metal under preservation of the
structure. None of these samples did show a
Meissner effect down to 4 K.

5 Collaborative efforts

Members of Project 4 have many collaborations
to groups outside MaNEP (see report). Col-
laboration within MaNEP are the following;:
(i) Schilling, Hulliger Karpinski cooperate in
the field of high pressure syntheses, (ii) Nes-
per and Fliickiger work on MgB, wire forma-
tion, (iii) Nesper and Fischer cooperate on the
development of sensor materials. A collabora-
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tive project was started between van der Marel
and Hulliger on possible d1-vanadium oxide
superconductors.

6 Goals for the next year

Forr6: further improvement of the doping in
ZnO by magnetic ions, increasing also the car-
rier density by codoping.

Hulliger: final construction and use of a new
separation equipment. Investigation of Bi, TI,
Hg families for superconducting grains featur-
ing a higher T, than known. Investigation of
new compositions, not known to show super-
conductivity so far.

Karpinski: synthesis of a new superconductor
La(Oq_Fy)FeAs and related compounds. Elec-
tron and hole doping of Y124 crystals. High
pressure synthesis of Caj4Cup4041, a spin lad-
der compound.

Nesper: synthesis of Ca,B,C compounds, sin-
gle graphene layer preparation.

Schilling: compleating the electronic investi-
gation on LaBaNiOy. Growth of epiaxial films
for LaSrNiOy to apply compressive strain.
Schlapbach:  further characterization of
SrTiO3:N films and heterostructures (resis-
tivity switching and dielectric properties).
Deposition of strontium molybdate oxynitride
films (high N loading).
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PrO_jeCt 5 Thin films, artificial materials and novel devices
Project leader: J.-M. Triscone (UniGE)

Participating members: P. Aebi (UniNE), @. Fischer (UniGE), G. Margaritondo (EPFL), G. Blatter
(ETHZ), A. Schilling (UniZH), J.-M. Triscone (UniGE), D. van der Marel (UniGE).

Introduction: This report is summarizing our last three years efforts in the field of thin films, artifi-
cial materials and novel devices. The report describes our studies, as stated in the proposal, on: 1.
“Epitaxial ferroelectric films and artificial insulating superlattices for basic studies and future appli-
cations”; 2. “Oxide thin films and heterostructures as model systems for spectroscopic, field effect
and transport studies”; 3. “Novel single photon detectors using low and high-T. superconducting
nanostructures”. The main goals of the project are to produce high quality materials in thin film
form which are essential for some applications and may be particularly useful for specific studies
and novel devices. The use of advanced deposition techniques to fabricate heterostructures and
novel oxide superlattices allowed the creation of new materials with designed properties and also
new phenomena to be generated at oxide interfaces. In the summary below we describe the main
results obtained in the project. It is followed by a detailed description of each sub-project.

Summary and highlights specific view of these significant materials

Sub.project 1 which was previously not possible.

(Aebi-Triscone) e In Pb(Zr,Ti)O3 films, atomic force mi-
croscopy was used to demonstrate that 2D
ferroelectric domain wall motion is a creep
process controlled by random bond disor-
der in the presence of dipolar interactions
(this part is not described in the report, de-
tails can be found in [1]).

Epitaxial ferroelectric films and artificial insu-
lating superlattices for basic studies and future
applications.

o The important issue of size effects in ferro-
electrics has been studied. Several series of

epitaxial ferroelectric films of PbTiO3 were e Superlattices based on ferroelectric
grown. X-ray diffraction and X-ray pho- PbTiO3 and paraelectric SrTiO; have
toelectron diffraction were used to probe been realized. In this system, the key
the non-central symmetry of the material ferroelectric properties can be tailored
and the material tetragonality (which can by changing the volume ratio between
be related to the polarization) as a func- PbTiO3 and SrTiO3. At short wavelengths,
tion of film thickness. The results point a new behavior is observed linked to
to a progressive reduction of the polariza- the coupling between antiferrodistortive
tion as the film thickness is reduced due to and polar instabilities. This very unusual
an imperfect screening of the polarization. coupling is leading to an improper fer-
Films as thin as three unit cells (~12 A) are roelectricity (the polarization is not the
found to be ferroelectric. AISO, it is found main order parameter) which manifests
that the polar distortion is controlled, as itself by a polarization developing linearly
the film thickness is reaching the unit cell in temperature and a dielectric constant
1€V€1, by Surface relaXatiOn and rul’npllng essentially temperature independent

close to T¢c but with a very large value,

o The project has initiated a substantial de- potentially useful for applications.

velopment of photoemission based meth-
ods for probing ferroelectric thin films. Related publications: [1, 2, 3,4, 5, 6, 7].
Using the chemical sensitivity of X-
ray photoemission spectroscopy and the

Sub-project 2
angular intensity distribution of core e

(Aebi, Margaritondo, Pavuna, Fischer, van der

level emission lines ultra-thin ferroelectric Marel)

PbTiO3 films grown on Nb-S5rTiO; have

been studied at the atomic scale. This is an Oxide thin films and heterostructures as model
important progress since it allows an atom systems for spectroscopic, field effect and
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transport studies.

o In the past three years, we have continued
systematic studies of direct ARPES (no
cleavage of samples) on in situ grown com-
pressively and tensively strained high-
T. (La, Sr);CuO4 (LSCO-214) films [8].
Specifically, the electronic band struc-
ture on 12 unit cells thin epitaxial
LSCO-214 films under extreme tensile
strain shows anomalous features com-
patible with c-axis dispersion [9]. This
result is in striking contrast with the
usual quasi-two-dimensional dispersion
observed up to now in most supercon-
ducting cuprates, including relaxed and
compressively strained LSCO-214 films
grown under the same conditions. The
data were analyzed using a 3D tight-
binding dispersion for a body-centered
tetragonal lattice. We relate the enhance-
ment of the c-axis dispersion to the signifi-
cant displacement of the apical oxygen in-
duced by the strain [9].

o In this sub-project, we also have exploited
the possibility to grow thin films of var-
ious materials including manganites and
cuprates with a very high degree of crys-
tallinity and ultra flat surfaces. These films
are fabricated in the form of single phase
materials, where the strain induced by the
substrate mismatch can be tuned by con-
trolling the film thickness. These films
have been used to investigate electronic
properties, polaronic transport and super-
conductivity.

e The optical conductivity of thin single
crystal SrTi;_Nb,Oj3, for x between 0 and
0.01, has been determined in the spectral
range between 1.5 and 37000 cm~!. This
has been done by performing transmis-
sion and/or reflection measurements in

the THz and infrared range and ellipsom-
etry in the near-infrared to ultraviolet re-
gions. Our experimental data indicate that
this mass renormalization is about a factor
two.

Related publications: [8, 9, 10, 11].

Sub-project 3
(Blatter, Schilling, Fischer)

Novel single photon detectors using low and
high-T; superconducting nanostructures.

e Superconducting single photon detectors
(SSPD) are a type of device combining
ultimate sensitivity (single photon) with
a good quantum efficiency and counting
rates > GHz [24]. Recently, such super-
conducting single-photon detectors have
attracted growing interest from diverse
fields such as astronomy, spectroscopy or
quantum communication.

e Here, we investigated the properties of
NDN thin film superconductors, which we
further structure into narrow bridges or
meander lines with typical thickness d <
10 nm and widths w < 100 nm. The me-
ander lines are of particular interest. It
has been shown [25] that such structures,
suitably operated, can be utilized as very
fast and sensitive single-photon counters
in the visible and near-infrared spectral
range.

e We also have investigated high-T, su-
perconductors YBa,CuzOy_s5; (YBCO)/
PrBa;CuszOy_s (PBCO) films in order to
provide alternative materials to current
state-of-the-art SSPDs, made from NbN.

Related publications: [12, 13, 14, 15, 16, 17].

1 Epitaxial ferroelectric films and artificial insulating superlattices for basic studies and future

applications.

In this sub-project, the properties of ultrathin
ferroelectric films and superlattices based on
ferroelectric and dielectric materials have been
studied. Ferroelectricity has been investigated
at nanoscale using local probe techniques and
X-ray photoelectron diffraction. Artificial fer-
roelectric materials with tailored properties
have been realized. In short wavelength
PbTiO3 (PTO)/SrTiO3 (STO) superlattices, an
interfacial coupling of different instabilities is
leading to a new type of ferroelectricity.
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1.1 Finite size effects in thin ferroelectric
PbTiO3 thin films: a study of ferroelectricity
and tetragonality in ultrathin PbTiO3 films.
(Aebi, Triscone)

This part contains the results of the active
(Neuchatel-Geneva, Aebi-Triscone) collabora-
tion on the study of thin ferroelectric PbTiO3
films.

Oxide materials exist in a wide variety of chem-
ical compositions and structures and exhibit a
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tremendous range of physical properties. In
this work, we focus our attention on ferro-
electric oxides with a perovskite structure, ma-
terials with remarkable functionalities which
make them attractive for numerous applica-
tions. Thin film applications are of particular
interest and therefore the study of finite size ef-
fects is important. We used two complemen-
tary approaches to study the intriguing mod-
ifications of the physical properties occurring
when one or more physical lengths of the sys-
tem are reaching the nanometre scale: high res-
olution X-ray diffraction and X-ray photoelec-
tron diffraction.

Ferroelectric finite size effects have been
probed in a series of c-axis oriented PbTiO;
epitaxial perovskite films ranging from 500
down to 4 A (1 unit cell). The samples were
grown using off-axis RF magnetron sputtering
on metallic (001) Nb-SrTiO3 substrates and on
Lag 675r0.33MnQO3 epitaxial electrodes (typically
200-300 A thick) prepared on insulating SrTiO;
substrates. The experimental approach used to
address the problem of size effects was to mea-
sure the tetragonality c¢/a versus thickness in
these thin films using X-ray diffraction and X-
ray photoelectron diffraction. The X-ray pho-
toelectron diffraction technique was also used
to study the non-centro-symmetry of the unit
cells in the same samples.

For the PbTiO3 series on Nb-SrTiOj3, the films
are found to be monodomain and it is shown
that the c-axis parameter systematically de-
creases with decreasing film thickness below
200 A and down to the unit cell level. This
decrease in the tetragonality c/a is related to
a reduction of the polarization through the
strain-polarization coupling. Using a first-
principle model Hamiltonian approach, we
demonstrated that films well below 100 A are
ferroelectric and that the progressive polar-
ization reduction is due to the depolarizing
field resulting from imperfect screening. Our
analyses, combined with ab initio calculations,
demonstrate that films down to 12 A are ferro-
electric and suggest for even thinner films are
polar but non switchable structure [2, 3, 4].

On this series of samples, as discussed above,
we applied the photoemission based, surface
sensitive and atom specific X-ray photoelec-
tron diffraction (XPD) method. A real space
projection of the material structure is obtained
by the experiment, probing directly the intra-
cell atomic displacements associated with fer-
roelectricity. The local geometry around a
selected atom is probed by intensity versus
emission-angle scans of a given photoemission
line. Owing to the chemical sensitivity of pho-
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toemission, a given atom type is then chosen
by selecting one of its core levels. The out-
going electrons exhibit a strongly anisotropic
angular intensity distribution. This angular
distribution originates from interference of di-
rectly emitted photoelectron waves with the
scattered electron waves. The analysis of the
interference patterns is facilitated by the so-
called forward focusing effect taking place for
kinetic energies greater than ~0.5 keV.

In order to theoretically model the angular
distribution of photo-emitted electrons, multi-
ple scattering calculations have been applied
and compared with experiments via an R-
factor (reliability factor analysis). This ap-
proach gives very good results despite of some
limitations [18]. The variation of the tetrago-
nality and polar distortion induced non-centro-
symmetric O atom positions are preferentially
probed via Pb 4f and O 1s emission, respec-
tively [3].

Fig. 1 compares the evolution of the tetrago-
nality (c/a ratio) as a function of film thick-
ness for bulk sensitive X-ray diffraction (XRD)
[2] and surface sensitive XPD [4]. The similar
behavior observed for both measurements im-
plies that the polarization evolves at the sur-
face in the same way as inside the film and that
there is no thick paraelectric dead layer at the
surface. The fact that the XPD c/a ratio is larger
than the one from XRD is not explained so far.

Figure 1: Tetragonality (c/a ratio) as a function of
film thickness for PTO films (blue circles), for the
Nb-5rTiO; substrate through PTO films of one and
two unit cells (green squares) and the Nb-5rTiO;
substrate surface (red triangle). Black open circles
are X-ray diffraction data and the black dotted curve
is the result from model Hamiltonian calculations.
Ribbons, labeled 1 and 2, indicate regions as dis-
cussed in the text. The left scale indicates the c/a
values extracted from the XPD experiment. The in-
set shows the crystallographic plane used to extract
the ¢/ a ratio. Pb-Pb scattering dominates compared
to Pb-O scattering allowing 6 to be determined via
Pb-Pb forward focusing.
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The XPD measurement shows a continuous de-
crease of tetragonality down to the thickness of
one unit cell. Two ribbons are drawn in Fig. 1,
labeled with 1 and 2, indicating regions where
c/a values of 1.03 (value expected at the bulk
level for the paraelectric phase, resulting from
the mechanical constraint imposed by the sub-
strate) and 1.01 (value expected from surface
relaxation and rumpling as shown by the ab
initio calculations [4]) are crossed with respect
to both c/a scales. This observation implies,
via the polarization-strain coupling, that the
films have a finite — although progressively re-
duced — spontaneous polarization. At thick-
nesses of one or two unit cells, the macroscopic
elasticity no longer applies and surface relax-
ation and rumpling dominates, suggesting the
absence of any additional ferroelectric distor-
tion at these thicknesses.

Fig. 2 shows energy shifts observed for the core
level photoemission lines of the PTO films as a
function of thickness. Such shifts are related
to changes of the electrostatic potential of the
films (band bending, charging). It is striking to
see that the evolution is identical to the one ob-
served for the tetragonality and it is obvious to
try to link the shifts to the electrostatic potential
drop created by the ferroelectric polarization
across the screened ferroelectric films. There-
fore, if the shifts are attributed to this potential
drop it is possible from a simple electrostatic
model to extract the effective screening length
of the ferroelectric films with the substrate as
the bottom electrode and the exposed-to-air
surface with C and O related species (H,O, C-O
groups, O-H groups, etc.) as the top electrode.

However, recent, detailed experiments on
these energy shifts show a rich phenomenol-
ogy and suggest a more complicated scenario.
As a matter of fact, the experiments show en-
ergy shifts of core level photoemission lines not

Figure 2: Kinetic energy shifts of the Pb 4f and Ti
2p core level photoemission lines as a function of the
PTO film thickness.
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only as a function of thickness: a partial re-
moval of carbon related species at the top elec-
trode shifts the spectra to lower kinetic ener-
gies (Egj,) whereas the complete removal in-
duces a shift to higher Ey;,,. Furthermore, low-
ering the temperature decreases Ey;, (with an
amplitude depending on the thickness of the
film) and regions close to the surface emit elec-
trons with decreased Ey;,,.

A simple electrostatic model as suggested
above does not explain all these phenom-
ena and a more elaborate model has to be
found including screened ferroelectricity but
also charge carrying surface/interface states.

All the experiments described above have been
performed on PbTiOs films prepared on metal-
lic Nb-doped STO substrates. The behavior
observed for the series of PbTiO3 films on
Lag 67510.33MnO3 electrodes prepared on insu-
lating substrates is however strikingly differ-
ent [19]. Using X-ray diffraction, a decrease in
tetragonality is first observed as the film thick-
ness is reduced but is followed by a recovery
for the thinnest films studied as can be seen
on Fig. 3. This behavior is accompanied by a
change from a monodomain to a polydomain
configuration of the polarization with 180° al-
ternating polarization domains. This transition
was confirmed by piezoresponse atomic force
microscopy measurements, also allowing a di-
rect demonstration of the ferroelectric switch-
ing of the polarization in PbTiOs films as thin
as 28 A (Fig. 4). Using X-ray photoelectron
diffraction however, all samples were found to
be monodomain, with a tetragonality value in
good agreement with the values found for the
PbTiOs thin films of similar thickness prepared

PbTiO, /Lag,Srqo33 MNO, polydomain

1.07 A

1.06

1.05 A

O  PbTiO; on Nb-SrTiO,
,,,,,,,,,,,,, Model Hamiltonian
| PbTIOS on Lao_57 Sr033 Mn03

1.04

Tetragonality c/a

; Guide to the eye
1034~

PbTiO; /Nb-SrTiO; monodomain
0 100

200 300 400 500

Thickness [A]

Figure 3: Tetragonality as a function of film thick-
ness for PbTiO5 films grown on Lag¢7Sr)33MnO;
(black squares), compared to what was obtained in
the case of PbTiO; films grown on Nb-SrTiO; (open
squares).
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Figure 4: Top: piezoresponse signals obtained
after alternate -12 V and +12 V voltages were ap-
plied between the metallic tip and the conducting
Lag ¢751033MnOs layer to polarize nine stripes over
a 10 x 10 mm? area. Bottom: piezoresponse sig-
nal obtained after application over a 10 x 10 mm?
square of a voltage gradually ramped from -12 V up
to +12 V. These data also demonstrate ferroelectric
switching of the polarization in PbTiO; films as thin
as 28 A.

on Nb- S5rTiO3 substrates. It appears that dur-
ing the X-ray photoelectron diffraction mea-
surements, the samples are forced to be in a
monodomain configuration, causing a reduc-
tion of the polarization (for very thin films)
and a concomitant decrease of the tetragonal-
ity. Once the X-ray photoelectron diffraction
measurements are finished, the samples return
to their more stable state, which for the thin-
ner film is a polydomain state, allowing a re-
covery of the polarization and therefore also
of the tetragonality, as was checked by repeat-
ing the X-ray diffraction and piezoelectric mea-
surements.

All the samples being epitaxially strained to
the substrates, the main difference between the
two PbTiOj series is the change of the bottom
electrical boundary conditions. The results pre-
sented here thus demonstrate the key role of
the electrical boundary conditions on ferroelec-
tricity and on the ferroelectric domain struc-
ture of very thin PbTiOj3 films, and reveal in
thin films the direct relationship between the
tetragonality value and the domain configura-
tion.
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1.2 Artificially layered ferroelectric superlattices:
tailored properties and “new" ferroelectric-
ity. (Triscone)

Artificial superlattices and complex het-
erostructures are in principle interesting
systems where one hopes to develop con-
trolled properties and/or new functionalities.
Here we have studied PbTiO3/SrTiO3 super-
lattices and discovered that in this, a priori
simple combination of paraelectric and ferro-
electric materials, the properties can be tuned
over a wide range of thicknesses but also, that,
for short wavelength superlattices, a new type
of ferroelectricity develops.

Experimentally we have developed the abil-
ity to produce superlattice structures of high
crystalline and surface qualities. We have
demonstrated that the key ferroelectric pa-
rameters, polarization and critical tempera-
ture, can be tuned over a very large range in
PbTiO3/5rTiO;3 superlattices. Polarization can
be tuned from 0-60 #C/cm? and the transition
temperature from room temperature to 700 °C
while maintaining a perfect crystal structure
and low leakage currents in these heterostruc-
tures. We developed a simple model based on
Landau theory that would guide straightfor-
ward production of samples with ferroelectric
properties designed for particular applications.
As electrostatic considerations force the two
materials in the superlattice to have near iden-
tical polarizations, the PbTiO3 volume fraction,
x = 1lp/(l, +1s), where I, and I; are the thick-
nesses of the PbTiO3; and SrTiO; layers respec-
tively in the superlattice, is the key parameter

40 T 12 T

polarization (uC/cmz)
8
T

L L
polarization (pC/sz)
[T
T
L

1.015 - -

tetragonality (c/a)
tetragonality (c/a)

1.014

800 4

e

600

400 700 f i 4

dielectric constant
s
8
8

dielectric constant

200 | i 200 600 [ e i

L 450 800 550 L
300 350 400 450 500 550 600

temperature (K)

0 Ll 0
200 300 400 500 600 700 800 900 1000 250
temperature (K)

Figure b: Polarization, tetragonality and dielectric
constant as a function of temperature for two sam-
ples at high (9/3) and low (2/3) PTO volume frac-
tion.
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Figure 6: Three instabilities (ferroelectric and an-
tiferrodistortive) present at the interface between
PbTiO;5 and SrTiO;.

in controlling the properties of the system.

For short wavelength superlattices, we, how-
ever, have discovered a different behavior with
striking “ferroelectric” properties: a polariza-
tion developing linearly in temperature and
a dielectric constant not diverging at T¢ as
shown in Fig. 5 where the behavior of a “nor-
mal” superlattice is compared to the one of a
short wavelength one. We believe that this
anomalous behavior is a signature of an im-
proper ferroelectricity (the polarization is not
the main order parameter) driven by the very
special coupling of three instabilities, two an-
tiferrodistortive ones and a polar mode. The
three instabilities are schematically shown in
Fig. 6. The new properties of these artificial
materials, in particular the high, temperature
independent, dielectric constant, might be in-
teresting for applications. Also, this approach
opens the road to a new way of designing
properties using coupling of instabilities at in-
terfaces. This interface engineering might be a
way to realize new ferroelectrics and new mul-
tiferroic materials.

2 Oxide thin films and heterostructures as
model systems for spectroscopic, field ef-
fect and transport studies.

In this sub-project, complex oxides such as
doped (La,Sr)CuQO4, SrTiO3 and manganites
thin films are investigated. On (La,Sr)CuQOy
films, in situ ARPES measurements have been
successfully realized. In doped SrTiO; and
manganites, the nature of the transport prop-
erties is investigated.

2.1 ARPES on (La, Sr),CuOy4 (LSCO-214) thin
films (Margaritondo, Pavuna)

In the past three years, we have continued sys-
tematic studies of direct ARPES (no cleavage
of samples) on in situ grown compressively
and tensively strained high-T; (La, Sr),CuQOy4
(LSCO-214) films [8]. Specifically, the electronic
band structure on 12 unit cells thin epitaxial
LSCO-214 films under extreme tensile strain
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shows anomalous features compatible with c-
axis dispersion [9]. This result is in striking
contrast with the usual quasi-two-dimensional
dispersion observed up to now in most su-
perconducting cuprates, including relaxed and
compressively strained LSCO-214 films grown
under the same conditions. The data were ana-
lyzed using a 3D tight-binding dispersion for a
body-centered tetragonal lattice. We relate the
enhancement of the c-axis dispersion to the sig-
nificant displacement of the apical oxygen in-
duced by the strain [9].

In 2007 we have successfully directly linked
our EPFL laser ablation system to an XPS-
Scienta set-up. Subsequently we have fabri-
cated thin, superconducting La-doped Bi-2201
films and performed in situ ARPES measure-
ments. We have developed a simple model
for the nucleation of random intercalates dur-
ing the growth of high-temperature supercon-
ductor films [10, 11] by laser deposition (PLD).
The model predicts a very particular spatial
distribution of defects: a Markovian-like se-
quence of displacements along the growth di-
rection (c-axis), as well as a two-component
in-plane correlation function, characteristic of
self-organized intercalates. A model for X-
ray diffraction (XRD) on such structures is also
developed and accounts for both c-axis and
in-plane anomalies observed in XRD experi-
ments. Our method constitutes a useful char-
acterization tool in the optimization of deposi-
tion parameters for the growth of similar ox-
ide films [10]. The very first ARPES spectra
measured on as grown La-doped Bi-2201 thin
high-T, film shown on Fig. 7 are rather strik-
ing as films are not cleaved, and yet exhibit
pronounced quasi-particle peaks directly ob-
served from the as-made film surface.

We also note that following our successful
demonstration of the concept of direct ARPES
(DARPES: no film cleavage) on in situ grown
films, several other groups are now trying to
adopt our approach.

2.2 Correlated oxides epitaxial growth: a study
of manganites, cuprates and doped SrTiO3

a) Manganites thin films Doped rare-earth
manganese oxides (manganites) have been the
focus of intensive research since the discovery
of “colossal” magnetoresistance in thin films
[26]. This effect, present also in bulk samples, is
related to a field-induced shift of the insulator-
to-metal transition (MIT) temperature. Intrin-
sic phase separation has been proposed to play
a major role at the MIT [27], but scanning
tunneling spectroscopy (STS) experiments per-
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Figure 7: As measured raw’ ARPES spectrum on
non-cleaved (as grown) La-doped Bi-2201 thin high-
T. film.

formed on films of the same nominal composi-
tion have shown both the presence [28] and ab-
sence [29] of electronic inhomogeneities in the
sub-micron scale.

We have grown and carefully characterized
films of the paradigmatic Lagg7Cag33MnO3
(LCMO) manganite on (100) SrTiO; (STO),
(100) LaAlO3 (LAO) and (110) NdGaO3; (NGO)
substrates. Details on the growth procedure
are presented in Ref. [20]. Structural analy-
sis using X-ray diffraction in Fig. 8 shows that
films grown on substrates with a large (2 1 %)
lattice-parameter mismatch to LCMO are fully
strained at thicknesses below roughly 100 nm.
On increasing thickness, a partial relaxation of
the film lattice parameters towards bulk values
takes place but a substantial part of the film re-
mains in a high-strain state. At large thickness,
films are thus structurally inhomogeneous: re-
gions with different degrees of structural strain
coexist within the film. In the case of films
grown on NGO, considered often as “bulk-
like” [30, 31] because of the small mismatch (<
0.1%), we observed the presence of compres-
sive strain at small thickness and its relaxation
on increasing thickness [20]. Unlike for large-
mismatch substrates, no signature of the coex-
istence of strained and relaxed domains was
observed at large thickness, the relaxation ap-
pears to be homogeneous throughout the film
[20].

In manganites, lattice, charge and magnetism
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Figure 8: Second order reflection for the out-of-
plane parameter of LCMO films grown on (a) STO
and (b) LAO. Reciprocal space maps around the
(303) pseudocubic reflection (c) for a 50 and (d) a
453 nm film grown on STO. Reciprocal space maps
around the (103) pseudocubic reflection for (e) 28
and (f) 500 nm thick LCMO films grown on LAO.
Films are fully strained at low thickness and as
thickness is increased an inhomogeneous relaxation
of strain occurs.

are strongly coupled, so modifications in struc-
ture due to biaxial strain are expected to give
rise to changes in the transport properties.
Fig. 9 presents a comparison of transport prop-
erties for films grown on STO and NGO at
different thicknesses. The polaron activation
energy, E;, obtained from a fit of the high-
temperature resistivity with an adiabatic small-
polaron model [32] p AT exp(E,/kT) is
plotted in Fig. 9a. The activation energy is
roughly a half of the polaron binding en-
ergy. Fig. 9b shows the insulator-to-metal
transition temperature obtained as the tem-
perature at which do/dT changes sign (full

Figure 9:  Transport properties of LCMO films
grown on STO and NGO: (a) polaronic activation en-
ergy and (b) metal-insulator transition temperature
(full symbols) and Curie temperature (hollow sym-
bols) obtained from resistivity measurements (see
text).
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symbols) and the ferromagnetic Curie temper-
ature obtained from the maximum slope in
the resistivity curve. The behavior of both
activation energy and transition temperature
is independent of the sign of the substrate-
induced strain. The transition temperature de-
creases and the polaron activation energy in-
creases as strain is increased for films grown on
STO (tensile strain) as well as for films grown
on NGO (slightly compressive strain). The
hatched zone represents the structurally inho-
mogeneous films on STO, for which the plotted
lattice parameter corresponds to the maximum
intensity in Fig. 8a. The structural anisotropy
induced by the biaxial strain breaks the degen-
eracy of ey orbitals, favoring carrier localiza-
tion [33]. Strain provides thus a way to con-
trol transport properties. However, the coex-
istence of regions with different strain states
in the same sample implies the coexistence of
regions with different (local) transport proper-
ties. In investigations regarding ‘intrinsic’ in-
homogeneities, films grown on NGO or homo-
geneously strained samples on large-mismatch
substrates should be favored. The local elec-
tronic properties of homogeneously strained
films measured by scanning tunneling spec-
troscopy are shown under Project 1.

b) Growth and properties of Laj9Sry1CuOy thin
films  We have studied properties of thin films
of Laj ¢Srg1CuO, (LSCO) grown on SrLaAlO4
substrates, with a Pulsed Laser Deposition sys-
tem. We have grown films of different thick-
nesses, from 38.8 nm down to 3.9 nm (3 unit
cells), without any buffer or cap layer. For ev-

R (ohm)

T (K)

Figure 10: Resistance vs temperature measured
for samples of different thicknesses: 3.9, 6.5, 13.3,
38.8 nm. Inset: reciprocal space map measured by
X-ray diffraction on the 38.8 nm thick film. The large
spot represents the film, the small spot represents
the substrate. The dot is the theoretical position of
bulk LSCO.
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Figure 11: Topographic 400 nm by 400 nm image
obtained by STM on a 35 nm thick film. Terraces are
separated by 0.65 nm steps.

ery thickness we obtained a high crystalline
quality, as shown by X-ray diffraction. Inset
of Fig. 10 shows the reciprocal space map of
a film of 38.8 nm. The spot shows that the a-
axis parameter of the film is equal to that of
the substrate, with only a slight dispersion to-
wards the value of bulk LSCO. This proves that
the films are strained by the substrate (com-
pressive strain), up to thicknesses of 38.8 nm.
The transition temperatures T, of the films
measured by resistivity are shown on Fig. 10.
A remarkable result is that the T. remains very
high for a 3.9 nm film, i.e. only 3 unit cells thin.
One year later, the T. value was unchanged,
proving that the films are very stable and do
not alter with time. Hall effect studies also re-
vealed that the number of carriers was similar
to that found on bulk samples.

An STM topographic image of a 35 nm thin
film (Fig. 11) shows islands of piled up terraces
separated by steps of 0.65 nm height (half a
unit cell). The islands are oriented 45° from the
substrate main axis. This shows that the grains
grow along the [110] axis, which is consis-
tent with an orthorhombic structure of the unit
cell. On these films, superconducting proper-
ties could not be probed using scanning tunnel-
ing spectroscopy, possibly because of surface
contamination during the film transfer.

c) Growth of NdyyBay_Cuz07,5 (NBCO) and
YBayCuzO;_5 (YBCO) films We produced
NBCO films by RF magnetron sputtering de-
position on (100) SrTiO3 substrates, who met
our criteria beyond our best expectations. For
example, the flatness of our 40 nm thick films
was 2-3 unit cells, peak-to-peak, for 2.6 ym?
(Fig. 12), and the observed density of particles
was very low thus allowing a patterning pro-
cess to be performed. However it appeared
that oxygen’s stoichiometry in this compound
is highly unstable, meaning that superconduct-
ing properties are partially to totally lost with
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Figure 12: STM surface topography of a 40 nm
thick Ndj,Bay_,Cu30;,s film grown on SrTiOs.
Two successive color levels correspond to a unit cell.
Unlike YBCO, no screw dislocations are present on
the NBCO films, which present an exceptional flat-
ness inside the 123 family.

time or treatments. Unlike YBCO, where the
cation’s solubility cannot fluctuate, in NBCO x
can easily reach up to 0.4, leading consequently
to more inhomogeneities in the films. More-
over Nd ions are magnetic, hence not suitable
for muons measurements. For this reason, 13
nm thick YBCO films with T,; = 85 K and
very nice finite size oscillations in the Bragg
diffraction pattern were grown. These good
crystallographic properties were also found in
thick bilayers dedicated to slow muons mea-
surements. Fig. 13 shows a (001) diffraction
peak for a 75 nm/75 nm thick bilayer. Two
series of oscillations are clearly distinguished,
constituting the signature of a nearly perfect bi-
layer. To attenuate the reduction of the critical
temperature occurring during the patterning
process, an amorphous PrBa;CuzO;_; (PBCO)
top layer was deposited in situ by sputtering
to protect the surface of the YBCO phase. Ad-
ditionally, in order to secure electrical contacts
we adapted an in situ gold evaporation depo-
sition system involving a mechanical mask to
obtain some patterned gold structures between
the YBCO and the protective layer.

d) Nanoscale field-effect studies with STM  Fi-
nally, we report here on the use of ferroelec-
tric/doped SrTiOj3 structures to perform local,
STM controlled ferroelectric field effect.

Control of the density of mobile charge carri-
ers using electric fields is widely used in a va-
riety of metal-insulator-semiconductor struc-
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Figure 13: (001) X-ray diffraction pattern of a
YBCO/PBCO 75nm/75nm thick bilayer used for
slow muons measurements. The arrows point out
the double periodicity of the oscillations due to the
nearly perfect bilayer structure.

tures and is the governing principle behind
the operation of field-effect transistors. Ferro-
electric materials possessing a switchable and
non-volatile polarization field can be used as
insulating layers, revealing new opportunities
for device applications. Advances in mate-
rial processing and in particular complex ox-
ide thin-film growth mean that high quality
field-effect devices can be based on ferroelec-
tric/metallic oxide heterostructures [21]. In ad-
dition, advances in local probe techniques such
as atomic force microscopy allow them to be
used in the imaging and study of small ferro-
electric domain structures in bulk crystals and
thin films. In this work, a scanning tunnelling
microscope is used to investigate the ferroelec-
tric field effect in all perovskite heterostruc-
tures. Scanning tunnelling spectroscopy allows
us to probe the local electronic properties of the
polarized channel of a ferroelectric field-effect
device as a function of the field orientation.
This technique can be used to read and write
ferroelectric field-induced with a size as low as
20 nm [22].

2.3 Electron-phonon interaction and charge car-
rier mass enhancement in an archetypal per-

ovskite

One of the major questions in the physics
of high temperature superconductors [34] and
colossal magnetoresistance materials [35, 36]
is to what extent electron-phonon coupling
is important for the transport anomalies and
superconductivity. A major obstacle in ad-
dressing this issue has been the complexity
of these materials. In order to separate out
the electron-phonon coupling we have studied
the relatively simpler perovskite compound
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SrTi;_xNb,O3 with 0.001 < x < 0.02. The
lowest unoccupied bands of pristine SrTiO3
are Ti 3d bands of tp, character, which be-
come occupied with electrons upon substitut-
ing Nb for Ti. Here we report a comprehen-
sive study of this system using THz, infrared,
and optical spectroscopies, as well as DC con-
ductivity and Hall effect measurements. An
optical characterization of the electron-phonon
coupling in SrTiO3 is also interesting in its
own right, as it can be considered as a model
system for polaron formation [37]. Our THz
spectra at 7K (Fig. 14) show the presence of
a very narrow (less than 2 meV) Drude peak,
the spectral weight of which reveals a moder-
ate mass enhancement of about three times the
unrenormalized band mass, independent of
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Figure 14: (a—d) The optical conductivity of
SrTi;_NbyO; for x = 0, 0.1%, 0.2%, 0.9% and 2%
at 300 and 7 K. Open symbols are the experimental
DC conductivities. (c-d) For clarity, the mid-infrared
conductivities of x = 0.1% and 0.2% are magnified
by a factor 5.
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Figure 15: Experimental plasma frequency derived
from the spectral weight W(w) of the Drude peak
(squares) as a function of the free carrier concentra-
tion (from Hall effect) together with the plasma fre-
quency obtained from LDA band structure calcula-
tions (solid Iine). The inset shows the corresponding
effective carrier mass m* /my,.

the carrier concentration (Fig. 15). The deficit
in spectral weight is observed to be gained
back by a broad ‘mid-infrared” band, which
can be understood to originate from the pola-
ronic character of the charge carriers. Anal-
ysis of the Drude spectral weight and of the
mid-infrared band indicates that the electron-
phonon coupling parameter, a=4, is of interme-
diate strength.

3 Novel single photon detectors using low
and high-T, superconducting nanostruc-
tures. (Blatter, Fischer, Schilling)

This part reports first on the efforts realized
in Geneva on cuprates films before to describe
the Zurich efforts on detectors based on nitride
films.

3.1 Patterning of YBCO thin films for Super-
conducting Single Photon Detectors appli-
cations

Superconducting Single Photon Detectors
(SSPD) are a type of device combining ulti-
mate sensitivity (single photon) with a good
quantum efficiency and counting rates > GHz
[24]. These properties make them an excellent
candidate for single photon telecommuni-
cations and applications such as quantum
cryptography. This part of the work focuses
on high-T; superconductors (YBCO/PBCO) in
order to provide alternative materials to cur-
rent state-of-the-art SSPDs, made from NbN.
Note that LaSrCuO (see above) is a compound
to consider as well in future applications.
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Figure 16: Scheme to pattern (sub)micronic stripes in our YBCO films — (left) design of a lithographied pattern
produced chemically from a YBCO film (green): four independent structures for 4-points transport measure-
ments; gold slots for electrical contacts are in yellow — (center) zoom in the critical area supporting the FIB-made
(red) stripes, dimensions are given in micrometers — (right) SEM micrograph of a 2 um wide meandering stripe
engineered by a 50 pA focused ion beam. The stripe supporting the meander has been engineered with a higher

intensity (1 nA).

For this project we use YBCO/Au/PBCO
structures presented in the previous section.
Optical lithography being limited in resolu-
tion, a 2-step protocol was designed, involving
a preliminary chemical etching followed by a
focused Ga®* ion beam (FIB) managed nanos-
tructuration (Fig. 16).

It was observed that the standard FIB rou-
tines used to pattern silicon circuits cannot be
carried out since they are too destructive for
YBCO ultra-thin films. In this context, we be-
gan to develop a specific procedure to han-
dle the samples. We obtained different kinds
of superconducting transitions by varying the
beam current, the numerical aperture, and the
number of passes. Here, the lateral contami-
nation is a crucial parameter to consider, since
it directly addresses both the issues of small-
est reachable dimensions and current homo-
geneities. We stress out that no physical etch-
ing is necessary and that it is sufficient to im-
plant Ga3* ions into the YBCO phase during
the exposure, turning it locally in an insulator.
We are developing a modus operandi to cre-
ate superconducting YBCO structures by im-
planting Ga* ions with a Focused Ion Beam.
We confined current in 2 ym wide supercon-
ducting meandering wires using a 50 pA beam
current. Downscaling and critical current mea-
surements are still to be performed before to
study the light response.

3.2 NbN SSPD detectors

Here, we investigated the properties of NbN
thin film superconductors, which we further
structure into narrow bridges or meander lines
with typical thickness d < 10 nm and widths
w < 100 nm. The meander lines are of partic-
ular interest. It has been shown [25] that such
structures, suitably operated, can be utilized as
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very fast and sensitive single-photon counters
in the visible and near-infrared spectral range.

a) Refined Detection Model The detection
mechanism for single photons is based on
quasi-particle multiplication after absorption
of a photon and subsequent creation of a nor-
mal conducting cross-section due to a bias cur-
rent that is close to the critical current. The en-
ergy hv of the absorbed photon is many orders
of magnitude larger than the superconducting
gap energy A in conventional low-temperature
superconductors. In a cascading process fol-
lowing the initial creation of a highly excited
single electron the excess energy is shared
among a large number of quasi-particles. If the
quasi-particle density becomes high enough,
the superconducting order parameter may be
locally suppressed to zero, leading to a normal
conducting core inside this hot-spot. In early
detection models it was assumed that this nor-
mal conducting core is essential for the detec-
tion of photons. The superconducting cross-
section of the strip would be reduced and even-
tually the bias current in this reduced cross-
sectional area will exceed the critical current
density.

In our refined detection model we suggest that
the formation of a normal conducting hot-spot
core is not necessary to detect single photons
[23,17]. The creation of quasi-particles leads to
a local reduction of the critical current density
even if no normal-conducting core develops.
Applying the continuity equation to the bias
current and taking into account the phase co-
herence in the superconducting state, one can
show that the creation of a minimum num-
ber of quasi-particles in a certain volume is
sufficient for the temporary transition into the
normal-conducting state.

The NbN thin films of SSPD are in the
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Figure 17: Critical current density j. as a function
of reduced temperature T/T;(0) for NbN bridges
of different widths. The solid line is a fit of the
Ginzburg-Landau depairing critical-current density
to the data of the 300 nm wide bridge. The inset
shows an AFM-image of the 4.9 ym wide bridge.

two-dimensional limit and their normal-state
square resistance is on the order of k(). There-
fore one has to expect vortex-antivortex pairs
of the Kosterlitz-Thouless type [38, 39]. As-
suming vortex-antivortex pair excitations to be
present in SSPD we can explain the tempera-
ture dependence of dark counts [17] and the
wavelength dependence of the sensitivity and
energy resolution [15, 16].

b) jo(T,H) in NbN Bridges The detection
model briefly described above requires bias
currents about 90% to 95% of the depairing
critical-current density. Such high current den-
sities can only be reached if the meander strip
lines remain free of magnetic vortices, other-
wise the dissipation-free current transport will
be limited by the depinning of vortices. We
have systematically measured critical current
densities in NbN bridges with widths rang-
ing from 100 nm to 10 ym to shed light on
the mechanism determining the critical-current
density.

We have found that the experimentally de-
termined critical current densities in sub-ym
wide bridges can be well described by the
mean-field Ginzburg-Landau depairing criti-
cal current density (Fig. 17). Wider bridges
deviate substantially from this temperature-
dependence below a certain temperature. We
interpret this reduction in critical-current den-
sity below the expectations for the depairing
critical-current density as the entry of vortices
due to self-field of the applied current. This
can be qualitatively described with an edge-
barrier model [14] taking into account edge ef-
fects analogues to the Bean-Livingston surface
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Figure 18: SEM picture of a 200 nm wide NbN me-
ander on a 5i substrate in false color representation
to emphasize different elements.

barrier [40].

c) E-beam Lithography In order to obtain a
good SSPD it is of paramount importance that
the complete device is as homogeneous as pos-
sible. Already very small variations in T¢, I
or the cross-sectional area of the strip line lead
to a reduced performance or even a complete
failure. This implies great demands on the pro-
duction process of the device. During the last
three years we have developed two alternative
nanopatterning techniques of normal and su-
perconducting thin films.

The central production step of our first tech-
nique is a lift-off process. With this technique
we were able to demonstrate the production of
metallic structures with minimum feature sizes
down to about 10 nm [13]. However, the lift-
off technique is limited to materials which can
be deposited at substrate temperatures below
~ 150 °C, determined by the stability of the or-
ganic resist used.

NbN and some other interesting superconduc-
tors require substrate temperatures of several
hundred degrees Celsius in order to obtain
high-quality thin films. Therefore, we have de-
veloped a second e-beam lithography process
that uses a reactive ion-etching step to obtain
the desired nanostructures starting from an ex-
tended thin film. In Fig. 18 we show a scan-
ning electron micrograph of a 200 nm wide
NbN meander that exhibited excellent super-
conducting properties [12].

d) Alternative Superconductors So far, SSPD
are sensitive in the visible and near-infrared
spectral range. One way to increase the spec-
tral range of SSPD further into the low energy
range, is to use other superconductors with
lower T.. Work on thin films of TaN and MoN
is already in progress.
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4 Collaborative efforts » [4] L. Despont, C. Koitzsch, F. Clerc, M. G. Garnier,
P. Aebi, C. Lichtensteiger, J.-M. Triscone, F. J. G.

The collaboration between the Neuchéatel- de Abajo, E. Bousquet, and P. Ghosez, Phys. Rev. B

Geneva groups on size effects has been crucial 73, 094110 (2006).

and has led to the use of XPD for the study of » [5] M. Dawber, C. Lichtensteiger, M. Cantoni, M. Vei-

ferroelectric ultra-thin films. tTh.enf P Gllfsezf{K' {0};?5;‘;’“17565\{[( 2%%‘; and J.-M.

On SSPD, the collaboration between Geneva riscone, Thys. Fev: Lt 2 )

. . . [6] M. Dawber, N. Stucki, C. Lichtensteiger, S. Gariglio,

and Zurich is developmg. P. Ghosez, and J.-M. Triscone, Adv. Mater. 19, 4153
(2007).

5 Goals for the next year » [7] E.Bousquet, M. Dawber, N. Stucki, C. Lichtensteiger,

. L P. Hermet, S. Gariglio, J.-M. Triscone, and P. Ghosez,

Thin ferroelectric films Nature (2008).
e We intend to elaborate the phenomenol— [8] D. Ciloett.a, D. Ariosa, M. Abrecht, C..Cancellieri,
. K K X S. Mitrovic, M. Papagno, and D. Pavuna, in Correlated
ogy Qf the Shlfts n kinetic energy of pho- Electron Systems (SPIE, 2005), vol. 5932.
.toemlss1on lines _Wlth well Qeflned exper- [9] D. Cloetta, D. Ariosa, C. Cancellieri, M. Abrecht,
iments. In particular, detailed measure- M. S., and D. Pavuna, Phys. Rev. B 74, 014519 (2006).
ments as a function O'f .temperature and [10] D. Ariosa, C. Cancellieri, P. H. Lin, and D. Pavuna,
top electrode composition are planned. Phys. Rev. B 75, 184505 (2007).
The goal is to come up withan explanation [11] C. Cancellieri, P-H. Lin, D. Ariosa, and D. Pavuna, J.
accounting for possible charging, charge Phys.: Cond. Mat. 19, 246214 (2007).
transfer, surface polarization, band bend-  » [12] H. Bartolf, A. Engel, A. Schilling, K. Il'in, and
ing, surface and interface states. M. Siegel, Physica C (2008).
. . [13] H. Bartolf, A. Engel, and A. Schilling, Superconduct-
Ferroelectric superlattices ing Single Photon Detectors, Raith application note,
Physics Institute of the University of Zurich, Switzer-

e We plan to pursue and complete our work Jand (2006).
on PTO/STO superlattices and address 14} s pngel, H. Bartolf, A. Schilling, A. Semenov, HL-W.
questions related to the polarization insta- Hiibers, K. I'in, and M. Siegel, ]. Mod. Opt. (2008).
bility observed on superlattlces. prepared [15] P. Haas, A. Semenov, H.W. Hibers, ]. Beyer,
on SrRuO;. Measurements will be per- A. Kirste, T. Schurig, K. I'in, M. Siegel, A. Engel,
formed at low temperatures. and A. Smirnov, IEEE Trans. Appl. Supercond. 17,298

(2007).

e Also, we plan to investigate in detail, the [16] A.Semenov, P. Haas, K. Il'in, H.-W. Hiibers, M. Siegel,
in-plane unit cell doubling linked to the A. Engel, and A. Smirnov, Physica C 460-462, 1491
AFD instability. (2007).

[17] A. Engel, A. D. Semenov, H.-W. Hiibers, K. II'in, and
SSPD M. Siegel, Physica C 444, 12 (2006).
e Our target is to reach submicron scale for [18] L. Despont, D. Naumovic, F. Clerc, C. Koitzsch, M. G.
; & L. Garnier, F. J. Garcia de Abajo, M. A. Van Hove, and
the high T, meanders” width. We also plan P. Aebi, Surf. Sci. 600, 380 (2006).

FO perform optlcal mefisurements b'y look- » [19] C. Lichtensteiger, M. Dawber, N. Stucki, J.-M.
ing for non-bolometric effects of light on Triscone, ]. Hoffman, J.-B. Yau, C. H. Ahn, L. Despont,

the meanders’ critical current. and P. Aebi, Appl. Phys. Lett. 90, 052907 (2007).
i i » [20] S. Seiro, E. Koller, Y. Fasano, and @. Fischer, Appl.

o We will also set up an optical 3 He-cryostat Phys. Lett. 91, 091913 (2007).
to test the SSPD. [21] O. Kuffer and @. Fischer, J. App. Phys. 97, 014103

. . . . 2005).
o We will realize NbN SSPD using in-house 2] E) K)ff L MassioAbrile. and &, Fischer. N
. . > . Kuffer, I. Maggio-Aprile, an . Fischer, Nature
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Introduction:

Project 6 aims to bridge the gap between fundamental and applied research, and

to develop projects with industry based on know-how available in MaNEP. The project covers the
topics of applied superconductivity, MaNEP materials for sensors and security applications, and
applications of thin film technology. We first present the main highlights of the research activities,

followed by detailed reports on each sub-topic.

Summary and highlights
Applied Superconductivity

Superconducting  wires This MaNEP sub-
project (a collaboration between R. Fliikiger
(UniGe) and Bruker Biospin with contributions
from R. Nesper (ETHZ)) targets the improve-
ment of the performance of superconducting
wires for industrial applications.  NbsSn
-based wires still show room for improvement
in high-field regimes, and MgB, appears
as an interesting candidate for lower fields
applications. Important results are:

e TEM measurements have revealed a
strong Sn gradient in the A15 filaments of
Nb3Sn Bronze Route wires, the Sn content
varying from 18 at.% in columnar grains
to 24 at.% in equiaxial grains. A high
resolution TEM/EELS study has revealed
that inside A15 filaments, Cu is equally
distributed at the grain boundaries over
the whole filament volume, its amount
being < 1 at%.

e We have introduced low temperature spe-
cific heat measurements as a powerful
mean for determining the real T. profile
in the filaments of industrial Nb3Sn and
MgB; wires. In Nb3Sn wires prepared by
the Bronze Route, the width AT, reached
4 K, in agreement with the TEM results.
In industrial Nb3zAl wires, the measured
width of AT, = 6 K suggests that im-
provements are still possible. In MgB, al-
loyed with carbon, calorimetry has shown
a strong T, distribution, revealing a strong
C inhomogeneity throughout the filament.

e The variation of J. of Nb3Sn and NbsAl
wires under uniaxial tensile stress was
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measured up to 21 T by means of a mod-
ified Walter Spiral. Bronze Route NbzSn
wires have been found to be less sensitive
than wires produced by competing pro-
cesses and are found to be considerably
more robust against transverse stresses
than Internal Sn and PIT wires. This result
is important in view of the construction of
large magnets with strong Lorentz forces,
e.g. high field dipoles or Tokamak coils for
ITER.

e MgB, wires and tapes: By simultane-
ous addition of B4C and SiC submicro-
size powders to the initial B and Mg pow-
ders, a substantial enhancement of |, was
reached: at 42 K, J. = 1-10* A/cm? was
obtained at values as high as 11.3 T. At
20 K, this |, value was achieved at 4.7 T,
which is among the highest reported so
far. Two processes have been established
to produce clean sub micron boron for
MgB, generation.

e The relaxation rates measured on a series
of superconducting wires and tapes have
revealed a high potential for Y-123 Coated
Conductor tapes and MgB, wires for per-
sistent mode operation.

Superconducting Fault Current Limiter This
sub-project covers collaborative work between
the group of . Fischer and M. Decroux
(UniGe) with ABB, and is supported by numer-
ical simulations carried out in the group of M.
Hasler and B. Dutoit at EPFL. Superconduct-
ing Fault Current Limiters (FCLs) are based
on the principle that superconductors turn into
a highly resistive state when a certain criti-
cal current is exceeded. FCLs are intended to
improve the actual devices present on electri-
cal grids and to protect sensitive components
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when a fault occurs on the network (i.e. short
circuits, lightning strokes or any sudden exces-
sive current bursts). Main results achieved so
far are:

e We developed a new meander design to
improve the switching behavior of the
HTSC thin film FCL. Using this design,
we have successfully tested a 10kW FCL
made of two sapphire wafers connected in
parallel.

o A notched-constriction design was imple-
mented for the critical asymmetrical (low
voltage) short circuits. Tests with 5 kW
FCLs have confirmed the positive effect
of this design.The switching behavior was
further improved by implementing a ther-
mally assisted transition mechanism. The
thin-film FCL that combines the notches
design together with a thermally assisted
transition shows all lines switching within
2 ms of the short circuit.

e The switching behavior of Coated Con-
ductor (CC) lines has been studied and
compared to the thin film FCL. The re-
sults suggest that by tuning the grain-
dominated thermal conductivity of CC
lines, a FCL of technical and commercial
interest can be built.

e A model has been developed to simulate
the superconducting transition of the FCL.
The simulation reproduces correctly the
experimental fault current limitation of the
thin film FCL.

e A geometrical model of 4-layer coated
HTS tape was developed to perform ther-
mal stability simulations. The model al-
lows for accurate computations of the
thermal response of the conductor to the
current amplitude.

Actively shielded 16 T-Magnet This work ini-
tially started between Bruker Biospin and PSI.
The goal is to build a self shielded magnet for
use in neutron scattering facilities. Such self
shielded magnets with high magnetic fields
have never been realized before.

e The actively shielded 16T-Magnet will be
operational in early summer 2009 at the
research at SNS — the world’s strongest
pulsed neutron source. Bruker Biospin
as the manufacturer of this innovative
magnet opens up a new field of technol-
ogy aside from the application of actively
shielded magnets for NMR.

MaNEP Sensors and security applications

This sub-project aims to explore the use of new
materials in the field of sensing devices (con-
tributions from L. Forré (EPFL), . Fischer
and J. Cors (UniGe) and G. Patzke (ETHZ,
UniZH)). Also, since mid-2007, we are devel-
oping a marking technology for security ap-
plications in the framework of a CTI-MaNEP
project. The sensor part covers the preparation
of materials with narrow ESR line for low-field
magnetic field sensing, as well as gas detection
with semiconducting oxides and electrochemi-
cal sensors. The main highlights are:

o We have identified a family of quasi-one
dimensional organic metals, which have
very narrow ESR linewidths. These com-
pounds are compatible with the target ap-
plication of a low magnetic field sensor
based on ESR technique.

e We have found that multiwire MoOj
nanorod sensors are very sensitive to gases
like NO, and NHj3. Their response time
is faster compared to standard MoOj3;
powder-based sensors.

e For Clark-type electrochemical sensors,
we have obtained experimental evidence
that the detection limit can be improved.
The maximum cathodic current, at a given
oxygen concentration, can be substantially
increased by working on the microstruc-
ture of the gold surface.

o Using a modified STM setup, we have car-
ried out first tests of a marking technology
for small metal objects. A feasibility grant
from CTI was obtained, as well as letters
of interest from several industries.

Thin film preparation and applications

This section of Project 6 targets thin-film-based
applications. The group of J. Mesot (PSI)
studies the use of multilayers for supermir-
rors and monochromators, together with the
company SwissNeutronics. The group of J.-
M. Triscone (UniGE) explores the potential in-
terest of epitaxial ferroelectric films and het-
erostructures for applications in oxide electron-
ics, high frequency applications and micro-
electro-mechanical systems (MEMS) devices.
The main results are:

o Neutron supermirrors were prepared by
reactive sputtering of Ni in Ar/Nj, at dif-
ferent N contents in the sputter gas. It
was found that supermirrors coated on
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glass are stable when the generated tensile
stress is below 750 GPa-nmm.

e Polarizing supermirrors based on
FeCoV/TiN, multilayers deposited on
Ti-Gd/Ti absorbers have been optimized.
As well, a multilayer system for neutron
monochromators was investigated. For
certain layer-thickness ratio, a distinct
inhibition of undesired harmonics in the
scattered beam was observed.

e A MBE deposition system for the growth
of epitaxial SrTiOs buffer layers is opera-
tional. This system can accommodate 4”
silicon wafers.

e Experimental results show that the ferro-
electric phase transition temperature T; in
epitaxial PZT films can be substantially

1 Applied Superconductivity
1.1 Wires for high field applications

a) Microstructure in  Nb3Sn  filaments A
progress has been achieved in understanding
the Nb3Sn reaction mechanism in multifila-
mentary wires, thanks to collaboration with Dr.
Marco Cantoni at the EPFL, who performed a
very detailed TEM/EELS investigation. This
study revealed that inside A15 filaments, Cu
is equally distributed at the grain boundaries
over the whole filament volume (Fig. 1) [1].
The amount of Cu is very low, < 1 at%. It
is known that a small amount of Cu is nec-

Figure 1: Visualization by TEM/EELS of the Cu
present at the boundaries of equiaxed Nb3Sn grains
in a Bronze Route wire.
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higher than for the bulk, opening interest-
ing perspectives for applications.

e PbTiO3/SrTiO3 superlattices offer the pos-
sibility to tune the ferroelectric properties.
In the same system, for short wavelength
superlattices, we have observed a high di-
electric constant independent of tempera-
ture. This feature appears as the signa-
ture of an improper ferroelectricity origi-
nating of a coupling of instabilities at the
PbTiO3/SrTiO3 interfaces.

e We have shown that the high frequency
properties of epitaxial PZT films are excel-
lent and suitable for devices based on such
films. Also, the realization of MEMS on sil-
icon with fully epitaxial oxide structures is
under way.

essary for the formation of the Nb3Sn phase
at temperatures as low as 600-650 °C. It has
been possible to establish a clear formation
sequence of the equiaxed and the columnar
grains (Fig. 2). We have shown that these
two grain types are correlated to the local Sn
content in the filaments [2]. The equiaxed
grains having a high Sn content (close to 25
at.%) form at the interface with the Cu-Sn
bronze (the Sn source), whereas the columnar
grains with Sn contents < 22 at.% form at the
growth front towards the Nb core. The dual
grain structure with different Sn contents [2] is

Figure 2: TEM/EDX profiles of Sn, Ta and Ti over
a single filament for a Bronze Route Nb3Sn wire.
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Figure 3: Kramer plot for the equiaxed and colum-
nar grain regions of a Bronze Route Nb3Sn wire. The
Kramer plot for the whole A15 layer is obtained by
summing the two contributions.

only observed in Bronze Route Nb3Sn wires,
in contrast to Internal Sn and Powder-in-Tube
(PIT) wires, where the filaments are entirely
composed by equiaxed grains. Based on
the presence of the dual grain structure in
Bronze Route wires, it was possible to give an
answer to the old question why the Kramer
relationship [%°B%? vs. B is linear and gives
a correct extrapolation for B, for Internal Sn
and PIT wires, whereas it undergoes a down-
ward curvature in Bronze Route wires [3, 4].
We have shown by quantitative calculation
that this nonlinearity is in reality a pinning
effect. Indeed, the Kramer plot for the large
grains in the columnar grain layer in Bronze
Route wires shows a downward curvature
in the range 10-21 T, in contrast to the small
equiaxed grains (< 180 nm size), which are
described by a linear plot. The sum of both
contributions also yields a nonlinear plot, with
a downward curvature (Fig. 3).

b) T. profiles in Nb3Sn wires A systematical
work was undertaken for determining the T¢
profiles of Nb3Sn wires by low temperature
specific heat measurements, by the deconvolu-
tion of the jump at the superconducting transi-
tion [5, 6]. Measurements were performed on
industrial multifilamentary Nb3zSn wires pre-
pared either by the Bronze Route, Internal Sn
Diffusion and Powder-In-Tube technique. It
is seen from Fig. 4 that the centre of the T,
distribution in the filaments of the different
wires is shifted to lower temperatures in the
order PIT — Internal Sn — Bronze Route [5].
The difference in the position of Ty of the
distribution with respect to the onset T. re-
flects the different Sn distributions for the 3
wire types. A TEM investigation has revealed
strong differences between the localization of
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Figure 4: Distribution of T, for Bronze Route, Inter-
nal 5n and PIT wires obtained by the deconvolution
of the calorimetric data. The T, distribution for a
Nb3 Al multifilamentary wire is shown for compari-
son.

Nb3Sn grains with varying T, (which is con-
nected to the Sn content): in Bronze Route
wires, T. decreases radially towards the cen-
ter of the filament [2], whereas in Internal Sn
and in PIT wires the grains with different T; are
randomly distributed throughout the whole fil-
ament. The T, distribution in NbzAl wires
prepared by the quenching technique at NIMS
(Tsukuba, Japan) was determined for the first
time and is also shown in Fig. 4. As expected,
the T, distribution width is rather large (AT, =
6 K), which indicates that further progress is
still possible in Nbz Al wires.

c) T profiles in MgB, wires Specific heat mea-
surements have been performed on bulk and
filamentary MgB, samples, with and with-
out the addition of Carbon. In the case of
MgB19Co 1, specific heat measurements show
that the C substitution on the B sites modi-
fies the low temperature shoulder related to the
second gap [6]. This effect is not visible in the
sample doped with SiC. From the distribution
of T. , we argue that SiC leads to an inhomoge-
neous distribution of C. Our goal is to develop
MgB, wires with improved formation kinetics
and a narrow T, distribution, as determined by
calorimetry (Fig. 5).

d) The effect of uniaxial tensile stress In view
of NMR magnets with fields > 22 T, but also
of fusion magnets (ITER), large Lorentz forces
are expected, and a particular importance was
given to the variation of the critical current I,
of the 3 main industrial Nb3Sn wire types un-
der the effect of mechanical load. The critical
current I, was measured as a function of ¢, the
uniaxial applied strain, by means of a modified
Walter spiral [7]. It was found that the slope
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Figure 5: Dependence on the annealing tempera-
ture of the T, distribution for 5iC doped MgB; .

of the I.(¢) curve is steeper for the Powder-In-
Tube (PIT) and the Internal Sn wires than for
the Bronze Route wire [3]. It is thought that the
smaller filament size (5 ym) of Bronze Route
wires contributes to the higher mechanical sta-
bility with respect to Internal Sn and PIT wires
(50 ym). The comparison between the 3 wire
types is shown in Fig. 6, where the I.(¢ ) curves
at 4.2 K, 19 T are plotted. An additional argu-
ment in favor of a higher stability for smaller
filament diameters is given by the fact that the
irreversible strain, ¢;,,, in Bronze Route wires is
higher by at least 0.2%. A series of Walter Spi-
rals have been fabricated for the measurement
of round or rectangular wires, but also of flat
tapes. In particular, the WASP was also used
for measuring J. vs. € of Y-123 Coated Conduc-
tor tapes, where an irreversible strain of 0.54%
was found [8].

e) Compressive transverse stress A new device
for measuring the effect of transverse compres-
sive stresses on J. of Nb3Sn wires developed

Figure 6: Reduced critical current vs intrinsic strain
at 19 T for Bronze Route, Internal Sn and PIT wires.
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Figure 7: Reduced critical current vs compressive
stress at 19 T for Bronze Route, Internal Sn and PIT
wires.

in the frame of a collaboration with CERN
was successfully tested up to 21 T and at cur-
rents up to 1’000 A: the compressive WASP
[9]. A very different behavior was found for
the 3 wire types mentioned above. After ap-
plying a compressive stress of 120 MPa, I. of
the Bronze wire is reduced to 50% of its ini-
tial value, whereas Internal Sn and PIT wires
exhibit a reduction to 20% and 10%, respec-
tively (Fig. 7). After releasing the compressive
stress from 120 MPa, I, of Bronze Route wires
recovers to 95% of the initial value, which is
in sharp contrast to the other two wire types,
where only 30% of the initial value, I, are
recovered. This difference is attributed to the
presence of voids in the “tubular” filaments of
Internal Sn and PIT wires, which could favor
the formation of nanocracks. Further experi-
ments will be carried out to determine whether
the particular, “tubular” configuration favors
the formation of nanocracks, responsible for ir-
reversibility effects. The present results are im-
portant in view of the modelization of the be-
havior of Nb3Sn wires in large magnets with
strong Lorentz forces, e.g. Tokamak coils for
ITER and multipole magnets for CERN.

f) Enhanced ]. values in MgB, wires from simul-
taneous simultaneous additives (codoping) It is
well known that the addition of 10 wt.% SiC
nanopowders to the initial Mg + B powder
mixture enhances the value of B.,; and B;,, and
thus leads to an increase of J. at 4.2 K and at
fields exceeding 10 T. In an earlier article, we
have reported an enhancement of J. for B4C
additives [10]. Based on this result, we have
introduced the simultaneous addition of vari-
ous Carbon based additives (in the present case
B4C + SiC) to Mg and B powders as a new con-
ceptin view of further enhancing the supercon-
ducting parameters By, B;,, and ] values of in
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situ Fe/MgB, wires [11]. The observed differ-
ence between the slopes for SiC alloyed and the
binary wires at lower fields suggests the pres-
ence of two different mechanisms:

1. the enhancement of the normal state resis-
tivity pp due to the substitution of Boron
by Carbon leads to an increase of B;,, and
a decrease of T, ,

2. the presence of defects, e.g. grain bound-
aries or precipitations, leads to enhanced
pinning. We have proposed that the si-
multaneous introduction of two different
additives (one of them containing Carbon)
could have a cumulative effecton |, .

g) Critical current densities in MgB, at 4.2 K A
series of Fe sheathed monofilamentary wires of
1.1 mm diameter with a MgB, core of 600 ym
diameter was prepared with various B4C:SiC
ratios. After reaction of 1 hour at 760 °C, the
wire containing 7.5 wt.% B4C and 2.5 wt.% SiC
powders exhibited a J. value of 1-10* A/cm?
at 11.3 T and 4.2 K (Fig. 8) [11]. Although
only 2.5 wt.% SiC were added, these values are
considerably above those of ternary wires with
B4C additions, where the same J. value is ob-
tained at 9.6 T [10]. The slope /. vs. B for the
B4C + SiC wires is steeper than for SiC addi-
tives, the J. values at 4.2 K being superior at
fields below 9 T. The lattice parameters a of
the B4C + SiC added wires exhibit lower val-
ues than ternary wires with the same nomi-
nal C content, suggesting a higher C content
in the MgB, phase. With the simultaneous in-
troduction of B4C + SiC, a strong improvement
of J. and B;,, has been obtained with respect
to B4C additions. A further enhancement of J.
is expected when using combinations of addi-
tives with and without Carbon, aiming for a

Figure 8: Critical current densities of MgB, wires
with 7.5 wt.% B,C + 2.5 wt.% SiC at 4.2 K and 20 K.
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Figure 9: Comparison between the curves . (B)
at 20 K for MgB, wires with additive combinations
B,C + SiC and B, C + LaBg and MgB, wires with SiC
or C additives.

further raise of J. in wires with multiple ad-
ditives, as a result of the combination of dif-
ferent mechanisms. We have also investigated
another combination of additives where SiC is
absent: B4C + LaBg. At 4.2 K these additive
combinations lead to an increase of J. over bi-
nary MgB, wires [4].

h) Critical current densities in MgB, at 20 K
Both combinations, B4C + SiC and B4C + LaBg,
show considerable enhancements of J. at 20 K:
the value of 1x10* A/cm? is reached at 4.7 and
4.5 T, respectively [4], i.e. higher than 4.2 T, the
highest value for B4C additions. In Fig. 9 the
critical current densities at 20 K of the wires
with additive combinations B4C + SiC and B4C
+ LaBg are compared with those of MgB, wires
with SiC additives. The situation at 20 K is dif-
ferent from that one at 4.2 K, the J. values at
the higher fields being now higher for simul-
taneous additives than for SiC additives. This
indicates that the critical field at 20 K is higher
for wires with the combined additives than for
SiC added wires, i.e. there is a cross-over of the
Bi;(T) for these two wire types, reflecting the
slight, but significant difference in T, : 35 K for
the present combined additives with respect to
33 K for SiC additives.

i) Relaxation rates In the context of the appli-
cations of superconductors in high-field NMR
magnets, the most stringent condition is the
ability to operate in persistent mode, which
requires a low relaxation rate as a function
of time for the supercurrent. Magnetic relax-
ation studies have been performed on NbzSn
and NbzAl (multifilamentary wires), Chevrel
phase Pbj,MogSg (bulk samples), MgB, (ex
situ Fe sheathed tapes and bulk samples), Bi-
2212 (multifilamentary wires and single crys-
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Figure 10: Comparison of the relaxation rates at
20 K for Y-123 Coated Conductors, Bi-2223 mulltifil-
amentary tapes and MgB, wires.

tals), Bi-2223 (multifilamentary tapes and sin-
gle crystals) and Y-123 (Coated Conductors) in
DC magnetic field up to 9 T and at tempera-
tures varying from 5 to 50 K [12, 13]. The re-
sults show that Y-123 Coated Conductors ex-
hibit very low relaxation rates in this temper-
ature range. They appear thus as a promis-
ing candidate for NMR magnets with fields >
25 T, as soon as the sufficient lengths will be
available. Nevertheless, the properties of the
tapes are strongly dependent on the fabrication
technique, as shown in Fig. 10 where two dif-
ferent industrial Coated Conductor tapes are
compared at 20 K [13]. We found that at 20 K,
the relaxation rate of MgB; is sufficiently low
to allow operation in the persistent mode, as re-
quired for Magnetic Resonance Imaging (MRI).

1.2 Thin film based Fault Current Limiter

a) Investigations on epitaxial films on sapphire
The Fault Current Limiter (FCL) is a device
which limits the current in the electrical net-
work during a short circuit. Thanks to the
fast superconducting to normal transition the
FCL can limit the current in less than a ms.
Even if there are several types of FCL the most
promising and developed FCL is the resistive
one based on high T, thin films. For instance
Siemens has built a 1.25 MVA (AC) and a
0.9MW (DC) FCL based on YBCO films grown
onto sapphire wafer. We use in this project a
meander of a Au(45nm)/YBCO(300nm)/CeO
structure epitaxially grown onto two inches
sapphire wafers (T, = 88 K, J.(77K) =
3 MA/cm?).

One of the problem often encountered in this
type of FCL occurs at the beginning of the short
circuit where only a fraction of the meander
switches. This implies that only this part of the
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Figure 11: Left: view of the backside of a wafer. The
white meander is the gold line used for the heating
of the superconducting meander. The later is seen,
in black, through the transparent substrate. Right:
schematic blow up of one region of the wafer. The
heating region (in white) lies exactly underneath the
constricted region of the superconducting meander.

meander is acting as a FCL and all the power is
concentrated in this region leading to possible
irreversible damages. During this project we
have developed several new designs of the me-
ander in order to solve this problem and there-
fore to improve the performance of the FCL.
To be able to propose a new design of the me-
ander we have carefully characterized the be-
havior of a YBCO line at high current densities.
During a short circuit our measurements show
that the current is limited in few us, the peak
current reaches values of 3—4 I. and the current
is limited after 25-50 us to 1.5-2 I [14]. We also
observed that at the beginning of a short circuit
the initial dissipative length is proportional to
the applied voltage [14]. The basic idea of this
design is to split this initial dissipative length
into several small regions homogeneously dis-
tributed along the meander [15]. This is done
by locally decreasing the width of the line (and
therefore the critical current), i.e. by including
constrictions along the meander as presented
in Fig. 11. The benefit of the constrictions has
been confirmed during AC test on a 5 kW FCL
(340 V/16 A). All the constrictions switch at
the beginning of the short circuit starting at the
maximum voltage and therefore the dissipated
power is homogeneously distributed over the
whole wafer [16]. We have successfully tested,
using this design, a 10kW FCL made of two
wafers connected in parallel.

However the behavior of our FCL was not op-
timal during asymmetrical short circuits (short
circuit starting at voltages close to zero) which
is the most critical condition for the FCL. At
this voltage the initial dissipative length is very
small and then only a small fraction of the con-
strictions will switch into the normal state. Af-
ter this initial switching, the increase of both
the meander resistance and the applied volt-
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age keep the current around 1.5 J. for a too
long time (few ms). This current is too small to
quickly switch the other constrictions into the
dissipative state but too large to be safely sus-
tained by the connecting path. This can lead,
as we have observed few times, to a local burn
out of the FCL.

To solve this problem one needs to find a way
to speed up the transition into the normal state
of the other parts of the meander during short
circuits at low voltages. A possible solution is
to locally decrease the critical current of the line
in such a way that the limited current density
of the line (1.5-2 J;) becomes high enough to
quickly switch these parts of the wafer. This
can be obtained in two ways; by decreasing the
width of the line or by heating the line locally.

For the first solution we have modified the con-
strictions by including notches within the con-
strictions. These notches represent a five per-
cent local decrease of I. and their total length
is determined in such a way that they should
all switch for an applied voltage of 30 V (maxi-
mum voltage = 340V). The effects of these mod-
ified constrictions have been confirmed during
low voltage pulses. For instance, already for an
applied voltage of only 5V (1.5% of the max-
imum voltage) there are notches switching in
each of the 8 lines of the meander showing that
these modified constrictions lead to a better ho-
mogenization of the initial normal state. Dur-
ing AC asymmetrical short circuits, we have
also observed a different behavior of the FCL
depending on |, inhomogeneities of the wafer.
The modified constrictions are efficient only if
the variation of |, across the wafer is less than
5%. This underlines the importance to have
wafers with a good homogeneity of the critical
current density. We have tested several 5 KW
FCLs (300 V/16 A) and they have all sustained
several short circuits starting at zero voltage
without any burning, confirming the positive
effect of these modified constrictions.

The other solution consists in heating the line
locally (but within the constrictions) in order
to decrease the critical current density. The
heating is obtained by applying a current to
a heater line in good thermal contact with the
superconducting line; this is what we called
the thermal assisted transition. Since the sap-
phire wafer is an excellent thermal conductor
the current (heat pulse) can be applied from the
backside of the wafer. We have then grown,
by using a lift-off process, a 80 nm thick gold
layer on the backside of the wafer as shown in
Fig. 11.

To focus the heat on the superconducting con-
strictions located on the opposite side, the Au-
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Figure 12: Averaged electric field across each line
of the wafer during a 60 ms AC short circuit starting
atU ~ 0 V (t = 0 ms). The heat pulse (P = 350 W)
starts also att = 0 ms.

meander is narrowed at these locations i.e. ex-
actly underneath the constrictions. The heat
pulse is obtained by discharging capacitors
into this Au line. We have developed an
electronic set-up which allows us to precisely
choose the charging voltage of the capacitors
and the delay between the start of the short cir-
cuit and the start of the heat pulse. To highlight
the effect of this thermal transition, we have
tested the behavior of the FCL during constant
current pulses and low voltage pulses. We ob-
serve that the effect of heat pulses on the su-
perconducting line is very fast, less than 100ys.
For low voltage pulses the benefit of the ther-
mally assisted transition is clearly confirmed.
During a 26 V pulse (8% of Ujux), the results
show that 5 lines have partially switched at
the beginning of the short circuit with the heat
pulse instead of only two without the heat
pulse [17]. Finally we have extensively studied
the behavior of the FCL, using a design with
notches and thermal assisted transition, during
asymmetrical short circuits. A typical result
is shown on Fig. 12 [17] for a 340V /12A FCL
during a 60ms short circuit starting at U=0V.
All the lines switch in the normal state within
2ms after the start of the short circuit and 6 of
the 8 lines switch almost instantaneously. This
demonstrates the benefits that can be obtained
by this thermally assisted transition.

b) Results on coated conductors The results
reported in the first part of the report show
that we have improved the performance of the
FCL based on high-T; film grown onto sap-
phire wafer. However, the major drawback for
the commercialization of this type of FCL is
their production costs. To reduce these costs
the most promising and investigated way is to
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use the second generation (2G) HTS wires (the
so called coated conductors (CC)) for fault cur-
rent limiter application. Based on CC produced
by AMSC, Siemens has already built a 2 MW
FCL. However measurements during short cir-
cuits highlighted the poor thermal behavior of
these CC leading to very low quench mecha-
nism and very low electric field, typically be-
low 1 V/em. This electric field (maximum
applied voltage divided by the length of the
CC) is one of the key parameter for the pro-
duction cost. To improve these characteristics
one need to understand the behavior of the CC
at high current densities. It also important to
compare this behavior with the characteristics
of the FCL on sapphire. We then bought CC
from Theva and Superpower. We mainly tested
the CC from Theva: these tapes are 1cm wide
with a structure Ag(40nm)/DyBCO(300nm or
2.41)/MgO(90um)/Hastelloy and | = 0.9 —
1.8 MA/cm?. We have patterned the CC in
order to get a line or a constriction of Imm
width. We first measured the I — V (or p — )
characteristics of this DyBCO line by recording
the voltage along the line during short current
pulses. The p — | characteristics at 77 K for CC
and for a YBCO film grown on sapphire are
presented in Fig. 13. This figure highlights the
important difference in the flux flow resistivi-
ties between these two different types of thin
films: the flux flow resistivity of CC is almost 3
orders of magnitude higher than in the film on
sapphire. This difference in resistivities might
be explained by a different variety of interfaces
present in these films; for film grown onto sap-
phire these interfaces are mainly twin bound-
aries while in CC there are in addition grain

Figure 13: Flux flow resistivity as a function of the
applied current for a 300 nm CC (circle), a 2.4 mm
(triangle) and a 300 nm YBCO thin film grown onto
sapphire (diamond). The squared symbol represents
the resistivity of the 300 nm CC perpendicular to the
length of the tape.
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boundaries. These grain boundaries might in-
fluence several characteristics of the CC as the
thermal conductivity or the switching behav-
ior. We have indeed observed a clear differ-
ence in the switching behavior of the CC and of
the film grown onto sapphire. In the latter the
line stays in a very low dissipative state until a
quick transition into a highly dissipative state
appears while in CC the line is in a high dissi-
pative state and then there is a heating of the
line up to the normal state.

An important parameter for FCLs is the quench
propagation, i.e. the propagation of the normal
zone along the meander. Fast quench propa-
gation is a crucial issue for the homogeniza-
tion of the dissipated power distribution along
the tape. We have estimated this propagation
in our CC by measuring the voltage on dif-
ferent adjacent sections of the line during cur-
rent pulses. The results are reported and com-
pared with the propagation velocities in YBCO
films grown on sapphire [14] in Fig. 14. This
figure highlights the large difference between
the propagation velocities; in films grown on
sapphire the velocities are in the range of 20
m/s while in CC they are around 0.03 m/s, i.e.
almost 3 orders of magnitude lower. On the
same figure we have reported the prediction of
an adiabatic model. The velocities calculated
from the model are ~ 35 higher than the ve-
locities we observe in the CC. The velocities in
this model depend on the applied current, the
resistivity of the Au/DyBCO bilayer, its heat
capacity, the temperature and the thermal con-
ductivity of the film. All these parameters are
not supposed to change with the quality of the
superconducting layer, except for the thermal
conductivity. Therefore this model will give

Figure 14: Propagation velocity of the normal zone
in film grown on sapphire and in CC as a function
of the applied current.



MaNEP

Figure 15: Equivalent electrical circuit for the tran-
sition regimes.

correct velocities if the thermal conductivity is
decreased by 3 order of magnitude which is
also the difference we observe in the flux flow
resistivities between the CC and the film on
sapphire. This suggests that grains boundaries
might strongly reduce the thermal conductiv-
ity of the DyBCO film. In conclusion, our re-
sults show that to improve the behavior of a CC
based FCL, it will be very important to inves-
tigate what are the parameters which govern
the propagation velocities of the superconduct-
ing layer. If one can modify these parameters,
there is a good chance that the coated conduc-
tors will offer a sufficiently cheap solution for
a commercial viable FCL.

c) Modeling of YBCO FCLs In order to take
into account of thermal phenomena during a
fault, coupling between electromagnetic and
thermal models has been implemented. Based
on measurements [14], different regimes have
been distinguished. The electrical behavior re-
lated to these regimes has been modeled with
the equivalent electrical circuit given in Fig. 15,
where each component describes a different
part of the resistivity curve:

e For 0 < | < ], the electrical resistivity
is very low, and has not been measured.
In this regime, the superconducting mate-
rial can be considered as an almost perfect
conductor. For reasons of numerical sta-
bility of the solving algorithm, for avoid-
ing division by zero, a residual resistivity
po is used for current densities lower than
or equal to J,, i.e. when the resistivity of
the superconducting material has not been
measured. This correspond to the TAFF
phenomenon.

e For |, < | < 3], the resistivity of the ma-
terial has been modeled by a power law
relation p = (Eo/J)(J/]J. — 1)™, where n;
and Ey are two fitting parameters. It has to
be noted that E is not the critical electric
field E. used in the usual E-] power-law
relation. The element pp;1 represents this
power law in the circuit of Fig. 15.
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Figure 16: YBCO thin film resistivity vs reduced
current density [/ ] at 77 K: pulse current measure-
ments and equivalent electrical model.

o When the current density reaches 3], the
material looses its superconducting prop-
erties and goes to normal state, where its
behavior is similar to a conventional ma-
terial. This sharp transition has been mod-
eled with an additional power-law E
Eo(J/Jc — )" where n, > ny. This
power-law is not linked with a physical
phenomenon, but is used for avoiding
discontinuities in the p — J relation. In
the electrical equivalent circuit, it is rep-
resented by the element ppry. This corre-
spond to the avalanche phenomenon.

e For | > 3], and since the two power-laws
are not limited functions, a resistive paral-
lel branch ps is inserted in order to have
a constant resistivity at very large current
densities. This resistivity represents the
normal state resistivity. Fig. 16 presents
the succession of these behavior as the cur-
rent increases.

In particular, this model allows describing the
high current range where the transition from
the superconducting to the normal state takes
place.

The practical value of any simulation is based
on its capability to reproduce or even predict
experimental data. Our FEM model can re-
produce the global behavior of FCLs, and al-
lows studying the effects occurring during a
fault caused by the temperature increase. Mea-
surements have been made by the University
of Geneva [14], where the total current flow-
ing through a 5 kW FCL (2 inch sapphire wafer
composed of a 300 nm YBCO thin film covered
by a 125 nm gold layer) has been recorded. We
have used those experimental data to test our
model. Fig. 17 shows the total current flow-
ing through the device. The simulation repro-
duces correctly the fault current limitation, i.e.
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Figure 17: Total current flowing through the FCL:
comparison with measurements.

the presence of a current peak and of a limi-
tation phase (between 10 and 10.5 ms). Nev-
ertheless, some differences appear between the
curves (after 10.5 ms). These inaccuracies are
due to incorrect values of the external electrical
components such as circuit inductance which
need to be estimated more carefully in a future
work.

d) Thermal stability simulation To simulate
correctly various situations of thermal stability
we have introduced the thermal exchange with
the nitrogen bath, called pool boiling. When
the surface temperature T; is close to the boil-
ing temperature of the fluid Ty, heat transfer
is mostly governed by free convection. A fur-
ther increase of temperature causes the appari-
tion of vapor bubbles that nucleate on the CC
surface. Due to the latent heat, large thermal
exchange occurs in this range of temperature.
However, when the vapor covers more areas
on the heated surface, a considerable degrada-
tion of the heat transfer is observed due to the
fact that thermal conductivity of the vapor is
much less than that of the liquid. At large tem-
perature differences, the solid-liquid interface
becomes notably weak and a vapor film com-
pletely covers the heated surface. In this final
stage, the heat transfer is very low and the tape
becomes almost thermally isolated from its sur-
roundings.

For this section, our geometrical model was
based on the parameters of commercial coated
conductors available from Theva (www.theva.
com). The coated HTS tapes are made of four
layers. A thick conductive substrate layer
made of Hastelloy C276, which is usually elec-
trically isolated from the HTS; a MgO buffer
layer; a superconductive film made of DyBCO
(DyBayCu30y7) and a silver stabilizer in electri-
cal contact with the superconductor.
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Figure 18: Distribution of the current (I, =810 A)
in the subdomains for a shunted tape (substrate and
stabilizer). The inset is the temperature of the tape
for a shunted (c) and non-shunted (nc) device. For
a non-shunted configuration, all the current goes in
the HTS which has a high resistivity in the normal
state. This has a direct effect on the temperature in-
crease.

Using coated superconductors allows us to at-
tain higher critical current density than mas-
sive conductors. Nevertheless, the small thick-
ness of CCs makes them very sensitive to tem-
perature excursions.

Therefore, a rapid recovery seems impossible
once the HTS has switched to its normal state.
This is particularly true if the tape does not
have a shunt resistance (i.e. Ag and/or Hastel-
loy) to absorb a part of the dissipated energy.
This is what we can observe in Fig. 18. The nor-
mal resistance of the HTS, which is higher than
that of the substrate and stabilizer (we do not
introduce a temperature dependence for the re-
sistivity of these layers), makes the power gen-
erated within the DyBCO practically negligible
in comparison to that in the silver film. In this
case, the superconducting state will be recov-
ered only if the stabilizer film succeeds in trad-
ing the generated heat with the nitrogen bath
before the next current peak is reached.

Since silver is a better conductor than Hastel-
loy, it is interesting to study the influence of the
stabilizer thickness on the heat dissipation. The
Ag/HTS thickness ratio, to be thermally sta-
ble, depends on I .. However, an increase of
the silver thickness (relatively to the HTS thick-
ness) can favor the thermal stability by acting
as a buffer zone to absorb heat and reduce the
current density responsible of the heat genera-
tion within the stabilizer.

In spite of the positive effects on thermal sta-
bility, using a thicker stabilizer has a side effect
on the limitation capability of the device. As a
matter of fact, if there is an electrical contact be-
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Figure 19: Comparison of the heat balance for dif-
ferent substrate material. The heat generated in the
tape made of sapphire is not evacuated at all. The
temperature is continuously increasing until the de-
vice burned out. Inset is the temperature for both
samples. 1,0, =800.355 A.

tween the HTS film and a conducting layer, the
layer shunts the film in the normal state, and a
part of the current flows through the other elec-
trically connected part of the tape, as simple
parallel resistors. Adding a parallel resistance
lowers the global resistance of the tape, so that
more current can flow in the tape without at-
tenuation. This leads to a decrease of losses in
the HTS film and, on the other hand, produces
Joule losses in the conductive parallel paths.
Accordingly, the shunted limiter requires more
tape length to limit the same imposed current.

The materials constituting the tape have an im-
portant influence on the thermal exchange be-
tween the coolant and the tape surface. By
comparing two usual CC substrates, such as
Hastelloy and sapphire, we observe that a
rapid increase of the surface temperature in-
duces a huge drop on the thermal flux within
the tape-coolant interface. The combination of
alow heat capacity and a high thermal conduc-
tivity gives sapphire a thermal diffusivity (de-
fined as oy = k/p,Cp) that is more than 1000
times larger than Hastelloy. However, the heat,
which is not readily stored in the sapphire sub-
strate, can not be released due to a kind of bot-
tleneck effect.

Fig. 19 allows us to observe the stability cri-
teria for these two cases (i.e. Hastelloy and
sapphire substrate). Stability recovery occurs
when the heat removed to the substrate and
coolant (Qout) is greater than that generated
within the superconductor (Q;;,). The dot line
plotted in Fig. 19 is the graphical illustration of
this criteria which is defined as:
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We can see that samples made on sapphire
have a notable energy gain at each half-cycle
which also produces the continuous increase
of the temperature (see inset of Fig. 19). For
this particular case, we can observe that the
tape burned out almost instantaneously at the
first current peak. The Hastelloy curve let us
observe that the denominator of equation d)
, which is the LN2 exchange term, rapidly gets
higher than the heat generation term (numer-
ator). This leads to a fast thermal equilibrium
with the surrounding coolant. Moreover, we
observe in this figure that a “phase shift” ex-
ists between the produced energy within the
Hastelloy-made tape and the imposed current
to the device. This comes from the flux dif-
fusion phenomenon in the superconducting
state, in which losses continue to occur within
the sample through magnetic relaxation even
if the source current is zero. In the case with
sapphire, the temperature gets so high that su-
perconductivity is rapidly lost, therefore no re-
laxation process exists.

Finally, we observe that an increase of the ther-
mal diffusivity is not a synonym of success to
attain readily the thermal stability. Indeed, the
key factor is the heat capacity instead of the
thermal conductivity. This apparent discrep-
ancy with the experiments on coated conduc-
tors is related to the importance of the local in-
stabilities and will be further investigated.

1.3 Actively shielded 16 T split-coil magnet

Self shielded solenoid magnets for high mag-
netic fields are today readily available for NMR
with maximum fields up to 21 T and a room
temperature bore of a few centimeters. How-
ever, for scattering methods (X-rays and neu-
trons) an axial access and room temperature is
by far not satisfactory since these techniques
and the problems to be investigated ask for ac-
cess to most of the scattering plane and tem-
peratures well below or beyond room temper-
ature. In addition, such magnets have to be
operated in an environment with many other
field-sensitive instruments, which can tolerate
very low stray fields. Moreover, magnetic ma-
terial from the neutron source and instrument
shielding might cause environmental magnetic
forces that can lead to a significant degradation
of unshielded magnet. “Off-the-shelf” split coil
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Figure 21: Layout of the self shielded 16 T split coil
magnet system.

magnets nowadays reach 15T but in most of
the cases can only be operated at fields well
below the maximum field due to the reasons
mentioned above. The combination of a neu-
tron laboratory with a large experience in mag-
netic scattering experiments and a manufac-
turer of commercial self shielded NMR mag-
nets provides a unique possibility to realize
this demanding combination of self shielding,
high magnetic field and access to the scatter-
ing plane by a split coil arrangement. The first
magnet of this kind will finally be installed at
the first 3" generation neutron source (SNS,
Oak Ridge, USA) and will there be available
for Swiss users. The delivery of the magnet
is expected in spring 2009 for neutron tests at
PSI and a final delivery to SNS two months
later. The whole process is displayed in Fig. 20
(p. 155) together with the spending profile.
During the design engineering phase the spe-
cific problems of such a magnet which is dif-
ferent from previously manufactured NMR or
non-shielded split coil magnets have been in-
vestigated and solved: split region (design,
stability, radiation shielding, neutron trans-
parency, activation), coil design (magnetic
shielding, asymmetric mode, field distribution,
stay fields) and the VTI which has to be able
to accommodate a wide range of custom made
inserts (high and low temperatures). In Fig. 21
the schematic layout of the magnet system and
in Fig. 22 the resulting stray fields are shown.

For the near future more investigations of neu-
tron absorbing steel coatings for the split plates
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Figure 22: Comparison of magnetic stray fields for
shielded and unshielded magnets.

are planned (transmission/reflection measure-
ments, magnetization measurements, mechan-
ical stability at very low temperatures and neu-
tron activation experiments).

2 MaNEP sensors and security applications

2.1 Recent progress in material preparation with
narrow ESR line for low-field magnetic field
sensing

Magnetic sensors can be classified according to
low-, medium-, and high-field sensing range.
Devices that detect magnetic fields < 1uG
(microgauss) are considered low-field sensors;
those with a range of 1uG to 10 G are Earth’s
field sensors; and detectors that sense fields
> 10 G are referred to as bias magnet field
sensors. Low-field sensors tend to be bulky
and costly compared to other magnetic de-
vices. Care must be taken to account for the
effects of the Earth’s field, whose daily vari-
ations may exceed the sensor’s measurement
range. The devices are used for medical, geo-
logical applications and military surveillance.
The magnetic range of medium-field sensors
lends itself well to using the Earth’s magnetic
field to determine compass headings for navi-
gation, detect anomalies in it for vehicle sens-
ing, and measure the derivative of the change
in field to determine yaw rate. This project is
the fruit of collaboration between the group of
Forr6é and Metrolab SA (which has a commer-
cial product for high-field sensors) for elaborat-
ing a low magnetic field sensor based on ESR
technique. Such a sensor needs a material with
very narrow ESR line which position would in-
dicate the magnetic field value. The criteria for
having a good ESR probe with narrow ESR line
are the following:

e ESR linewidth < 100 mG (ideal 20 mG)

e Spin density > 10%® m~3
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Figure 23: ESR linewidth of Perylen-AsFg
quasi-onedimensional conductor. The peak-to-peak
Iinewidth is 0.07 G.

e Sample quantity 1-10 mm3
e Isotropic line
e Working temperature 10-40 °C

e Stable composition: Ag is defined better
than 10 ppm

e Time stability (but it is not a high priority)

e Price < 1000 CHF

Organic samples can satisfy these require-
ments, because of the weak spin-orbit cou-
pling, the spin relaxation is slow. However,
the test of several organic compounds (electron
irradiated kapton, NMP-TCNQ, Qn(TCNQ),,
KCqp, Na@Cgp, Mgs5Cqp, carbon nanotubes,
nanohorns, Perylene-AsFg have revealed, that
only the electrically conducting are appropri-
ate. In samples with localized electrons, ei-
ther the spin concentration is too low, or be-
cause of the dipolar interaction the linewidth
is too broad. The highlight of these studies
is that we have found the family of quasi-
onedimensional organic metal, Perylene-AsFg
and Fluoranthene-AsF, which have an ESR
linewidth of 0.07 G and 0.02 G, respectively at
300 K (Fig. 23). These compounds were synthe-
sized by a guest scientist, Dr. Dmitry Konarev
from Chernogolovka (Russia)and by a visiting
student Barbara Korbely from Szeged (Hun-
gary). A positive development is that an ex-
ternal consultant of Metrolab, Dr. Giovanni
Boero, expert in miniaturization of ESR de-
vices, has joined the project.

2.2 Gas detection with semiconducting oxides

The field of resistive gas sensors is in fast and
consistent growth. These devices are based on
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gas-induced changes in the electronic proper-
ties of a sensing material. They show a large
number of applications in the industrial and
environmental fields, and are the subject of a
great effort of research (For a recent review on
the subject, see [20]). For example, semicon-
ducting oxides like SnO, and WOj3 exhibit dra-
matic changes of the electrical resistance when
exposed to oxidizing (NO;, Oz) or reducing
(Hy) gases. Several promising sensing materi-
als are available within the MaNEP network.
In this project we have developed the experi-
mental tools and facilities required for applied
research in this field. In a first step, we have fo-
cused our work on the MoO3 compound which
is now available in the shape of nanorods [18].
MoOs is a wide band n-type semiconductor. In
recent years MoQOj films have attracted inter-
est as active elements in resistance-type sen-
sors [21]. Growth techniques like sputtering,
CVD [22], and flash evaporation [23] have been
used. The properties of the films appear to be
dependent on the deposition technique and the
deposition parameters.

1D structures offer new possibilities due to the
larger surface to volume ratio. Their electri-
cal conductivity may be strongly influenced
by surface reactions. The nanorods were de-
posited by wet techniques on alumina sub-
strates with IDT gold electrodes. In these mul-
tiwire devices bulk nanorods quantities (10> —
10%) are contacted by the electrodes (Figs. 24
and 25). The resistance was measured in a
test chamber with a regulated hot plate. Tests
were carried out around 300 °C with both NO,
and NHj3 in a synthetic air background. The
sensing properties of the nanorods were com-
pared to commercially available MoO3; powder
(Fluka).

We have found that the response time of mul-
tiwire nanorod sensor is faster compared to

Figure 24: SEM images of MoOs nanorods grown
in a neutral ionic media [18].
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Figure 25: MoO; nano-fibers deposited on an alu-
mina substrate with gold interdigitated electrodes
(IDTs). Width of the electrodes is 25 ym, and spacing
is also 25 pm.

standard 3D MoOs; grains. When compared
to ‘standard” MoOs, the nanorods display two
main differences. They become conducting at a
somewhat higher temperature (250 °C instead
of 200 °C), and their response to the presence of
NO; or NHj is about two to three times faster.
A typical response of a nanorod sensor to the
injection of a reducing gas is shown in Fig. 26.

The measured response time (baseline to 90%
signal saturation) is less than 6 s. This time cor-
responds approximately to the response time
of the gas flow system used for the experiment,
and it represents an upper limit to the real re-
sponse time of these multiwire sensors. The
same sensor showed a similar behavior upon
the injection of a mixture of 5% NO, in Ny. The
recovery times, that depend on the desorption
process, appear to be longer. Whether this is
an intrinsic property of the material or related
to the rinsing dynamics is not yet clear. The
particular morphology of nanorod-based sen-
sors may be responsible for the fast response

Figure 26: Response of MoOs nanorods to the in-
jection of NH3 vapors in the test chamber, and to the
subsequent rinsing inflow of dry nitrogen.
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time [24]. The nanorod/nanorod junctions be-
tween the metal electrodes are more accessible
and there is a better gas diffusion. This makes
them good candidates for gas sensing applica-
tions. In the framework of this project, we have
also developed 40MHz surface acoustic wave
(SAW) microbalances. These devices are pow-
erful tools for measuring non-percolative elec-
trical conductivity changes in nano-materials
[25], and adsorption/desorption in gas sensing
compounds. SAW devices are ideal platforms
for Hy detection in energy management appli-
cations. At this point this project can lead to a
CTI proposal with an industrial partner, where
cross-sensitivity and poisoning by other gases
must be investigated.

3 Thin film preparation and applications
3.1 Neutron supermirrors

Neutron supermirrors are depth graded multi-
layers e.g. of Ni and Ti, which are applied as
reflecting surfaces in guides to transport neu-
trons over large distances and in optical de-
vices to define the neutron beam adequately
for experiments. In particular, focusing of neu-
tron beams is requiring high reflection angles.
In order to obtain high reflectivity at large re-
flection angles, low interfacial roughness and
suppression of interdiffusion are of crucial im-
portance. For the investigation of the influ-
ence of the preparation conditions on the per-
formance of supermirrors, systematic series of
samples could be produced using the sput-
ter plants at PSI (ETHZ) and SwissNeutron-
ics. Characterization with neutron reflectom-
etry, X-ray diffraction and reflectometry, and
stress measurements were performed at the
laboratories of PSI. Here, the new neutron re-
flectometer NARZISS dedicated to test neutron
optics was successfully commissioned, jointly
by PSI and SwissNeutronics.

The work was focused on the investigation of
reactive sputtering of Ni in an Ar/N, atmo-
sphere in comparison to previous work using
an Ar/synthetic air mixture [26]. Series of su-
permirrors with varying number of layers were
prepared at different contents of N; in the sput-
ter gas. Fig. 27 depicts the neutron reflectivity
data of supermirrors with m = 3.6 (m denotes
the maximum reflection angle in units of the
critical angle for total reflection). It shows the
variation of the neutron reflectivity as function
of the N, flow rate during the sputtering pro-
cess. The generated tensile stress of the multi-
layer system causes forces acting on the glass
substrate which lead to a peel of the super-
mirror. Over all series of supermirrors it was
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Figure 27: Reflectivity of supermirrors m = 3.6.
Ni layers prepared in a Ar (35 sccm) / Ny (x sccm)
atmosphere. The inset shows the force acting on
the glass surface dependent on the N, flow rate (see
text).

found that the mirrors are stable when the force
is below 750 GPa-nm. This limit is apparently
valid for supermirrors up to m = 3.6 and pre-
sumably in general, too. This experience estab-
lishes an essential condition for supermirrors
coated on glass substrates as usual.

3.2 Polarizing supermirrors

Polarizing supermirrors based on various mul-
tilayer systems such as Fe/Si and FeCoV /TiN
are used in neutron instrumentation to provide
a polarized neutron beam and to analyze the
polarization of the scattered beam. Multilayer
consisting of magnetic and non-magnetic lay-
ers can be used to polarize neutrons due to
the different scattering contrasts for neutrons
with either up or down polarization. More-
over, the internal stress of the thin films can
be manipulated in such a way as to create
an anisotropic distribution, which results in a
magnetic anisotropy via magneto-elastic cou-
pling [27]. Due to the magnetic anisotropy
the polarizer/analyzer can be used in its “re-
manent” state. This feature enables to switch
the neutron polarization in the experiment by
switching the magnetization of the mirror [27,
28]. The use of TiGd/Ti multilayer absorbers
shows considerable improvement of the polar-
izing properties of the supermirrors. The range
of high polarization (P > 95%) could be ex-
pended down to m ~ 0.7. The intensity of
the reflected neutrons of a m=3.0 mirror com-
posed of 300 layers is shown in Fig. 28 (p. 155).
We implemented the optimized FeCoV/TiNy
supermirrors in a analyzer-prototype for the
HYSPEC-Spectrometer at the SNS (Oak Ridge,
USA).

150

NiTi-Monochromator  period: 270 A, repetition: 10

T T

a bb a bb’ E

||

10° g :qll
. .

¢ %

107 L

10 |

10

Figure 29: Neutron reflectivity of a multilayer sys-
tem (period of 270 A) measured on the reflectometer
NARZISS at SINQ, PSI. The 6-layer system shows a
distinct inhibition of the 2", 3% and 4" order peaks.

3.3 Multilayer monochromators

For neutron- or X-ray-scattering multilayer
monochromators are used to select a certain
wavelength (band) [19][29]. For many applica-
tions the contamination of the scattered beam
with higher harmonics is undesired. Based on
Fourier-series expansion of scattering length
density profiles we tailored multilayer systems
in order to prevent selected higher order peaks
in the neutron reflectivity from appearing. We
investigated a multilayer system with periods
of 6-layers and 10-layers, respectively. We were
able to show (Fig. 29), that for a certain layer-
thickness ratio within a period the 3™ har-
monic in the tested multilayer system could be
suppressed as expected from the Fourier-series
expansion. We choose an anti-symmetric peri-
odic function and therefore for symmetry rea-
sons the even higher order peaks are canceled
out. It is sufficient to avoid the 24, 3" and 4'"
harmonic because the intensity of the 5 order
peak is negligible due to the spectrum of the
primary neutron beam. To inhibit the 3" order
we have to solve the integral equation for the
respective term in the Fourier-series expansion.
We are going to implement such a multilayer
monochromator on the reflectometer NARZISS
(SINQ, PSI) in April 2008.

3.4 Large area deposition on silicon

To develop applications of epitaxial ferro-
electric films, epitaxial layers over large sur-
faces and on industrial substrates are neces-
sary. These requirements led us to develop
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the growth of epitaxial perovskite thin films
on Si wafers. We have set-up a molecular
beam epitaxy (MBE) deposition system able
to accommodate large (up to 4”) Si wafer for
the growth of epitaxial SrTiO; buffer layers.
This home-made chamber, equipped with in
situ surface analysis to monitor the growth
(RHEED), is operational. Based on our know-
how on the growth of epitaxial perovskite thin
films, we have also designed an off-axis reac-
tive magnetron sputtering chamber suited for
the growth over large area substrates. We have
recently focused our interest on the thickness
homogeneity that can be achieved with a 90°
3” off-axis target-substrate geometry. Homo-
geneity measurements based on optical spec-
troscopy allowing the layer thickness in a non-
destructive way to be measured have revealed
thickness variations of the order of 10% over a
3” wafer.

3.5 Ferroelectric properties of epitaxial PZT thin
films

A series of studies on epitaxial ferroelectric
oxide thin films has shown that mechanical
constraints can deeply modify the ferroelec-
tric properties. Under certain conditions, these
constraints, due to the epitaxial growth, can in-
duce a large increase in the polarization and in
the critical temperature in prototype ferroelec-
tric perovskites such as BaTiO; and PbTiO3,
and are thus of potential interest for appli-
cations. We have studied the effect of epi-
taxial constraints on the structural and phys-
ical properties of epitaxial PZT thin films in
order to better understand the interplay be-
tween strain and ferroelectricity. Using X-ray
diffraction, the crystallographic structure and
the ferroelectric phase transition temperatures
were studied in a series of ferroelectric PZT
thin films grown onto metallic 0.5% Nb-doped
SrTiO3 (Nb-STO) (001) substrates, with thick-
nesses ranging from 150 A to 1230 A.

Fig. 30 shows the evolution of the lattice pa-
rameters at room temperature as a function of
film thickness. A 150 A thick film is found
to be pseudomorphic with the Nb-STO sub-
strate: the PZT in-plane lattice parameter re-
duces to that of STO while the c-axis param-
eter elongates. Increasing the film thickness
induces a progressive relaxation of the strain
which is partially relaxed for a 200 A thick film,
and fully relaxed for a 400 A thick film. Be-
cause of the large strain-polarization coupling,
the modification of the mechanical boundary
conditions should induce substantial changes
in the T, of the films: we could expect a T;
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Figure 30: a (square) and c (triangle) -lattice param-
eters of PZT vs film thickness. Dashed lines indicate
the bulk values.

of 1000 °C for the thinnest films (bulk T, is
450 °C). As the film thickness is increased and
the strain progressively released, the T. should
approach the value of 680 °C for the thickest
“relaxed” films.

Fig. 31A shows the temperature evolution of
the c value for a 1230 A thick relaxed film.
The c-axis shrinks up to 680 °C and then ex-
pands. The change in behavior is ascribed to
the ferroelectric-paraelectric transition with an
estimated T, of about 680 °C. The results for all
the samples are reported in Fig. 31B: the tran-
sition temperature does not vary significantly
with thickness: strained and relaxed films dis-
play a rather similar transition temperature.
These experimental results demonstrate that T
in thin films can be much higher than the bulk
(450 °C), a particularly interesting result for ap-
plications. The thickness independence of T, is
not fully understood at this point.
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Figure 31: (A) c-axis parameter evolution vs tem-
perature for PZT (triangle) and STO (square) (B)
T. vs PZT film thickness (C) 0 — 20 scan for a
1230 A thick film vs temperature.
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3.6 High frequency surface acoustic wave devices
on epitaxial PZT thin films

In this collaboration, we pursued our effort
on SAW devices based on epitaxial PZT thin
films. Finite element simulations have been
performed to investigate different transduction
configurations for thin piezoelectric and ferro-
electric layers on single crystal substrates with
lithographically defined electrodes and a clas-
sical inter-digital configuration has been exper-
imentally tested. We fabricated inter-digital
transducers (IDT) directly in one process step,
by using focused ion beam (FIB) etching tech-
niques on epitaxial PZT layers deposited on
SrTiO3 single crystal substrates. For that pur-
pose, the FEMTO-ST Institute in Besangon has
used its FIB machine to directly etch the alu-
minum layer deposited on top the PZT film.
Test devices have been fabricated on PZT epi-
taxial layers of thicknesses ranging from 100 to
200 nm, allowing for the excitation of 1 micron
wavelength Rayleigh-like waves.

These devices (Fig. 32) correspond to a single-
port resonator operating at frequencies ranging
from 3 to 5 GHz, depending on the mode order.
Electro-mechanical coupling factors varying
from 0.5 to 1.6 % for the first mode and from
0.8 % to 2.8 % for the second mode have been
measured, whereas Q factors in the range of
30-90 were obtained, which are very promis-
ing figures according to the literature and to
the used device configuration, far from the op-
timal one. The temperature coefficient of the
resonance frequency (TCF) was also measured
for this device. A negative TCF of -85 ppm/K
was experimentally found, probably due to the
thermoelastic behavior of SrTiOj3.

Fig. 33 shows the superimposition of the exper-
imental admittance of one device and the har-
monic admittance computed considering the
expected shape of the strip. One can note that
resonance frequencies are correctly predicted.

Figure 32: SEM view of a SAW device fabricated by
FIB.
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Figure 33: Admittance of a PZT resonator as a func-
tion of frequency. The experimental and theoretical
results are displayed.

(Project in collaboration with Dr. S. Ballandras,
FEMTO-ST, LPMO, Besangon)

3.7 MEMS fabrication based on epitaxial piezo-
electric thin films on silicon

The aim of this part of the project is the real-
ization of novel micro-electro-mechanical sys-
tems (MEMS) based on epitaxial piezoelectric
thin films grown directly on silicon. These epi-
taxial ferroelectric films should display supe-
rior piezoelectric coefficients over conventional
sol-gel like piezoelectric thin films. Using
SrTiOs-buffered silicon substrates, it is possible
to grow epitaxial thin films of PbZr;,TipsO3
and Pb(MgNb)O3-PbTiO3 and take advantage
of their high piezoelectric coefficients as actu-
ating/sensing layers in MEMS.

Since piezoelectric microcantilevers have at-
tracted much attention due to their potential as
actuating/sensing platforms, theoretical anal-
ysis and computational simulation have been
performed to study the behavior of a cantilever
deflected by the piezoelectric layer as a func-
tion of various parameters (piezoelectric co-
efficient, film thickness, applied voltage, can-
tilever size, electrode configuration, and oper-
ating modes). The results show that the epi-
taxial piezoelectric cantilevers can give higher
deflection (actuating mode) and higher voltage
sensitivity (sensing mode) compared to con-
ventional piezoelectric cantilevers.

We defined the etching procedure for the fab-
rication of a cantilever that requires, on the
silicon side, to define the desirable cantilever
thickness down to few micrometers while on
the thin film side, the piezoelectric layer has to
be patterned to electrically contact the top and
bottom electrodes. Several wet and dry etch-
ing experiments have been performed to es-
tablish the different etching procedures for the
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Figure 34: Photograph of a partially processed
wafer revealing cantilevers of different sizes.

different materials and their reciprocal com-
patibility. The current situation of the project
is illustrated in Fig. 34. On a 2” Si wafer,
a sequence of SrTiO3 (5 nm thick)/SrRuOs
(30 nm thick)/PZT (150 nm thick) layers has
been grown. After a metallization step, the lay-
ers have been etched, defining cantilevers of
different shapes and lengths. The Si side has
also to be processed by reactive ion etching.
(Project in collaboration with Prof. de Rooij,
IMT, Université de Neuchétel, Prof. C. B. Eom,
University of Wisconsin and Prof. C. Ahn, Uni-
versity of Yale)

4 Collaborative efforts

Project 6 is largely based on collaborative
work for two main reasons. First, the ap-
plied projects are essentially cross-disciplinary.
Each sub-topic requires input and expertise
from different teams. Second, applied projects
need the active participation of industrial part-
ners. Therefore a MaNEP scientist working in
Project 6 is naturally brought to use and some-
times to learn skills from other MaNEP teams
and projects, as well as to gather a good under-
standing of the needs of the end-user and the
market. This brings the added benefit of find-
ing new applied research opportunities. In the
framework of Project 6, we can outline collabo-
rative work between MaNEP teams as follows

e Superconducting wires:  R. Fliikiger
(UniGE), R. Nesper (ETHZ) and D. Eckert,
Bruker Biospin.

e Fault Current Limiter: @. Fischer, M. De-
croux (UniGE), M. Hasler (EPFL) and M.
Abplanalp, ABB.

e Sensors: J. Fischer (UniGE), J. Cors
(UniGE), G. Patzke (ETHZ, UniZH) and
Mecsens SA. L. Forro and Metrolab SA
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e Thin film preparation: ]. Mesot (PSI),
J.-M. Triscone and Swissneutronics, ]J.-
M. Triscone (UniGE) and N. de Rooij
(UniNE).

5 Goals for the next year

The main goals for the last year of MaNEP
phase II are the following

5.1 Applied Superconductivity

1. The production of the first 50m of multi-
filamentary wires by the Internal Sn diffu-
sion technique.

2. Systematical search for new ternary and
quaternary additions to MgB, wires, to en-
hance the upper critical field and the criti-
cal current density.

3. Detection of internal stresses in MgB, fila-
ments by studying the calorimetric transi-
tion at T.

4. Test of coated conductors on various sub-
strates for FCL applications, and FEM test-
ing of new coated conductor geometries.

5. Dynamic Hall probe field mapping devel-
opment, and probe field mapping of cur-
rent limiter.

5.2 MaNEP Sensors and security applications

1. Synthesis and test of ESR materials for
weak field measurements.

2. Measurement of reference gas samples, in
particular H, with sensitive coatings on a
40 MHz SAW device.

3. Integration of optimized electrochemical
cathodes (coating and surface morphol-
ogy) in working sensors, and field test at
end-user site.

4. Demonstration of the industrial feasibility
of the marking technology. Launch of a
new CTI project with at least one indus-
trial partner.

5.3 Thin film preparation and applications

1. Investigation of substrates and coatings by
X-rays and local probes. Fabrication of po-
larizing multilayers of type FeCo/Ti, and
exploration of controlled interdiffusion on
magnetization.
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2.

Realization of epitaxial SrTiO3; buffer lay-
ers on silicon and of epitaxial piezoelectric
layers on buffered silicon.

Realization of a pyroelectric sensor us-
ing epitaxial PZT films on silicon, and
of PIT-SAW devices on SrTiOs;-doped
SrTiO3/PZT structures. Demonstration of
the frequency doubling capability of the
PIT-SAW technology. Realization of a PIT-
SAW device on silicon.

. High frequency characterization of epitax-

ial PZT films.
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Figure 20: Planning chart and spending profile for the project based on the contracted milestones.
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Figure 28: Neutron reflectivity data of a m = 3.0 FeCoV/TiN, supermirror deposited on
[Ti(1.3nm)/TiGd(5nm),5 multilayer absorber. This remanent multilayer system shows a polarization up to
98 % for a wide range of the supermirror regime.
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3 Three years of MaNEP's life

3.1 Communication

In 2007, the main highlight in communication
was the SupraFéte, an ambitious MaNEP public
event dedicated to the discovery of high-T. su-
perconductivity. It lasted for three days and at-
tracted an estimated 1500 visitors (Fig. 1). This
event was the best example of our pragmatic
approach which consists of “making the most”
out of every public relation opportunity. In this
case, the idea was to fulfill our mission to share
science with the public, while drawing the me-
dia’s attention on MaNEP and creating a series
of state-of-the-art branded tools. These tools
were meant to be premiered during the event
and then be used on other occasions, both in-
side and outside MaNEP. They consist of the
following:

3.1.1 A 15-minute introduction
movie on superconductivity

Superconductivity: a short story of an enduring
enigma is an introduction to superconductiv-
ity covering the scientific explanation, the main
historical milestones of research, an overview
of today’s applications and perspectives for the
future. The movie was praised and was later
shown not only to high-school students, but
also physics students at the CNRS in Paris, the

Figure 1: The new generation taking up scientific
challenges at the SupraKids.
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Figure 2: The SupraSurf: a new and unique large-
scale levitating device developed for the SupraFéte
and now installed at the PhysiScope.

EPFL and the Paul Scherrer Institute (PSI) in
Switzerland. In 2008, it was also shown at
CERN’s Open Days in April. Initially made
in French, the movie was translated in English

and German and released on a 3-language
DVD.

3.1.2 The SupraSurf : a large-scale
levitating device

Levitating devices used for demonstrations are
usually model trains or cars. We decided it
would be more impressive for people to experi-
ence the levitation physically by making them
glide on a magnetic rail supported by super-
conductors. It would illustrate the power of
the phenomenon - lifting a human body and
not only a toy! The challenge was taken up
by MaNEP’s engineering team in Geneva who
conceived the SupraSurf (Fig. 2).

This unique set up proved very successful and
was later used at the PSI’s Open Day in Octo-
ber and on several other occasions. It is now
permanently installed in the Geneva PhysiS-
cope, a MaNEP initiated-outreach project (see
below).
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Figure 3: One of the 20 drawings created by car-
toonist Mix & Remix for the exhibition.

3.1.3 Exhibition : superconductivity
(re)viewed by Swiss cartoonist

Hard science is often seen by the general public
as being “beyond their understanding”, mak-
ing them shy away from it. We thus thought
it would put everybody at ease to ask a true
non-scientist to explain superconductivity. The
idea of illustrating the key facts with humorous
drawings emerged and we asked Swiss car-
toonist Mix&Remix to take up the challenge. It
resulted in 20 large and colorful panels includ-
ing a central drawing designed to raise peo-
ple’s curiosity enough as to make them read
the related text (Fig. 3).

To make the exhibition “portable” we printed
a leaflet which is especially valued by physics
teachers and visitors. Like the movie and
the SupraSurf, the exhibition was displayed
at CERN in 2008, once during the Open Day
in April and then at The Globe (CERN's visi-
tors center) during a special exhibition on su-
perconductivity from October 2008 to January
2009.

3.2 Education and training

3.2.1 PhysiScope Genéve

The PhysiScope is an original outreach initia-
tive to rekindle the interest for science among
the young of Geneva and beyond, through an
interactive and playful discovery of physics
(Figs. 4 and 5). It was inaugurated on October
3rd, 2008 in the presence of Charles Beer, the
head of the Geneva department of education,
and over 120 invited guests. The PhysiScope
is a modern seminar and exhibition area de-
signed by the scenographic department of the
Télévision Suisse Romande. It is located in the
basement of the Physics section, thereby bring-
ing the visitors into close contact with active
scientists and modern research. Each session
lasts about one hour during which the visitor
is taken from a basic physics concept to some
of the most modern research by a young scien-
tist.
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Figure 4: High-school students at the PhysisScope
experiencing electron transport hands on (October
2007).

Selected themes have been developed in close
collaboration with high-school and pre high-
school teachers. These presentations are de-
signed to become an integral part of the stu-
dent’s curriculum, the ultimate goal being to
reach beyond a simple repetition of concepts
introduced in class. The ambition of the Ph-
ysiScope is to build a bridge to modern re-
search likely to trigger the interest for a scien-
tific career amongst the visitors. New presenta-
tions are continuously developed, not only for
our target audience (12-19 year old students),
but also for the general public. The aim is to
expand our offer and be able to respond in a
timely and original fashion to science related
questions of the public, for example the impli-
cations of the LHC.

3.2.2 Doctoral School

A MaNEP doctoral School is being installed at
the University of Geneva and the first courses
started in autumn 2008.

Figure 5: High-school students at the PhysiScope
mastering the mysteries of superconducting levita-
tion (October 2007).

Three years of MaNEP's life m—
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Figure 6: Participants to the 2006 MaNEP Summer
school in Saas Fee

3.2.3 Summer schools

After having co-organised a summer school
with PSIin 2002 in Zuoz, Manep organized two
successful summer schools at Saas-Fee (2004
and 2006). About 70 students followed lectures
given by international experts (Fig. 6). A large
part of the students were MaNEP doctoral stu-
dents, but the schools also admitted students
from other countries. The most recent event in
this series was the winter school in January 11-
16, 2009 in Saas Fee.

3.2.4 Conferences

Every two years since 2001, MaNEP organizes
the Swiss Workshop on Materials with Novel
Electronic Properties in Les Diablerets. The
fifth conference will take place on August 26-
28, 2009. This conference usually gathers about
200 physicists and presentations cover a broad
range of current topics in condensed matter
physics. A lot of care is taken to organize at-
tractive poster sessions in order to give a cer-
tain visibility to the important work done by
the young researchers (Fig. 7).

In February 2006 and March 2008, the three
NCCR in physics were invited to contribute to

Figure 7: Poster session at the 2005 Swiss Workshop
on MaNEP.
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the general meeting of the Swiss Physical Soci-
ety. MaNEP was strongly present in both edi-
tions with about 140 scientists, including al-
most 60 PhD students.

On September 27, 2006, 150 researchers at-
tended a one day topical meeting on the sub-
ject of Novel Superconductors which ended by
the second “Martin Peter colloquium” given by
the Nobel Prize winner PW. Anderson, from
Princeton University.

3.3 Advancement of women

Since summer 2004, MaNEP proposes a ded-
icated program for the female students in
physics to encourage them to continue their
cursus at the highest level. This program con-
sists of a summer internship of one month for
students from the third year of study (Fig. 8).
Since then, 7 to 13 students in the different uni-
versities and federal institutes in MaNEP car-
ried out their internship each year during sum-
mertime on very interesting projects. These in-
ternships not only immerse the students within
the reality of the research with all its con-
straints, but also reveal their ability to feel com-
fortable in this working environment. In sev-
eral cases, it has convinced both parties to con-
tinue their collaboration at the PhD level.

2007 saw the nomination in the person of Pa-
trycja Paruch of the first female professor at the
Condensed Matter Physics Department of the
University of Geneva since its creation. It is a
great pleasure to see the presence of women in
physics strengthened at this higher level.

3.4 Knowledge and Technol-
ogy Transfer (KTT)

Whereas Phase 1 of MaNEP comprised signifi-
cant energy to structure KTT and build promo-
tional documents (Fig. 9), Phase 2 focused KTT
efforts on the industry. The goal was to estab-
lish new collaborations with the industry. To
this end, direct contacts were taken with com-
panies using newly prepared marketing ma-
terial. Several dozen companies where con-
tacted and visited. At the same time, a strong
and strategic relationship was put in place be-
tween MaNEP and the Geneva Economic Pro-
motion. This organization’s role is to attract
new companies on the Geneva territory. As a
consequence of MaNEP efforts, this organiza-
tion has now become an important ambassador
for MaNEP promoting MaNEP both interna-
tionally and locally with existing companies.
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Femmes en physique poNEP
Stage d’été 2007 Mg

Etes-vous une étudiante de 3e ou 4e
année de physique ?

Saisissez la chance de travailler un mois
dans une équipe de recherche de pointe
appartenant au réseau MaNEP.

MaNEP en bref
MaNEP est un pole de recherche national, rassemblant
plus de 200 scientifiques travaillant sur les défis actuels
en physique de la matiére condensée.

Cette offre s'adresse aux étudiantes des institutions
suivantes : Université de Genéve — Université de
Neuchatel — Université de Fribourg — Université de.
Zurich — Université de Beme — ETHZ — EPFL — PSI — EMPA.

Intéressée ?

Allez sur notre site www.manep.ch/aow et contactez les
responsables de projets MaNEP de votre université ou
institut.

Les candidatures doivent étre soumises avant le 30 juin 2007
Un soutien financier est alloué aux candidates sélectionnées.
Les stages ont lieu entre juillet et septembre.

L 24
Lo

- - =
Women in Physics pyonip
Summer internship 2007

Are you a female 31

or 4th grade student in Physics ?
Take the unique opportunity

to work for a month in one of the top
research teams affiliated to MaNEP.

MaNEP in short

MaNEP is one of Switzerland's National Centres of
Competence in Research. MaNEP is a network of over
200 scientists working on the latest challenges of
condensed matter physics.

Offer available to students from : University of Geneva
— University of Neuchatel — University of Fribourg —
University of Zurich — University of Bern — ETHZ —
EPFL — PSI — EMPA.

Interested ?
Visit www.manep.ch/aow and contact the MaNEP
project leaders in your University or institute.

Applications must be submitted by June 30% 2007..
Financial support il be allocated to the selected candidates.
Internships will take place between July and September.
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Frauen in der Forschung pgNEP
Sommer Praktikum 2007 *¥uae

Sind Sie eine Physikstudentin

im 3. oder 4. Studienjahr ?

Ergreiffen Sie die Chance einen Monat
lang in einem der top Forschungsinstitute
von MaNEP zu arbeiten.

Was ist MaNEP 2

MaNEP ist einer der 20 Nationalen Forschungsschwer-

punkte. Es ist ein Schweizer Netzwerk von iber 200
welche die der

Festkorperphysik des 21. Jahrhunderts erforschen

Dieses Angebot betrifft Studentinnen der Universitit
Genf — Universitat Neuenburg — Universitat Freiburg
Universitéi Ziirich — Universitét Bern — ETHZ — EPFL —
PS| — EMPA.

Interessiert ?
Besuchen Sie www.manep.ch/aow um die
Forschungsgruppenleiter Ihrer Hochschule direkt zu
kontakieren.

Bewerbungen bis zum 30. Juni 2007. Ausgewahite Kandidatinnen
werden eine finanzielle Unterstitzung gewshrt.
Die Praktika finden zwischen Jul und September statt.

Figure 8: Posters for the announcement of the Advancement of Women program.

Figure 9: Cover page for the KTT promotional
brochure.

The canton of Geneva, in addition to being at-
tractive for its quality of life also offers an ideal
set up for companies needing academic R&D
input. With nine intention letters from com-
panies to collaborate over phase III, MaNEP is
in well geared to continue fulfilling its Knowl-
edge and Technology Transfer (KTT) mission.
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4 Three years of publications

The following lists cover the period from July 1%, 2005 to March 315t, 2008:

1. Scientific articles in journals with peer review

2. Scientific articles in journals without peer review

3. Books and scientific articles in anthologies

The lists are sorted by the name of the group leaders, and the most important publications are out-

lined by a red mark.

4.1 Scientific articles in journals with peer review

Group of Ph. Aebi

C. BArTAGLIA, H. CERCELLIER, L. DE-

SPONT, C. MONNEY, M. PRESTER, H. BERGER,

L. FORRO, M. G. GARNIER, AND P. AEBI
Non-uniform doping across the Fermi surface of
NbS, intercalates

The European Physical Journal B 57, 385
(2007).

Groups: Aebi, Margaritondo, Forré / Projects: 1, 3

C. BATTAGLIA, H. CERCELLIER, C. MONNEY,
M. G. GARNIER, AND P. AEBI
Stabilization of silicon honeycomb chains by
trivalent adsorbates
Europhysics Letters 77, 36003 (2007).
Group: Aebi / Project: 5

H. CERCELLIER, C. MONNEY, F. CLERC,
C. BATTAGLIA, L. DESPONT, M. G. GARNIER,
H. BECK, P. AEBI, L. PATTHEY, H. BERGER,
AND L. FORRO
Evidence for an Excitonic Insulator Phase in
1T—TiSez
Physical Review Letters 99, 146403 (2007).
Groups: Aebi, Margaritondo, Forré / Projects: 1,3

F. CLERC, C. BATTAGLIA, H. CERCELLIER,
C. MONNEY, H. BERGER, L. DESPONT, M. G.
GARNIER, AND P. AEBI
Fermi surface of layered compounds and bulk
charge density wave systems

Journal of Physics: Condensed Matter 19,
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335002 (2007).
Groups: Aebi, Margaritondo / Projects: 1,3

D. HOFSTETTER, L. DESPONT, M. G. GAR-
NIER, E. BAUMANN, F. R. GIORGETTA,
P. AEBI, L. KIRSTE, H. LU, AND W. J. SCHAFF
Structural investigations of epitaxial InN by x-
ray photoelectron diffraction and x-ray diffrac-
tion
Applied Physics Letters 90, 191912 (2007).
Group: Aebi / Project: 5

C. LICHTENSTEIGER, M. DAWBER, N. STUCKI,

J.-M. TRISCONE, J. HOFFMAN, J.-B. YAU,

C. H. AHN, L. DESPONT, AND P. AEBI
Monodomain ~ to  polydomain  transition
in  ferroelectric PbTiOs thin films with
Lag.¢7S570.33MnQOj3 electrodes

Applied Physics Letters 90, 052907 (2007).
Groups: Aebi, Triscone / Project: 5

P. StTAROWICZ, C. BATTAGLIA, F. CLERC,
L. DESPONT, A. PRODAN, H. J. P. VAN MID-
DEN, U. SZERER, A. SZYTULA, M. G. GAR-
NIER, AND P. AEBI
Electronic structure of ZrTes

Journal of Alloys and Compounds 442, 268
(2007).

Group: Aebi / Project: 1

F. CLERC, C. BATTAGLIA, M. BOVET, L. DE-
SPONT, C. MONNEY, H. CERCELLIER, M. GAR-
NIER, P. AEBI, H. BERGER, AND L. FORRO
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Lattice-distortion-enhanced  electron-phonon

coupling and Fermi surface nesting in 1T-TaS;
Physical Review B 74, 155114 (2006).

Groups: Margaritondo, Aebi, Forré / Projects: 1,2,3

L. DESPONT, F. CLERC, M. G. GARNIER,
H. BERGER, L. FORRO, AND P. AEBI
Multiple scattering investigation of the 1T-
TaSy surface termination
The European Physical Journal B 52, 421
(2006).

Groups: Aebi, Margaritondo, Forré / Projects: 3,5

L. DEspoONT, C. KorrzscH, F. CLERC, M. G.
GARNIER, P. AEBI, C. LICHTENSTEIGER, J.-M.
TRISCONE, F. J. GARCIA DE ABAJO, E. BOus-
QUET, AND P. GHOSEZ
Direct evidence for ferroelectric polar distortion
in ultrathin lead titanate perovskite films
Physical Review B 73, 094110 (2006).

Groups: Aebi, Triscone / Project: 5

L. DESPONT, C. LICHTENSTEIGER, F. CLERC,
M. G. GARNIER, F. J. GARCIA DE ABAJO,
M. A. VAN HOVE, J.-M. TRISCONE, AND
P. AEBI
X-ray photoelectron diffraction study of ultra-
thin PbTiOs films
The European Physical Journal B 49, 141
(2006).

Groups: Aebi, Triscone / Project: 5

L. DespoNT, D. Naumovic, F. CLERC,
C. KoirzscH, M. G. GARNIER, F. J. GAR-
CIA DE ABAJO, M. A. VAN HOVE, AND P. AEBI
X-ray  photoelectron  diffraction  study of
Cu(111): Multiple scattering investigation
Surface Science 600, 380 (2006).
Group: Aebi / Project: 5

C. BATTAGLIA, H. CERCELLIER, F. CLERC,
L. DESPONT, M. G. GARNIER, C. KOITZSCH,
P. AEBI, H. BERGER, L. FORRO, AND
C. AMBROSCH-DRAXL

Fermi surface induced lattic distortion in NbTep
Physical Review B 72, 195114 (2005).

Groups: Margaritondo, Aebi, Forré / Projects: 1,3

C. KoirzscH, C. BATTAGLIA, F. CLERC,
L. DESPONT, M. G. GARNIER, AND P. AEBI
Photoemission of a Quantum Cavity with a
Nonmagnetic Spin Separator
Physical Review Letters 95, 126401 (2005).
Group: Aebi / Project: 1

D. Porovic, M. BOVET, H. BERGER, AND
P. AEBI
Fingerprinting substitution sites in Pb, Dy-
BipSrpCayCuyOg s using X-ray Photoelectron
Diffraction
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The European Physical Journal — Applied
Physics 30, 171 (2005).
Groups: Aebi, Margaritondo / Projects: 2,3

Group of D. Baeriswyl

D. BAERISWYL,

B. Gurt
Superconductivity in

Hubbard model?
Physica Status Solidi (b) 244, 2299 (2007).

Group: Baeriswyl / Project: 2

D. EICHENBERGER, AND

the two-dimensional

D. EICHENBERGER AND D. BAERISWYL
Superconducting ground state of the two-
dimensional Hubbard model: A variational
study

Physica C 460-462, 1153 (2007).

Group: Baeriswyl / Project: 2

D. EICHENBERGER AND D. BAERISWYL
Superconductivity and antiferromagnetism in
the two-dimensional Hubbard model: A varia-
tional study

Physical Review B 76, 180504(R) (2007).
Group: Baeriswyl / Project: 2

G. 1. JAPARIDZE, R. M. NOACK,
D. BAERISWYL, AND L. TINCANI
Phases and phase transitions in the half-filled t—
t' Hubbard chain

Physical Review B 76, 115118 (2007).
Group: Baeriswyl / Project: 1

Group of Ch. Bernhard

C. BERNHARD, L. YU, A. DUBROKA,
K. W. KiM, M. ROsSLE, D. MUNZAR,
J. CHALOUPKA, C. T. LIN, AND T. WOLF
Broad-band infrared ellipsometry measure-
ments of the c-axis response of underdoped
YBayCuzOy: Spectroscopic distinction between
the normal state pseudogap and the supercon-
ducting gap
to be published in Journal of the Physics and
Chemistry of Solids (2008).
Group: Bernhard / Project: 2

V. HiNkov, D. HAUG, P. BOURGES,
B. FAUQUE, Y. SIDIS, A. IvaNOV, C. BERN-
HARD, B. KEIMER, AND C. T. LIN
Electronic Liquid Crystal State in the High-
Temperature Superconductor YBayCuzOg 45
Science 319, 597 (2008).
Group: Bernhard / Project: 2

C. BERNHARD, C. NIEDERMAYER, A. DREW,
G. KHALIULLIN, S. BAYRAKCI, J. STREMPFER,

Publications m—
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R. K. KREMER, D. P. CHEN, C. T. LIN, AND
B. KEIMER
Muon-spin rotation study of magnetism in

Na,CoO; single crystals with 0.78 < x < 0.97

Europhysics Letters 80, 27005 (2007).
Group: Bernhard / Project: 2

N. N. KOVALEVA, A. V. BORIS, P. YORDANOV,
A. MALJUK, E. BRUCHER, ]. STREMPFER,
M. KoNuUMA, 1. ZEGKINOGLOU, C. BERN-
HARD, A. M. STONEHAM, AND B. KEIMER
Optical response of ferromagnetic YTiO3 stud-
ied by spectral ellipsometry
Physical Review B 76, 155125 (2007).
Group: Bernhard / Project: 2

S.S. A. SEO, W. S. CHO1, H. N. LEE, L. YU,
K. W. KM, C. BERNHARD, AND T. W. NOH
Optical Study of the Free Carrier Response of
LaTiOs/SrTiO3 superlattices
Physical Review Letters 99, 266801 (2007).
Group: Bernhard / Project: 2

P. ADLER, A. LEBON, V. DAMLJANOVIC,
C. ULRICH, C. BERNHARD, A. V. BORIS,
A.MALJUK, C. T. LIN, AND B. KEIMER
Magnetoresistance effects in SrFeOz_s: De-
pendence on phase composition and relation to
magnetic and charge order
Physical Review B 73, 094451 (2006).
Group: Bernhard / Project: 2

J. CHAKHALIAN, J. W. FREELAND, G. SRAJER,
J. STREMPFER, G. KHALIULLIN, J. C. CEZAR,
T. CHARLTON, R. DALGLIESH, C. BERN-
HARD, G. CRISTIANI, H.-U. HABERMEIER,
AND B. KEIMER

Magnetism at the interface between ferromag-

netic and superconducting oxides
Nature Physics 2, 244 (2006).

Group: Bernhard / Project: 2

Y. KROCKENBERGER, I. FRITSCH, G. CHRIS-
TIANI, H.-U. HABERMEIER, L. YU, C. BERN-
HARD, B. KEIMER, AND L. ALFF
Superconductivity in epitaxial thin films of
Na,CoO,.yD,0
Applied Physics Letters 88, 162501 (2006).
Group: Bernhard / Project: 2

H. E. MoHOTTALA, B. O. WELLS, J. L.

BUDNICK, W. A. HINES, C. NIEDERMAYER,

L. UpBY, C. BERNHARD, A. R. MOODEN-

BAUGH, AND F. C. CHOU
Phase  separation  in
LQZ,XSVxCMO4+y

Nature Materials 5, 377 (2006).

Groups: Bernhard, Mesot / Projects: 1,2,3,6
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A. TRAJNEROWICZ, A. GOLNIK, C. BERN-
HARD, L. MACHTOUB, C. ULRICH, ]J. L. TAL-
LON, AND M. CARDONA
Isotope effect on the optical phonons of
YBayCuyOg studied by far-infrared ellipsome-
try and Raman scattering

Physical Review B 74, 104513 (2006).
Group: Bernhard / Project: 2

A. V. PIMENOV, A. V. BORris, L. YU,
V. HINKOvV, T. WOLF, J. L. TALLON,
B. KEIMER, AND C. BERNHARD
Nickel Impurity-Induced Enhancement of the
Pseudogap of Cuprate High-T. Superconduc-
tors

Physical Review Letters 94, 227003 (2005).
Group: Bernhard / Project: 2

J. STAHN, J. CHAKHALIAN, C. NIEDER-
MAYER, J. HOPPLER, T. GUTBERLET, J. VOIGT,
F. TREUBEL, H.-U. HABERMEIER, G. CRIS-
TIANI, B. KEIMER, AND C. BERNHARD
Magnetic proximity effect in Perovskite Super-
conductor/Ferromagnet Multilayers
Physical Review B 71, R140509 (2005).
Group: Bernhard / Project: 2

Group of G. Blatter

V. DOTSENKO, L. B. IOFFE, V. B. GESHKEN-
BEIN, S. E. KORSHUNOV, AND G. BLATTER
Joint Free-Energy Distribution in the Random
Directed Polymer Problem
Physical Review Letters 100, 050601 (2008).
Group: Blatter / Project: 1

S. D. HUBER, B. THEILER, E. ALTMAN, AND
G. BLATTER

Amplitude Mode in the Quantum Phase Model

Physical Review Letters 100, 050404 (2008).
Group: Blatter / Project: 1

A. U. THOMANN, V. B. GESHKENBEIN, AND
G. BLATTER
The  dynamically — asymmetric ~ SQUID:
Miinchhausen effect
Physica C (2008).
Group: Blatter / Project: 1
A.DE CoL, G.I. MENON, AND G. BLATTER

Density functional theory of vortex lattice melt-
ing in layered superconductors: A mean-field
substrate approach

Physical Review B 75, 014518 (2007).
Group: Blatter / Project: 1
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A. DE CoL, G. I. MENON, V. B. GESHKEN-
BEIN, AND G. BLATTER
Surface melting of the vortex lattice in layered
superconductors: Density functional theory
Physical Review B 75, 184532 (2007).
Group: Blatter / Project: 1

S. D. HUBER, E. ALTMAN, H. P. BUCHLER,
AND G. BLATTER
Dynamical properties of ultracold bosons in an
optical lattice
Physical Review B 75, 085106 (2007).
Group: Blatter / Project: 1

A. DE CoL, G. I. MENON, V. B. GESHKEN-
BEIN, AND G. BLATTER

Surface Melting of the Vortex Lattice

Physical Review Letters 96, 177001 (2006).
Group: Blatter / Project: 1

T. SHIBAUCHI, L. KRUSIN-ELBAUM, Y. KASA-
HARA, Y. SHIMONO, Y. MATSUDA, R. D.
McCDONALD, C. H. MIELKE, S. YONEZAWA,
Z. HIrROI, M. ARAI, T. KITA, G. BLATTER, AND

M. SIGRIST
Uncommonly high upper critical field of the py-

rochlore superconductor KOsy Og below the en-
hanced paramagnetic limit
Physical Review B 74, 220506 (2006).
Groups: Rice, Sigrist, Blatter / Project: 2

H. P. BUCHLER, M. HERMELE, S. D. HUBER,
M. P. A. FISHER, AND P. ZOLLER
Atomic Quantum Simulator for Lattice Gauge
Theories and Ring Exchange Models
Physical Review Letters 95, 040402 (2005).
Group: Blatter / Project: 1

Group of M. Biittiker

M. MOSKALETS, AND
M. BUTTIKER

Quantized Dynamics of a Coherent Capacitor
Physical Review Letters 100, 086601 (2008).

Group: Bittiker / Project: 1

P. SAMUELSSON,

S. E. NIGG AND M. BUTTIKER
Quantum to Classical Transition of the Charge

Relaxation Resistance of a Mesoscopic Capaci-
tor

Physical Review B 77, 085312 (2008).
Group: Bittiker / Project: 1

M. BUTTIKER AND S. E. NIGG
Mesoscopic Capacitance Oscillations

Nanotechnology 18, 044029 (2007).
Group: Bttiker / Project: 1
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M. BUTTIKER AND P. SAMUELSSON
Interference of independently emitted electrons
in quantum shot noise

Annalen der Physik (Leipzig) 16, 751 (2007).

Group: Biittiker / Project: 1

H. FORSTER, P. SAMUELSSON, S. PILGRAM,
AND M. BUTTIKER
Voltage and dephasing probes in mesoscopic

conductors: A study of full-counting statistics
Physical Review B 75, 035340 (2007).
Group: Bittiker / Project: 1

A. N. JORDAN, A. N. KOROTKOV, AND

M. BUTTIKER
Leggett-Garg Inequality with a Kicked Quan-

tum Pump

Physical Review Letters 97, 026805 (2006).
Group: Buttiker / Project: 1

S. E. NIGG, R. LOPEZ, AND M. BUTTIKER
Mesoscopic Charge Relaxation

Physical Review Letters 97, 206804 (2006).
Group: Biittiker / Project: 1

S. PILGRAM, P. SAMUELSSON, H. FORSTER,
AND M. BUTTIKER
Full-Counting Statistics for Voltage and De-

phasing Probes

Physical Review Letters 97, 066801 (2006).
Group: Bittiker / Project: 1

P. SAMUELSSON AND M. BUTTIKER
Quantum state tomography with quantum shot
noise

Physical Review B 73, 041305 (2006).
Group: Buttiker / Project: 1

Group of L. Degiorgi

F. PFUNER, L. DEGIORGI,
A. BIANCHI, AND Z. FIsK

Magneto-optical behavior of Eulny Py

Physical Review B 77, 024417 (2008).
Groups: Degiorgi, Ott / Project: 1

H. R. OTT,

D. PACILE, M. PAPAGNO, M. LAVAGNINI,

H. BERGER, L. DEGIORGI, AND M. GRIONI
Photoemission and optical studies of ZrSes,
HfSes, and ZrS3

Physical Review B 76, 155406 (2007).
Groups: Margaritondo, Degiorgi, Grioni / Projects: 1, 3

A.SACCHETTI, E. ARCANGELETTI, A. PERUC-
CHI, P. POSTORINO, S. Luri, N. Ru, I. R.
FISHER, AND L. DEGIORGI
Pressure Dependence of the Charge-Density-
Wave Gap in Rare-Earth Tritellurides
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Physical Review Letters 98, 026401 (2007).
Group: Degiorgi / Project: 1

G. CaMI, L. DEGIORGI, H. BERGER, AND
L. FORRO
Optical evidence for a magnetically driven

structural transition in the spin web CuzTeOg
Europhysics Letters 75, 496 (2006).

Groups: Margaritondo, Degiorgi, Forré / Projects: 1, 3

G. CaMI, L. DEGIORGI, H. BERGER, AND
L. FORRO
Phonon analysis of the S = 1 quantum spin sys-

tems NisTeyO10 X5 (X = Cl and Br)
Journal of Physics: Condensed Matter 18, 4065
(2006).

Groups: Margaritondo, Degiorgi, Forré / Projects: 1,3

G. CAaMI, A. PERUCCHI, L. DEGIORGI, H. R.
OT1T, V. M. PEREIRA, A. H. CASTRO NETO,
A. D. BIANCHI, AND Z. FISK
Magneto-Optical Evidence of Double Exchange
in a Percolating Lattice
Physical Review Letters 96, 016403 (2006).
Groups: Degiorgi, Ott / Project: 1

L. DEGIORGI

The Drude model in correlated systems

Annalen der Physik 15, 571 (2006).
Group: Degiorgi / Project: 1

L. DEGIORGI AND D. JEROME
Transport and  Optics  in
Dimensional Organic Conductors

Quasi-One-

Journal of the Physical Society of Japan 75,
051004 (2006).
Group: Degiorgi / Project: 1

D. PaciLE, G. CamMi,
AND M. GRI-

M. PAPAGNO,
H. BERGER, L. DEGIORGI,

ONI
Electronic structure of one-dimensional copper

oxide chains in LiCuyOy from angle-resolved
photoemission and optical spectroscopy
Physical Review B 73, 115120 (2006).

Groups: Margaritondo, Degiorgi, Grioni / Projects: 1, 3

A. PEerUcCcHI, L. DEGIORGI,

C. PETROVIC, AND V. E. MITROVIC
Optical investigation of the metal-insulator
transition in FeSby

The European Physical Journal B 54, 175
(2006).

R. Hy,

Group: Degiorgi / Project: 1

A. SACCHETTI, L. DEGIORGI, T. GIAMARCHI,
N. RU, AND I. R. FISHER
Chemical pressure and hidden one-dimensional
behavior in rare-earth tri-telluride charge-
density wave compounds
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Physical Review B 74, 125115 (2006).

Groups: Degiorgi, Giamarchi / Project: 1

C.DALLERA, E. ANNESE, J.-P. RUEFF, M. GRI-

ONI, G. VANKO, L. BRAICOVICH, A. BARLA,

J.-P. SANCHEZ, R. GUSMEROLI, A. PALEN-

ZONA, L. DEGIORGI, AND G. LAPERTOT
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nant inelastic x-ray emission?

Journal of Physics: Condensed Matter 17, S849
(2005).

Groups: Degiorgi, Grioni / Project: 1

A. PERUCCHI, L. DEGIORGI, AND H. BERGER
Infrared signature of the charge-density-wave
gap in Zrles

The European Physical Journal B 48, 489

(2005).

Groups: Margaritondo, Degiorgi / Project: 3
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O. ANDERSEN, ]J. KORrRTUS, D. SALLOUM,
P. GOUGEON, AND M. POTEL
Phonon Mode Spectroscopy and Electron-
Phonon  Coupling in  the  Quasi-One-
Dimensional MyMogSeq family: Competing
Instabilities, ~ Ultra-Strong  Coupling and
“Phonon-Boosted” Superconductivity
submitted to Physical Review B (2008).
Group: Fischer / Projects: 1,2

A. PirioU, Y. FASANO, E. GIANNINI, AND

O. FISCHER
Effect of oxygen-doping on
BiySroCayCuz 0195 vortex matter: Crossover
from electromagnetic to Josephson interlayer
coupling

submitted to Physical Review B (2008).

Groups: Fischer, van der Marel / Projects: 2,5

S. SEIRO, Y. FASANO, I. MAGGIO-APRILE,
E. KOLLER, O. KUFFER, AND . FISCHER
Polaronic signature in the metallic phase of
Lag7Cay3MnOs films detected by scanning
tunneling spectroscopy
Physical Review B 77, 020407(R) (2008).
Group: Fischer / Project: 1

L. ANTOGNAZZA, M. DECROUX,
M. THERASSE, M. ABPLANALP, J. DURON,
B. DUTOIT, AND . FISCHER
Thermally Assisted Transition in Thin Film
Based FCL: A Way to Speed Up the Normal
Transition Across the Wafer
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IEEE Transactions on Applied Superconduc-
tivity 17, 3463 (2007).

Groups: Fischer, Hasler / Project: 6

C. DuBOIS, A. P. PETROVIC, G. SANTI,
C. BERTHOD, A. A. MANUEL, M. DECROUYX,
. FISCHER, M. POTEL, AND R. CHEVREL

Node-like excitations in superconducting
PbMogSg  probed by scanning tunneling
spectroscopy

Physical Review B 75, 104501 (2007).

Groups: Fischer, Giamarchi / Projects: 1,2

J. DURON, F. GRILLI, L. ANTOGNAZZA,

M. DECROUX, B. DUTOIT, AND J. FISCHER
Finite-element modelling of YBCO fault cur-
rent limiter with temperature dependent param-
eters

Superconductor Science & Technology 20, 338
(2007).

Groups: Hasler, Fischer / Project: 6

J. DURON, B. DurtoIT, F. GRILLI, M. DE-

CROUX, L. ANTOGNAZZA, AND . FISCHER
Computer Modeling of YBCO Fault Current
Limiter Strips Lines in Ouver-Critical Regime
With Temperature Dependent Parameters

IEEE Transactions on Applied Superconductiv-
ity 17, 1839 (2007).

Groups: Hasler, Fischer / Project: 6

Y. FASANO, I. MAGGIO-APRILE, ]J. KARPINSKI,

AND . FISCHER
Tunneling and pseudo point-contact spec-

troscopy on YBayCuyOg
Physica C 460-462, 958 (2007).
Groups: Fischer, Karpinski / Projects: 2,3, 4

. FISCHER, M. KUGLER, I. MAGGIO-APRILE,
C. BERTHOD, AND C. RENNER
Scanning tunneling spectroscopy of high-
temperature superconductors
Reviews of Modern Physics 79, 353 (2007).

Groups: Fischer, Giamarchi / Project: 2

A. P. PETROVIC, Y. FASANO, R. LORTZ,
M. DECROUX, M. POTEL, R. CHEVREL, AND

. FISCHER
Unconventional resistive transitions in the ex-

treme type-I1 superconductor TlyMogSeg
Physica C 460-462, 702 (2007).

Groups: Fischer, Triscone, van der Marel / Projects: 1,2

A. PIRIOU, Y. FASANO, E. GIANNINI, AND

O. FISCHER
Doping-dependence of the vortex phase diagram

0fBi251’2Cﬂ2CM30]0+§
Physica C 460-462, 408 (2007).

Groups: Fischer, van der Marel / Projects: 2,3,5
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S. SEIRO, Y. FASANO, I. MAGGIO-APRILE,
O. KUFFER, AND . FISCHER
Homogeneous Spectroscopic Properties in Man-
ganite Films
Journal of Magnetism and Magnetic Materials
310, e243 (2007).

Group: Fischer / Project: 1
S. SEIRO, E. KOLLER, Y. FASANO, AND . Fi1s-

CHER
Homogeneous  strain-relaxation  effects
Lag 67Cag 33MnOs films grown on NdGaOs
Applied Physics Letters 91, 091913 (2007).

Group: Fischer / Projects: 1,5

n

D. SHALTIEL, H.-A. K. VON NIDDA, B. Y.

SHAPIRO, I. SHAPIRO, A. LoiDL, T. KURZ,

B. BOGOSLAVSKY, T. TAMAGAI, . FISCHER,

A. PIrRiOU, E. GIANNINI, T. WATANABE,

T. FuJil, AND A. MATSUDA, B. ROSENSTEIN
Interaction of AC magnetic field with Joseph-
son vortices in high anisotropy superconductors
Bi2212 and Bi2223

Physica C 460-462, 1238 (2007).

Groups: van der Marel, Fischer / Project: 3

C. DuBois, P. E. BissoN, A. A. MANUEL,
@. FISCHER, AND S. REYMOND
Compact design of a low temperature XY stage
scanning tunneling microscope
Review of Scientific Instruments 77, 043712
(20006).
Group: Fischer / Project: 2

C. DuBOIS, N. JENKINS, A. A. MANUEL,
N. D. ZHIGADLO, J. KARPINSKI, AND . FIs-

CHER
Crystal-edge scanning tunnelling spectroscopy

on aluminium-doped magnesium diboride

Superconductor Science & Technology 19, 695
(20006).
Groups: Fischer, Karpinski / Projects: 2,3, 4

J. DURON, F. GRILLI, L. ANTOGNAZZA,
M. DECROUX, S. STAVREV, B. DUTOIT, AND

. FISCHER
Finite-element modeling of superconductors in

over-critical regime with temperature depen-
dent resistivity.

Journal of Physics: Conference Series 43, 1076
(2006).

Groups: Fischer, Hasler / Project: 6

M. KUGLER, G. L. DE CASTRO, E. GIANNINI,
A. PIRIOU, A. A. MANUEL, C. HESS, AND

. FISCHER
Scanning  tunneling  spectroscopy

Bip SroCapCus 0144 single crystals

on

Journal of the Physics and Chemistry of Solids
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67, 353 (2006).

Groups: van der Marel, Fischer / Project: 3

L. ANTOGNAZZA, M. DECROUX,
M. THERASSE, M. ABPLANALP, AND . Fis-
CHER

Test of YBCO thin films based Fault Current

Limiters with a newly designed meander.

IEEE Transactions on Applied Superconduc-
tivity 15, 1990 (2005).
Group: Fischer / Project: 6

J. DURON, L. ANTOGNAZZA, M. DECROUY,
F. GRILLI, S. STAVREV, B. DUTOIT, AND

Js. FISCHER
3D finite element Simulations of strip lines in a
YBCO/Au fault current limiter.

IEEE Transactions on Applied Superconductiv-
ity 15, 1998 (2005).

Groups: Fischer, Hasler / Project: 6

J. DURON, L. ANTOGNAZZA, M. DECROUY,
F. GRILLI, S. STAVREV, B. DUTOIT, AND . F1s-
CHER
3-D finite element Simulations of strip lines in
a YBCO/Au fault current limiter

in IEEE, Applied Superconductivity Conference
2004 (2005), vol. 15, pp. 1998-2002.
Groups: Hasler, Fischer / Project: 6

O. KUFFER AND JJ. FISCHER
Low temperature growth of pseudocubic per-
ouvskites by off-axis rf magnetron sputtering for
the realization of epitaxial ferroelectric-based
heterostructures

Journal of Applied Physics 97, 014103 (2005).
Group: Fischer / Project: 5

O. KUFFER, I. MAGGIO-APRILE, AND . FIs-
CHER
Nanoscale ferroelectric field-effect writing and
reading using scanning tunneling spectroscopy
Nature Materials 4, 378 (2005).
Group: Fischer / Project: 5

Group of R. Flukiger

R. FLUKIGER, C. SENATORE, M. CESARETTI,
F. BuTA, D. UGLIETTI, AND B. SEEBER
Optimization of Nb3Sn and MgB, wires
to be published in Superconductor Science &
Technology (2008).
Group: Fliikiger / Project: 6

E. GIANNINI, R. GLADYSHEVSKII, N. CLAY-
TONA, N. MUSOLINO, V. GARNIER,
A. PIRIOU, AND R. FLUKIGER
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Growth, structure and physical properties of
single crystals of pure and Pb-doped Bi-based
high-T. superconductors
Current Applied Physics 8, 115 (2008).
Groups: Fliikiger, van der Marel / Project: 3

C. SENATORE AND R. FLUKIGER
Relaxation rates of Y-123 and Bi-based tapes

compared to low T, and MgB, superconductors
in view of persistent mode high field magnets
to be published in Superconductor Science &
Technology (2008).
Group: Fliikiger / Project: 6

V. ABACHERLI, F. BUTA, D. UGLIETTI, C. SEN-

ATORE, B. SEEBER, AND R. FLUKIGER
Investigation on the Effect of Ta Additions on .
and n of (Nb, Ti)3Sn Bronze Processed Multi-
filamentary Wires at High Magnetic Fields

IEEE Transactions on Applied Superconductiv-
ity 17, 2564 (2007).
Group: Fliikiger / Project: 6

M. G. ADESSO, R. FLUKIGER, D. UGLIETTI,
M. POLOCHETTI, AND S. PACE
Influence of grain boundaries and Sn distribu-
tion on the H-T phase diagram of NbsSn

IEEE Transactions on Applied Superconductiv-
ity 17, 2619 (2007).
Group: Fliikiger / Project: 6

M. G. ADESSO, M. POLOCHETTI, D. ZOLA,
S. PACE, D. UGLIETTI, AND R. FLUKIGER
Effect of the amplitude of the AC magnetic field
on the vortex dynamics: a quantitative analysis
in Nb and NbTi polycrystalline samples
Physica C 460, 1286 (2007).
Group: Fliikiger / Project: 6

S. X. Dou, O. SHCHERBAKOVA, W. K. YEOH,
J. H. KM, S. SOLTANIAN, X. L. WANG,
C. SENATORE, R. FLUKIGER, M. DHALLE,
O. HUSNJAK, AND E. BABIC
Mechanism of enhancement in electromagnetic
properties of MigBy by nano SiC doping
Physical Review Letters 98, 097002 (2007).
Group: Fliikiger / Project: 6

R. FLUKIGER, P. LEzzA, M. CESARETTI,

C. SENATORE, AND R. GLADYSHEVSKI
Simultaneous Addition of B4C+SiC to MgB,
wires and consequences for J. and Bj,,

IEEE Transactions on Applied Superconductiv-
ity 17, 2846 (2007).
Group: Fliikiger / Project: 6

P. LEzzA, C. SENATORE, R. GLADYSHEVSKII,
AND R. FLUKIGER
Critical Current Anisotropy and Texture Gra-

dients in ex situ MgBy/Fe Tapes
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IEEE Transactions on Applied Superconductiv-
ity 17, 2834 (2007).
Group: Flikiger / Project: 6

S. OH, C. LEg, K. W. CHO, K. KiMm, D. UGLI-
ETTI, AND R. FLUKIGER
Field dependence of the n-value and its relation
with the critical current of Nb3Sn strands
Superconductor Science & Technology 20, 851
(2007).
Group: Fliikiger / Project: 6

B. SEEBER, A. FERREIRA, V. ABACHERLI,

T. BOUTBOUL, L. OBERLI, AND R. FLUKIGER
Transport Properties up to 1000 A of Nb3Sn
Wires Under Transverse Compressive Stress

IEEE Transactions on Applied Superconductiv-
ity 17, 2643 (2007).
Group: Flikiger / Project: 6

B. SEEBER, A. FERREIRA, V. ABACHERLI, AND
R. FLUKIGER
Critical current of a Nb3Sn bronze route con-

ductor under uniaxial tensile and transverse
compressive stress
Superconductor Science & Technology 20, 5184
(2007).
Group: Fliikiger / Project: 6

C. SENATORE, V. ABACHERLI, D. CANTONI,
AND R. FLUKIGER
Distribution of T, from calorimetry and the de-
termination of Sn gradients in Bronze Route
NbsSn wires with internal and external Ti
source

Superconductor Science & Technology 20, 5217
(2007).
Group: Flikiger / Project: 6

C. SENATORE, P. LgezzA, R. LORTZ,
O. SHCHERBAKOVA, W. K. YEOH, S. X.
Dou, AND R. FLUKIGER
Specific heat and magnetic relaxation analysis
of MgBy bulk samples with and without addi-
tives

IEEE Transactions on Applied Superconduc-
tivity 17, 2941 (2007).
Group: Fliikiger / Project: 6

C. SENATORE, D. UGLIETTI, V. ABACHERLI,
A.JUNOD, AND R. FLUKIGER
Specific heat, a method to determine the T, dis-
tribution in industrial Nb3Sn wires prepared by
various techniques

IEEE Transactions on Applied Superconductiv-
ity 17, 2611 (2007).
Group: Flikiger / Project: 6

D. UGLIETTI, V. ABACHERLI, M. CANTONI,
AND R. FLUKIGER
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Grain growth, Morphology and Composition
Profiles in Industrial Nb3Sn wires

IEEE Transactions on Applied Superconductiv-
ity 17, 2615 (2007).
Group: Fliikiger / Project: 6

M. G. ADESSO, D. UGLIETTI, V. ABACHERLI,
R. FLUKIGER, M. POLICHETTI, AND S. PACE
Investigations of magnetic behaviour in various
type of Nb3Sn multifilamentary wires by means
of the 1st and 3rd harmonics of the AC magnetic
susceptibility
IEEE Transactions on Applied Superconductiv-
ity 16, 1241 (2006).
Group: Fliikiger / Project: 6

M. G. ADESSO, D. UGLIETTI, R. FLUKIGER,
P. M., AND S. PACE
Phase Transition between the Bragg Glass and a
Disordered Phase in Nb3Sn, as detected by 3rd
harmonics of the AC magnetic susceptibility

Physical Review B 73, 092513 (2006).
Group: Fliikiger / Project: 6

M. G. ADESSO, D. UGLIETTI, R. FLUKIGER,
AND S. PACE
Nb3Sn single crystals, polycrystals and multi-

filamentary wires: common and different fea-
tures in the magnetic response

Journal of Physics: Conference Series 43, 22
(20006).
Group: Fliikiger / Project: 6

M. G. ADESsO, D. UGLIETTI, N. MUSOLINO,
R. FLUKIGER, AND S. PACE
H(T) Phase Diagram in Nb3Sn: A Differ-
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Journal of Physics: Condensed Matter 17, S801
(2005).
Group: Mesot / Project: 1

A. PODLESNYAK, S. STREULE, M. MEDARDE,
K. CONDER, E. POMJAKUSHINA, AND
J. MESOT
Effect of oxygen nonstoichiometry on structural
and magnetic properties of PrBaCoyOs 5
Physica B 359-361, 1348 (2005).
Group: Mesot / Project: 1

C. RENNER, G. AEPPLI, AND H. M. RONNOW
Charge ordering, stripes and phase separation
in manganese perovskite oxides: an STM/STS
study

Materials Science and Engineering C25, 775
(2005).
Group: Mesot / Project: 1

B. ROEssLI, S. N. GvAsaLiYA, E. PowMm-
JAKUSHINA, AND K. CONDER
Spin fluctuations in the stacked-triangular an-
tiferromagnet YMnQO3
Journal of Experimental and Theoretical
Physics Letters 81, 287 (2005).
Group: Mesot / Project: 3

C. RUEGG, B. NORMAND, M. MATSUMOTO,
C. NIEDERMAYER, A. FURRER, K. W.
KRAMER, H. U. GUDEL, P. BOURGES, Y. SIDIS,

AND H. MUTKA
Quantum Statistics of Interacting Dimer Spin

Systems
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Physical Review Letters 95, 267201 (2005).
Group: Mesot / Project: 1

H. M. RONNOW, R. PARTHASARATHY,
J. JENSEN, G. AEPPLI, T. F. ROSENBAUM, AND
D. MCMORROW
Quantum phase transition of a magnet in a spin
bath

Science 308, 389 (2005).
Group: Mesot / Project: 1

C. SCHANZER, V. R. SHAH, T. GUTBERLET,
M. GuUPTA, P. BONI, AND H. B. BRAUN
Magnetic depth profiling of FM/AF/FM trilay-
ers by PNR
Physica B 356, 46 (2005).
Group: Mesot / Project: 6

V. R. SHAH, C. SCHANZER, P. BONI, AND
H. B. BRAUN
Magnetization reversal in FM/AF/FM trilay-

ers: dependence of AF thickness
Journal of Magnetism and Magnetic Materials
286, 484 (2005).
Group: Mesot / Project: 6

U. STAUB, A. M. MULDERS, O. ZAHARKO,
S. JANSSEN, T. NAKAMURA, AND S. W.
LOVESEY

Orbital Dynamics of the 4f Shell in DyB,Cp

Physical Review Letters 94, 036408 (2005).
Group: Mesot / Project: 1

S. STREULE, A. PODLESNYAK, J. MESOT,
M. MEDARDE, K. CONDER, E. PoMm-
JAKUSHINA, E. MITBERG, AND

V. KOZHEVNIKOV
Effect of oxygen ordering on the structural and

magnetic properties of the layered perovskites
Pi’BﬂCOQO5+5
Journal of Physics: Condensed Matter 17, 3317
(2005).
Group: Mesot / Project: 3

O. ZAHARKO, H. M. RoNNOW, A. DAOUD-
ALADINE, S. STREULE, F. JURANYI, J. MESOT,
H. BERGER, AND P. BROWN
Incommensurate magnetism in the coupled spin
tetrahedra system CuyTe, O5Clyp
Low Temperature Physics 31, 814 (2005).
Groups: Mesot, Margaritondo / Projects: 1,3

O. ZAHARKO, H. M. RONNOW, A. DAOUD-
ALADINE, S. STREULE, F. JURANYI, J. MESOT,
H. BERGER, AND P. J. BROWN
Incommensurate magnetism in the coupled spin
tetrahedra system CuyTe, O5Cly
Fizika Nizkikh Temperatur 31, 1068 (2005).
Groups: Margaritondo, Mesot / Projects: 1,3
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Group of F. Mila

A. GELLE, A. M. LAUCHLI, B. KUMAR, AND
F. MILA
Two-dimensional quantum antiferromagnet
with a fourfold degenerate dimer ground state
Physical Review B 77, 014419 (2008).
Group: Mila / Project: 1

G. MISGUICH AND F. MILA
Quantum Dimer Model on the triangular lat-

tice: Semiclassical and variational approaches
to vison dispersion and condensation
Physical Review B (2008).
Group: Mila / Project: 1

K. P. SCHMIDT, J. DORIER, A. LAEUCHLI, AND
F. MiLA
Supersolid phase induced by correlated hopping
in spin-1/2 frustrated quantum magnets
Physical Review Letters 100, 090401 (2008).
Group: Mila / Project: 1

N. LAFLORENCIE AND F. MILA
Quantum and Thermal Transitions Out of the
Supersolid Phase of a 2D Quantum Antiferro-
magnet

Physical Review Letters 99, 027202 (2007).
Group: Mila / Project: 1

A. LAUCHLI, S. DOMMANGE, B. NORMAND,
AND F. MILA
Static impurities in the S 3/2 kagome

lattice: Exact diagonalization calculations on
small clusters

Physical Review B 76, 144413 (2007).
Group: Mila / Project: 1

FE. MiLA, F. VERNAY, A. RALKO, F. BECCA,
P. FAZEKAS, AND K. PENC
The emergence of resonating valence bond
physics in spin-orbital models
Journal of Physics: Condensed Matter 19,
145201 (2007).

Group: Mila / Project: 1

S. MIYAHARA, J.-B. FOUET, S. R. MANMANA,
R. M. NOACK, H. MAYAFFRE, I. SHEIKIN,
C. BERTHIER, AND F. MILA
Uniform and staggered magnetizations induced
by Dzyaloshinskii-Moriya interactions in iso-
lated and coupled spin-1/2 dimers in a magnetic
field
Physical Review B 75, 184402 (2007).
Group: Mila / Project: 1

K. PENC, J.-B. FOUET, S. MIYAHARA, O. TCH-
ERNYSHYOV, AND F. MILA
Ising Phases of Heisenberg Ladders in a Mag-
netic Field
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Physical Review Letters 99, 117201 (2007).
Group: Mila / Project: 1

D. POILBLANC, M. MAMBRINI, A. LAUCHLI,
AND F. MILA

Exotic phenomena in doped quantum magnets

Journal of Physics: Condensed Matter 19,
145205 (2007).

Group: Mila / Project: 1

D. PoiLBLaANC, C. WEBER, F. MILA, AND

M. SIGRIST
Checkerboard order in the t-] model on the

square lattice

Journal of Magnetism and Magnetic Materials
310, 523 (2007).
Groups: Rice, Mila, Sigrist / Project: 1

A. RALKO, M. FERRERO,
D. IVANOV, AND F. MILA
Crystallization of the resonating valence bond
liquid as vortex condensation
Physical Review B 76, 140404 (2007).
Group: Mila / Project: 1

FE. BECcCA,

A.RALKO, FE. MILA, AND D. POILBLANC
Phase Separation and Flux Quantization in the
Doped Quantum Dimer Model on Square and
Triangular Lattices

Physical Review Letters 99, 127202 (2007).
Group: Mila / Project: 1

C. R. Ast, D. PACILE, M. PAPAGNO,

T. GLOOR, F. MiLA, S. FEDRIGO, G. WIT-

TICH, K. KERN, H. BRUNE, AND M. GRIONI
Orbital selective overlayer-substrate hybridiza-
tion in a Pb monolayer on Ag(111)

Physical Review B 73, 245428 (2006).

Groups: Grioni, Mila / Project: 1

M. CLEMANCEY, H. MAYAFFRE, C. BERTHIER,
M. HORVATIC, J.-B. FOUET, S. MIYAHARA,
F. MiLA, B. CHIARI, AND O. PIOVESANA
Field-Induced Staggered Magnetization and
Magnetic Ordering in Cuy(CsH13N7)Cly
Physical Review Letters 97, 167204 (2006).
Group: Mila / Project: 1

]J.-B. FOUET, A. LAUCHLI, S. PILGRAM, R. M.
NOACK, AND F. MILA
Frustrated three-leg spin tubes: From spin 1/2
with chirality to spin 3/2
Physical Review B 73, 014409 (2006).
Group: Mila / Project: 1

J.-B. FOUET, FE. MiLA, D. CLARKE, H. YOUK,
O. TCHERNYSHYOV, P. FENDLEY, AND R. M.

NOACK
Condensation of magnons and spinons in a

frustrated ladder
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Physical Review B 73, 214405 (2006).
Group: Mila / Project: 1

J. L. GAVILANO, E. FELDER, D. RAU, H. R.
OTT, P. MILLET, F. MILA, T. CICHOREK, AND

A.C.MotAa
NayV3007: An unusual low-dimensional

quantum magnet

Physica B 378-380, 123 (2006).
Groups: Ott, Mila / Project: 1

A.LAuUCHLI, F. MILA, AND K. PENC
Quadrupolar Phases of the S = 1 Bilinear-
Biquadratic Heisenberg Model on the Triangu-
lar Lattice

Physical Review Letters 97, 087205 (2006).

Group: Mila / Project: 1

M. MAMBRINI, A. LAUCHLI, D. POILBLANC,
AND F. MILA
Plaquette valence-bond crystal in the frustrated
Heisenberg quantum antiferromagnet on the
square lattice

Physical Review B 74, 144422 (2006).
Group: Mila / Project: 1

V. V. MAZURENKO, E. MILA, AND V. I. ANISI-
MOV
Electronic structure and exchange interactions

OleIle307
Physical Review B 73, 014418 (2006).
Group: Mila / Project: 1

D. POILBLANGC, F. ALET, F. BECCA, A. RALKO,
F. TROUSSELET, AND F. MILA
Doping quantum dimer models on the square
lattice

Physical Review B 74, 014437 (2006).
Group: Mila / Project: 1

D. POILBLANC, A. LAUCHLI, M. MAMBRINI,

AND F. MILA
Spinon deconfinement in doped frustrated

quantum antiferromagnets

Physical Review B 73, 100403 (2006).
Group: Mila / Project: 1

A. RALKO, M. FERRERO,
D. IvANOV, AND F. MILA
Dynamics of the quantum dimer model on the
triangular lattice: Soft modes and local resonat-
ing valence-bond correlations
Physical Review B 74, 134301 (2006).
Group: Mila / Project: 1

F. BECcCA,

K. P. SCHMIDT, J. DORIER, A. LAUCHLI, AND
F. MiLA
Single-particle versus pair condensation of

hard-core bosons with correlated hopping
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Physical Review B 74, 174508 (2006).
Group: Mila / Project: 1

F. VERNAY, A. RALKO, F. BECCA, AND F. MILA
Identification of an RV B liquid phase in a quan-
tum dimer model with competing kinetic terms

Physical Review B 74, 054402 (2006).

Group: Mila / Project: 1

C. WEBER, A. LAUCHLI, F. MILA, AND T. GI-

AMARCHI
Magnetism and superconductivity of strongly

correlated electrons on the triangular lattice
Physical Review B 73, 014519 (2006).

Groups: Mila, Giamarchi / Project: 1

C. WEBER, D. POILBLANC, S. CAPPONI,
F. MILA, AND C. JAUDET
Bond-order-modulated staggered-flux phase of
the t] model on a square lattice
Physical Review B 74, 104506 (2006).
Group: Mila / Project: 1

R. BENDJAMA, B. KUMAR, AND F. MILA
Absence of Single-Particle Bose-Einstein Con-
densation at Low Densities for Bosons with
Correlated Hopping

Physical Review Letters 95, 110406 (2005).

Group: Mila / Project: 1

J. DORIER, F. BECCA, AND F. MILA
Quantum compass model on the square lattice

Physical Review B 72, 024448 (2005).
Group: Mila / Project: 1

M. ELHAJAL AND F. MILA
Dynamic spin Jahn-Teller effect in small mag-
netic clusters

The European Physical Journal B 47, 185
(2005).
Group: Mila / Project: 1

J. L. GAVILANO, E. FELDER, D. RAU, H. R.
OTT, P. MILLET, F. MILA, T. CICHOREK, AND

A. C. MOTA
Unusual magnetic properties of the low-

dimensional quantum magnet Nay V307
Physical Review B 72, 064431 (2005).
Groups: Mila, Ott / Project: 1

V. N. Kotov, M. ELHAJAL, M. E. ZHITO-
MIRSKY, AND F. MILA
Dzyaloshinsky-Moriya-induced order in the
spin-liquid phase of the S = 1/2 pyrochlore anti-
ferromagnet
Physical Review B 72, 014421 (2005).
Group: Mila / Project: 1

S. MIYAHARA AND F. MILA
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The effects of Dzyaloshinsky-Moriya interac-
tion in the orthogonal dimer Heisenberg model
for SrCu»(BO3)»
Progess of Theoretical Physics 159, 33 (2005).
Group: Mila / Project: 1

L. PErR°reTTI, T. A. GLOOR,

H. BERGER, AND M. GRIONI
Unexpected periodicity in the quasi-two-
dimensional Mott insulator 1T-TaS, revealed
by angle-resolved photoemission

Physical Review B 71, 153101 (2005).

Groups: Margaritondo, Mila, Grioni / Projects: 1,3

EF. MILA,

C. WEBER, F. BECCA, AND F. MILA
Finite-temperature properties of frustrated clas-
sical spins coupled to the lattice

Physical Review B 72, 024449 (2005).

Group: Mila / Project: 1

Group of R. Nesper

A. MICHAILOVSKI, R. KIEBACH, W. BENSCH,
J.-D. GRUNWALDT, A. BAIKER, S. KOMAR-
NENI, AND G. R. PATZKE
Morphological and Kinetic Studies on Hexago-
nal Tungstates
Chemistry of Materials 19, 185 (2007).
Group: Nesper / Projects: 4, 6

M. WORLE, R. NESPER, G. MAIR, AND H. G.
VON SCHNERING
LigB1g(LipO)y — A boride with a porous frame-
work of Bg octahedra
Solid State Sciences 9, 459 (2007).
Group: Nesper / Projects: 4, 6

M. J. HEIGHT, L. MADLER, S. E. PRATSINIS,

AND F. KRUMEICH
Nanorods of ZnO Made by Flame Spray Pyrol-

ysis
Chemistry of Materials 18, 572 (2006).
Group: Nesper / Projects: 4, 6

F. KRUMEICH AND R. NESPER
Oxidation products of the niobium tungsten ox-
ide NbyW13O47: A high-resolution scanning
transmission electron microscopy study
Journal of Solid State Chemistry 179, 1857
(2006).
Group: Nesper / Projects: 4,6

A. MICHAILOVSKI AND G. R. PATZKE
Hydrothermal Synthesis of Molybdenum Ox-

ide Based Materials: Strateqy and Structural
Chemistry

Chemistry-A European Journal 12, 9122
(2006).

Group: Nesper / Projects: 4, 6
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A. MICHAILOVSKI, H. RUEGGER, D. SHEP-
TYAKOV, AND G. R. PATZKE
Synthesis and characterization of Novel Fluori-
nated Poly(oxomolybdates)
Inorganic Chemistry 45, 5641 (2006).
Group: Nesper / Projects: 4,6
R. NESPER, A.

F. KRUMEICH
Synthesis and Characterization of Carbon-

Based Nanoparticles and Highly Magnetic
Nanoparticles with Carbon Coatings
Advanced Functional Materials 16, 296 (2006).
Group: Nesper / Projects: 4,6

IVANTCHENKO, AND

A. M. TAURINO, A. FORLEO, L. FRANCIOSO,
P. SICILIANO, M. STALDER, AND R. NESPER
Synthesis, electrical characterization and
gas sensing properties of molybdenum oxide
nanorods
Applied Physics Letters 88, 152111 (2006).
Group: Nesper / Projects: 4,6

M. WORLE, R. NESPER, AND T. CHATTER]I
LiBy (0.82 < x < 1.0) — an incommensurate
Composite Structure below 150 K

Zeitschrift fiir Anorganische und Allgemeine

Chemie 632, 1737 (2006).

Group: Nesper / Projects: 4, 6

Q. XIE AND R. NESPER
Structural and Electronic Characterization
of EupLiSis, EupLiGes and Euy,Sry_,LiGes
Mixed Crystals
Zeitschrift fiir Anorganische und Allgemeine
Chemie 632, 1743 (2006).
Group: Nesper / Projects: 4,6

J. HABERECHT, F. KRUMEICH, M. STALDER,
AND R. NESPER
Carbon nanostructures on high-temperature ce-

ramics — a novel composite material and its
functionalization
Catalysis Today 102, 40 (2005).
Group: Nesper / Projects: 4,6

J. HABERECHT, R.
H. GRUTZMACHER
A Construction Kit for Si-B-C-N Ceramic Ma-

terials Based on Borazine Precursors

Chemistry of Materials 17, 2340 (2005).
Group: Nesper / Projects: 4,6

NESPER, AND

C. KUBATA, F. KRUMEICH, M. WORLE, AND
R. NESPER
The Real Structure of YbSiy 4 — Commensu-

rately and Incommensurately Modulated Sili-
con Substructures

Zeitschrift fiir Anorganische und Allgemeine

Publications m—



essssssssssss——— P ublications

Chemie 631, 546 (2005).
Group: Nesper / Projects: 4, 6

F. OTTINGER, I. KrROSLAKOVA, K. HAMET-

NER, E. REUSSER, R. NESPER, AND
D. GUNTHER
Analytical  evidence of amorphous —mi-

crodomains within nitridosilicate and ni-
tridoaluminosilicate single crystals

Analytical & Bioanalytical Chemistry 383, 489
(2005).
Group: Nesper / Projects: 4, 6

F. OTTINGER AND R. NESPER
Synthesis and Crystal Structure of the Nitri-

dosilicates Cas[SiyNg] and Cay[NbSipNg]
Zeitschrift fiir Anorganische und Allgemeine
Chemie 631, 1597 (2005).
Group: Nesper / Projects: 4,6

S. PIOTTO AND R. NESPER
CURVIS: a program to study and analyse crys-
tallographic structures and phase transitions

Journal of Applied Crystallography 38, 223
(2005).
Group: Nesper / Projects: 4, 6

H. G. VON SCHNERING, M. SCHWARZ, J.-
H. CHANG, K. PETERS, E. M. PETERS, AND

R. NESPER
Refinement of the crystal structures of the

tetrahedro-tetrasilicides KySiy, RbySiy and
CS,4Siy
Zeitschrift fiir Kristallographie — New Crystal
Structures 220, 525 (2005).
Group: Nesper / Projects: 4, 6

Group of H.-R. Ott

F. PFUNER, L. DEGIORGI,
A. BIANCHI, AND Z. FISK

Magneto-optical behavior of Eulny Py

Physical Review B 77, 024417 (2008).
Groups: Degiorgi, Ott / Project: 1

H. R. OrT,

M. WELLER, J. L. GAVILANO, A. SACCHETTI,

AND H. R. OTT
Low temperature NMR study of CeAls under

hydrostatic pressure
Physica B 403, 834 (2008).
Group: Ott / Project: 1

M. WELLER, J. L. GAVILANO, A. SACCHETTI,

AND H. R. OTT
Pressure induced variation of the ground state

of CeAl3

Physical Review B 77, 132402 (2008).
Group: Ott / Project: 1
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B. PEDRINI, S. WESSEL, J. L. GAVILANO, H. R.
OTT, S. M. KAZAKOV, AND J. KARPINSKI
Quenching of the Haldane gap in LiVSiyOg and
related compounds
The European Physical Journal B 55, 219
(2007).
Groups: Karpinski, Ott / Projects: 1,3, 4

A. V. SOLOGUBENKO, T. LORENZ, H. R. OTT,
AND A. FREIMUTH
Thermal Conductivity via Magnetic Excita-

tions in Spin-Chain Materials
Journal of Low Temperature Physics 174, 387
(2007).
Group: Ott / Project: 2

G. A. WIGGER, E. FELDER, M. WELLER,
S. STREULE, H. R. OTT, A. D. BIANCHI, AND

Z.. FIsK
Percolation

Elxll,xCEle6
The European Physical Journal B 46, 231
(2007).

limited  magnetic ~ order in

Group: Ott / Project: 1

G. CAIMI, A. PERUCCHI, L. DEGIORGI, H. R.
OTT, V. M. PEREIRA, A. H. CASTRO NETO,
A. D. BIANCHI, AND Z. FISK
Magneto-Optical Evidence of Double Exchange
in a Percolating Lattice

Physical Review Letters 96, 016403 (2006).
Groups: Degiorgi, Ott / Project: 1

J. L. GAVILANO, E. FELDER, D. RAU, H. R.
OTT, P. MILLET, F. MIiLA, T. CICHOREK, AND

A. C.MotAa
NayV30¢7:  An unusual low-dimensional

quantum magnet
Physica B 378-380, 123 (2006).
Groups: Ott, Mila / Project: 1

J. L. GAVILANO, B. PEDRINI, K. MAGISHI,
J. HINDERER, M. WELLER, H. R. OTT, S. M.
KAZAKOV, AND J. KARPINSKI
Localized versus itinerant magnetic moments in
NEIO]COOZ
Physical Review B 74, 064410 (2006).
Groups: Karpinski, Ott / Projects: 1, 3,4

J. HINDERER, S. M. WEYENETH, M. WELLER,
J. L. GAVILANO, E. FELDER, F. HULLIGER,
AND H. R. OTT
NMR study of CeTe at low temperatures
Physica B 378-380, 765 (2006).
Group: Ott / Project: 1

H.R. OTT
Heavy electrons and non-Fermi liquids, the

early times
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Physica B 378-380, 1 (2006).
Group: Ott / Project: 1

B. PEDRINI, S. WEYENETH, J. L. GAVILANO,
J. HINDERER, M. WELLER, H. R. OTT, S. M.
KAZAKOV, AND J. KARPINSKI

Magnetic transition in Nag5CoO; at 88 K

Physica B 378-80, 861 (2006).
Groups: Karpinski, Ott / Projects: 1, 3, 4

A. V. SOLOGUBENKO, N. D. ZHIGADLO,
J. KARPINSKI, AND H. R. OTT
Thermal conductivity of Al-doped MgBy: Im-
purity scattering and the wvalidity of the
Wiedemann-Franz law
Physical Review B 74, 184523 (2006).
Groups: Karpinski, Ott / Projects: 2,3, 4

M. WELLER, J. HINDERER, J. L. GAVILANO,
B. PEDRINI, D. RAU, I. SHEIKIN, M. CHIAO,
AND H. R. OTT
NQR studies of CePdyIn under hydrostatic
pressure
Physica B 378-380, 892 (2006).
Group: Ott / Project: 1

J. L. GAVILANO, E. FELDER, D. RAU, H. R.
OT1T, P. MILLET, F. MILA, T. CICHOREK, AND
A.C.MoTA
Unusual magnetic properties of the low-
dimensional quantum magnet Nay V307
Physical Review B 72, 064431 (2005).
Groups: Mila, Ott / Project: 1

J. L. GAVILANO, D. RAU, B. PEDRINI,
K. MAGISHI, M. WELLER, J. HINDERER, H. R.
OTT, S. M. KAZAKOV, AND J. KARPINSKI
Unconventional ~ charge  ordering
Nag70CoO5 below 300 K?
Physica B 359, 1237 (2005).
Groups: Karpinski, Ott / Projects: 3, 4

in

K. MAGIsHI, J. L. GAVILANO, B. PEDRINI,
J. HINDERER, M. WELLER, H. R. OTT, S. M.
KAZAKOV, AND J. KARPINSKI
Evidence for s-wave superconductivity in the p-
pyrochlore oxide RbOsyOg
Physical Review B 71, 024524 (2005).
Groups: Karpinski, Ott / Projects: 3,4

B. PEDRINI, J. L. GAVILANO, S. WEYENETH,
E. FELDER, J. HINDERER, M. WELLER, H. R.
OTT, S. M. KAZAKOV, AND J. KARPINSKI
Magnetic  phase transition at 88 K in
Nay5CoO, revealed by 2Na NMR inves-
tigations
Physical Review B 72, 214407 (2005).
Groups: Karpinski, Ott / Projects: 1, 3, 4
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A. V. SOLOGUBENKO, N. D. ZHIGADLO, S. M.
KAazAKOV, J. KARPINSKI, AND H. R. OTT
Influence of carbon substitution on the heat
transport in single crystalline MgB,
Physical Review B 71, 020501 (2005).
Groups: Karpinski, Ott / Projects: 2,3, 4

G. A. WIGGER, E. FELDER, R. MONNIER,
H. R. OTT, L. PHAM, AND Z. FISK
Low-temperature phase transitions in the
induced-moment system PrBy
Physical Review B 72, 014419 (2005).
Group: Ott / Project: 1

Group of P. Paruch

G. CATALAN, H. BEA, S. FusiL, M. BIBES,
P. PARUCH, A. BARTHELEMY, AND J. F. SCOTT
Fractal Dimension and Size Scaling of Domains
in Thin Films of Multiferroic BiFeO3
Physical Review Letters 100, 027602 (2008).
Group: Paruch / Project: 5

P. PARUCH AND J.-M. TRISCONE
High-temperature ferroelectric domain stability
in epitaxial PbZr 2 TiggOs3 thin films

Applied Physics Letters 88, 162907 (2006).

Groups: Triscone, Paruch / Project: 5

Group of Ch. Renner

S. HEuTz, C. MITRA, W. WU, A. J. FISHER,
A.KERRIDGE, M. STONEHAM, A. H. HARKER,
J. GARDENER, H.-H. TSENG, T. S. JONES,
C. RENNER, AND G. AEPPLI
Molecular Thin Films: A New type of Magnetic
Switch
Advanced Materials 19, 3618 (2007).

Group: Renner / Project: 1

S. DE SANTIS, B. BRYANT, M. WARNER,
H. WANG, T. KIMURA, Y. TOKURA, C. REN-
NER, A. BIANCONI, AND G. AEPPLI
Imaging of Polarons in Ferromagnetic Bilay-
ered Manganites by Scanning Tunnelling Mi-
croscopy
Journal of Superconductivity and Novel Mag-
netism 20, 531 (2007).

Group: Renner / Project: 1

Group of T. M. Rice

Y. CHEN, T. M. RICE, AND F. C. ZHANG
Atomic scale rotational symmetry breaking in
lightly doped Cap_xNayCuO,Cl;

Physica C 460-462, 234 (2007).

Groups: Rice, Sigrist / Project: 2
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P. A. FRIGERI, D. F. AGTERBERG, I. MILAT,
AND M. SIGRIST
Phenomenological theory of the ‘s-wave’ state in
superconductors without an inversion center
The European Physical Journal B 54, 435
(2007).
Groups: Rice, Sigrist / Project: 2

M. INDERGAND, C. HONERKAMP,

A.LAUCHLI, D. POILBLANC, AND M. SIGRIST
Plaquette bond order wave in the quarter-filled
extended Hubbard model on the checkerboard
lattice

Physical Review B 75, 045105 (2007).

Groups: Rice, Sigrist / Project: 1

M. INDERGAND AND M. SIGRIST
Existence of Long-Range Magnetic Order in
the Ground State of Two-Dimensional spin-1/2
Heisenberg antiferromagnets
Progess of Theoretical Physics 117, 1 (2007).
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M. TROYER
Fate of Vacancy-Induced supersolidity in *He

Physical Review Letters 97, 080401 (2006).
Group: Troyer / Project: 1

E. BUROVSKI, N. V. PROKOF'EV, B. Svis-
TUNOV, AND M. TROYER

The Fermi-Hubbard model at unitarity

New Journal of Physics 8, 153 (2006).
Group: Troyer / Project: 1

E. BUROVSKI, N. V. PROKOF'EV, B. V. Svis-
TUNOV, AND M. TROYER
Critical Temperature and Thermodynamics of
Attractive Fermions at Unitarity

Physical Review Letters 96, 160402 (2006).
Group: Troyer / Project: 1

O. Gya1, H. G. KATZGRABER, M. TROYER,
S. WESSEL, AND G. G. BATROUNI
Simulations of ultracold bosonic atoms in opti-
cal lattices with anharmonic traps
Physical Review A 73, 063606 (2006).

Group: Troyer / Project: 1

H. G. KATZGRABER, A. ESPOSITO, AND
M. TROYER
Ramping fermions in optical lattices across a
Feshbach resonance

Physical Review A 74, 043602 (2006).

Group: Troyer / Project: 1

H. G. KATZGRABER, S. TREBST, D. HUSE, AND

M. TROYER
Feedback-optimized parallel tempering Monte
Carlo

Journal of Statistical Mechanics p.
(2006).

P03018
Group: Troyer / Project: 1

A. B. KUKLOV, N. V. PROKOF’EV, B. V. Svis-
TUNOV, AND M. TROYER
Deconfined criticality, runaway flow in the two-
component scalar electrodynamics and weak
first-order superfluid-solid transitions
Annalen der Physik 321, 1602 (2006).
Group: Troyer / Project: 1

L. POLLET, C. KOLLATH, M. TROYER, AND
S. ULRICH
Mixture of bosonic and spin-polarized fermionic

atoms in an optical lattice
Physical Review A 77, 023608 (2006).
Group: Troyer / Project: 1

>
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L. POLLET, M. TROYER, K. VAN HOUCKE,
AND S. M. A. ROMBOUTS
Phase Diagram of Bose-Fermi Mixtures in One-
Dimensional Optical lattices
Physical Review Letters 96, 190402 (2006).

Group: Troyer / Project: 1

S. TREBST, U. SCHOLLWOCK, M. TROYER,
AND P. ZOLLER
d-Wave Resonating Valence Bond States of
Fermionic Atoms in Optical Lattices

Physical Review Letters 96, 250402 (2006).
Group: Troyer / Project: 1

P. WERNER, A. COMANAC, L. DE MEDICI,

A.J. MILLIS, AND M. TROYER
Continuous-Time Solver for Quantum Impu-
rity Models

Physical Review Letters 97, 076405 (2006).
Group: Troyer / Project: 1

F. F. AssaAD, P. WERNER, P. CORBOZ,
E. GULL, AND M. TROYER
Symmetry projection schemes for Gaussian
Monte Carlo methods

Physical Review B 72, 224518 (2005).
Group: Troyer / Project: 1

A. LAucHLI, J. C. DOMENGE, C. LHUILLIER,
P. SINDZINGRE, AND M. TROYER
Two-Step Restoration of SU(2) Symmetry in a
Frustrated Ring-Exchange Magnet
Physical Review Letters 95, 137206 (2005).
Group: Troyer / Project: 1

P. WERNER, G. REFAEL, AND M. TROYER
Simulation results for an interacting pair of re-
sistively shunted Josephson junctions

Journal of Statistical Mechanics p. P12003
(2005).

Group: Troyer / Project: 1

P. WERNER AND M. TROYER
Efficient Simulation of Resistively Shunted

Josephson Junctions

Physical Review Letters 95, 060201 (2005).
Group: Troyer / Project: 1

S. WESSEL AND M. TROYER
Supersolid Hard-Core Bosons on the Triangular
Lattice

Physical Review Letters 95, 127205 (2005).
Group: Troyer / Project: 1
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4.2 Scientific articles in journals without peer review

Group of D. Baeriswyl

D. BAERISWYL AND S. FRATINI
Fate of the Wigner crystal on the square lattice

Journal de Physique IV 131, 247 (2005).
Group: Baeriswyl / Project: 2

Group of Ch. Bernhard

T. NACHTRAB, C. BERNHARD, C. T. LIN,
D. KOLLE, AND R. KLEINER
The Ruthenocuprates: Natural
Superconductor-Ferromagnet Multilayers
Comptes Rendus de Physique 7, 68 (2006).
Group: Bernhard / Project: 2

Group of G. Blatter

A. F. ALBUQUERQUE, H. G. KATZGRABER,
M. TROYER, AND G. BLATTER
Engineering exotic phases for topologically-
protected quantum computation by emulating
quantum dimer models

arXiv:0708.0191 (2007).
Groups: Troyer, Blatter / Project: 1

Group of L. Degiorgi

F. PFUNER, L. DEGIORGI, K. Y. SHIN, AND
I. R. FISHER
Optical properties of the charge-density-wave

polychalcogenide compounds RyTes (R=Nd,
Sm and Gd)

arXiv:0712.2206 (2007).
Group: Degiorgi / Project: 1

A. PERUCCHI, L. DEGIORGI, AND H. BERGER
Charge density wave gap in ZrTes

Journal de Physique IV 131, 305 (2005).
Groups: Margaritondo, Degiorgi / Project: 3

Group of @. Fischer

C. DuBois, G. SaNTI, I. CUTTAT,
C. BERTHOD, N. JENKINS, A. P. PETROVIC,
A. A. MANUEL, . FISCHER, S. M. KAZAKOV,
Z. BUKOWSKI, AND J. KARPINSKI
Scanning Tunneling Spectroscopy in the Super-
conducting State and Vortex Cores of the beta-
pyrochlore KOsy Og

arXiv:0704.0529 (2007).

Groups: Giamarchi, Fischer, Karpinski / Projects: 1,2

220

G. LEVY DE CASTRO, C. BERTHOD, A. PIRIOU,

E. GIANNINI, AND @. FISCHER
Preeminent role of the Van Hove singularity
in the strong-coupling analysis of scanning
tunneling spectroscopy for two-dimensional
cuprates

cond-mat/0703131 (2007).

Groups: Fischer, Giamarchi, van der Marel / Projects: 1,2

Group of L. Forré

S. ToTH, D. QUINTAVALLE, B. NAFRADI,

L. KORECZ, L. FORRO, AND F. SIMON
Enhanced thermal stability and spin-lattice re-
laxation rate of N@C60 inside carbon nan-
otubes

arXiv:0801.4783 (2008).

Group: Forré / Project: 1

N. BARISIC, A. AKRAP, H. BERGER, AND

L. FORRO
Hysteretic behavior at the collapse of the metal-
insulator transition in BaVS3

arXiv:0712.3395 (2007).

Groups: Forré, Margaritondo / Project: 1

N. BARISIC, A. AKRAP, H. BERGER, AND

L. FORRO
The evolution of the Non-Fermi Liquid behavior

of BaVS3 under high pressure
arXiv:0712.3393 (2007).

Groups: Forré, Margaritondo / Project: 1

T. IVEK, T. VULETIC, S. TOMIC, A. AKRAP,
H. BERGER, AND L. FORRO
Collective Charge Excitations below the Metal-
to-Insulator Transition in BaVSs
arXiv:0706.2079 (2007).

Groups: Forrd, Margaritondo / Project: 1

Group of T. Giamarchi

P. BOUILLOT
Meéthodes DMRG appliquées au modele XXZ et

a l'échelle de spins quantiques 1/2
Master’s thesis, Université de Geneve (2007).
Group: Giamarchi / Project: 1

C. DuBois, G. SaNTI, I. CUTTAT,
C. BERTHOD, N. JENKINS, A. P. PETROVIC,
A. A. MANUEL, . FISCHER, S. M. KAZAKOV,
Z. BUKOWSKI, AND J. KARPINSKI

Publications m—
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Scanning Tunneling Spectroscopy in the Super-
conducting State and Vortex Cores of the beta-
pyrochlore KOsy Og

arXiv:0704.0529 (2007).

Groups: Giamarchi, Fischer, Karpinski / Projects: 1,2

G. LEVY DE CASTRO, C. BERTHOD, A. PIRIOU,

E. GIANNINI, AND . FISCHER
Preeminent role of the Van Hove singularity
in the strong-coupling analysis of scanning
tunneling spectroscopy for two-dimensional
cuprates

cond-mat/0703131 (2007).

Groups: Fischer, Giamarchi, van der Marel / Projects: 1,2

M. A. CAZALILLA, A. F. HO, AND T. GIA-
MARCHI
Interacting Bose gases in quasi-one dimensional

optical lattices

in Series on advances in Quantum Many-Body
theories vol. 10, “Recent progress in many body
theories”, S. HERNANDEZ AND H. CATALDO,
eds. (World Scientific, 2006), preprint cond-
mat/0605419.

Group: Giamarchi / Project: 1

G. LEON AND T. GIAMARCHI
Hall Effect in Quasi One-Dimensional Organic
Conductors
Journal of Low Temperature Physics 142, 319
(2006).

Group: Giamarchi / Project: 1

Group of M. Hasler

E. ROy, B. DUTOIT, F. GRILLI, AND F. SIROIS
2D  Magneto-Thermal Modeling of Coated
High-Temperature Superconductors

in Proceedings of the European COMSOL Confer-

ence 2007 (2007), vol. 1, pp. 273-277.

Group: Hasler / Project: 6

Group of J. Karpinski

C. DuBois, G. SaNTI, I. CUTTAT,
C. BERTHOD, N. JENKINS, A. P. PETROVIC,
A. A. MANUEL, . FISCHER, S. M. KAZAKOV,
Z. BUKOWSKI, AND J. KARPINSKI
Scanning Tunneling Spectroscopy in the Super-
conducting State and Vortex Cores of the beta-
pyrochlore KOsy Og
arXiv:0704.0529 (2007).

Groups: Giamarchi, Fischer, Karpinski / Projects: 1,2

R. KHASANOV, A.
A. BUSSMANN-HOLDER, ].
H. KELLER, AND K. A. MULLER
s—wave symmetry along the c-axis and s 4 d
in-plane superconductivity in bulk YBa;CuyOg

SHENGELAYA,
KARPINSKI,
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arXiv:0705.0577 (2007).
Groups: Keller, Karpinski / Project: 2

Group of H. Keller

R. KHASANOVY, A.
A. BUSSMANN-HOLDER, ].
H. KELLER, AND K. A. MULLER
s—wave symmetry along the c-axis and s 4 d
in-plane superconductivity in bulk YBap;CuyOg
arXiv:0705.0577 (2007).
Groups: Keller, Karpinski / Project: 2

SHENGELAYA,
KARPINSKI,

Group of D. van der Marel

G. LEVY DE CASTRO, C. BERTHOD, A. PIRIOU,

E. GIANNINI, AND . FISCHER
Preeminent role of the Van Hove singularity
in the strong-coupling analysis of scanning
tunneling spectroscopy for two-dimensional
cuprates

cond-mat/0703131 (2007).

Groups: Fischer, Giamarchi, van der Marel / Projects: 1,2

F. MARSIGLIO, E. VAN HEUMEN, AND A. B.
KUZMENKO
Impact of a finite cut-off for the optical sum rule
in the superconducting state.

arXiv:0710.5941 (2007).
Group: van der Marel / Project: 2

J. L. M. VAN MECHELEN, D. VAN DER MAREL,
C. GRIMALDI, A. B. KuzMENKO, N. P. AR-
MITAGE, N. REYREN, H. HAGEMANN, AND
I. I. MAZIN

Electron-phonon interaction and charge carrier

mass enhancement in SrTiOs

arXiv:0712.1607 (2007).
Group: van der Marel / Projects: 1,5

Group of G. Margaritondo

N. BARISIC, A. AKRAP, H. BERGER, AND

L. FORRO
Hysteretic behavior at the collapse of the metal-

insulator transition in BaVS3
arXiv:0712.3395 (2007).

Groups: Forré, Margaritondo / Project: 1

N. BARISIC, A. AKRAP, H. BERGER, AND
L. FORRO
The evolution of the Non-Fermi Liquid behavior
of BaVS3 under high pressure

arXiv:0712.3393 (2007).

Groups: Forré, Margaritondo / Project: 1

T. IVEK, T. VULETIC, S. TOMIC, A. AKRAP,
H. BERGER, AND L. FORRO
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Collective Charge Excitations below the Metal-
to-Insulator Transition in BaVS3
arXiv:0706.2079 (2007).

Groups: Forré, Margaritondo / Project: 1

D. CLOETTA, D. ARIOSA, M. ABRECHT,
C. CANCELLIERI, S. MITROVIC, M. PAPAGNO,

AND D. PAVUNA
Systematic Studies of Lay_SryCuQOy in Direct

Synchrotron Light: On the Role of Compressive
against Tensile Strain
in Correlated Electron Systems (SPIE, 2005), vol.
5932.
Group: Margaritondo / Project: 5

A. PERUCCHI, L. DEGIORGI, AND H. BERGER
Charge density wave gap in ZrTes

Journal de Physique IV 131, 305 (2005).
Groups: Margaritondo, Degiorgi / Project: 3

Group of J. Mesot

O. ZAHARKO, J. MESOT, L. A. SALGUERO,
R. VALENTI, M. ZBIRI, M. JOHNSON, Y. FIL-
INCHUK, B. KLEMKE, K. KIEFER, M. MYS'KIV,
T. STRASSLE, AND H. MUTKA

Tetrahedra system CusOClgdacay: magnetic

exchange against molecular vibrations
arXiv:0801.1507 (2008).

Group: Mesot / Project: 1

C. KRAEMER
Magnetische Eigenschaften von LiErF4 — Eine

Untersuchung mittels Neutronenstreung
Master’s thesis, ETHZ (2006).
Group: Mesot / Project: 1

Group of R. Nesper

F. KRUMEICH AND R. NESPER
Elemental Analysis of nm-sized Particles and

Segregations
Chimia 60, 34 (2006).
Group: Nesper / Projects: 4, 6

F. KRUMEICH AND R. NESPER
Zur Charakterisierung von NbyW13049 mittels

HAADF-STEM
Zeitschrift fiir Anorganische und Allgemeine
Chemie 632, 2096 (2006).
Group: Nesper / Projects: 4, 6

Group of H.-R. Ott

A. SACCHETTI, M. WELLER, J. L. GAVILANO,

R. MUDLIAR, B. PEDRINI, K. MAGISHI, H. R.

OTT, R. MONNIER, B. DELLEY, AND Y. ONUKI
6365Cy NMR and NQR evidence for an un-
usual spin dynamics in PrCuy below 100 K
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arXiv:0709.3009 (2007).
Group: Ott / Project: 1

Group of T. M. Rice

C. INIOTAKIS, S. FUJIMOTO, AND M. SIGRIST
Fractional flux quanta at intrinsic metallic in-
terfaces of noncentrosymmetric superconduc-
tors

arXiv:0801.1373 (2008).

Groups: Rice, Sigrist / Project: 2

N. HavasHl, C. INIOTAKIS, M. MACHIDA,
AND M. SIGRIST
Josephson Effect between Conventional and

Rashba Superconductors
arXiv:0711.3241 (2007).
Groups: Rice, Sigrist / Project: 2

H. ADACHI AND M. SIGRIST
Anomalous Thermal Conductivity of Semi-

Metallic Superconductors with Electron-Hole
Compensation
arXiv:0710.3110 (2007).
Groups: Rice, Sigrist / Project: 2

T. YOKOYAMA, C. INIOTAKIS, Y. TANAKA,
AND M. SIGRIST
Chirality sensitive effect on surface states in chi-

ral p-wave superconductors
arXiv:0710.4204 (2007).
Groups: Rice, Sigrist / Project: 2

Group of A. Schilling

H. BARTOLE, A. ENGEL, AND A. SCHILLING
Superconducting Single Photon Detectors

Raith application note, Physics Institute of the
University of Zurich, Switzerland (2006).
Group: Schilling / Project: 5

Group of M. Sigrist

C. INIOTAKIS, S. FUJIMOTO, AND M. SIGRIST
Fractional flux quanta at intrinsic metallic in-
terfaces of noncentrosymmetric superconduc-
tors

arXiv:0801.1373 (2008).
Groups: Rice, Sigrist / Project: 2

H. ADACHI AND M. SIGRIST
Anomalous Thermal Conductivity of Semi-

Metallic Superconductors with Electron-Hole
Compensation
arXiv:0710.3110 (2007).
Groups: Rice, Sigrist / Project: 2

N. HAvAsHI, C. INIOTAKIS, M. MACHIDA,
AND M. SIGRIST

Publications m—
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Josephson Effect between Conventional and
Rashba Superconductors

arXiv:0711.3241 (2007).
Groups: Rice, Sigrist / Project: 2

T. YOKOYAMA, C. INIOTAKIS, Y. TANAKA,
AND M. SIGRIST
Chirality sensitive effect on surface states in chi-
ral p-wave superconductors

arXiv:0710.4204 (2007).
Groups: Rice, Sigrist / Project: 2

Group of M. Troyer

L. POLLET, C. KOLLATH, K. VAN HOUCKE,
AND M. TROYER
Temperature changes when adiabatically ramp-

ing up an optical lattice
arXiv:0801.1887 (2008).
Group: Troyer / Project: 1

S. TREBST, E. ARDONNE, A. FEIGUIN, D. A.

HUSE, A. W. W. LUDWIG, AND M. TROYER
Collective states of interacting Fibonacci
anyons

arXiv:0801.4602 (2008).

Group: Troyer / Project: 1

A. F. ALBUQUERQUE, H. G. KATZGRABER,
M. TROYER, AND G. BLATTER

MaNEP

Engineering exotic phases for topologically-
protected quantum computation by emulating
quantum dimer models

arXiv:0708.0191 (2007).
Groups: Troyer, Blatter / Project: 1

S. GUERTLER, ,

ZHANG
Quantum Monte-Carlo study of a two-species
boson Hubbard model

arXiv:0712.2504 (2007).

M. TROYER, AND F.-C.

Group: Troyer / Project: 1

P. N. MA, L. POLLET, M. TROYER, AND F. C.
ZHANG
A classical picture of the role of vacancies and
interstitials in Helium-4

arXiv:0710.3940 (2007).
Group: Troyer / Project: 1

S. TREBsT, D. A. Husg, E. GULL, H. G.
KATZGRABER, U. H. E. HANSMANN, AND
M. TROYER

Ensemble Optimization Techniques for the Sim-

ulation of Slowly Equilibrating Systems
in Computer Simulation Studies in Condensed
Matter Physics XIX, D. P. LANDAU, S. P. LEWIS,
AND H.-B. SCHUTTLER, eds. (Springer, 2007),
Springer Proceedings in Physics.

Group: Troyer / Project: 1

4.3 Books and scientific articles in anthologies

R. FLUKIGER, D. UGLIETTI, C. SENATORE,
F. BUTA, AND B. SEEBER

Microstructure, Composition and Critical Cur-

rent Density of Nb3Sn multifilamentary wires
in Special Issues on Superconductivity, L. BOT-
TURA AND R. HELLER, eds. (Elsevier, Amster-
dam, 2008, to be published), Cryogenics.

Group: Flikiger / Project: 6

P. GEISER, J. KARPINSKI, AND B. BATLOGG
High pressure crystal growth and characterisa-
tion of AlyGay_,N wide gap semiconductors

in IlI-Nitrides, Devices and Nano-Engineering,

Z. C. FENG, ed. (Imperial College Press (ICP),

2008).

Group: Karpinski / Projects: 3,4

A. BUSSMANN-HOLDER AND H. KELLER
Polaron Effects in High-Temperature Cuprate
Superconductors

in Polarons in Advanced Materials, A. S.

ALEXANDROYV, ed. (Canopus Publishing, Bris-

tol, 2007), vol. 103 of Springer Series in Materials

Science, p. 599.
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Group: Keller / Project: 2

J. FINK, S. BORISENKO, A. KORDYUK,

A. KoitzscH, J. GECK, V. ZABOLOTNYY,

M. KNUPFER, B. BUCHNER, AND H. BERGER
Dressing of the charge carriers in high-T, su-
perconductors

in Very high resolution photoemission spectroscopy,

Lecture Notes in Physics 715, S. HUFNER, ed.

(Springer, Berlin, Heidelberg, 2007), p. 295.
Group: Margaritondo / Project: 3

E. VAN HEUMEN AND D. VAN DER MAREL
Optical probes of electron correlations in solids

in LECTURES ON THE PHYSICS OF
STRONGLY CORRELATED SYSTEMS XI:
Eleventh Training Course in the Physics of
Strongly Correlated Systems, F. MANCINI AND
A. AVELLA, eds. (AIP, 2007), AIP Conference
Proceedings Volume 918, Materials Physics
and Applications, p. 203.

Group: van der Marel / Projects: 1,2,5

J. KARPINSKI
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20 years High Pressure Materials Synthesis
Group Activity After Discovery of High-T, Su-
perconductors
in High-T. Superconductors and Related Transi-
tion Metal Oxides, A. BUSSMAN-HOLDER AND
H. KELLER, eds. (Springer-Verlag, Berlin, Hei-
delberg, 2007), pp. 167-175.
Group: Karpinski / Projects: 3, 4

R. KHASANOV, A. SHENGELAYA,

A. BUSSMANN-HOLDER, AND H. KELLER
Two-gap superconductivity in the cuprate su-
perconductor Lay g351017CuOy

in High-T. Superconductors and Related Transi-
tion Metal Compounds, A. BUSSMANN-HOLDER
AND H. KELLER, eds. (Springer, Berlin, 2007),
p- 177.

Group: Keller / Project: 2

C. LICHTENSTEIGER, M. DAWBER, AND J.-M.
TRISCONE

Ferroelectric Size Effects
in Physics of Ferroelectrics: A Modern Perspective,
K. RABE, C. H. AHN, AND J.-M. TRISCONE,
eds.  (Springer, 2007), Topics in Applied
Physics, pp. 305-338.

Group: Triscone / Project: 5

P. PARUCH, T. GIAMARCHI,

TRISCONE
Nanoscale Studies of Domain Walls in Epitax-
ial Ferroelectric Thin Films

AND J.-M.

in Physics of Ferroelectrics: A Modern Perspective,
K. RABE, C. H. AHN, AND J.-M. TRISCONE,
eds.  (Springer, 2007), Topics in Applied
Physics, pp. 339-362.

Groups: Triscone, Giamarchi / Project: 5

A.-B. POsADAS, M. LIPPMAA, F. J. WALKER,
M. DAwBER, C. H. AHN, AND J.-M.

TRISCONE
Growth and Novel Applications of Epitaxial

Oxide Thin Films
in Physics of Ferroelectrics: A Modern Perspective,
K. RABE, C. H. AHN, AND J.-M. TRISCONE,
eds.  (Springer, 2007), Topics in Applied
Physics, pp. 219-304.

Group: Triscone / Project: 5

K. M. RABE, M. DAWBER, C. LICHTEN-

STEIGER, C. H. AHN, AND J.-M. TRISCONE
Modern Physics of Ferroelectrics: Essential
Background

in Physics of Ferroelectrics: A Modern Perspective,

K. RABE, C. H. AHN, AND J.-M. TRISCONE,

eds.  (Springer, 2007), Topics in Applied

Physics, pp. 1-30.

Group: Triscone / Project: 5
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A. SHENGELAYA, B. I. KOCHELAEV, K. CON-
DER, AND H. KELLER
Electronic phase separation and unusual isotope
effects in Lay_,Sr»CuQy observed by electron
paramagnetic resonance

in High-T, Superconductors and Related Transi-
tion Metal Compounds, A. BUSSMANN-HOLDER
AND H. KELLER, eds. (Springer, Berlin, 2007),
p. 287.

Group: Keller / Project: 2

A. ENGEL, A. SEMENOV, H.-W. HUBERS,
K. IL'IN, AND M. SIEGEL
Electric noise and local photon-induced
nonequilibrium states in a current-carrying
nanostructured superconductor

in New Frontiers in Superconductivity Research,
B. P. MARTINS, ed. (Nova Science Publishers,
Inc., 2006), p. 153.

Group: Schilling / Project: 5

T. GIAMARCHI

Strong correlations in low dimensional systems

in AIP Conf. Proc., Volume 846, Lectures on
the physics of highly correlated electron systems X,
Tenth Training Course in the Physics of Correlated
Electron Systems and High Tc Superconductors,
F. MANCINI AND A. AVELLA, eds. (American
Institute of Physics, Melville, New York, 2006),
vol. 846, p. 94.

Group: Giamarchi / Project: 1

A. PODLESNYAK, K. CONDER, E. POM-
JAKUSHINA, AND A. MIRMELSTEIN
Layered Cobalt Perovskites: Current Topics and
Future Promises

in Frontal Semiconductor Research, O. T.CHANG,
ed. (Nova Publishers, 2006), p. 171.
Group: Mesot / Project: 3

A. BUSSMANN-HOLDER, H. KELLER, AND
M. K. A.
Evidences for polaron formation in cuprates

in  Superconductivity in Complex Systems,
A. BUSSMANN-HOLDER AND K. A. MULLER,
eds. (Springer, Berlin, 2005), vol. 114 of
Structure and Bonding, p. 367.

Group: Keller / Project: 2

L. DEGIORGI
Semiconductors, Optical and infrared proper-

ties of
in Encyclopedia of Condensed Matter Physics,
F. BASSANI, G. L. LIEDL, AND P. WYDER, eds.
(Elsevier, Oxford, 2005), vol. 5, p. 334.
Group: Degiorgi / Project: 1

E. GIANNINI, N. CLAYTON, N. MUSOLINO,
R. GLADYSHEVSKII, AND R. FLUKIGER

Publications m—
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Bi-based superconducting cuprates: materials
aspects, crystal growth and properties
in Frontiers in superconducting materials, A. V.
NARLIKAR, ed. (Springer, Berlin, 2005), vol. 1,

p. 739.
Groups: van der Marel, Fliikiger / Project: 3

H. KELLER
Unconventional isotope effects in cuprate su-

perconductors
in Superconductivity in Complex Systems,
A. BUSSMANN-HOLDER AND K. A. MULLER,
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eds. (Springer, Berlin, 2005), vol. 114 of
Structure and Bonding, p. 143.

Group: Keller / Project: 2

R. NESPER
Zintl Phases of Tetralides — Old Problems and

Their Solution
in Inorganic Chemistry in Focus II, G. MEYER,
D. NAUMANN, AND L. WESEMANN, eds. (Wi-
ley, Weinheim, 2005).
Group: Nesper / Projects: 4,6



MaNEP

SWITZERLAND

MaNEP

Department of Condensed Matter Physics
University of Geneva

24, quai Ernest-Ansermet

CH - 1211 Geneva 4

Switzerland

Phone: +41 22 379 30 13
Fax: +41 22 379 35 89
Homepage: www.manep.ch
Email: manep@unige.ch

Impressum: KIS Original-Services SA



	Summary
	Members and institutions in MaNEP and contacts
	Three years of MaNEP's life
	Communication
	Education and training
	Three years of MaNEP's life
	Knowledge and Technology Transfer (KTT)

	Three years of publications
	Scientific articles in journals with peer review
	Scientific articles in journals without peer review
	Books and scientific articles in anthologies




