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1Executive summary

MaNEP is now well into the third phase and the scientific activities in the new scientific structure
with 8 broad projects are well under way with many new results. Whereas the research and other
activities are advancing full speed, the MaNEP management is increasingly focusing on preparing
the continuation of MaNEP after June 30, 2013. The present efforts to stabilize MaNEP Geneva in
the leading house are advancing very well and we have engaged an effort to find a solution to the
continuation of the network. Below we summarize the main results of this year’s research and other
activities in MaNEP.

Research

Project 1. In this project the physics at
oxide and organic interfaces is studied.
Cuprate/ferromagnetic systems, interfaces
between organic compounds, high-Tc het-
erostructures have been studied. A large effort
in the project concerns the interface between
LaAlO3 and SrTiO3. Our recent experiments
address the question of the origin of the
electron gas found between these two-band
insulators. The results point to the presence of
an electric field in thin (thickness below 4 unit
cells) LaAlO3 layers suggesting that the polar
catastrophe scenario is at work. Domain walls
in ferroelectric materials is another exciting
interface system studied here theoretically and
experimentally. It is found in Pb(Zr0.2Ti0.8)O3
thin films that domain walls are conducting as
observed in BiFeO3.

Project 2. The goal of the project is to develop
nanostructured devices and nanoscale probes
for the investigation of the electronic properties
of new materials. The current focus is on ox-
ide interfaces and carbon-based systems, and
the investigation of topological insulators has
emerged as an additional new line of research.
The development of higher quality material
systems and the use of a broad range of experi-
mental techniques has led to several important
results. These include the observation of quan-
tum oscillations in LaAlO3/SrTiO3 interfaces,
ac quantum Hall effect in graphene, charge
density wave in intercalated graphite, band-
like transport in n-type organic transistors, and
the successful realization of 3D topological in-
sulator devices. Theoretical work represents an
important component of the research, crucial
for the interpretation and planning of experi-

ments.

Project 3. This project covers a broad selec-
tion of applied research involving this year
collaborations with 7 industries and cover-
ing 5 different topics. We can report im-
portant progress in our efforts to improve
the overall superconducting critical current of
MgB2 conductors. Furthermore we have been
able to make important progress towards us-
ing the metal insulator transition in transition
metal hydrides to build a hydrogen sensor.
Four SNF-supported economic stimulus package
projects have reinforced strongly our research
in collaboration with industry.

Project 4. One of the most important goals of
superconductivity research is to create materi-
als with improved superconducting properties,
including higher Tc’s, higher critical fields, and
higher critical current densities. In this spirit a
strong and successful push has been made in
this year by the MaNEP collaboration, result-
ing in the discovery of several novel supercon-
ducting materials, some of them having excep-
tionally high critical temperature. Experimen-
tal and theoretical efforts provided increasing
indication that, notwithstanding unavoidable
effects of electron-phonon coupling which are
also observed, the main magnetic and super-
conducting phenomena in high-Tc materials
have strong electron correlation as their com-
mon origin.

Project 5. This project reports on important
progress in the field of heavy fermion super-
conductivity, concerning the nature of the Q-
phase of CeCoIn5, which displays simultane-
ously superconductivity and magnetism, and
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MaNEP Executive summary

intriguing transport properties in CeCu2Si2,
shedding new light on the valence fluctuation
mechanism for unconventional superconduc-
tivity. Progress has been made in the crystal
growth of the non-centrosymmetric supercon-
ductor CeCoGe3−xSix and alloys in the class
of Fe- and Mn-monosilicide. Developments
of new simulation algorithms for correlated
fermions allowed to study some thermody-
namic aspects of the 3D Hubbard model down
to the Néel temperature.

Project 6. In year 10, we applied a vast
arsenal of experimental methods (neutrons,
nuclear magnetic resonance, resonant X-rays,
etc.), as well as theoretical approaches, to study
novel quantum phases and excitations in mag-
netic materials. The emphasis is on low-
dimensional, frustrated and disordered sys-
tems. Through internal and external collab-
orations, we now cover all stages of the re-
search process: sample preparation, character-
ization, laboratory and large-scale facility mea-
surements, data analysis, modeling and simu-
lation.

Project 7. The subjects of the project are
low-dimensional conductors in which various
ground states compete with each other. From
this competition, new, emergent phenomena
may arise. The tuning of the interactions be-
tween different ground states, besides temper-
ature, is achieved by chemical means (doping)
or/and by applying external pressure.

Project 8. This project is looking at cold atoms
with the perspective of both using them as
quantum simulators for complicated problems
in condensed matter, and also to create and un-
derstand novel systems and situations. On the
first part, a conjunction of experiments, analyt-
ical, and numerical simulations has allowed to
make considerable progress on that point. The
validation of quantum simulators was consid-
ered as one of the breakthrough of the year
2010 by Science. Several novel realizations,
such as multicomponent systems and out-of-
equilibrium situations, were obtained, and an-
alyzed allowing to develop new concepts and
methods, both analytical and numerical.

Knowledge and technology transfer

MaNEP has by now developed a close contacts
with a number of industries. In addition to the
research carried out in Project 3, presently with
six different companies, we have during the
year continued collaborations with the com-
pany Sécheron on electric contacts. As another
example, the renowned Swiss manufacturer
Caran d’Ache SA is interested in new coatings
and we are elaborating a project with them. In
order to be able to handle the increased num-
ber of applied projects we have obtained sup-
plementary space to install the MaNEP Devel-
opment Lab. The Geneva Creativity Center is
now into an operational mode and the min-
istry for education and the ministry for econ-
omy in Geneva have announced that they will
fund this operation. An official inauguration
will take place later in 2011.

Education, training and advancement of women

The MaNEP doctoral school is in its 3rd year
and is largely composed by international stu-
dents, and we are glad to announce that 32% of
these students are women, a remarkable evo-
lution as compared to earlier years. From Jan-
uary 1, 2011 this program joined forces with
the Swiss CUSO doctoral program in physics.
The MaNEP winter school 2011 was held at
Saas-Fee and was as earlier a great success. In
2010 MaNEP was present actively at the Swiss
Physical Society meeting with 138 scientists, of
which 59 PhD students presenting 22 oral talks
and 100 posters. PhysiScope continues its suc-
cess and is increasingly becoming both an edu-
cation and a communication tool.

Communication

This year, a large effort has been spent to pre-
pare the centennial of superconductivity, a cel-
ebration MaNEP is using in its communication
to schoolchildren and the general public. A
first event shall take place in April starting with
a common press conference between MaNEP
and CERN. MaNEP is also collaborating with
the Swiss Physical Society in this celebration
and other Swiss institutions. The main part of
these manifestations shall take place in the fall
of 2011.
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2Research

2.1 Structure of the NCCR and status of integration

2.1.1 Structure of the NCCR

This section provides an up-to-date summary of the organization of MaNEP, the Swiss National
Centre of Competence in Research (NCCR) on Materials with Novel Electronic Properties.

Academic institutions members of MaNEP

• University of Geneva (UniGE), home insti-
tution

• 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)
• Haute école de paysage, d’ingénierie et

d’architecture, Genève (Hepia)

Industrial Partners

• ABB, Baden
• AgieCharmilles, Meyrin
• Asulab (a member of Swatch Group),

Marin
• Bruker BioSpin, Fällanden
• Phasis, Geneva
• Sécheron, Meyrin
• SwissNeutronics, Klingnau
• Vacheron Constantin, Geneva

Scientific Committee

• Leonardo Degiorgi, ETHZ
• Øystein Fischer, UniGE, director
• László Forró, EPFL
• Thierry Giamarchi, UniGE
• Dirk van der Marel, UniGE, deputy

director

• Frédéric Mila, EPFL
• Alberto Morpurgo, UniGE
• Christoph Renner, UniGE, deputy director
• Manfred Sigrist, ETHZ
• Jean-Marc Triscone, UniGE
• Urs Staub, PSI
• Andrey Zheludev, ETHZ

MaNEP Forum

Full members:

• Markus Abplanalp, ABB
• Philipp Aebi, UniFR
• Dionys Baeriswyl, UniFR
• Bertram Batlogg, ETHZ
• Christian Bernhard, UniFR
• Gianni Blatter, ETHZ
• Markus Büttiker, UniGE
• Michel Decroux, UniGE
• Leonardo Degiorgi, ETHZ
• Daniel Eckert, Bruker BioSpin
• Tilman Esslinger, ETHZ
• Øystein Fischer, UniGE
• René Flükiger, UniGE
• László Forró, EPFL
• Thierry Giamarchi, UniGE
• Enrico Giannini, UniGE
• Marco Grioni, EPFL
• Didier Jaccard, UniGE
• Janusz Karpinski, ETHZ
• Hugo Keller, UniZH
• Michel Kenzelmann, PSI
• Dirk van der Marel, UniGE
• Joël Mesot, PSI and ETHZ
• Frédéric Mila, EPFL
• Elvezio Morenzoni, PSI
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• Alberto Morpurgo, UniGE
• Christof Niedermayer, PSI
• Hans-Rudolf Ott, ETHZ
• Patrycja Paruch, UniGE
• Greta Patzke, UniZH
• Christoph Renner, UniGE
• T. Maurice Rice, ETHZ
• Nico de Rooij, EPFL
• Henrik M. Rønnow, EPFL
• Manfred Sigrist, ETHZ
• Urs Staub, PSI
• Gilles Triscone, Hepia
• Jean-Marc Triscone, UniGE
• Matthias Troyer, ETHZ
• Anke Weidenkaff, Empa and UniBE
• Philip Willmott, PSI
• Klaus Yvon, UniGE
• Andrey Zheludev, ETHZ

Associate members:

• Christophe Berthod, UniGE
• Harald Brune, EPFL
• Kazimierz Conder, PSI
• Jorge Cors, UniGE and Phasis
• Bernard Delley, PSI
• Bertrand Dutoit, EPFL
• Vladimir Gritsev, UniFR
• Hans-Joseph Hug, Empa
• Jürg Hulliger, UniBE
• Ivan Maggio-Aprile, UniGE
• Reinhard Nesper, ETHZ
• Frithjof Nolting, PSI
• Davor Pavuna, EPFL
• Andreas Schilling, UniZH
• Louis Schlapbach
• Philipp Werner, ETHZ
• Oksana Zaharko, PSI

Advisory Board

• Dave Blank, University of Twente, Nether-
lands
• Robert J. Cava, Princeton University, USA
• Antoine Georges, Collège de France, Paris,

France
• Denis Jérôme, University Paris Sud, Orsay,

France
• Andrew Millis, Columbia University, USA
• George Sawatzky, University of British

Columbia, Canada

Management (UniGE)

• Øystein Fischer, director
• Dirk van der Marel, deputy director
• Christoph Renner, deputy director
• Marie Bagnoud, administrative manager
• Christophe Berthod, education
• Adriana Bonito Aleman, communication

and, ad interim, knowledge and technol-
ogy transfer

• Pascal Cugni, administrative assistant
• Michel Decroux, scientific manager, ed-

ucation and training, advancement of
women

• Lidia Favre-Quattropani, scientific man-
ager

• Elizabeth Gueniat, executive assistant
• Ivan Maggio-Aprile, computer and inter-

net resources
• Greg Manfrini, technical organization
• David Parietti, communication coordina-

tor
• Christophe Schwarz, secretary

Collaborative projects

1. Novel phenomena at interfaces and in
superlattices

Project leader:

• J.-M. Triscone (UniGE)

Members:

• Ph. Aebi (UniFR)
• C. Bernhard (UniFR)
• T. Giamarchi (UniGE)
• E. Morenzoni (PSI)
• A. Morpurgo (UniGE)
• C. Niedermayer (PSI)
• P. Paruch (UniGE)
• J.-M. Triscone (UniGE)
• Ph. Willmott (PSI)

2. Materials for future electronics

Project leader:

• A. Morpurgo (UniGE)

Members:

• M. Büttiker (UniGE)
• L. Forró (EPFL)
• T. Giamarchi (UniGE)
• E. Giannini (UniGE)
• D. van der Marel (UniGE)
• A. Morpurgo (UniGE)
• P. Paruch (UniGE)
• C. Renner (UniGE)
• M. Sigrist (ETHZ)
• J.-M. Triscone (UniGE)
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3. Electronic materials for energy systems and
other applications

Project leader:

• Ø. Fischer (UniGE)

Members:

• M. Abplanalp (ABB)
• Ph. Aebi (UniFR)
• J. Cors (UniGE and Phasis)
• M. Decroux (UniGE)
• D. Eckert (Bruker Biospin)
• Ø. Fischer (UniGE)
• R. Flükiger/C. Senatore (UniGE)
• J. Hulliger (UniBE)
• M. Kenzelmann (PSI)
• G. Patzke (UniZH)
• C. Renner (UniGE)
• N. de Rooij (EPFL)
• G. Triscone (Hepia)
• J.-M. Triscone (UniGE)
• A. Weidenkaff (Empa and UniBE)
• K. Yvon (UniGE)
• This project is carried out with

six participating industries

4. Electronic properties of oxide superconductors
and related materials

Project leader:

• D. van der Marel (UniGE)

Members:

• D. Baeriswyl (UniFR)
• B. Batlogg (ETHZ)
• L. Degiorgi (ETHZ)
• Ø. Fischer (UniGE)
• T. Giamarchi (UniGE)
• E. Giannini (UniGE)
• J. Karpinski (ETHZ)
• H. Keller (UniZH)
• M. Kenzelmann (PSI)
• D. van der Marel (UniGE)
• C. Niedermayer (PSI)
• T. M. Rice (ETHZ)
• M. Sigrist (ETHZ)

5. Novel electronic phases in strongly correlated
electron systems

Project leader:

• M. Sigrist (ETHZ)

Members:

• D. Baeriswyl (UniFR)
• G. Blatter (ETHZ)
• E. Giannini (UniGE)
• D. Jaccard (UniGE)
• M. Kenzelmann (PSI)
• D. van der Marel (UniGE)
• M. Sigrist (ETHZ)
• M. Troyer (ETHZ)

6. Magnetism and competing interactions in bulk
materials

Project leaders:

• F. Mila (EPFL)
• A. Zheludev (ETHZ)

Members:

• T. Giamarchi (UniGE)
• J. Mesot (PSI and ETHZ)
• F. Mila (EPFL)
• H.-R. Ott (ETHZ)
• H. M. Rønnow (EPFL)
• U. Staub (PSI)
• M. Troyer (ETHZ)
• A. Zheludev (ETHZ)

7. Electronic materials with reduced
dimensionality

Project leader:

• L. Forró (EPFL)

Members:

• Ph. Aebi (UniFR)
• L. Degiorgi (ETHZ)
• L. Forró (EPFL)
• T. Giamarchi (UniGE)
• M. Grioni (EPFL)

8. Cold atomic gases as novel quantum simulators
for condensed matter

Project leader:

• T. Giamarchi (UniGE)

Members:

• G. Blatter (ETHZ)
• T. Esslinger (ETHZ)
• T. Giamarchi (UniGE)
• V. Gritsev (UniFR)
• F. Mila (EPFL)
• M. Troyer (ETHZ)
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2.1.2 Status of integration

As described also in chapter 6, structural as-
pects, the integration in MaNEP follows two
lines: the integration of MaNEP Geneva into
the University of Geneva, on the one hand, and
the continued effort to stimulate collaborations
and synergies between the different groups in
MaNEP, on the other hand.

Concerning the integration into the University
of Geneva, our work in this direction has taken
a fast track during this year with the decision to
elaborate a detailed project of a new building
to unite Mathematics, Astronomy and Physics.
It is the stabilization of MaNEP that is the nu-
cleus in this project, and when this project is
realized it must be seen as a direct structural
result of MaNEP. This project will also give a
strong stability to the continuation of MaNEP
in Geneva at a high level.

We continue our efforts to establish collabora-
tions inside MaNEP. The internal workshops,
held this year in Neuchâtel between January 17
and 21, 2011, are the occasion to have intense
and detailed discussions between the group
leaders. They turn out to be very fruitful and
stimulating. This is the opportunity to mutu-
ally inform about the progress in each group
participating in a project and to adjust research
goals according to the latest results from our
research. Thus this event is each year improv-
ing contacts and synergies between groups.
The milestones are systematically discussed at
these meetings as well, and this is a very useful
tool to boost integration.

A meeting of the MaNEP Forum was held in
connection of these workshops, and for the Fo-
rum meetings we always plan to have enough
time for the members to discuss on an informal
basis. On these occasions it is clear that MaNEP
represents major network in Switzerland. This
is also demonstrated by the large MaNEP par-
ticipation at the meetings of the Swiss Physi-
cal Society (SPS), where MaNEP is present with
its own program every second year. Since the
last report, MaNEP was present with a large
number of participants at the meeting of the
SPS in Basel, which was held on June 21 and
22, 2010. These meetings, which ten years
ago attracted only a small number of partici-
pants, have gained considerably since the three
NCCR in Physics decided to participate. As
we have explained in earlier reports, MaNEP
in particular played a stimulating and decisive
role in this process. There is therefore no doubt
that MaNEP has become a major force in the
Swiss scientific landscape.
Last year we established eight collaborative
projects that continue to motivate collabora-
tions.
The discussions we are presently conducting in
order to find a way to keep the network af-
ter 2013 clearly shows the need for it. It is
also clear that such a network needs a certain
amount of financial support from a national
funding agency to be as efficient as MaNEP is
now in this respect. The proposal NEXT, de-
scribed in chapter 6, contains a detailed argu-
mentation.

8



MaNEPResults — Project 1

2.2 Results since the last progress report

This section reports on the research performed in the eight MaNEP projects for the period from
April 1st 2010 to March 31st 2011.

Project 1 Novel phenomena at interfaces and in superlattices

Project leader: J.-M. Triscone (UniGE)

Participating members: Ph. Aebi (UniFR), C. Bernhard (UniFR), T. Giamarchi (UniGE), E. Moren-
zoni (PSI), A. Morpurgo (UniGE), C. Niedermayer (PSI), P. Paruch (UniGE), J.-M. Triscone (UniGE),
Ph. Willmott (PSI)

Introduction: Interface physics in novel materials is developing very rapidly worldwide with the
vision that such interfaces may allow properties to be designed and possibly novel phenomena to
be discovered. These new physical phenomena include, for instance, novel spin, charge, or orbital
orders, as well as possible new phases. It is the aim of this program to study exciting interface
systems to try discovering new properties.

Summary and highlights

We list here some of the achievements obtained
last year which are more detailed later in the
present report.

• In multilayers from cuprate high-
temperature superconductors and fer-
romagnetic manganites, we studied using
polarized neutron reflectometry how the
magnetization reversal during a magnetic
hysteresis loop evolves.

• On organic-metallic spin-valve structures,
we showed that the sign of the spin polar-
ization of current-injected charge carriers
can be reversed by implementing a polar
layer.

• In the normal state of an underdoped
(UD) La1.94Sr0.06CuO4 layer (T′c ≤ 5 K)
sandwiched between two nearly opti-
mally doped (OP) La1.84Sr0.16CuO4 layers
(Tc ∼= 32 K), we have probed the local dia-
magnetic response. We show that the en-
tire barrier layer of thickness much larger
than typical c-axis coherence lengths of
cuprates exhibits Meissner effect for tem-
peratures well above T′c but below Tc. We
show that superfluidity with long-range
phase coherence is induced in the under-
doped layer by the proximity to optimally
doped layers.

• The atomic structure of LaAlO3 (LAO)
grown on SrTiO3 (STO) has been stud-
ied in detail as a function of the number

of LAO monolayers (ML). Synchrotron-
based surface X-ray diffraction (SXRD) has
revealed the presence of an internal elec-
tric field in the LAO layer, that disap-
pears after 4 ML LAO. The electric field
induces a partial depolarizing buckling of
the cations relative to the oxygen anions,
which collapses after 4 ML.

• At the LAO/STO interface, the evolution
of the lattice parameter with thickness
has been studied and reveals a complete
screening of the LAO electric field for LAO
layers thicker than 6 ML.

• At oxide interfaces, oxygen exchange be-
tween a thin film and its substrate has
been studied using oxygen isotope ex-
change.

• On thin oxide films of LaNiO3 with two
different thicknesses of 4 and 10 unit cells
(uc), we have performed photoemission
experiments. Comparing the measured
spectra of the valence band with previous
measurements carried out on powders, we
conclude that, while the metallic phase
found for the thicker film looks similar to
the one observed in powder samples, the
insulating phase displayed by the thinnest
film looks different.

• We have developed organic Schottky-
gated heterostructures based on single-
crystals of rubrene and PDIF-CN2, which
are gate-tunable and exhibit band-like
transport over a wide range of tempera-
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tures.
• In ferroelectric-paraelectric superlattices,

the coupling of the ferroelectric polariza-
tion across the paraelectric layers has been
studied.
• BiFeO3/LaFeO3 superlattices have been

fabricated and characterized.
• In epitaxial Pb(Zr0.2Ti0.8)O3, the conduc-

tivity at 180◦ domain walls has been stud-
ied.

• We have studied the effects of temper-
ature on the roughness of an interface.
For its static properties we have deter-
mined the lengthscales separating the var-
ious regimes of roughness. For the dy-
namics we have determined the dynami-
cal phase diagram and the various length-
scales associated with the motion in a ran-
dom medium.

1 Magnetization reversal in YBa2Cu3O7/ La2/3Ca1/3MnO3 multilayers and spin injection in
metal-organic spin-valves (C. Bernhard)

1.1 Magnetization reversal in YBa2Cu3O7/
La2/3Ca1/3MnO3 multilayers

With polarized neutron reflectometry (PNR),
we have investigated how the magneti-
zation reversal in a [YBa2Cu3O7 (10 nm)/
La2/3Ca1/3MnO3 (10 nm)]×10 multilayer on a
SrTiO3 substrate evolves during a hysteresis
loop [1]. We found that the switching pro-
cess of the magnetization involves surprisingly
large, micrometer-sized domains that are fur-
thermore strongly coupled along the vertical
direction, i.e. across the YBa2Cu3O7 layers.
This unusual behavior apparently is induced
by the SrTiO3 substrate which at low temper-
ature develops micrometer-sized surface facets
that are tilted with respect to each other by up
to 0.5 degree [2]. These facets are transmit-
ted through the superlattice [3] and give rise to
strain fields that act as templates for the ferro-
magnetic domains in La2/3Ca1/3MnO3 (10 nm)
whose magnetic properties are known to be
very strain-sensitive.

1.2 Spin injection in metal-organic spin-valves

Using the low-energy muon-spin rotation
(LE−µSR) technique, we have previously
shown that depth-resolved measurements of
the spin polarization of current-induced charge
carriers can be performed in real spin-valve
structures that are comprised of metallic fer-
romagnetic layers and organic, non-magnetic,
spacer layers [4]. Recently, we have used this
technique to show that the direction of the spin
polarization can be reversed by inserting an ad-
ditional, thin, LiF layer which acts as an elec-
trical dipole [5]. We have shown that the corre-
sponding “built-in” electric field gives rise to a
vacuum level shift between the Fermi level of
the ferromagnetic layer and the highest occu-
pied molecular orbital (HOMO) level of the or-
ganic material into which the hole-like charge
carriers are injected (Fig. 1). Our experiment

demonstrated that this results in a change of
the polarization of the current-injected charge
carriers. This proof of principle experiment

Figure 1: Schematics showing how the vacuum
level shift due to the insertion of a polar LiF layer
in a metal-organic spin-valve structure gives rise to
a change in the polarization of the charge carriers
that are injected from the conduction band of ferro-
magnetic NiFe into the highest occupied molecular
orbital (HOMO) of the organic semiconductor Alq3.
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demonstrates the possibility that the spin po-
larization of current-injected charge carriers
in metal-organic spin-valves can be modified
with electric fields in addition to magnetic
fields. This opens up new possibilities for the
design of novel device principles where the
processing and storage of information may be
combined on a single device.

2 The Meissner effect in a strongly under-
doped cuprate well above its critical tem-
perature (E. Morenzoni)

2.1 Introduction

In cuprates that show high-temperature su-
perconductivity (HTS), their “normal” (metal-
lic) state above the critical temperature Tc is
quite anomalous, featuring linear temperature
dependence of resistivity, a pseudogap in the
density of states, absorption throughout the in-
frared region, signatures of local superconduct-
ing correlations, etc. [24]. One unusual feature
is the so-called giant proximity effect (GPE),
reported by several groups [25, 26]. Such
SC1-SC2-SC1 junctions were shown to trans-
mit supercurrents even at temperature T > T′c
and for barriers much thicker (up to 20 nm)
than what one would expect from the stan-
dard theory of the proximity effect. The prob-
lem is that Josephson tunneling experiments
are delicate. Even though great effort was
spent to rule out filamentary superconductiv-
ity, the evidence for this was only circumstan-
tial [26]; one would prefer a direct measure-
ment that can differentiate between “filamen-
tary” and “bulk” superconductivity. The local
probe technique we have chosen for this study
(low-energy muon-spin rotation, LE-µSR) in
fact fulfills all these requirements. By di-
rectly mapping the magnetic field profile in the
heterostructure, we can show that the entire
underdoped barrier layer displays supercon-
ductivity with an effective critical temperature
lower but similar to that of the optimally doped
top and bottom layers.

2.2 Results

For the present study, we fabricated a num-
ber of heterostructures as well as single-phase
films for control experiments. The results
are presented for heterostructures consisting of
three layers, each 46 nm thick; optimally doped
La1.84Sr0.16CuO4 was used for the top and the
bottom “electrodes”, while underdoped (UD)
La1.94Sr0.06CuO4 served as the “barrier”. To
directly map the magnetic field profile in the
heterostructure as a function of position along

the crystal c-axis, we cool the samples in zero
field (ZF) from above Tc to ∼ 4.3 K, apply
a magnetic field of 9.5 mT parallel to the ab-
planes and collect µSR spectra as a function
of the muon implantation energy at increasing
temperatures. We observe that the entire het-
erostructure excludes the magnetic flux like a
superconductor: it is the Meissner effect with
the UD layer active in the screening. The mea-
sured profile can only be observed if shielding
supercurrents flow across (i.e. along the c-axis)
as well as in the ab-planes of the UD barrier,
which taken as an isolated layer would be in
the normal state at T > T′c.

2.3 Discussion

We model the field profile by a solution of the
London equations in each layer with appro-
priate boundary conditions and by taking into
account the muon stopping profile and obtain
the magnetic penetration depths in the elec-
trodes λ and in the barrier λ′. In our inhomo-
geneous heterostructure, these quantities are
the effective length scales indicative of the su-
perfluid densities in the different layers. For
example, at T = 10 K, we get λ = 334 ±
6 nm and λ′ = 287 ± 60 nm, values compa-
rable to the magnetic penetration depth in op-
timally doped single-crystals [27]. However,
above this temperature, λ′ has a much more
pronounced temperature dependence than λ
(Fig. 2), indicating that the proximity-induced
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Figure 2: Temperature dependence of the magnetic
penetration depths. The values in the barrier (λ′)
and in the electrode layer (λ) are compared with
typical behavior in optimally doped crystals. The
dashed lines are guides to the eyes. The divergent
behavior of λ′ close to 22 K indicates the disappear-
ance of the long range phase coherence in the barrier
at that temperature. The temperature dependence
indicates that the induced superfluid density in the
barrier layer is more sensitive to thermal excitation
than in a bulk superconductor.
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superfluid can be more easily suppressed by
thermal excitations than the superfluid in in-
trinsically superconducting electrodes. To pro-
vide an enhanced length scale of the proxim-
ity effect, several models have been proposed.
One class of models postulates inhomogeneous
barriers that contain superconducting islands
embedded in a metallic matrix and forming a
percolative network that can transmit super-
current via Josephson coupling between the is-
lands and between the CuO2 layers [28, 29, 30].
Another interesting theoretical proposal is the
possibility of a new type of proximity effect be-
tween superconducting layers separated by an
unconventional normal metal, such as a super-
conductor that has lost its phase rigidity due
to phase fluctuations. In this case, the well-
defined homogeneous phase field of the S elec-
trodes may quench the superconducting fluc-
tuations present in the S’ barrier material, thus
increasing the effective critical temperature of
the barrier to some temperature Te f f smaller
than Tc but well above T′c [29, 30]. To con-
clude, by performing local magnetic measure-
ments in heterostructures digitally grown by
molecular beam epitaxy (MBE), we observe a
Meissner effect in a thick UD barrier layer well
above its intrinsic critical temperature, T′c. The
induced superfluid density disappears at Te f f
where T′c � Te f f < Tc. This result is not ex-
pected within the conventional proximity ef-
fect theory and constrains the theory of HTS
and our understanding of the pseudogap.

3 Surface diffraction studies of oxide inter-
faces (Ph. Willmott)

3.1 The evolution of the structure of LaAlO3 on
SrTiO3

Four samples of 2, 3, 4, and 5 ML LaAlO3
(LAO) grown on SrTiO3 (STO) were inves-
tigated with synchrotron-based surface X-ray
diffraction (SXRD). Analysis of the data using
phase-retrieval methods [6, 7] reveals that the
La- and Al-ions shift towards the surface rela-
tive to the oxygen anions in an effort to neu-
tralize the internal electric field generated by
the nonpolar-polar interface [31], as previously
predicted [32]. Because this buckling costs elas-
tic energy, it only reduces the field strength and
cannot fully compensate for it. At 4 ML, the
top of the valence band of the LAO becomes
higher than the Fermi energy, and electrons are
injected across the interface, agreeing perfectly
with the beginning of conductivity only after
4 ML growth, first reported in 2006 [33]. The
electric field subsequently collapses, and the
buckling is suppressed. The results are sum-

Figure 3: (a) Cumulative displacement out-of-plane
of the atomic positions relative to a reference grid
defined by bulk STO. For reasons of clarity, only
the average of the A-site (upper panels) and B-
site(lower panels) atomic layer positions are shown.
(b) and (c) show the buckling of the A-site and B-
site atomic planes from the refined structure and the
DFT calculations, respectively, shown on the same
scale. Positive values indicate movements of the
cation relative to the oxygen ions towards the sur-
face. In (c) the filled and open circles mark the
abrupt and intermixed DFT models, respectively.
The dotted lines represent the nominal interface.

marized in Fig. 3 [8]. They agree qualitatively
with DFT calculations, which also show only
marginal differences between models with an
abrupt interface and with a monolayer of 50:50
intermixed LAO:STO. This would imply that
intermixing plays a secondary role in this sys-
tem.

3.2 The performance of the direct-methods al-
gorithm DCAF

The efficacy of the phase-retrieval direct
method “DCAF” [6] was tested on the complex
system of 4 ML YBa2Cu3O7−δ (YBCO) grown
on STO [7]. Using no prior knowledge or in-
put model, the DCAF output electron density
map mimicked bulklike YBCO to within ap-
proximately 5 pm, while the occupancy of the
heavy cations could be determined to within
±0.05, although that of the much lighter oxy-
gen ions could only be reliably determined to
within about 20 % [7].

4 Electrostriction at the LaAlO3/SrTiO3 in-
terface (J.-M. Triscone)

One of the open questions on the LAO/STO
conducting interface [31] concerns the origin
of the doping. In this regard, the LAO thick-
ness was shown to be a crucial parameter. In-
deed, a metallic conduction is observed only
when more than 3 unit cells (uc) of LAO are de-
posited on top of a TiO2-terminated (001) STO
substrate [33][9]. This result suggests that an
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Figure 4: a and c-axis LAO lattice parameters plot-
ted as a function of the LAO thickness.

electronic reconstruction is responsible for the
mobile charges at the interface [34, 35]. LAO,
although centrosymmetric, has an intrinsic po-
lar nature [36]. At the interface with STO a
polar discontinuity occurs which, in the ab-
sence of screening, leads to a huge built-in elec-
tric field of ∼ 6 V/Å in the LAO layer. The
large dipole field inside the layer can be accom-
modated by polarizing the material through a
large polar distortion of the La and O ions [32]
and, hence, induces an electrostrictive effect.
Above a critical thickness, Zener breakdown
occurs and charges are transfered to the in-
terface. This doping scenario has been chal-
lenged by other experimental studies on oxy-
gen vacancies [37, 38] and cation intermix-
ing [10]. By using X-ray diffraction, we mea-
sured the lattice parameters of LAO thin films
for different thicknesses in order to quantify
the electrostrictive effect. The structural mea-
surements were performed at the surface X-ray
diffraction beamline of the Swiss Light Source,
in collaboration with Ph. Willmott and S. Pauli.
The measurements shown in Fig. 4 reveal, be-
tween 6 and 20 uc of LAO, a constant c-axis
parameter of 3.74 Å, the value predicted for
a fully compensated electric field taking into
account the elastic strain. Above 20 uc the
epitaxial strain is progressively released with
both in-plane and out-of-plane lattice param-
eters relaxing to the bulk value. Analyses of
the X-ray rocking curves confirm this change
in structure. The experimental data thus reveal
a complete screening of the LAO dipole field
between 6 and 20 uc of LaAlO3 in agreement
with Ref. [8].
Below 6 uc, a c-axis expansion is mea-
sured and the lattice value reaches 3.82 Å,
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Figure 5: Evolution of (a) the electric field inside
the LAO layer and (b) of the LAO c-axis with the
LAO layer thickness, according to ab initio calcula-
tions. The green points represents a calculation in-
cluding 50% intermixing of La-Sr and Al-Ti of the
first layer across the interface. Two x scales are re-
ported (in red for theory and black for experiment)
to normalize at the same critical thickness (4 uc for
the experiment and 5 uc for the theory).

at about 2.5 uc. Ab initio calculations aimed
at simulating the effect of the internal elec-
tric field on the LAO layer were performed by
P. Ghosez, D. Fontaine and M. Stengel (Liège
and Barcelona). In the absence of any com-
pensating charge, the electric field (0.24 V/Å)
produces a sizable c-axis expansion of 1.7 %, in
agreement with the experimental data. Adding
carriers to the LAO surfaces reduces the dipole
field and the c-axis expansion. The evolution of
the c-axis strain, η, with the field is almost per-
fectly quadratic: η = αE2 with α = 0.4 Å2V−2.
The amplitude of the c-parameter of LAO is
linked to the internal electric field: c = c0 +
βE2 with β = 1.5 Å3V−2 and c0 = 3.7534 Å
(Fig. 5b). In Fig. 5a, the evolution of the electric
field inside LAO is plotted for different thick-
nesses. The agreement between the experimen-
tal measurements and the theoretical predic-
tions seems to suggest that the c-axis expan-
sion observed in LAO layers thinner than 4 uc
can be accounted for by intermixing and partly
by an electrostrictive effect. For layers thicker
than 6 uc the screening seems to be complete.
This work shows that in polar materials a large
electrostrictive effect is expected and can be ex-
perimentally measured by X-ray diffraction.

5 The origin of oxygen in oxide thin films:
role of the substrate (C. Niedermayer)

Based on the work done in the project pe-
riod 2009 on 18O exchanged SrTiO3 single-
crystals, we started to grow LaAlO3 and SrTiO3
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thin films by pulsed laser deposition (PLD)
at different growth temperatures on 18O ex-
changed (100) oriented SrTiO3 and LaAlO3
single-crystalline substrates to investigate a po-
tential oxygen diffusion from the substrate into
the as-grown film during the growth process.
The as-grown films were subsequently char-
acterized by X-ray diffraction and secondary
ion mass spectroscopy depth profiling (SIMS).
Usually, the oxygen from the target and/or the
background gas is taken as the main source for
the oxygen supplied to the oxygen content of
an oxide thin film. A substrate contribution
effect has not been considered as a potential
source so far during growth and can have a
serious influence on thin film properties. For
these diffusion experiments, the average iso-
tope exchange ratio for the substrates was ap-
proximately 90%.

Four sets of film-substrate combinations have
been investigated: SrTiO3 on SrTiO3, LaAlO3
on LaAlO3, SrTiO3 on LaAlO3 and LaAlO3 on
SrTiO3. These films have been grown at a back-
ground pressure p of 1.5 · 10−5 mbar, a flu-
ence F of 4 J/cm2 and a substrate temperature
Ts of 750◦C, 650◦C, and nominal room tem-
perature. SIMS spectra were recorded using a
quadrupole mass spectrometer (Hiden analyti-
cal EQS) operated with a 2.5 keV Ar ion beam
focused to 150 µm diameter rastering over a
square of 1× 1 mm2 with an effective sampling
area of 500× 500 µm2. The etched area is subse-
quently measured with a Dektak 8 profilome-
ter to convert etching time into depth. In addi-
tion a kinetic energy selection scheme is used
to separate species with the same mass. The
18O diffusion from SrTi18O3 into SrTiO3 shows
a pronounced dependence on the deposition
temperature (Fig. 6a). Whereas for a room tem-
perature deposition, no traceable 18O diffusion
into the film has been measured, the situation
changes dramatically for elevated deposition
temperatures. At 650◦C, there is considerable
18O diffusion from the substrate into the film,
while at Ts = 750◦C there is no significant dif-
ference with respect to the amount of 18O mea-
sured in the film and substrate. Measuring Sr
and Ti species from the substrate and film si-
multaneously with 16O and 18O, the elemen-
tal composition of film and substrate are very
similar. This implies that oxygen in the SrTiO3
thin film is supplied by the substrate and the
oxygen provided by the target seems to play
a minor role for this system. The 18O diffu-
sion into LaAlO3 from LaAl18O3 differs signif-
icantly compared to SrTiO3 on SrTi18O3. No
considerable oxygen diffusion from the sub-
strate into the film is detected, in particular at

Figure 6: (a) 18O SIMS depth profile of SrTiO3 on
SrTi18O3 grown at Ts = 750◦C, 650◦C and room tem-
perature. The sharp drop of the 18O signal near the
SrTiO3 surface for the film grown at Ts = 750◦C
could be related to a back-exchange of 16O at room
temperature. (b) 18O SIMS depth profile of SrTiO3
on LaAl18O3 grown at Ts = 750◦C, 650◦C and room
temperature. (c) 18O SIMS depth profile of LaAlO3
on SrTi18O3 grown at Ts = 750◦C, 650◦C and room
temperature. These samples have been grown at
a base pressure of 1.5 × 10−5 mbar and a fluence
of ∼ 4 Jcm−2. The yellow area visualizes approxi-
mately the depth over which the information of the
interface region is collected.
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the interface region, irrespective of the stud-
ied deposition temperature (not shown). In
the case of SrTiO3 grown on LaAl18O3 a sig-
nificant and homogeneous oxygen contribu-
tion in the SrTiO3 is measured for the film pre-
pared at Ts = 750◦C (Fig. 6b). Even at 650◦C,
there is still a significant 18O intake which can
be detected up to the film surface. It is in-
teresting to note the comparatively large dif-
ference in oxygen diffusion properties of the
SrTiO3 thin film considering a modest differ-
ence in Ts of 100◦C. This is probably due to
the activation energy of oxygen diffusion in
SrTiO3 and that a film is inherently defect rich
which allows oxygen to diffuse more easily at
elevated temperatures compared to a single-
crystal (Dcrystal = 10−15 cm2s−1; Dde f ects =
10−11 cm2s−1). The large 18O concentration
in SrTiO3 thin films is unexpected if com-
pared to LaAlO3 on LaAl18O3. This suggests
that SrTiO3 is a material which can either take
or give oxygen during film growth, whereas
LaAlO3 is more likely to keep oxygen during
the deposition. Oxygen diffusion into LaAlO3
is more difficult to achieve than into SrTiO3.
This becomes evident when depositing LaAlO3
onto SrTi18O3 (Fig. 6c). The 18O concentration
in the ≈ 100 nm thin LaAlO3 films deposited
at different temperatures is smaller than in
SrTiO3, still there is a significant amount of
18O at the film substrate interface for the film
grown at Ts = 750◦C.
In conclusion, the SIMS experiments indicate
that the initially formed film is oxygen defi-
cient and a chemical gradient is established in
favor of supplying oxygen to the growing film
via the substrate. The results have been pub-
lished in reference [11]. Next steps will be to
investigate the oxygen diffusion properties of
oxide thin films prepared by deposition tech-
niques other than PLD to establish a more gen-
eral picture for the role of substrate with re-
spect to the oxygen content in a film.

6 Photoemission on oxide surfaces: LaNiO3
(Ph. Aebi)

6.1 Introduction

The perovskite nickelate family RNiO3, where
R is a rare earth element, has been widely
studied in the last two decades since it shows
very interesting properties. The properties in-
clude metal-insulator transitions, charge order-
ing and unusual magnetic ordering. Moreover,
this family has recently been proposed to be
multiferroic [39].
Numerous studies carried out with different
techniques can be found in the literature (see

reviews from Medarde [40] or Catalan [41]
for instance), but the absence of single-crystals
caused that the majority of these studies were
carried out on powder samples. In the recent
years, the emergence of thin film research re-
newed the interest on this type of materials.
Recently Scherwitzl et al. [12] showed that
epitaxial LaNiO3 thin films grown coherently
on (001) SrTiO3 exhibit a metal-insulator (MI)
transition as the film thickness is reduced be-
low 8 unit cells. A study on the nature of the
gap opening for this transition appears as a
compelling thing to do.

6.2 First Results

The thin films of LaNiO3 with thicknesses of
4 and 10 unit cells were grown following the
procedure explained in Ref. [12]. The samples
were characterized using X-ray diffraction and
resistivity measurements.
Since those experiments were performed ex
situ, the surface of the thin films was treated
with O2 plasma in order to remove the contam-
ination layer on the surface of the sample aris-
ing from its exposure to air. The cleanliness of
the surfaces was monitored by X-ray photoe-
mission spectroscopy (XPS). All spectra were
collected at room temperature (RT).
Fig. 7a shows the comparison between UPS
spectra measured in LaNiO3 4 uc and LaNiO3
10 uc collected using He I excitation energy in
the vicinity of the Fermi level. The change in
the density of states (DOS) between the two
samples indicates a gap opening for the 4 uc
sample, that can be clearly seen in the inset.
Comparing these measurements with the ones
performed by S. R. Barman et al. on polycrys-
talline samples of NdNiO3 and LaNiO3 [42],
we can appreciate similarities with the metal-
lic thin film LaNiO3 (10 uc). We can identify 4
different features appearing close to EF. These
features have been labeled as A, B, C and D.
According to their measurements and their cal-
culated density of states, Barman et al. con-
cluded that features A and B are primarily due
to Ni 3d emission, while the features C and D
have more significant O 2p character. In the
spectra corresponding to the LaNiO3 4 uc sam-
ple, those features cannot be precisely iden-
tified, reflecting differences in the electronic
structure between the insulating and the metal-
lic thin films.
Fig. 7b shows the He II valence band spec-
trum of samples LaNiO3 4 uc, LaNiO3 10 uc
and from the substrate SrTiO3. In these spec-
tra it can be observed that more defined fea-
tures appear for the insulating sample, while
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Figure 7: Photoemission spectra in the vicinity of the Fermi level measured at RT on LaNiO3 thin films of 4 and
10 unit cells and on the SrTiO3 substrate.

the spectrum of the metallic sample shows a
broad band between 8 eV and 1 eV binding
energies in analogy to what was observed in
polycrystalline PrNiO3 [43]. This broad band
has principally O 2p character and its general
appearance is a familiar feature of photoemis-
sion spectra from transition metal oxides.
Measurements at grazing incidence indicate
that the distinct three features appearing in the
insulating sample between 8 eV and 1 eV arise
solely from the thin film and do not correspond
to photoemitted electrons from the substrate.
However a comparison of this data with the
He II valence band of SrTiO3 shows that similar
features appear also in the valence band of the
substrate, but at different energies than in the
LaNiO3 4 uc thin film. A possible explanation
to this phenomena could be that the strain from
the substrate modifies the LaNiO3 thin film
structure, particularly the octahedral tilts, cre-
ating a crystallographic environment for the Ni
ions similar to the one of the Ti ions in the sub-
strate. It is known that the B-O-B tilt angle be-
tween corner-shared octahedra affects electron
hopping matrix elements and hence the trans-
port properties [44, 45, 46]. The deformations
of oxygen octahedra driven by collective Jahn-
Teller distortions control both metal-insulator
transitions and magnetic properties [47].
Also recently a theoretical model showed how
the symmetry mismatch imposes an interfacial
layer with distortion modes that do not exist
in either bulk material, creating new interface
properties driven by symmetry alone [48]. Ac-
cording to these authors, depending on the re-
sistance of the octahedra to deformation, the
interface layer can be as small as one unit cell
or extend deep into the thin film.
This could explain the different electronic
properties of these thin films as function of
thickness. Above a certain thickness the strain

imposed by the substrate would be released
and the electronic properties of the thin film
would be more similar to those of the bulk
material.

7 Organic Schottky-gated heterostructures
(A. Morpurgo)

The electronic properties of interfaces between
different organic molecular semiconductors
are crucial for the operation of most devices in
the field of plastic electronics. In the devices
considered so far, such as organic light emit-
ting diodes and solar cells, transport across
the interface is the relevant process. However,
by analogy with conventional semiconductors
in which two-dimensional electron gases are
formed, transport in the plane of organic in-
terfaces is also expected to be of great inter-
est. Nevertheless, in-plane transport in or-
ganic heterostructures has so far received lim-
ited attention. Recently, we have demon-
strated that organic heterostructures can host
new physical phenomena, by showing that at
interfaces of TTF and TCNQ crystals — two
large gap molecular semiconductors that are
essentially insulators — metallic conductivity
can be established due to charge transfer from
one material to the other. Here, we are focus-
ing on heterostructures made of organic ma-
terials in which a small energy gap is present
between the highest occupied molecular or-
bital (HOMO) of one molecule and the lowest
unoccupied molecular orbital (LUMO) of the
other. In a first study based on TMTSF-TCNQ
interfaces, we have shown that the amount
of charge transferred across the interface can
be understood in terms of a simple band dia-
gram picture [13]. The current goal is to con-
trol charge transfer electrostatically, for which
we use new heterostructures based on PDIF-
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Figure 8: Optical microscope image of a gated
rubrene-PDIF-CN2 heterostructure. The PDIF-CN2
crystal is the topmost layer. The bright areas on
the right and left sides are gold electrodes contacted
with silver epoxy. The rubrene crystal appears grey
in the background, and under it a chrome strip —
corresponding to the gate electrode — is visible. The
entire structure is fabricated on a PDMS support.

CN2 and rubrene, equipped with a Schottky
gate electrode (Fig 8). The measurements indi-
cate that the presence of the Schottky gate by
itself — that is even when no voltage is ap-
plied — has a large influence on the carrier
density at the interface. The effect is due to
the band-bending associated to the alignment
of the Fermi level in the gate and in the or-
ganic crystals, which, in the configuration cho-
sen, causes a significant enhancement in the
interfacial electron density and in a depletion
of the hole density. The carrier density can
be further tuned by applying a positive gate
voltage, demonstrating the correct operation of
the devices. Interestingly, we observe an elec-
tron conductivity that increases with lowering
temperature down to ' 100 K. This repre-
sents the broadest temperature range in which
band-like transport in organic semiconducting
transistors has been observed so far (at lower
temperatures, the conductivity is suppressed
exponentially with a small activation energy
(≈ 5 − 10 meV, depending on the gate volt-
age)). Ongoing work aims at gaining a quan-
titative understanding of the band structure of
these gate heterointerfaces and at performing
Hall effect measurements, to estimate directly
the density of carriers and their mobility. The
ultimate goal is to use these interfaces to reach
high value of carrier mobility at even lower
temperature (≈ 4.2 K).

8 Ferroelectric domains in artificially
layered ferroelectric superlattices (J.-
M. Triscone)

The continuing drive for device miniaturiza-
tion poses fundamental questions about the
possible existence of a critical thickness for fer-
roelectricity and the behavior of ferroelectrics
in the ultrathin limit. As the thickness of
a ferroelectric is reduced to nanometer di-
mensions, large and energetically costly de-
polarizing fields develop due to the incom-
plete screening of the spontaneous polariza-
tion. How the material responds to these inter-
nal fields determines its structural and electri-
cal properties. One way of reducing the depo-
larising field is to adopt a structure consisting
of alternating domains of opposite polarization
leading to overall charge neutrality at the sur-
faces. In ferroelectrics that are only a few unit
cells thick, such domains are extremely tiny
(a few nanometers in size) and are extremely
difficult to probe [49]. We have found that
superlattices composed of ferroelectric PbTiO3
(PTO) and paraelectric SrTiO3 (STO) possess
very regular and periodic nanodomains giv-
ing unprecedented access to the physics of do-
mains in ultrathin films. In particular, we have
been able to apply large uniform electric fields
and simultaneously study the evolution of the
domain structure using X-ray diffraction [14].
The domain structure was found to be very
stable. Under applied bias, the domain pe-
riodicity remained unchanged, and only the
relative sizes of up and down domains were
modified. The original domain structure was
restored upon removal of the bias. The re-
versible motion of the domain walls leads to
a large enhancement of the dielectric response
with little loss. Moreover, the large effective
dielectric constant is rather temperature inde-
pendent, decreasing only at cryogenic temper-
atures where the domain wall motion is frozen
out.
Ferroelectric nanodomains in superlattices
have already received significant attention
from the theoretical community [50, 51, 52],
whereas experimentally they remain largely
unexplored. One interesting feature of super-
lattices is the possibility of electrostatic inter-
action between the separate ferroelectric lay-
ers. For short period superlattices the ferro-
electric layers are expected to couple by po-
larizing the paraelectric component between
them. This leads to a uniform polarization
throughout the thickness, minimizing depolar-
izing fields associated with polarization dis-
continuities. For larger thicknesses of the para-
electric layers, however, it becomes progres-
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Figure 9: Top: TEM image of a superlattice com-
posed of 18 unit cells of PTO and 10 unit cells of
STO showing coherent growth and chemically sharp
interfaces. Bottom: depth profile of the Ti L3 en-
ergy splitting (blue points) along the blue line in the
TEM image above together with the chemical pro-
files (green and red curves) determined from the O K
edge positions.

sively more costly to maintain a polarization
in the paraelectric component and the ferro-
electric layers are expected to decouple, con-
fining the polarization to the nominally fer-
roelectric component only. We have studied
the degree of this interlayer coupling using
X-ray diffraction, electrical measurements and
transmission electron microscopy (TEM) com-
bined with electron energy loss near edge spec-
troscopy (ELNES). Using the latter technique
we have been able to image the structural dis-
tortions associated with the ferroelectric do-
main structures with unprecedented unit cell
resolution.

The crystal field splitting of the eg and t2g en-
ergy levels of the transition metal atom (in this
case Ti) depends sensitively on the structural
distortion, being highest for the most sym-
metric (cubic) phase. By measuring this en-
ergy splitting we can therefore map the struc-
tural distortion in each unit cell of the super-
lattice. Fig. 9 shows that although the inter-
faces are atomically sharp from the chemical
point of view, the structural distortion varies
over 5 unit cells within the PTO layer, due to
to the depolarizing field at the interface. Sur-
prisingly, little variation is observed in the STO
layer, indicating a decoupling of the ferroelec-

tric layers.

9 Interfaces, domain walls and disorder:
pathways to multifunctionality and com-
plex behavior (P. Paruch)

Interfaces in epitaxial oxide heterostructures
can provide pathways to new functional prop-
erties via symmetry breaking [53], strain [54],
or the coupling between different instabilities
in the materials [15], allowing a new “oxide
interface engineering” of desirable properties
such as ferroelectric behavior and dielectric
response. An alternative route towards new
functionalities is through ferroic domain walls,
where the above effects, as well as extrinsic
mechanisms such a local concentration of de-
fects, can play an important role [16][55]. In
addition, ferroic domain walls provide a useful
model system in which the fundamental static
and dynamic behavior of a disordered elastic
manifold [17] can be readily accessed. Our re-
search effort focuses on these three subjects, us-
ing different atomic force microscopy (AFM)
techniques to directly probe individual domain
walls in Pb(Zr0.2Ti0.8)O3 and BiFeO3, and X-
ray scattering complemented by electrical mea-
surements for structural and functional analy-
sis of superlattices of BiFeO3-LaFeO3.

9.1 BiFeO3/LaFeO3 superlattices

BiFeO3/LaFeO3, superlattices were grown us-
ing rf off-axis sputtering on both (100) SrTiO3
and (110) DyScO3 substrates with and with-
out a SrRuO3 bottom electrode. For the su-
perlattices on SrTiO3, X-ray diffraction (XRD)
experiments show that the out-of-plane lattice
parameter decreases almost linearly down to
an overall BiFeO3 content of 50%. When the
superlattices are grown on DyScO3 substrates,
with a slightly larger in-plane lattice parame-
ter, there is a sharp drop in the out-of-plane
lattice parameter at an overall BiFeO3 content
of about 80% (Fig. 10), which may indicate a
change in the magnitude or direction of the
ferroelectric polarization, as for a typical ferro-
electric the unit cell is elongated along the po-
larization direction.
Direct measurements of the ferroelectric polar-
ization are in good agreement with the XRD re-
sults for the superlattices on DyScO3. Superlat-
tices with little LaFeO3 have similar ferroelec-
tric behavior to pure BiFeO3, showing square
hysteresis loops with a slightly reduced polar-
ization, but also reduced leakage when com-
pared to pure BiFeO3. Superlattices with more
LaFeO3 show very slanted hysteresis loops. In
the region close to the abrupt change in the
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Figure 10: Left: evolution of the out-of-plane lat-
tice parameter in BiFeO3/LaFeO3 superlattices on
DyScO3. Upper right: polarization-voltage hystere-
sis for BiFeO3 rich superlattices. Lower right: polar-
ization voltage hysteresis for LaFeO3 rich superlat-
tices.

out-of-plane lattice parameter, these slanted
loops can be irreversibly changed into normal
square loops by applying a sufficiently large
voltage. Despite the only gradual change in
out-of-plane lattice parameter, the superlattices
grown on SrTiO3 show similar polarization
loops as those on DyScO3, although we have
not observed the irreversible change in the hys-
teresis response in these superlattices.
We are currently investigating the exact nature
of the ferroelectric phase for LaFeO3-rich su-
perlattices, which may be due to the presence
of pinned domain walls or an in-plane polar-
ization perpendicular to the applied field, and
to characterize the magnetic ordering of the
BiFeO3/LaFeO3 system.

9.2 New functionalities at ferroelectric domain
walls in Pb(Zr0.2Ti0.8O3)

A number of microscopic scenarios have been
proposed to explain the domain- and domain-
wall-specific conductivity in normally insulat-
ing ferroelectric materials, including a reduc-
tion of the band gap and a potential step
across the domain wall in BiFeO3 [55], Fowler-
Nordheim tunneling/tunneling electroresis-
tance in thin ferroelectric films [56, 57, 58],
the possibility of domain wall bending in sub-
switching electric fields, and extrinsic mecha-
nisms such as the accumulation of charged de-
fects at domain walls. To better understand the
roles played by these different mechanisms, we
have investigated 180◦ domain walls in epitax-
ial thin films of the relatively simple, tetragonal
ferroelectric Pb(Zr0.2Ti0.8)O3, grown by rf mag-
netron sputtering on SrTiO3 substrates with 50
nm SrRuO3 bottom electrodes. As shown in
Fig. 11, in ultrahigh vacuum conductive-AFM
(C-AFM) measurements of a 71.5 nm thick film,
we observe a domain-wall-specific 1000-fold

Figure 11: left: uniform topography of measured
area after several domain writing steps, showing
that the observed signal is not related to metal depo-
sition from the AFM tip. Center: piezoresponse force
microscopy (PFM) phase signal showing up- (light)
and down- (dark) polarized domains. right: C-AFM
taken with 2 V ac, showing strong conduction en-
hancement localized at domain walls, with a faint
conduction increase in side the down-polarized do-
mains. The scale bar is 250 nm.

increase in conductivity, and a Schottky-like
current-voltage behavior, similar to what has
been observed in BiFeO3, in spite of the ab-
sence in Pb(Zr0.2Ti0.8)O3 of a band gap reduc-
tion or a potential step at the 180◦ domain
walls. No conduction increase is measured
inside the up-polarized domains, and only a
very faint conduction is observed in the down-
polarized domains.
We are also continuing our studies of a
domain-wall specific lateral piezoresponse in
these films [18, 19], collaborating with the
group of Salia Cherifi at IPCM Strasbourg,
whose second harmonic generation measure-
ments show an unexpected domain-wall-
specific in-plane response, and should allow
a complete mapping of the local ferroelec-
tric/piezoelectric tensor.

9.3 Thermal effects on ferroelectric domain wall
dynamics

To study the growth of nanoscale ferroelec-
tric domains in thin films, domain arrays were
written by applying voltage pulses for dif-
ferent time lengths with the AFM tip [20,
21]. From the piezoresponse force microscopy
(PFM) measurements, estimates of the domain
wall velocity as a function of the writing time
and applied electric field during growth were
extracted. All domain writing and reading
was carried out in situ under different pressure,
temperature and atmosphere conditions in a
variable temperature, ultrahigh vacuum AFM
system. Room temperature results for air and
N2 atmospheres at ambient pressure did not
show any differences beyond experimental un-
certainty. However, a significant difference in
domain size was observed between measure-
ments at ambient pressure and p ∼ 10−10 mbar
at room temperature, indicating the influence
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Figure 12: PFM measurements of ferroelectric do-
mains written in ultrahigh vacuum with writing
times ranging from 0.1 to 100 s, at room tempera-
ture (a) and T = 385 K (b). (c) Effective domain
radius as a function of writing time for room tem-
perature and T = 385 K, with averaging over five
and eight measurements, respectively.

of a water meniscus around the tip and the
possible role of screening charges from the at-
mosphere. Moreover, a significant anisotropy
in domain shapes was observed in vacuum,
compared to more regular, circular domains
at ambient pressure. Finally, measurements at
T = 385 K in vacuum showed an enhanced do-
main growth, reflected by larger domain sizes
with respect to room temperature (Fig. 12). At
present, we are working on confirming and
comparing these results with domain growth
dynamics in different thickness films subjected
to different heating regimes.

10 Roughness crossovers of interfaces
(T. Giamarchi)

We addressed different open questions in the
field of classical disordered elastic systems
(DES), i.e. the study of elastic interfaces or
periodic systems embedded into a disordered
medium. This class of models aims at describ-
ing, e.g., ferromagnetic or ferroelectric domain
walls in thin films, or vortex lattices in type II
supraconductors, which can be seen as elastic
structures whose underlying medium is neces-
sarily subject to some inhomogeneities. The re-
sulting competition between elasticity and dis-
order, blurred by thermal fluctuations at finite
temperature, gives rise to metastability and
glassy properties.

10.1 Thermal effects on the roughness of an in-
terface

We addressed on one hand the question of
the geometrical fluctuations of an interface,
which can be quantitatively characterized by
its roughness as a function of the lengthscale
from which it is considered and on the other
hand the velocity-force characteristics v( f ) of
the steady state of a DES in the presence of
an external driving force, in particular in the
quasi-static creep regime at very small driving
force.
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Figure 13: Roughness of an interface of thickness ξ
as a function of the distance along the interface. The
combination of the thickness and the finite tempera-
ture leads to two crossover scales separating regimes
of very different roughness.

In the generic DES approach, the bulk prop-
erties of the materials are actually reduced to
the following parameters: T the temperature,
D the strength of disorder (e.g. the variance
of a δ-correlated random potential or force), c
the elastic constant or stiffness of the interface,
ξ the typical width of the interface or alterna-
tively the correlation length of disorder. We fo-
cused on the role of a non-zero ξ, as it is always
the case in experimental systems, in the par-
ticular case of a one-dimensional interface in a
random-bond disorder, and identified the char-
acteristic crossover lengthscales in the rough-
ness below and above a typical temperature
Tc ∼ (ξcD)1/3. Those lengths are of special im-
portance to understand the onset of avalanches
occurring in the creep dynamics, and may ac-
tually crucially depend on ξ at sufficiently low
temperature. We computed the roughness via
a Gaussian Variational Method (GVM) both on
a 1D DES and on an effective “toy model” [22]
(selected as an “editor’s suggestion”). The re-
sults are shown in Fig. 13.
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10.2 Thermal effects on the roughness of an in-
terface

We studied numerically the depinning transi-
tion of driven elastic interfaces in a random-
periodic medium with localized periodic-
correlation peaks in the direction of mo-
tion [23]. Taking into account the finite size
along the direction of motion is mandatory
to get a reliable analysis of the numerical re-
sults. We obtained the dynamical roughness
diagram. At small length scales, we find
the critical and fast-flow regimes typical of a
random-manifold (or domain wall) depinning,
and, at large length scales, the critical and fast-
flow regimes typical of a random-periodic (or
charge density wave) depinning, which corre-
sponds to a quite different universality class.
From the study of the equilibrium geometry
we are also able to infer the roughness diagram
in the creep regime, extending the depinning
roughness diagram below threshold. Our re-
sults are relevant for understanding the geom-
etry at depinning of arrays of elastically cou-
pled thin manifolds in a disordered medium
such as driven particle chains or vortex-line
planar arrays. They also allow us to prop-
erly control the effect of transverse periodic
boundary conditions in large-scale simulations
of driven disordered interfaces.

11 Collaborative efforts

YBCO/LCMO studies involve efforts from
UniFR and PSI. The LAO/STO studies are pur-
sued at UniFR, PSI and UniGE. Photoemission
on nickelates is performed at UniFR with films
prepared at UniGE. The behavior of domain
walls is studied with an experimental and the-
oretical collaboration at UniGE.
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Introduction: The development of novel materials with sufficiently well-controlled properties opens
the possibility to fabricate electronic devices that are useful for fundamental physics and have po-
tential for future applications. According to a strategy typical of mesoscopic physics, these devices
enable focused experiments to probe specific microscopic electronic processes not accessible in bulk
systems. In this project we focus on classes of novel materials that are sufficiently under control to
enable the realization of new nanostructures. The materials investigated include oxide heterostruc-
tures and thin films, carbon-based materials such as graphene and organic molecular crystals, and
their combinations. In the spirit of mesoscopic physics, the experimental program proceeds in con-
junction with a theoretical effort, that is needed to provide assistance in designing specific devices
and experiments, as well as in the interpretation of the experimental results.

Summary and highlights

Several important results have been obtained
in the three main themes of this project (oxide
interfaces, carbon electronics, and theory), as
well as in the study of topological insulators,
a new research line that has started more re-
cently. The observation of quantum conduc-
tance oscillations at LaAlO3/SrTiO3 interfaces
represents a key finding in the area of oxide
nanoelectronics, as it demonstrates the two-
dimensional character of the electron gas in
this system. Research in carbon electronics has
continued in different directions. On graphene
and related systems, next to advances in trans-
port experiments (i.e. in nanoribbons and with
graphene on SrTiO3 substrates), the observa-
tion of a giant Faraday effect in graphene
monolayers, and the discovery of the forma-
tion of a charge density wave accompany-
ing superconductivity in intercalated graphite

are important highlights. The observation of
band-like transport in n-type organic single-
crystal field-effect transistors is a long awaited
achievement in the field of organic electron-
ics. The theoretical activity has witnessed a
surge of interest in the investigation of the
topological electronic properties of different
systems, such as unconventional superconduc-
tors and graphene. For the latter, the rela-
tion between gapped bilayers and topological
insulators has been understood in quite some
detail, including the experimental relevance
of edge effects in real bilayer devices where
edges are very disordered. Finally, first experi-
ments on three-dimensional topological insula-
tors (Bi2Se3) have demonstrated the possibility
to observe and control surface Dirac fermions
in these systems, by means of quantum trans-
port measurements on nanostructured devices.

1 Devices based on oxide materials

Research in this area has mainly focused on de-
vices based on LaAlO3/SrTiO3 interfaces and
carbon nanotubes combined with ferroelectric
films. Next to the scientific results — dis-
cussed in detail below — it is worth stressing
that considerable technological progress has
taken place (e.g. substantial increase in the car-
rier mobility achieved in LaAlO3/SrTiO3 inter-
faces).

1.1 Two-dimensional quantum oscillations of the
conductance at LaAlO3/SrTiO3 interfaces
(J.-M. Triscone and A. Morpurgo)

One of the main unresolved issues concern-
ing the LaAlO3/SrTiO3 interface pertains to
the dimensionality of the conducting layer.
While it is now clear that, using appropri-
ate growth and annealing conditions, a con-
fined metallic and superconducting electron
gas can be formed at such interfaces, no conclu-
sive demonstration of two-dimensional char-
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acter in the normal state has been obtained
so far. With this in mind, we performed a
magneto-transport study on LaAlO3/SrTiO3
interfaces in which the mobility has been
boosted by an optimization of the growth con-
ditions, reaching values of the order of several
thousands cm2/Vs. In samples characterized
by these mobilities, quantum conductance os-
cillations become visible at temperatures of the
order of 1 K and in magnetic fields of the or-
der of a few Tesla, conditions that are acces-
sible in our laboratories. This work was car-
ried out in the Triscone group in collaboration
with the group of Morpurgo in order to ex-
plore this phenomenon in magnetic fields up
to 15 T and temperatures down to 250 mK.
The Fermi surface of two-dimensional elec-
tronic states generates clear experimental sig-
natures in the Shubnikov-de Haas (SdH) effect:
for a two-dimensional electron gas (2DEG) the
quantum oscillations depend only on the per-
pendicular component of the magnetic field.
Fig. 1a shows the variation of sheet resistance
∆R = R(B)− R(0) in response to the applica-
tion of a magnetic field oriented perpendicu-
lar to the interface, recorded at different tem-
peratures. The resistance measurements have
been performed using a 4 point ac technique,
with a current between 10 and 100 nA, in a
standard Hall bar defined by photolithogra-
phy, with a channel width of 500 µm and with
voltage probes 1 mm apart. Below T = 7 K,
oscillations superimposed on a positive back-
ground are observed for fields larger than 3 T.
The numerical derivative of the resistance with
respect to magnetic field, presented in Fig. 1b,
reveals that the oscillations are periodic in 1/B.

0 2 4 6 8
0

10

20

30

40

50
1.5
2
3
5
7
10

B (T)

Δ
R

 (Ω
/◻

)

T (K)μ = 5000 cm2/Vs
n2D = 8.3 1012 cm-2

a

0.15 0.2 0.25 0.3
B -1 (T-1)

dR
/d

B

b

Figure 1: Shubnikov-de Haas oscillations at the
LaAlO3/SrTiO3 interface. (a) Variation of the sheet
resistance ∆R = R(B) − R(0) in response to the
application of a magnetic field B oriented perpen-
dicular to the LaAlO3/SrTiO3 interface, recorded at
different temperatures T. (b) Numerical derivative
dR/dB as a function of the inverse of the magnetic
field.
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Figure 2: Angular dependence of the quantum os-
cillations. (a) Sheet resistance R as a function of
magnetic field B recorded at different orientations
(measured by the angle θ) with respect to the direc-
tion normal to the substrate. (b) Numerical deriva-
tive dR/dB as a function of the inverse of the mag-
netic field recorded at different orientations. (c) Nu-
merical derivative dR/dB as a function of the in-
verse of the component of the magnetic field per-
pendicular to the plane of the interface. An offset
has been introduced in each curve for clarity. The
lines are a guide to the eye.

The dimensionality of the electronic states can
be assessed by examining the angular depen-
dence of the quantum oscillations. Fig. 2a dis-
plays R(B) measured at T = 1.5 K on a differ-
ent sample, for different angles θ. The angle θ
measures the inclination of the magnetic field
with respect to the normal to the interface at a
fixed azimuthal angle. At θ = 0◦ the magnetic
field is applied perpendicular to the interface,
while for θ = 90◦ the magnetic field vector lies
in the plane of the interface, parallel to the cur-
rent. At θ = 90◦ we observe a fairly large neg-
ative magneto-resistance. Figs. 2b and c show
the derivative of the data as a function of B−1

and (B cos θ)−1 respectively. It is apparent that
the oscillation depends only on the perpendic-
ular component of the magnetic field. This ob-
servation directly indicates that the oscillations
arise from closed orbits in momentum space
along a two-dimensional Fermi surface.

1.2 Nanodevices combining ferroelectric thin
films and carbon nanotubes (P. Paruch)

Combining the exceptional electronic and
structural properties of carbon nanotubes
(CNT) with the non-volatile and reversible po-
larization of ferroelectric thin films presents a
novel route towards multifunctional devices.
A key aspect is the possibility to use the po-
larization to modulate the charge carrier den-
sity of the CNT, and the CNT to generate lo-
cal electric field to control and probe ferro-
electric domain structures with nanoscale res-
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olution. Previous studies have demonstrated
polarization switching of large domains us-
ing CNT [1], possible signatures of ferroelec-
tric field effect modulation in devices contain-
ing multiple CNT [18], and a clear ferroelectric
field effect in nanodevices with nanopatterned
ferroelectric structures deposited on CNT [19].
Our current studies have focused on under-
standing the exact nature of domain switch-
ing and growth in the local electric fields of
the CNT, as well as ferroelectric field effect
modulation of individual single-walled CNT
dispersed over the epitaxial ferroelectric thin
films.
CNT-ferroelectric devices were realized by dis-
persion of single-walled CNT from suspension
in aqueous solution onto PbZr0.2Ti0.8O3 (PZT)
thin films patterned with source and drain elec-
trodes. The films are epitaxially grown on (001)
oriented SrTiO3, with SrRuO3 as a back gate
electrode. Transconductance measurements on
the devices containing semiconducting CNT
showed an ON state with positive bias volt-
age applied to the gate electrode, confirming
the p-type nature of the CNT-ferroelectric de-
vices noted in previous studies [1]. A clock-
wise hysteresis in current vs gate voltage was
observed, as expected for ferroelectric field ef-
fect. At low temperatures, sharp and repeat-
able fluctuations in the source-drain current
— rather than a hysteretic behavior — are ob-
served, with a magnitude comparable to what
would be expected for universal conductance
fluctuations. To further investigate the low-
temperature behavior, as well as the exact cor-
relation between ferroelectric hysteresis and
hysteresis in the transconductance, measure-
ments on devices with a range of different
thickness ferroelectric films are in progress.

Figure 3: Left: AFM tapping mode topographic im-
age of a 2.5 µm long CNT lying on a PZT thin film,
laterally touching a Au electrode. Right: piezore-
sponse force microscopy (PFM) image of the same
area after a 10 µs long +10 V pulse was applied be-
tween the top electrode (connected to the CNT) and
the gate electrode (SrRuO3) below the ferroelectric
layer. The minimal lateral size of the switched ferro-
electric domain is 20 nm.

In the CNT-ferroelectric devices we have also
investigated domain switching and stability
using the CNT as a local electric field source, to
apply voltage pulses of different duration and
magnitude across the ferroelectric thin film.
With 10 µs voltage pulses, domains 20 nm
wide were obtained (Fig. 3). For short writ-
ing times, CNT-written domains are generally
smaller than those obtained with either stan-
dard AFM tips or macroscopic electrodes used
to apply the electric field, although the final do-
main size is much more sensitive to local inho-
mogeneities in the sample. We are currently in-
vestigating polarization switching under CNT
using more uniform films, with much smaller
source and drain electrodes to minimize leak-
age.

2 Carbon-based electronics

The investigation of graphene and related ma-
terials has progressed through the use of a
broad range of different exprimental tech-
niques. These include transport through
nanodevices, optical spectroscopy to measure
Faraday effect and ac Hall effect, electron-spin
resonance through solvent-dispersed graphene
layers, and scanning tunneling imaging and
spectroscopy on superconducting intercalated
graphite. On organic semiconductors, our re-
search has focused on transistors based on
high-quality single-crystals of n-type materi-
als. The development of new nanoscale scan-
ning probes based on carbon nanotubes has
also progressed.

2.1 Magneto-transport through graphene
nanoribbons (A. Morpurgo)

One of the key difficulties in using graphene
for the realization of field-effect transistors is
the absence of a gap separating valence and
conduction bands, which prevents the use of
gate electrodes to completely switch off trans-
port. It has been observed early on that in
graphene nanoribbons — i.e. narrow graphene
constrictions created by etching larger flakes —
the conductance can be suppressed completely
at low temperature in a rather broad range of
voltages around the charge neutrality point. To
explain the phenomenon, size quantization ef-
fects were initially invoked, following theoret-
ical predictions. In such a scenario, however,
the predicted energy gap is smaller than the
magnitude of the disorder normally present in
graphene due, for instance, to random charges
present on the underlying substrate. This type
of disorder is even larger in narrow constric-
tions, due to the larger influence of the strongly
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disordered edges. The presence of strong dis-
order casts serious doubts about the initially
proposed origin of the transport gap. Sub-
sequent theoretical work has suggested that
the transport gap may instead originate from
strong localization together with charging ef-
fects. In simple terms, disorder localizes charge
carriers when the Fermi energy is small, lead-
ing to the formation of “islands” that make
nanoribbons behave as a collection of quantum
dots connected in series.

Until recently, no definite experiment capable
of discriminating between these two possible
explanations was identified. In the course of
last year, we have performed a careful study of
magneto-transport and shown that magneto-
resistance measurements do provide a clear-
cut answer [2]. If the opening of a band-gap
was the mechanism responsible for the insu-
lating state, the application of a magnetic field
B corresponding to a magnetic length signif-
icantly smaller than the ribbon width should
— via the formation of the zero-energy Landau
level characteristic of graphene — suppress the
transport gap completely. As a result, the con-
ductance should increase from the small value
measured at B = 0 (G ≈ 10−3 − 10−4e2/h for
ribbons having a width of about 70 nm) to a
value of G ≈ e2/h. On the contrary, if localiza-
tion is the dominant mechanism, the transport
gap should decrease in size by approximately
a factor 2 (i.e. no complete suppression). In
fact, the magnetic field causes breaking of time
reversal symmetry, leading to a doubling of
the localization length, thereby effectively in-
creasing the size of the “islands” formed in the
ribbons. Since these islands behave as quan-
tum dots, their larger size implies a smaller
charging energy and, hence, a smaller trans-

Figure 4: Conductance of a 70 nm wide graphene
nanoribbon measured at B = 0 (a) and B = 8 T
(b) as a function of gate and bias voltage. At low
bias, the conductance is strongly suppressed in both
cases, but in the presence of a magnetic field, the
bias voltage needed to increase the conductance is
approximately half of that needed at zero field. This
is expected if the transport gap is due to strong lo-
calization in conjunction with charging effect.

port gap. The magneto-transport measure-
ments as a function of gate voltage and temper-
ature show that indeed this is what happens:
the energy scales (in bias voltage and tempera-
ture) associated to the transport gap are seen to
decrease, but not to disappear (Fig. 4) [2]. In
other independent experiments (in collabora-
tion with Prof. Hakonen at the University of
Helsinky), we have found additional support
for the role of localization in graphene nanorib-
bons, through measurements of shot noise [3].

2.2 Transport through graphene on SrTiO3 sub-
strates (A. Morpurgo)

The transport properties of graphene are
strongly influenced by the underlying sub-
strate. In suspended graphene — where the
substrate is removed — mobility values larger
than 200 000 cm2/Vs can be achieved. These
values are much larger than those observed on
SiO2 (≈ 10 000 cm2), which is the substrate ma-
terial normally used. To understand what are
the key parameters determining the transport
characteristics of graphene, it is interesting to
perform studies using different substrates ma-
terials, characterized by well-defined, specific
physical properties. To this end, we have
started studying transport through graphene
on SrTiO3 single-crystals. What makes SrTiO3
an interesting substrate is the very large rela-
tive dielectric constant (ε ' 300 for T rang-
ing from 300 to 70 K), which increases to even
larger values when lowering the temperature
from 70 K to 4 K (at 4.2 K ε ' 3000− 10000).
Analyzing the transport properties in the tem-
perature range where ε changes allows us to
determine whether or not long range Coulomb
potentials, which are strongly influenced by
the increase in ε, determine the transport prop-
erties of graphene.
We performed transport measurements as a
function of carrier density n, temperature T
and magnetic field B, both in large Hall bar
devices and in nanoribbons. We found that in
Hall bar devices at B = 0 the density depen-
dence of the conductance G(n) does not change
at all when the temperature is varied between
60 K and 240 mK (Fig. 5). This observation does
not only provide information about scatter-
ing mechanism, but also about the low-density
regime (where the conductance does not de-
pend on n). Finding that the width (in carrier
density) of the region where G is constant re-
mains unchanged while ε increases by a fac-
tor of approximately 30 − 50, indicates that
transport in the low-density regime is not de-
termined by the so-called “puddles”, contrary
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Figure 5: Density dependence of the conduc-
tance measured on graphene single-layer Hall bar
on SrTiO3, at different temperatures in the range be-
tween 60 K and 240 mK. In this range the dielectric
constant of the substrate changes by approximately
a factor of 20 – 30. Nevertheless, the density de-
pendence of the conductance remains entirely un-
changed.

to what has been usually assumed in the past
(“puddles” are regions in graphene where lo-
cal accumulation of electrons and holes is de-
termined by the local shift of the Dirac point,
caused by random potential fluctuations). De-
spite the absence of any effect at zero magnetic
field, the influence of the dielectric constant be-
comes apparent at large magnetic field, and in
nanoribbons. In particular, we find that at 15 T
the resistance at the charge neutrality point —
when the Fermi level is in the middle of the
N = 0 Landau level — decreases with lowering
temperature, whereas on SiO2 under the same
conditions, the resistance increases with lowering
T and becomes unmeasurably large. As the behav-
ior observed on SiO2 originates from electron-
electron interaction, the phenomenon is a strik-
ing manifestation of screening due to the sub-
strate. Similarly, the magnitude of the trans-
port gap in nanoribbons that originates from
the charging energies of disorder-induced “is-
lands” is found to be suppressed by one order
of magnitude as compared to SiO2, due to sub-
strate screening. A quantitative analysis of the
observation is ongoing.

2.3 Cyclotron resonance and Faraday rotation
in epitaxial graphene (D. van der Marel,
A. Kuzmenko)

Epitaxial growth of graphene by annealing of
silicon carbide [20] is considered as an econom-
ically viable method of producing graphene for
applications. The properties of graphene on Si-
and C-faces of SiC are entirely different [21].
Graphene on the Si-side is Bernal-stacked, and
has usually 1 − 2 atomic layers, including a
so-called buffer layer covalently bonded to the

substrate. In contrast, graphene produced on
the C-side has typically many layers with a ran-
dom rotational stacking and a layer-dependent
doping level, which results in the presence of
several types of charge carriers.
We measured magneto-optical spectra on both
types of epitaxial graphene. The optical ab-
sorption and Faraday rotation spectra (Fig. 6a)
were combined to provide the diagonal and
the Hall optical conductivities [4], thus pro-
ducing the complete magneto-optical conduc-
tivity tensor. The measurements were per-
formed in the far-infrared region, where the
resonances due to Landau level transitions are
present. The Faraday rotation of single-layer
graphene on the Si-side (Fig. 6b) is found to be
as large as several degrees (0.1 radian). This
is a very large value given that the rotation,
usually proportional to the thickness of the
sample, comes from a single-atomic layer. We
show that the rotation is strongly enhanced
due to the cyclotron resonance, whose energy
corresponds to the position of maximum slope.

Figure 6: (a) Faraday effect experiment (b) mea-
sured on single-layer graphene grown on the Si-face
of SiC at 5 K, at different magnetic fields (color code
for the magnetic field values are given on Fig. 7).
The inset shows the magnetic field dependence at
2 selected photon energies.
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The sign of the carriers involved (holes in this
case) is given by the sign of the slope, which
means that this experiment allows distinguish-
ing electrons and holes without making electri-
cal contacts to the sample. Such a large optical
rotation opens pathways to the use of graphene
in magneto-optical applications.
The cyclotron frequency is found to depend
linearly on the magnetic field. This quasi-
classical behavior, different from the square-
root field dependence of the Landau level ener-
gies of massless Dirac quasi-particles in mono-
layer graphene, is due to a high doping (about
1013 cm−2) induced by the substrate.
The Faraday rotation spectra on multilayer
graphene grown on the C-face of SiC are very
different (Fig. 7). Here we observe different
cyclotron-resonance features: those originating
from the highly doped bottom layers, closest
to the substrate, and those due to the individ-
ual low-index Landau level transitions, com-
ing from the weakly doped top layers (pointed

Figure 7: Faraday rotation measured on multilayer
graphene grown on the C-face of SiC at 5 K. The ar-
rows show transitions between individual Landau
levels.

to by arrows). The cyclotron rotation now
originates from electron-like carriers, as evi-
denced by a different sign of the slope of the
Faraday angle as compared to the data on the
monolayer graphene. From the slope of Fara-
day rotation at the transition energies of the
inter Landau-level transitions, we derive the
sign of the charge carriers involved, which in
this case is also of electron type. The energies
of the Landau level transitions show clearly
a square-root dependence on magnetic field,
while the cyclotron energy shows a linear field
dependence. This is the behavior expected for
the quantum and the classical regimes, respec-
tively.

2.4 Reducing graphene oxide in polar solvent —
an ESR study (L. Forró)

An important step towards the application of
graphene is elaborating a method for its large
scale production which could give a high-
quality material. One of the most promis-
ing methods is the so-called graphene ox-
ide (GO) route. There are several variants
of making of GO [22] with a common ex-
pectation to recover the pristine properties of
graphene simply by reducing formerly oxi-
dized graphite. However, the optimization
of the oxidation/reduction parameters is still
in progress. Our previous ESR study [Ciric
et al., submitted] on hydrazine and hydro-
gen plasma reduced graphene oxide (RGO)
has shown a relatively large amount of defects
which may hinder the advantageous proper-
ties of graphene.
Recently, the Nesper group has elaborated a
reduction method of GO flakes by thermal
treatment in a polar solvent without using hy-
drazine or hydrogen plasma. Both the pre-
cursor (GO) flakes (average size ∼ 1 µm2)
and the final material (RGO) were studied and
characterized by ESR in a broad temperature
range (4 − 295 K). ESR is able to separate
the contributions of localized and conduction
electrons from the overall magnetic response
and to detect magnetic correlations. For the
structural characterization and the size distri-
bution of the flakes, atomic force microscopy
(AFM), scanning electron microscopy (SEM),
and high-resolution transmission electron mi-
croscopy (HRTEM) were used.
Depending on the solvent boiling point, the
reduction was done at the following temper-
atures: 100, 120, and 140◦C. The results of
thermal treatment in polar solvents are shown
in Fig. 8 in the form of χ*T versus T. They
are compared to the behavior of the magnetic

28



MaNEPResults — Project 2

Figure 8: Temperature dependence of the T*spin
susceptibility of GO reduced at different tempera-
tures in a polar solvent (lower panel). The χ*T plot
illustrates how the Pauli component develops as a
function of the reduction temperature. It is com-
pared to the sample obtained by mechanical exfo-
liation (upper panel).

susceptibility of the mechanically exfoliated
graphene sample (Fig. 8, upper panel) [5].
In the overall susceptibility, the increasing
weight of χ with reduction is noticed in the
χ*T product (Fig. 8). One can clearly distin-
guish the Curie-term (∼ T independent value)
and the Pauli contribution (T dependent term)
to the overall susceptibility. With the increas-
ing temperature of the heat treatment one can
follow a clear development of a Pauli compo-
nent to the spin susceptibility in the χ*T plots.
By comparing the slopes of the χ*T plots for
various reduction temperatures one can con-
clude that the reduction is starting to be effi-
cient above 120◦C. This is a highly encouraging
result concerning future applications because
it shows that the restoration of the metallicity
of graphene is feasibly with a mild reduction
step [6].
However, there is plenty of room for improve-
ment. The choice of the polar solvent, the tem-
perature of the heat treatment, and the size
of the starting material´s flake should be op-

timized in the near future.The goal is to ob-
tain graphene samples which show properties
close to the ones prepared by mechanical exfo-
liation [5].

2.5 Graphite intercalated compounds (C. Ren-
ner)

The goal of this project is to study super-
conductivity in CaC6 — the graphite interca-
lated compound (GIC) with the highest Tc to
date [23] — both in single-crystals, as well as in
in situ intercalated bilayer graphene specimen.
Here we focus on intercalated crystals. The su-
perconducting phase of CaC6 has been investi-
gated previously in great detail using scanning
tunneling microscopy (STM) and spectroscopy
(STS) by Bergeal et al. [24], including the vor-
tex state. They found spectroscopic character-
istics in excellent agreement with weak cou-
pling BCS superconductivity. In our work, we
achieved first atomic resolution imaging to find
that this superconductor also displays a charge
density wave (CDW) above the superconduct-
ing transition [7].
Stage I calcium intercalated graphite (CaC6,
Fig. 9) single-crystals were cleaved under ultra-
high vacuum conditions and studied by STM
at 78 K, above the superconducting transition.
Atomic resolution micrographs of the same
surface region reveal two distinct atomic scale
textures (Fig. 10). The first one (Fig. 10a) is
in perfect agreement with a stage I interca-
lated structure (Fig. 9b). The Fourier trans-
form (Fig. 10b) shows that calcium atoms form
a
√

3a0 lattice, rotated 30◦ with respect to the
carbon lattice a0. The second one is a static
modulation of the structure and electronic den-
sity of states with a period three times that of
the Ca superlattice (Figs. 10c, d). An interest-
ing finding is that the surface is much rougher
in the absence of stripes than when stripes are

Figure 9: (a) Atomic structure of stage I Ca interca-
lated graphite. (b) Plane view expected to be seen by
STM. Ca atoms are in blue and C atoms are in red.
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Figure 10: STM micrographs of CaC6 at 78 K.
(a) Atomic scale contrast revealing both the C and
Ca lattices. Inset: magnification showing the perfect
match to the stage I intercalation model. (b) Fourier
transform of the micrograph in (a) showing the
hexagonal C and Ca lattices. (c) Charge density
wave modulation superposed on the C and Ca lat-
tices and (d) corresponding Fourier transform.

present.
All experimental evidence points to a CDW to
explain the static modulation seen in Fig. 10c.
CDWs have been suggested as a possible ori-
gin for a variety of anomalous long-range su-
perlattices seen in GICs and graphite, by means
of electron diffraction and STM. However, in
the absence of electronic structure measure-
ments, these experiments were unable to rule
out other effects, including Moiré patterns of-
ten observed by STM on graphite, electron
standing waves, and surface reconstruction or
Ca lattice depletion. Fig. 10 demonstrates that
the stripes coexist with the expected C and Ca
lattices. This precludes the possibility that the
stripe phase is a surface reconstruction, i.e. that
it results from a depletion or rearrangement of
the Ca intercalants or C lattice. Secondly, STS
of striped areas reveals a gap of about 475 meV
at the Fermi level in the local density of states,
which cannot be explained by a Moiré pattern.
Finally, we find that the stripe periodicity does
not change with tunneling bias, thus ruling
out electron standing waves and Friedel oscil-
lations, which are dispersing effects.
We propose the following mechanism for
the CDW formation [7]: as the material is
cooled, the negative thermal expansion of the
graphene sheets flattens the planes, making
an in-plane distortion of the Ca lattices be-
tween the graphene sheets (as observed in our

STM data) energetically favorable. The dis-
tortion is transverse and triggers charge mo-
tion on the graphene sheet immediately ad-
jacent to the perturbed Ca atoms, leading to
the stripe phase. This scenario is consistent
with the observed coincidence of the displaced
Ca atoms with the stripe peak in positive bias
and the stripe trough in negative bias STM mi-
crographs. Such a mechanism is also consis-
tent with the observation that the stripes do
eventually decay during STM imaging, and
the hysteretic behavior seen in bulk magnetiza-
tion. Both findings indicate that the stringent
flat, high-purity sample conditions required
to maintain the CDW cannot be recovered if
the sample transforms out of the CDW phase
(where STM shows the surface roughness to in-
crease) or is otherwise affected, so as to destroy
the CDW state. These requirements also ex-
plain why below the CDW transition the sam-
ple behaves as a better metal than when it is
in its normal high-temperature state, as it is
observed in temperature dependent resistance
measurements.
The microscopic process driving the CDW for-
mation is not clear at this time, although Fermi
surface (FS) nesting would be a natural can-
didate. There are several reported FS, deter-
mined both experimentally and theoretically.
Even though these all exhibit the potential for
nesting, we find no nesting vectors match-
ing the q-vector of the stripes observed in our
STM data. However, given various discrepan-
cies between the candidate FS, such as missing
or extra bands and differing values of charge
transfer, together with the difficulties assigning
the correct nesting vector for similar systems
(e.g. NbSe2), we cannot discard this possibility.
Another interesting open question is the inter-
play between the CDW and superconducting
phases. Both questions are the subject of ongo-
ing investigations.

2.6 Carbon nanotube functionalized atomic force
microscopy tips (P. Paruch)

The small diameter, high aspect ratio, mechan-
ical robustness, and chemical inertness, in con-
junction with their high electrical conductivity,
make carbon nanotubes an ideal system to re-
alize new probes for atomic force microscopy.
Carbon nanotube functionalized probes have
been used previously for nanolithography [25,
26], and ferroelectric switching [8]. In com-
bination with a SiO2 coating to increase their
rigidity, they have also been used for piezore-
sponse force microscopy, to image ferroelectric
domains [27]. The aim of our work is to de-
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Figure 11: Top: SEM image of a carbon nanotube
grown the the apex of a Si MicroMasch tip. Bottom:
topography image of an etched SrTiO3 surface ac-
quired with a CNT-functionalized AFM tip.

velop a polyvalent CNT-AFM tip allowing a
broad spectrum of electric and magnetic mea-
surements, enabling nanoscale studies of ferro-
electric and multiferroic thin films.
We used chemical vapor deposition (CVD) to
directly grow single-walled CNT on commer-
cial Si-based AFM tips. We have optimized
all key aspects of the process, including the
catalyst preparation (Fe hydroxy polymer) and
deposition (electrophoresis was chosen as the
most reliable technique to control the catalyst
density to desired levels), the reduction and
growth temperatures, and the feeder gas mix-
ture. With this process, long (1 − 2 µm),
well-aligned CNT grow reliably along the sur-
face of the AFM tip and protrude from its
apex (Fig. 11 top). After determining the
CNT length by means of either scanning elec-
tron microscopy (SEM) or force-distance mea-
surements in tapping mode AFM, the long
CNT are shortened using electrical etching to
∼ 200 − 400 nm. Topographic AFM imag-
ing using the shortened CNT-functionalized
tips shows high resolution, as indicated by a
sharper determination of step features, as com-
pared to what is possible with standard AFM
tips (Fig. 11 bottom). To allow magnetic as well

as electric AFM measurements, the CNT have
to be coated by a magnetic metal prior to SiO2
rigidification. We are currently optimizing the
metal deposition process to allow a uniform
and even coating of the CNT.

2.7 Band-like transport in n-type organic tran-
sistors (A. Morpurgo)

Organic field-effect transistors (FETs) are nor-
mally classified as being either n- or p-type, de-
pending on whether conduction occurs upon
accumulation of electrons or holes. In prin-
ciple, organic semiconductors should support
both electron and hole conduction (i.e. ambipo-
lar transport). However, it is well known that
electron transport is harder to achieve, as its
occurrence is often prevented from a number
of extrinsic factors. For instance, for most or-
ganic materials, different types of impurities
(e.g. oxygen and water) act as efficient elec-
tron traps, while not affecting much hole trans-
port. As a consequence, whereas high-quality
single-crystal p-type FETs could be realized to
investigate the intrinsic transport properties of
molecular semiconductors, for n-type organic
semiconductors this has not been possible so
far.
We recently discovered that PDIF-CN2 single-
crystals FETs can lead to record high electron
mobility values, systematically larger than of
1 cm2/Vs. In this project we have succeeded
in using these devices to achieve the first ob-
servation of band-like transport in n-type or-
ganic semiconductors. Specifically, we fabri-
cated PDIF-CN2 FETs in which a single-crystal
is suspended on top of the gate electrode, with
air — or vacuum — as gate dielectric, and mea-
sured the temperature dependence of the elec-
tron mobility. At room temperature, mobility
values of ∼ 5 cm2/Vs can be reproducibly re-
alized. The mobility increases upon lowering
temperature, reaching values of ' 7 cm2/Vs at
about 150− 200 K (and as large as 11 cm2/Vs
in the best devices), before decreasing slowly
at lower temperature (Fig. 12). In some de-
vices, we also succeeded in measuring the Hall
effect. The increase in mobility with lower-
ing temperature and the observation of Hall ef-
fect represent the first demonstration of band-
like transport of electrons in organic FETs. In
addition, we have also performed measure-
ments with ionic liquid gates (by simply insert-
ing the ionic liquid in the “air gap” of the sus-
pended devices) and found that the presence
of ionic liquid does not suppress the carrier
mobility significantly in the majority of the de-
vices studied [9]. From the technological point
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Figure 12: Mobility of PDIF-CN2 single-crystal
transistors measured (in a four terminal configura-
tion) as a function of temperature. Upon lowering
temperature from 300 K to 150− 200 K, the mobil-
ity increases. The black dots correspond to the best
device, in which a record high — for n-type FETs —
mobility of 11 cm2/Vs has been reached (the device
broke at approximately 220 K).

of view, this is an important result, because
the use of ionic liquid gates enables a substan-
tial lowering of the voltage that needs to be
applied to the gate, to switch on the device:
ionic-liquid gated PDIF-CN2 FETs work prop-
erly with 1 − 3 V applied to the gate electrode.

3 Theory

Next to activities in the originally planned di-
rections — e.g. the investigation of supercon-
ductivity in quasi-one-dimensional systems —
considerable work has been devoted to the
study of the topological electronic properties
of different material systems. Last year work
in this area has mainly been motivated by the
analysis of specific materials that had been sub-
ject of previous investigation within MaNEP
(e.g. graphene devices and Sr2RuO4). At the
same time, new systems are also starting to be
considered (e.g. three-dimensional topological
insulators), which in some cases are also being
studied experimentally.

3.1 Gapped bilayer graphene as a marginal topo-
logical insulator (M. Büttiker and A. Mor-
purgo)

Two-dimensional topological insulators are
materials characterized by the simultaneous
presence of an excitation gap in the bulk and
gapless states at the edges. They constitute a
new class of condensed matter states, which
are not only fundamentally interesting, but

also potentially useful in applications rang-
ing from spintronics to quantum computation.
Practical examples of 2D topological insulat-
ing materials that can be used in experiments,
however, are still limited. Therefore, an impor-
tant task in this emerging field is to search for
more candidates, to examine them in topologi-
cal terms, and to understand their common as-
pects and differences.
Gapped bilayer graphene (Fig. 13) bears a great
similarity to one of the known classes of two-
dimensional topological insulators, namely
the quantum spin Hall insulators [28, 29].
In ideal conditions, both systems accommo-
date counter-propagating gapless edge states
(with opposite spin-polarization for quantum
spin Hall insulators, and opposite valley-
polarization for gapped bilayer graphene),
originating from similar nontrivial topological
properties of the bulk states [10, 11]. Conduc-
tion through these edge states can be domi-
nant in electronic transport when the chem-
ical potential lies in the bulk band gap and
the temperature is low enough. A practical
— and yet crucial — difference, however, is
how the edge states act against disorder that
is unavoidably present in the devices. While
the edge states in the quantum spin Hall in-
sulators benefit from the topological protection
against perturbations that preserve time rever-
sal invariance — a theoretical prediction that
has been confirmed in a series of beautiful ex-
periments [30, 31] — the fate and experimen-
tal relevance of the edge states in gapped bi-
layer graphene (where topological protection is
missing) have not been analyzed theoretically.
Our investigations [10, 11] have addressed and
clarified this issue in a two-fold way. Hav-
ing in mind actual devices, we have analyzed
the robustness of the edge states in gapped
bilayer graphene against strong edge disor-

Figure 13: Experimental setup for gapped bilayer
graphene. The bulk energy gap can be opened and
tuned by applying a perpendicular electric field to
the bilayer graphene sample [10].
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Figure 14: Edge state in a gapped bilayer graphene
ribbon. Lower panel: light colors indicate a high
electron density. Upper panel: disordered edge [10].

der [10]; on the conceptual side, we have exam-
ined the deep connection between the edge and
the bulk states, to reveal that the properties of
gapped bilayer graphene are those characteris-
tic of marginal topological insulators [11].
In Ref. [10], we have simulated gapped bi-
layer graphene with realistic edge disorder,
and found a universal limit in the localization
of the edge states inside the bulk gap (Fig. 14).
In this universal limit, the localization length
of the edge states depends only on the magni-
tude of the bulk gap, and remains sizable, with
a range of magnitudes that is experimentally
relevant. We have also compared gapped bi-
layer graphene with a (gapped) square lattice
tight-binding model. The square lattice tight-
binding is topologically trivial and, indeed, we
found that edge states are not present neither
with ideal nor with rough edges, thereby con-
firming the crucial role played by the nontriv-
ial topology of the bulk band structure. Next
to their clear theoretical interest, our results
have experimental relevance: in fact, we found
that the contribution to the subgap conduc-
tance due to variable range hopping through
the localized edge states provides a domi-
nant transport mechanism in devices with only
weak bulk disorder. Experimentally, such de-
vices have already been realized by suspend-
ing graphene bilayers, and transport measure-
ments seem indeed to be consistent with our
predictions.
In Ref. [11], we have analyzed at the concep-
tual level the edge states associated to each
of the valleys present in gapped bilayers, for
disorder-free edges with different structures.
Specifically, we have examined the defining

Figure 15: The contribution of the bulk states
to the overall topological number, effectively mea-
sured by the “magnetic” flux in k-space, is quantized
but opposite for the two valleys of gapped bilayer
graphene [11].

relation for two-dimensional topological insu-
lators, which states that the number of edge
states is determined by the topological num-
ber associated to the bulk states, a concept
commonly termed bulk-edge correspondence.
We found that such a bulk-edge correspon-
dence is absent for individual valleys. In each
valley, the actual number of edge states de-
pends on specific boundary conditions (deter-
mined by the edge structure), even when the
edges do not introduce any intervalley cou-
pling. The absence of a bulk-edge correspon-
dence for individual valleys in gapped bilayer
graphene reveals the fundamental difference
between this system and quantum spin Hall in-
sulators. The difference is rooted in the fact
that the two valleys contribute oppositely to
the overall topological number. Therefore, the
Brillouin zone as a whole is globally trivial
(Fig. 15), despite the fact that individual val-
leys possess non-trivial topological properties.
We have discussed in detail the implications
of this finding, and understood them as the
defining characteristic of a marginal topolog-
ical insulator — a concept that had been ear-
lier used in the discussion of abstract theoret-
ical models, but which had not been analyzed
in the context of specific material systems. The
concept of marginal topological insulator is im-
portant, because it is not limited to gapped bi-
layer graphene, but can be naturally extended
to other multi-valley systems.
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3.2 Band structure and topological superconduc-
tivity (M. Sigrist)

This project is part of the special collabora-
tion program on topological matter. Some
projects related to this topic are also reported
in Project 4 in connection with chiral p-wave
superconductivity in ruthenates.

a) Band structure and edge spin currents As-
pects of topological unconventional supercon-
ductivity in a system whose band structure
resembles that of two of the three bands of
Sr2RuO4 have been investigated by Imai and
Sigrist. The dyz/dzx − t2g orbitals are likely the
bands subdominant for superconductivity in
the material. However, their structure incorpo-
rates an intriguing feature. Both orbitals sepa-
rately generate, through (intraorbital) intersite
hopping, two quasi-one-dimensional bands.
Interorbital hybridization enters through near-
est neighbor hopping and onsite spin-orbit
coupling. The resulting two-band structure
yields an electron- and a hole-like Fermi sur-
face. It has been recognized several years ago
that the configuration of hybridizations leads
to the anomalous Hall effect [12][32]. It was
also shown that this type of two-band structure
yields z-axis polarized spin currents at the sur-
face of the main axis, which could result in cor-
rections to the anomalous Hall effect and spin
Hall effect in mesoscopic samples [12].

b) Topological superconductivity and edge states
There are two unconventional superconduct-
ing states with topological properties which are
considered in this project, the chiral and the he-
lical p-wave states. The first is most likely real-
ized in Sr2RuO4, similar to the A-phase of 3He,
and has the symmetry d = ∆ẑ(kx ± iky). The
second one, with d = ∆(x̂kx + ŷky), is simi-
lar to the B-phase of 3He. Within a single-band
picture, both states have topological character
in the sense that a spin-dependent Chern num-
ber Ns can be defined, such that for the chi-
ral state N↑ = N↓ = 1 and the helical state
N↑ = −N↓ = 1. The former leads to a quan-
tized edge current in the charge channel, and
the latter in the spin channel.
In the two-band situation, both superconduct-
ing states receive canceling contributions to
the Chern numbers such that they are sepa-
rately “topological” restricted to the individual
Fermi surfaces, but with opposite Ns. Studying
a slab (ribbon) geometry, Imai and collabora-
tors show that, nevertheless, edge bound states
are generated supporting a net charge or spin
current, respectively. These currents are non-
universal in magnitude and not topologically
protected.
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Figure 16: Gap magnitude versus the penetration
depth 〈d〉 (units lattice constant). For the helical
state the up and down spin currents are by symme-
try equal in absolute magnitude such that only one
curve is displayed. For the chiral state the underly-
ing charge current yields different values for up and
down spin currents. The overall non-monotonic be-
havior is in all cases the same. The gap is given in
arbitrary units.

In this project, several aspects are studied, such
as, for instance, the interplay with the sur-
face spin currents in the two superconduct-
ing states. Interestingly, both states maintain
a spin current contribution. While this is not
surprising for the helical state, which intro-
duces its own spin current together with the
one induced by spin-orbit coupling, the chi-
ral state corresponding to an in-plane equal
spin pairing states allows for z-axis polarized
spin currents. The edge spin current of the
metallic normal state is not due to a surface
bound state but to interference effects. As
soon as superconducting states appear, how-
ever, Andreev bound states emerge at the sur-
face co-carrying the spin currents. This can
be seen in the penetration of the spin current
into the bulk, which for small superconduct-
ing gaps increases as compared to the metallic
state, as a consequence of the large coherence
length (corresponding to the penetration depth
of the edge states), and shrinks above a certain
gap value because of the decreasing coherence
length (Fig. 16).
Further discussions are concerned with the
character of the superconducting phase ap-
pearing at the surface, as here proper-
ties of non-centrosymmetric superconductivity
should be present. The experimental implica-
tions for the observation of surface currents are
being studied. The project is in progress and a
first publication is in preparation.
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3.3 Quantum wires coupled to a metallic plate
(T. Giamarchi)

Recently fabricated superconducting wires
with diameter d < ξ0 (ξ0 is the coherence
length of the bulk superconductor) have at-
tracted the attention of several theoretical and
experimental research groups [33, 34]. Because
of their reduced effective dimensionality, inter-
esting phenomena like Luttinger liquid behav-
ior, as well as the existence of quantum phase
transitions and quantum critical points, have
been predicted to occur [13]. The coupling
to the external environment has important
consequences on quantum critical systems,
and remarkable effects — like the existence
of dissipative-driven quantum phase transi-
tions — have been predicted [14][35, 36]. In
particular, we showed in a previous work [15]
that quasi-particle tunneling between a 1D su-
perconductor and a two-dimensional electron
gas (2DEG) led to a quantum phase transi-
tion from the Luttinger liquid phase towards a
novel phase in which superconductivity is sta-
bilized.
To obtain a more detailed description that in-
cludes the effect of Coulomb interactions, we
have examined the dissipative effects in a 1D
superconductor induced by the local electro-
magnetic environment (i.e. a diffusive metal
placed nearby). Using a path-integral for-
malism, we have described the dynamics of
the plasma mode in a 1D superconductor ca-
pacitively coupled to the diffusive modes in
the diffusive metal. We have shown that su-
perconductivity in the wire can be drastically
modified depending on the screening proper-
ties of the metal. In particular, dimensionality
plays a major role, yielding a good supercon-
ductor with low resistance when the screen-
ing metal is two-dimensional, while it would
turn the wire into the normal state in the one-
dimensional case [16] (this article has been se-
lected as an “Editor’s suggestion”).

4 Collaborative efforts

Among the different activities described above,
there are several collaborative efforts that are
essential for the success of the research in
this project. Examples include collabora-
tions between the groups of Prof. Triscone
and Morpurgo on quantum transport through
LaAlO3/SrTiO3 interfaces, the groups of
Prof. Paruch and Triscone on the investigation
of ferrolectrics and multiferroics, the groups of
Prof. Morpurgo and Büttiker on the theoret-
ical study of gapped bilayer graphene. Sev-
eral other collaborations exists on different

projects that are in active stage of development
(involving Prof. van der Marel, Renner, and
Triscone). Here we describe in more detail a
newly started research line that focuses on the
investigation of topological properties of elec-
tronic materials. This activity originates from
a joint proposal of Prof. Morpurgo, Sigrist, and
van der Marel, and combines theoretical and
experimental research. Part of the theoretical
work done in this context is described in sec-
tions 3.1 and 3.2. Experiments have focused on
the study of Bi2Se3, the most promising rep-
resentative material among three-dimensional
topological insulators, and on HgTe. Bi2Se3
crystals were grown in the laboratory of E.
Giannini (van der Marel’s group), and have
been used to perform both optical spectroscopy
experiments and quantum transport measure-
ments on devices. A more exhaustive study
and analysis of optical response has been per-
formed on thick HgTe epitaxial films, another
material system that is expected to behave as
3D topological insulator.

4.1 Superconductivity in intercalated topological
insulators Bi2Se3 and Bi2Te3 (E. Giannini)

Bi2Se3 and Bi2Te3, long known as thermoelec-
tric materials, have been only recently found
to be topological insulators [37]. Crystals of
Bi2Se3 and Bi2Te3 are commonly reported to
grow during slow cooling of the molten binary
mixture, in a vacuum sealed quartz holder.
We have grown these crystals by using the
floating zone technique (FZ). A great care was
taken to guarantee the homogeneity of the pre-
cursors, by preliminarily melting, crystallizing
and re-grinding the precursors three times be-
fore the final growth process. Thanks to the
peculiarities of the FZ technique, the chemi-
cal homogeneity of the produced crystals is im-
proved. Moreover, the strong temperature gra-
dient at the growing front allows a better con-
trol of the nucleation and growth process and
provides a higher crystalline quality. Large
(1 − 5 cm) crystals were grown, from which
thin crystalline flakes (down to ∼ 10 nm thick,
∼ 5 µm wide) have been exfoliated. The di-
rect observation of Dirac fermions in transport
measurements, so far hidden by impurity bulk
conducting states, have been recently achieved
at UniGE by the group of A. Morpurgo [17]
on such flakes of Bi2Se3. The addition of a
third element in the structure of binary Bi-
chalcogenides can strongly affect the electronic
phase. Most excitingly, Cu-atom intercalation
in Bi2Se3 was reported to result in supercon-
ductivity [38]. We have undertaken a system-
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Figure 17: X-ray diffraction patterns of TM-
intercalated topological insulators.

atic study of the effect of intercalations in both
Bi2Se3 and Bi2Te3, by using various transition
metals (TM = Ni, Cu, Zn, Pd, Ag, Cd, Pt, Au).
The third atom is expected to intercalate be-
tween the two quintuple blocks Ch1-Bi-Ch2-Bi-
Ch1 (Ch = Se, Te) according to [38]. The inter-
calated compounds are still found to crystallize
in the Bi2Te3-type structure (R3̄m space group)
only in the presence of Cu, Ni and Zn in Bi2Se3,
and of Pd and Cu in Bi2Te3 (Fig. 17).
A transition to a superconducting state was
observed in CuxBi2Se3 (0 < x ≤ 0.3) and
PdyBi2Te3 (0.5 ≤ y ≤ 1), at Tc of ∼ 3.5 K and
∼ 5.5 K, respectively (Fig. 18).

4.2 Transport through gated Bi2Se3 crystals
(A. Morpurgo)

Until recently, band theory of solids has clas-
sified all crystalline materials in metals —
i.e. systems where the Fermi level is positioned
in the middle of a band — and insulators —
systems in which the Fermi level is located
in the forbidden energy gap between bands.
The recent discovery of topological insulators
(TIs) has changed the situation. TIs are a new
state of matter that occurs in the presence of
strong spin-orbit interaction and time-reversal
symmetry. In TIs, the Fermi energy is located
in an energy gap in the bulk of the material,
and inside a band at its surface. The surface
states are “topologically protected”: they can-
not be driven into an insulating state even in
the presence of strong disorder, as long as time-
reversal symmetry is present. The nature of
the surface states depends on the dimension-
ality. In 2D TIs, they are helical 1D modes at
the edges of the systems, leading to a conduc-
tance quantization that has been detected in
transport experiments. In 3D TIs, the surface
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Figure 18: Superconducting transitions of interca-
lated Cu0.15Bi2Se3 and PdBi2Te3.

states consist of an individual band of 2D chiral
Dirac fermions, in which the spin of an electron
is “pinned” by its momentum. These Dirac
bands have been observed in spectroscopy ex-
periments (angle resolved photoemission and
scanning tunneling spectroscopy) in different
materials. However, so far their unambiguous
detection in transport measurements has posed
problems, owing to the presence of a parasitic
parallel conductance due to the material bulk
of unknown origin, and to the low mobility of
the surface Dirac electrons
To minimize the effect of the parasitic bulk
conduction, we have fabricated nanodevices
on thin layers of Bi2Se3 exfoliated from bulk
crystals, employing techniques similar to those
used for the fabrication of graphene nanostruc-
tures. We performed transport experiments
as a function of gate voltage Vg and magnetic
field B. At each gate voltage, we observe
Shubnikov-de Haas conductance oscillations,
whose dependence on Vg gives rise to a fan di-
agram of Landau levels (Fig. 19). The Landau
levels disperse in opposite directions when the
gate voltage is swept across the charge neutral-
ity point, providing a direct demonstration of
the presence of electrons and holes. The po-
sition of the Landau levels can be indexed ac-
cording to the relation N = nh

e
1

N+1/2 , where
n is the density of charge in the surface band
of Dirac fermions and N is an integer index-
ing the Landau levels. The “1/2” term in the
denominator — responsible for the so-called
“half-integer quantum Hall effect” — is an un-
ambiguous proof of the massless Dirac char-
acter of the electrons and holes. The experi-
ments also provide indications regarding other
aspects of the electronic properties of Bi2Se3.
In particular, they indicate the presence of an
impurity band with a rather large density of
states in the band gap of Bi2Se3. Finally, since
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Figure 19: Color plot of −d2R/dB2 as a func-
tion of magnetic field and gate voltage measured at
T = 4.2 K, in a two-terminal configuration. The dark
features fanning out from Vg ' −10 V, B = 0 are
minima in the Shubnikov-de Haas oscillations orig-
inating from Landau levels of Dirac fermions on the
surface close to the gate electrode (the white dashed
lines label the Landau levels of the Dirac holes). The
Vg-independent “vertical” features are Shubnikov-
de Haas oscillations from the far way surface, which
is electrostatically screened from the gate electric
field.

the electrodes used in our devices consisted of
Ti/Al films that become superconducting be-
low T < 1 K, we also succeeded in observing a
Josephson supercurrent. The critical current of
the devices was also found to be gate-voltage
dependent, and to exhibit ambipolar behavior
(i.e. the critical current becomes larger, as the
gate voltage is increased away from the charge
neutrality point, irrespectively of its polarity).
This finding directly indicates that part of the
supercurrent is carried by the Dirac surface
fermions.

4.3 Magneto-optical study of HgTe
(D. van der Marel)

The observation of the quantum spin Hall ef-
fect in CdTe-HgTe-CdTe quantum wells [39, 30]
represents a significant advance in the ability
to robustly segregate and control currents of
opposite spin. The 2D topological edge states
at the interface exhibits a quantum phase tran-
sition as the HgTe layer is reduced below a
critical thickness. Later predictions extend the
topological properties to three dimensions [40]
when HgTe is strained. This has the effect of
opening a bulk gap of the order of 22 meV.
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Figure 20: (a) Illustration of the magneto-optical
THz apparatus. Example angle-dependent mea-
surements of the 1st (b) and 2nd (c) pulses. (d) Pic-
torial rational for the expression θF,2 − θF,1 = θK . Fit
quality of the theoretical Faraday angle and elliptic-
ity for (e) +1.4 T and (f) −1.4 T. (g) The Kerr angle
determined from the fits for several magnetic fields.

Recently, some of the topological properties of
strained HgTe became apparent in the behav-
ior of the quantum Hall effect (QHE), which
is attributed to surface states. One of the pre-
dicted properties of these materials is the topo-
logical magneto-electric effect (TME) [41], im-
plying axion extensions of Maxwellian electro-
dynamics [42]. These effects have until now
remained elusive due to the inexorable back-
ground carrier density [42]. Strain applied to
bulk zero-gap HgTe, however, opens a band-
inversion gap and forms a strong 3D topologi-
cal insulator [40] with a single Dirac cone and
π Berry’s phase.
To probe the topological surface state conduc-
tion, we have performed time domain (TD)
magneto-optical (MO) measurements using a
home-built superconducting magnet in a flow
cryostat in a Faraday geometry, illustrated in
Fig. 20, where we show also the Kerr angle ob-
tained for fields of ±1.4 T. The change in shape
of the intensity distribution around 35 cm−1

is caused by a change in the complex Faraday
angle at this frequency, which we attribute to
an absorptive transition among surface state
Landau-levels.
These data demonstrate that significant hy-
bridization between bulk and surface states
renormalizes the Landau levels, leading to a
“massive Dirac” spectrum in contrast to the
Bi2X3 compounds (X = Se, Te) [43, 44]
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[6]I L. Ćirić, A. Sienkiewicz, D. M. Djokić, R. Smajda,
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Status Solidi (b) 247, 2958 (2010).

[7] K. C. Rahnejat, C. A. Howard, N. E. Shuttleworth,
S. R. Schofield, K. Iwaya, C. F. Hirjibehedin, C. Ren-
ner, G. Aeppli, and M. Ellerby, submitted to Nature
Communications (2011).

[8] P. Paruch, T. Tybell, and J.-M. Triscone, Proceed-
ings of the 10th International Ceramamics Congress
CIMTEC 2002 D, 675 (2002).

[9]I S. Ono, N. Minder, Z. Chen, A. Facchetti, and A. F.
Morpurgo, Applied Physics Letters 97, 143307 (2010).
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Project 3 Electronic materials for energy systems and other
applications

Project leader: Ø. Fischer (UniGE)

Participating members: M. Abplanalp (ABB), Ph. Aebi (UniFR), J. Cors (UniGe and Phasis), M. Decroux
(UniGE), D. Eckert (Bruker-BioSpin), Ø. Fischer (UniGE), R. Flükiger/C. Senatore (UniGE), J. Hulliger
(UniBE), M. Kenzelmann (PSI), G. Patzke (UniZH), C. Renner (UniGE), N. de Rooij (EPFL), G. Triscone
(Hepia), J.-M. Triscone (UniGE), A. Weidenkaff (Empa and UniBE), K. Yvon (UniGE)

Introduction: This project aims at the development of practical applications of research carried out
in MaNEP. Most of the subprojects are carried out in direct collaboration with industrial partners.

Summary and highlights

Five areas are covered by this project.
1. Applied superconductivity on supercon-
ducting wires in collaboration with Bruker-
BioSpin and on superconducting fault current
limiters (SFCL) in collaboration with ABB. In
the first subproject we have achieved a remark-
able improvement of the overall critical current
of MgB2 wires, bringing this technology closer
to the market. The research on SFCL has fo-
cused on the study and improvement the ther-
mal properties of Coated Conductors (CC) and
we report an important step forward by mod-
ifying the CC to achieve higher heat propaga-
tion velocities, essential for a cost efficient use
of SFCL.
2. Oxides for energy harvesting. Here we fol-
low two promising routes for harvesting elec-
tric power from either mechanical or thermal
energy. Piezoelectric thin films deposited on Si
have been characterized and their capacity for
mechanical energy harvesting demonstrated.
We have continued our search for promising
oxide materials for thermoelectric power gen-
eration. A new collaborative effort on the com-
pound Ca3Co4O7 has been started.
3. Applications of artificial superlattices. We
have continued our collaboration with the
company SwissNeutronics. This year, we have
developed a first prototype of adaptive neu-
tron optics allowing focusing the neutron beam
on a small spot and thus providing an enor-
mous gain in neutron intensity.
4. Hydrogen detectors and other sensors. Our
collaboration with Asulab in the Swatch group
in order to develop a hydrogen sensor based on
the metal-insulator transition in LaMg2PdHx

(x = 0− 7) has made important progress. We
have demonstrated reproducible thin film pro-
duction and the response of the film is rela-
tively rapid and reproducible and meets the
0.5% target for detecting hydrogen. In par-
allel to the study of the transition metal hy-
drides, we have also made progress in the use
of nanoparticles as gas detectors, in particular
MoO3 based nanorods. This research is com-
plemented by the work carried out with Nirva
Industries to improve electrochemical oxygen
sensors. Finally in our approach to develop
a giant piezo-resistance silicon cantilever, we
have demonstrated that the expected gain fac-
tor is canceled by other effects and that this ap-
proach is unfortunately not giving the hoped
for result.
5. New surface treatments for microcompo-
nents. In this part of Project 3, we are following
two routes: 1) marking technology for watch
components together with the watch manufac-
turer Vacheron Constantin and 2) in an SNF-
supported economic stimulus package we are de-
veloping a new cut-and-coat process by wire-
EDM. In the first part we have made impor-
tant progress towards an automated marking
line in order to implement this new technology
for systematic marking of different watch com-
ponents. In the second subproject, we are de-
veloping a new method to cut and at the same
time coat the surface with a material adapted
to a special practical use. This process is de-
veloped together with AgieCharmilles and is
presently presented to other companies who
we expect may be interested to use such ma-
terials.
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1 Applied superconductivity

1.1 Densification of long lengths of in situ MgB2
wires (R. Flukiger, C. Senatore, D. Eckert;
Bruker-BioSpin)

The cold-high-pressure densification technique
(CHPD) developed in Geneva in 2008 has led
to a considerable improvement of the critical
current density Jc of in situ MgB2 wires. After
applying CHPD at 1.5 GPa, a record value of Jc
has been reached, with Jc(4.2 K) = 104 A/cm2

at 13.8 T [1] for monofilamentary wires al-
loyed with malic acid (C4H6O5) reacted at
600◦C for 4 hours. This method has now
been successfully applied to multifilamentary
MgB2 wires, where the value of Jc has been
enhanced by a factor 2.3, 4.5 and 6 at 4.2 K,
20 K and 25 K, respectively, regardless of the
applied fields. In view of industrial appli-
cations, CHPD was extended to longer wire
lengths through the construction of a proto-
type machine, where densification is achieved
by an automatic press/release/advance mech-
anism. The new machine (Fig. 1) takes into ac-
count the experience previously acquired with
the laboratory device, but allows a consider-
ably faster change between the various press-
ing and releasing operations, combined with a
forward movement of the wire. Due to the lim-
ited amount of available prototype MgB2 wire
with C4H6O5 additive, the first tests were re-
stricted to a length of 1 meter. The results con-
firm the results on short wire samples, Jc being
enhanced by a factor of 2 over the whole field
region. This result is very promising in view of
an industrial application of MgB2 wires.

Figure 1: Protype machine for densification of long
lengths of MgB2 wires.

1.2 Fundamental mechanisms behind the im-
provement of Jc in densified MgB2 wires
(R. Flukiger, C. Senatore, D. Eckert; Bruker-
BioSpin)

High-field resistivity and specific heat mea-
surements were performed on binary and
malic acid (C4H6O5) added MgB2 wires, with-
out and with CHPD, in order to investigate the
fundamental physical mechanisms behind the
enhancement of the electrical transport proper-
ties after densification. In particular, the effects
of CHPD on the fundamental superconducting
properties, Tc distribution, Bc2 and Birr, as well
as on the parameters influencing the effective
cross-sectional area for the current transport,
i.e. percolation threshold and grain connectiv-
ity, were investigated .
The main results are the following ones [2]:

• a common feature observed in binary and
in malic acid doped wires is the reduc-
tion of the electric resistivity with densifi-
cation, reflecting an improvement of con-
nectivity between the MgB2 grains. The
homogeneity of Jc in the superconducting
layer is also improved in densified wires;

• in the case of doped MgB2, the reduction
of ρ is accompanied by an enhancement of
the upper critical field Bc2 and a reduction
of Tc. This is caused by a slightly increased
carbon content in the densified filaments:
the reduced reaction path in the precursor
powders has an influence on the kinetics;

• combining the analysis of the Tc distri-
bution, as determined from calorimetry,
with the results of the ρ(T) measurements,
we obtained insights on the influence of
CHPD on percolation. In particular, by in-
tegrating the Tc distributions between the
onset Tc and T(ρ = 0), i.e. the tempera-
ture corresponding to ρ = 0, we deter-
mined for the first time the minimum su-
perconducting volume fraction needed for
a full percolation path with zero resistivity
(Fig. 2). This volume fraction is strongly
reduced in densified wires, from 25% to
12.5%.
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Figure 2: Tc distribution for the malic acid doped
wire densified at p = 2 GPa (left axis, solid symbols)
and derivative of the ρ(T) curve (right axis, solid
line).

1.3 Electromechanical behavior of RHQT-Nb3Al
wires (R. Flukiger, C. Senatore, D. Eckert;
Bruker-BioSpin)

With respect to Nb3Sn, the main advantage of
Nb3Al is its considerably lower stress sensi-
tivity of the critical current. There is substan-
tial progress in the development of long length
Nb3Al wires by the rapid-heating, quenching
and transformation (RHQT) process. In collab-
oration with the National Institute for Material
Science (NIMS), Tsukuba, Japan, we carried
out the first measurements of RHQT-Nb3Al
wires under mechanical loads. Two types of in-
vestigations were of interest: first the behavior
of the critical current Ic under transverse com-
pressive stress, and second its variation under
uniaxial tensile stress. Data regarding Ic versus
transverse pressure are rare in scientific litera-
ture and are urgently needed. Recently, within
a collaboration with CERN, we developed a
probe for the study of critical current versus

Figure 3: Overall critical current density versus
transverse compressive stress at 19 T of a RHQT-
Nb3Al wire and a bronze Nb3Sn wire with compa-
rable cross sections.

transverse compressive stress up to 300 MPa.
At such a high pressure, the Ic of RHQT-Nb3Al
at 19 T is only reduced to 88% of its initial
value and recovers upon unloading to 94% [3].
These values are improved at lower magnetic
fields. In Fig. 3, the overall critical current
density obtained for this RHQT-Nb3Al wire is
compared with that of a bronze Nb3Sn wire
with similar cross section. Note the extraordi-
nary weak stress dependence of RHQT-Nb3Al.
Finally, it should be mentioned that modern
high-performance Nb3Sn wires are even more
transverse pressure sensitive than bronze pro-
cessed wires.

1.4 Superconducting fault current limiter
(M. Decroux, M. Abplanalp; ABB)

a) Introduction The superconducting fault
current limiters (SFCL) are nowadays mainly
built with coated conductors (CC). However
CC, mostly developed for transport appli-
cations, suffer from an important weakness.
They can sustain only very low mean electric
field due to low propagation velocities of the
switched zone — few cm/s compare to more
than 20 m/s in films grown onto sapphire
wafers [4] — and the poor thermal properties
of the structure. Therefore during this year
we have characterized the thermal properties
of the CC by measuring their thermal con-
ductivities and we have studied a new way
to improve the propagation velocities of the
switched region in SFCL.

b) SFCL geometry and thermal link. To in-
crease the propagation velocities of the nor-
mal zone, we propose a special geometry in
which the superconducting line is a meander
(as presented in Fig. 4). This geometry offers

Figure 4: Sketch of the meandered geometry pro-
posed for the SFCL in order to increase of the effec-
tive propagation velocity of the normal zone. The
thermal links are the grey rectangles.
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Figure 5: Delay time between the heater and the
detector line in region with (A) and without (B) the
thermal link as a function of the temperature of the
constriction at the end of the current pulse.

the advantage to use the lateral propagation
of the heat to increase the effective propaga-
tion velocity. Indeed, when a part of a line
has switched in the normal state, the heat front
generated in this region will propagate later-
ally and will switch the adjacent lines. How-
ever, in between the lines, the heat propa-
gates into the substrate (Hastelloy/MgO bi-
layer) which has a very low thermal conduc-
tivity. This thermal propagation can be im-
proved by adding a thermal link (a film with
a high thermal conductivity, e.g. Ag), onto the
bilayer and in between the lines (as shown on
Fig. 4) [5].
To prove the benefit of the thermal link, we
have developed a test structure (Fig. 5), which
allows measuring the propagation of the heat
in the substrate and in the substrate/Ag bi-
layer simultaneously. In this design, the heat
front is generated by two constrictions which
are switched by applying a current pulse (I >
Ic). We have measured, for different Ag thick-
nesses, the time taken by the heat to travel the
600 µm from the constrictions to the detector
line [5]. Fig. 5 clearly shows the benefit of the
thermal link. The delay time decrease from
90 ms, for the propagation into the substrate
(region B), to around 35 ms, for the region with
the 100 nm thick Ag thermal link (region A).
More studies are needed to quantify the effect
of the current flowing in the thermal link and
of the thermal conductivity of the Ag layer on
the delay time. For thicker Ag films (250 and
500 nm) we however observe that this delay
time does not decrease anymore as it is ex-
pected. We think that this problem is due to the

thermal conductivities of the Ag layer and/or
the MgO/Ag interface. Prior to the Ag depo-
sition, the surface is degraded or contaminated
during the lift-off process with different chem-
icals. To check this influence, MgO surfaces
were put in contact with different chemicals
and Ag layers were grown. We obtained good
value of the resistivity of the Ag layer, indepen-
dently of the MgO surface treatment, indicat-
ing that the thermal conductivity is certainly
not altered. This suggests that the MgO/Ag
interface is responsible for the results we ob-
serve for thicker Ag layers. Further studies are
needed to confirm this behavior, especially a
characterization of the interfaces in CC.

c) Measurement of the thermal conductivity of
coated conductors. The thermal conductivity
of the different layers of the CC’s structure
plays a crucial role in the propagation veloc-
ities of the normal zone. The main contribu-
tions to the equivalent thermal conductivity of
the CC are coming from the substrate and the
Ag layer.
First we have measured, with our recently de-
veloped set-up (see last progress report), the
thermal conductivity of the substrate (Hastel-
loy/MgO). Different tests have been per-
formed to optimize the reproducibility of the
measurements. We obtain reproducible results,
within 10− 15%, with a value of k = 10 W/m K
(at 100 K) close to the only value reported
in the literature for the Hastelloy (8 W/m K
at 100 K). To calculate the thermal conductiv-
ity of the Ag layer, we have carefully mea-
sured the thermal conductivity of a CC (Hastel-
loy (100 µm)/buffer layer/YBCO/Ag (2 µm))
with and without the Ag layer (Fig. 6). From
these measurements, we can estimate that the

Figure 6: Thermal conductivity of a coated conduc-
tors with (blue points) and without (red points) the
2 µm by-pass silver layer.
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thermal conductivity of the 2 µm Ag layer is
kAg = 475 W/m K at 100 K. This is a value
close to the reported values in the literature
(kAg = 450 − 500 W/m K). This means that
even if the Ag layer is grown on a rough YBCO
surface, its thermal conductivity is not altered.
Then the problem encountered with the ther-
mal link is certainly coming from the MgO/Ag
interface.

2 Oxides for energy harvesting

2.1 Epitaxial ferroelectric thin films on sili-
con for energy harvesting applications (J.-
M. Triscone, G. Triscone, N. de Rooij)

The aim of this project is to explore the fully
epitaxial integration of ferroelectric thin films
onto silicon as a possible way to provide new
and/or improved functionalities to microelec-
tromechanical systems (MEMS) devices. Be-
cause of the chemical reactivity of the metal-
oxygen-silicon system and the mismatch of the
lattice parameters and thermal expansion co-
efficients, the choice of oxides that can be epi-
taxially grown on silicon is limited. The route
we are exploring in this project is the integra-
tion of high-quality ferroelectric thin films on
silicon through a thin buffer layer of epitaxial
SrTiO3 (STO).

a) Growth and characterization of epitaxial
Pb(Zr,Ti)O3 thin films on silicon Typically the
heterostructures realized are based on STO
(6 nm)-buffered 2” and 3” silicon wafers on
top of which we grow a thin layer of metallic
SrRuO3 (30 nm), used as a bottom electrode,
and a thin film of ferroelectric Pb(Zr0.2Ti0.8)O3
(PZT) of about 150 nm. X-ray diffraction (XRD)
measurements, as well as transmission elec-
tron microscopy analyses clearly indicate the
epitaxial relationship between the oxide multi-
layer and the (001) silicon wafer. Polarization-
voltage measurements yield a value of rem-
nant polarization of 70 µC/cm2, while piezo-
electric force measurements (PFM) give a value
of the piezoelectric coefficient d33 of about
50 pm/V. In order to fully characterize the fer-
roelectric properties, we tried to determine the
critical temperature of the PZT epitaxial thin
film through XRD measurements of its lattice
parameters between 30 and 800◦C. The evo-
lution in temperature of the PZT tetragonal-
ity exhibits an unexpected behavior, with evi-
dence of a structural change at or above 700◦C
(Fig. 7).
This result strongly suggests that the
ferroelectric-paraelectric transition, associ-
ated with the structural transition, occurs at
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Figure 7: (a) Evolution in temperature of the lattice
parameters for the silicon substrate (green ?), SRO a-
axis (blue 4), PZT a- (red ◦) and c-axes (red •). The
dotted lines represent the bulk PZT behavior: c-axis
in red and a-axis in black.

a temperature which is 250◦C higher with
respect to the bulk value. This significant
enhancement of the critical temperature can
be explained in terms of the two-dimensional
clamping of the thin film on the underlying
oxide layers [6]. The possibility to obtain
high-quality epitaxial PZT films exhibiting
bulk-like values of the remanent polarization
and piezoelectric coefficient confirms the po-
tential of epitaxial oxides on silicon. Moreover,
a transition temperature much higher than the
bulk can be an advantage in terms of thermal
budget associated with microfabrication or
device operation.

b) Electrical and mechanical characterization of
MEMS cantilevers based on epitaxial oxide ma-
terials for energy harvesting Our vibrationonal
energy harvesting devices consist of multilay-
ered epitaxial oxide films deposited on a sili-
con cantilever beam terminated with a Si proof
mass, designed based on our modeling [7]. The
harvester (Fig. 8) was fabricated using micro-
patterning techniques optimized for the oxide
layers deposited on silicon as detailed in [8].
The polarization was used to optimize the nec-
essary process steps. No degradation of the
PZT properties were induced by the final pro-
cessing chosen.
The resonant frequency of the epitaxial PZT
cantilever, characterized using a Polytec MVS-
400 laser Doppler vibrometer, was found at
2302 Hz with a quality factor of 363. An elec-
tromechanical coupling coefficient of 6% was
obtained from the difference between the res-
onant and antiresonant peaks measured on a
Hewlett Packard HP 4194A impedance/gain-
phase analyzer. A damping ratio of 0.0004
was obtained using the half-power bandwidth
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Figure 8: Optical image of an epitaxial PZT har-
vester (1000 µm× 2500 µm× 10 µm) with a Si proof
mass (1000 µm × 500 µm × 230 µm). The inset
shows the Si mass on the back side of the harvester.

method. The power generation performance
of the device was investigated with a shaker
(Bruel & Kjaer type 4811), driven by a vibration
exciter controller (BK type 1050) and a power
amplifier (BK type 2712), by applying an ac-
celeration as a mechanical input. The device
was connected to various resistive loads, and
the current generated under different acceler-
ation levels was recorded with a multimeter
(Agilent 34411A). A maximum output power
of 14 µW/g2 with 60 µA/g output current
from a single device was obtained for an op-
timal resistive load of 4.7 kΩ, and thus result-
ing in the output voltage of 0.28 V/g (Fig. 9).
The maximum power density was as high as
105.66 µW/(g2mm3). A good agreement be-
tween measurements and theoretical calcula-
tions was obtained [7]. A very interesting out-
come was that the epitaxial PZT harvester gen-
erates high output power and current with us-
able voltage, and requires low optimal resistive

Figure 9: Theoretical and experimental power, cur-
rent and voltage values versus load resistance.

load.
These results indicate the potential of epitaxial
PZT thin films for energy harvesting applica-
tions and may lead to an improvement of the
overall performance of energy harvesting de-
vices. The next points to be addressed are the
lowering of the resonant frequency through an
improvement of the structure design based on
the use of the silicon-on-insulator technology,
and a study of the power management circuits
in order to realize fully-functional vibration en-
ergy harvesting systems based on this technol-
ogy.

c) Growth of Pb(Zr0.52Ti0.48)O3 thin films The
performance of energy harvesters usually de-
pends on their electrical characteristics, such
as dielectric constant and piezoelectric coeffi-
cients. In case of PZT energy harvesters, the
electrical characteristics depend strongly on
the Zr/Ti composition. In order to find pos-
sible ways to enhance the performance of our
piezoelectric devices, we started to explore the
PZT solid solution phase diagram. In particu-
lar, we started to grow PZT thin films with a
stoichiometry of Pb(Zr0.52Ti0.48)O3 by rf mag-
netron sputtering. Close to the morphotropic
phase boundary, i.e. for a x = 0.52 Zr content,
such compound exhibits an enhanced piezo-
electric response, which could be exploited for
high-performances energy harvesting devices.
x = 0.52 films characterization in terms of crys-
talline structure, morphology, remanent polar-
ization and piezoelectric response is ongoing
with the goal to optimize the growth condi-
tions in order to maximize the d33 and d31 coef-
ficients.

2.2 Development of unconventional thermo-
electrics (A. Weidenkaff)

a) Development of better thermoelectrics Poly-
crystalline thermoelectric oxides suffer from
a relative low thermoelectric performance at
low temperatures compared to tellurium based
conventional materials. Thus, materials with
improved ZT = S2T/κρ have to be developed
by understanding the structure-property rela-
tions in transition metal oxides. Very high ZT
values (ZT = 1 and ZT = 2.4) were published
recently for cobaltate and titanate species, re-
spectively [14, 15]. Nevertheless, we found that
these values are hardly reproducible and not
all being found in polycrystalline bulk materi-
als. With innovative soft chemistry synthesis
procedures we are varying the anionic sublat-
tice, in addition to well known cationic substi-
tution reactions [9].
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Complex ternary oxynitrides (Sr(Ti, Nb)O3:N)
[9] and binary (oxy)nitrides (CrN) show inter-
esting transport properties due to the possi-
ble variations of the band structure [10] and
present a far less studied family of compounds
compared to oxides.
CrN compounds exhibit relatively low electri-
cal resistivity associated with large Seebeck co-
efficients (e.g. in CrN: S = − 135 µV K−1

at T = 300 K). Thus CrN can be considered
as a promising thermoelectric material [16]. It
was shown that the Seebeck coefficient and
electrical resistivity of hole doped CrN are en-
hanced to result in a power factor PF of 3.4 ·
10−4 W K−2m−1 at T = 400 K. Therefore
incorporation of oxygen into CrN, leading to
CrO0.09(3)N0.90(7) can result in the creation of
a potential new n-type thermoelectric material
for thermoelectric modules.
The temperature dependence of the electri-
cal resistivity in the temperature range of
3 K < T < 850 K reveals semicon-
ducting characteristics up to a temperature
of T ∼ 600 K with a minimum value of
ρ ∼ 2.8 mΩcm at T = 300 K. The hys-
teresis indicates a first order transition and is
in agreement with data reported for CrN [17].
The Seebeck coefficient of the sample is nega-
tive and increases in absolute value almost lin-
early with increasing temperature.
Another potential n-type materials for ther-
moelectric applications is EuTiO3 (ETO) which
is isostructural with SrTiO3 (STO). Both STO
and ETO have the same lattice parameter of
a = 3.905 Å and a cubic Fm3m structure.
However the heavier Eu2+ decreases the ther-
mal conductivity and improves ZT. The tem-
perature dependence of the electrical resistivity
in the temperature range of 2 K < T < 1200 K
of EuTiO3−δ and EuTi0.98Nb0.02O3−δ, results in
a metal-insulator (MI) transition: a decrease of
resistivity upon increase of temperature, reach-
ing the minimum of 10−3 Ohm m at high-
est temperature of 1200 K. The Arrhenius plot
for reduced ETO shows a change of the ac-
tivation energy of the electrons from 0.49 eV
at high temperatures to 0.195 eV at low tem-
peratures, with a transition temperature of
486 K. By plotting the same resistivity curve in
lnρ versus T−0.25 scale the three-dimensional
variable range hopping (VRH) can be exam-
ined [18]. Indeed, at low temperature range
(180 K < T < 390 K) the conductivity is linear,
confirming VRH as a mechanism of electronic
transport. At higher than 390 K the lnρ versus
T−0.25 plot is no more linear, which can be an
effect of electron-electron interaction not taken
into account in VRH model [18]. The Arrhenius

Figure 10: Temperature dependence of the Seebeck
coefficient.

plot for reduced and Nb doped ETO shows a
change of the activation energy of the electrons
from 0.21 eV at high temperatures to 0.048 eV
at low temperatures, with a transition temper-
ature of about 200 K. By plotting the same re-
sistivity curve in lnρ versus T−0.25 scale, only
high temperature (T > 300 K) VRH as a mech-
anism of electronic transport can be confirmed.
The MI transition is also detected by Seebeck
measurements (Fig. 10). The corresponding
S(T) curves are negative in the whole temper-
ature range confirming n-type (most probably
due to Ti 4d1) electron conductivity. The ther-
mopower exhibits a maximum at 268 K and
640 K, reaching −1084 µV/K and −421 µV/K
for EuTiO3−δ and Nb-substituted EuTiO3−δ, re-
spectively. The thermal band gap due to oxy-
gen vacancies present in materials is believed
to affect electronic transport and thus ther-
mopower [19]. The thermal band gap is calcu-
lated to be Eg = 2eSmaxTmax and it is nearly the
same for both samples (0.62 eV for EuTiO3−δ

and 5.9 eV for Nb-doped EuTiO3−δ) which is
double as high as the thermal band gap for
SrTiO3 (Eg = 0.3 eV). Another origin of the
peak in S(T) curves can be associated with
the phonon drag effect [20]: if the phonon-
electron interaction is predominant at Tmax, the
phonons will tend to push the electrons to one
end of the material, giving rise to an enhance-
ment of |S| [14].
The total thermal conductivity consists of elec-
tronic and lattice contributions. The electronic
contribution in a good approximation can be
estimated using Wiedemann-Franz law and
is proportional to the electronic conductivity.
The electronic part of the thermal conductiv-
ity reveals a gradual increase with temperature
reaching the maximum of 5 · 10−2 W S−1K−1 .
In the temperature region 2 < T < 300 K, the
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Figure 11: 34-legs thermoelectric oxide module
(TOM)

dominating thermal conductivity is of phonon
contribution and reaches a maximum value of
2.5 W S−1K−1 for EuTiO3−δ and 2.87 W S−1K−1

for Nb-doped EuTiO3−δ. The phonon (lattice)
contributions are affected by point defects and
Umklapp processes, grain boundaries, size of
the grains and density of the samples, and the
obtained values are reasonably low for thermo-
electric modules production. The maximum
power factor calculated as S2/ρ for both sam-
ples is one of the highest known for oxides and
reaches 10−3 W S−1K−2 at 1000 K.

b) Modelling the thermoelectric conversion pro-
cess The energy conversion efficiency of ther-
moelectric modules can be calculated and
modeled if the thermoelectric materials charac-
teristics S, ρ, κ and ZT are determined. Ther-
moelectric oxide modules (TOM), as shown
in Fig. 11, where firstly constructed and pa-
rameters as, e.g., interior radiation and heat
conduction in the module were calculated,
based on the thermoelectric properties of the
p- and n-type materials and the radiation of
absorber plate [11]. A TOM with geometry
(cross-section of the leg 4× 4 mm2 and length
of 5 mm) shows maximum output power of
Pmax = 63 mW at ∆T = 500 K.

2.3 Ca3Co4O9: synthesis and photoemission
characterization (Ph. Aebi, A. Weidenkaff,
J. Hulliger)

a) Introduction Oxide ceramics are promising
candidates for thermoelectric power conver-
sion in the medium and high-temperature re-
gion up to 1200 K due to their thermal stability,
lack of harmful or scarce elements and possi-
bility for a large scale production. Ca3Co4O9
(Ca349) presents a modulated layered crys-
tal structure consisting of distorted cubic
[Ca2CoO3] and distorted hexagonal [CoO2]
sublayers, jointly forming a layered crystal lat-
tice with a monoclinic unit cell. Single-crystals
of Ca349 have attracted special interest as their
figure of merit was reported to reach 0.87 at
1000 K [21].

b) Preparation Platelet-shaped crystals of
Ca349 were grown from K2CO3:KCl flux

Figure 12: (a) Pole figure of the (202) plane recorded
on flux grown Ca3Co4O9 crystals. (b) Schematic
drawing of the suggested orientational disorder of
the [Ca2CoO3] layers.

following the procedure by [22] with a modi-
fied temperature program with cooling from
1163 K to 973 K with a rate of 2 K/h. The Ca349
phase was identified by powder XRD and the
crystal morphology and orientation observed
by SEM and pole figure measurements.

c) Characterization Pole figures measured on
a 4-circle diffractometer equipped with an eu-
lerian cradle have revealed 3 reflections spaced
equally by 120◦ (Fig. 12a), which leads us to
propose a stacking scheme of the Ca349 com-
pound were the cubic [Ca2CoO3] randomly ac-
commodates one of three orientations moder-
ated by the hexagonal [CoO2] layer (Fig. 12b).

d) Photoemission results Due to the high sur-
face sensitivity of the photoemission technique
we had to cleave the samples in order to expose
a fresh surface to the measurement. The large
amount of carbon found on the spectra imme-
diately after cleaving indicates that maybe the
samples are not really cleaved but rather exfo-
liated, namely that the surface thus revealed is
not characteristic of the bulk. This is confirmed
by SEM images showing a ruptured surface
consisting of several torn sheets. However a
LEED pattern can be observed, revealing the
good crystalline quality of the sample.
Our aim was to reproduce previous ARPES
measurements taken on Ca3Co4O9 [23], espe-
cially to observe a band crossing the Fermi
step, but our measurements did not exhibit this
band, only a broad band around 1.5 eV binding
energy, reflecting a mixture of O 2p and Co 3d
states. However this band disperses (Fig. 13,
inset).

e) Plasma treatments The idea of applying O
plasma is twofold: first to get rid of the C, and
second to dope the sample with O. The ob-
served effects correspond to what is expected:
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Figure 13: Results for different plasma treatments:
(i) cleaved, (ii) 1 min. O plasma, (iii) 5 min. O
plasma, (iv) 5 s H plasma, (v) 5 min. O plasma. Left
graph: valence band. Right graph: spectral intensity
at EF. Inset: dispersion of valence band

it removes the carbon, and strongly affects the
valence band. As can be seen in the left part of
Fig. 13, the band is shifting to the right upon
application of an O plasma. This is reflected
by an increase of the spectral intensity at EF
(right part). Application of an H plasma has
an antagonist effect on the valence band: peak
shifts to the left and intensity at EF decreases.
A further application of an O plasma shows
that these effects are reversible. The differences
in intensity at EF reflect differences in electrical
conductivity, which were also observed with
transport measurements on samples annealed
in various gases.

3 Applications of artificial superlattices

3.1 Adaptive optics for neutrons (M. Kenzel-
mann; SwissNeutronics)

a) Concept of bending From basic mechanics,
the relation between the local curvature C(x)
and the local applied moment M(x) of a homo-
geneous beam is given by C(x) = M(x)

E·I(x) where
I(x) is the local moment of inertia of the beam
and E is the elastic modulus [24]. The local mo-
ment of inertia I(x) for a beam can be approxi-
mated by I(x) ≈ w·t3

12 , where w is the width of
the beam and t the thickness. The local curva-
ture C(x) of the aimed shape-function can be
approximated by its second derivative: C(x) ≈
d2

dx2 f (x). The shape function for a parabola is
y =

√
2xp where p designates the focal param-

eter of the parabola. For a constant beam width
w, the thickness profile of the beam with length

adaptive neutron optics 
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Figure 14: Thickness profile of the glass substrate
for p = 0.278, F = 1 N, w = 100 mm.

L can be expressed by the following equation

t = 3

√√√√12F · (L− x)
E · w · 1

d2

dx2 f (x)
(2.1)

The thickness profile of the prototype made
from glass is shown in Fig. 14. The design pa-
rameters are: length L = 500 mm, constant
width w = 100 mm, applied force F = 1 N
and focal parameter of the parabola p = 0.278.
In order to use glass as a substrate for the
parabolic bent optic with supermirror coating
requires high-precision glass machining capa-
bilities supplied by the company SwissNeu-
tronics. Fig. 15 shows the special substrate in-
stalled in a small apparatus with provision to
deflect the mirror at one end.

b) Proof of concept The bending properties
were characterized using a theodolite to probe
the evolution of the surface normal along the
mirror. Fig. 16 depicts the measured data in
comparison to the theoretical values. At the
up-stream end the real curvature follows veryadaptive neutron optics 
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!   concept of bending 

!   prototype 

!   ray tracing  

!   Theodolite measurement 

!   neutron measurements 

F 

500 mm 

Prototype of an adaptive neutron mirror (m= 3.6). 

100 mm 

Figure 15: Prototype of the adaptive, parabolic op-
tic with supermirror coating (m = 3.6). The thick-
ness of the glass substrate decreases from right to
left. The apparatus has manual provision to deflect
the substrate (left hand side).
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Figure 16: Profile of the surface normal along the
bent substrate. The real values are measured using
a theodolite. The position zero corresponds to the
up-stream end of the mirror.

precisely the theoretical profile. At the down-
stream, approximately within a region of 50
mm, the real curvature is smaller than the tar-
geted progression. There are two reasons for
this figure error: i) influence of stress from the
supermirror coating, ii) finite thickness at the
end of the mirror. The supermirror coating has
some residual compressive stress, which is a
constant contribution to the local momentum.
Hence it affects the bending properties mostly
where the substrate thickness becomes thin. As
shown in Fig. 14, the thickness of the substrate
is zero at the down-stream end. However for
reasons of the machining and the stability of
the glass substrate, a minimum thickness was
decided for the first prototype, which is 0.8 mm
for the last 15 mm. Therefore the mechani-
cal properties, thus the bending at the down-
stream end, are not exactly according the the-
ory.
The performance of the device was tested with
neutrons using the beamline Morpheus at PSI.
The spatial distribution of the neutron beam
deflected from the parabolic optic was mea-adaptive neutron optics 
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Figure 17: First data from the neutron measure-
ments of the prototype. Left: image of the beam on
the 2D position sensitive detector. Right: integrated
intensity together with a Gaussian fit of the peak.

sured with a 2D position sensitive detector.
Fig. 17, left, shows the image of the neutron
beam spot when the detector is placed at the
focal point of the parabola. The integrated plot
(Fig. 17 right) illustrates the beam profile. A
gaussian fit to this profile results in a FWHM
of 0.61 mm. The beam width at the mirror posi-
tion is approximately 1.7 mm (including diver-
gence). For a perfect geometry of the parabolic
optic, the expected FWHM of the beam at the
detector position is 0.6 mm due to the diver-
gence of the incident beam. Hence the focusing
of the optic complies very well with the theo-
retical expectations.

c) Conclusion A first prototype of an adaptive
neutron optic with parabolic shape was fab-
ricated. Its bending properties were charac-
terized optically confirming the concept of the
bending. First neutron tests were performed
at the very end of the last cycle at SINQ (PSI)
providing promising results. However, much
more time was needed for the adjustment of
the optical device than expected. More exten-
sive studies with neutrons are planned in May
2011. With this adaptive neutron optical de-
vice, it is possible to optimize the focal spot
on small samples providing enormous gain in
the neutron intensity for the experiments. By
adapting the applied force, the lateral position
of the device and the angle of incidence, the
neutrons can be focused to match the individ-
ual size of the samples.

4 Hydrogen detectors and other sensors

4.1 Progress towards a resistive thin film hydro-
gen detector (K. Yvon, J. Cors, Ø. Fischer;
Asulab (Swatch group))

a) Aim of project Hydrogen fuel cells and
electrolysers play a key role in future energy
scenarios. Mass markets such as hydrogen
powered vehicles and hydrogen production
units for residential areas require hydrogen de-
tectors and sensors on a very large scale. The
devices must be cheap, sensitive and selective,
and allow to detect hydrogen in various gases
(e.g. oxygen) in the entire concentration range
(0.5− 100% H2). This project aims at develop-
ing tailored sensing devices that are cheaper
and more selective than those currently avail-
able, by using thin films and novel materials
undergoing hydrogen-induced metal-insulator
transitions. Here we report on first results
concerning the deposition of thin films of an
active material and their analysis. The work
is performed within the framework of a CTI
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Figure 18: Resistance versus time during cycling
between 1 bar of hydrogen and vacuum at 25◦C for
a thin LaMg2Pd film (120 nm thickness) precharged
with hydrogen.

project and benefits from support by an indus-
trial partner.

b) Materials available Among the materials
investigated during the last year, the inter-
metallic compound LaMg2Pd has been identi-
fied as a suitable candidate for that purpose.
Measurements on the bulk have shown that
a hydrogen induced metal-insulator transition
occurs near room temperature and at relatively
low hydrogen pressures between a partially
charged phase of composition LaMg2PdH∼3
and a fully charged phase of composition
LaMg2PdH7.

c) Work performed We have now succeeded
in depositing this material in the form of
thin films by sputtering. A single-target of
LaMg2Pd was used and the film is deposed on
a SrTiO3 substrate. The method is fully in situ
and no further annealing was necessary. X-ray
diffraction confirmed the presence of the ac-
tive phase LaMg2Pd and some impurities like
La2O3.
The films were then precharged with hydrogen
and subjected to cycling experiments in pure
hydrogen at room temperature in a self-made
in situ chamber. The resistance of the films was
monitored by using the 4-wires method while
filling the chamber with 1 bar hydrogen during
two minutes and subsequent pumping during
two minutes. As shown in Fig. 18, the resis-
tance of the film increases by ∼ 1.5% during
absorption and decreases by nearly the same
amount during desorption.
The response is relatively rapid, the repro-
ducibility of the signal is good, and the drift
is relatively small. X-ray patterns taken both
before and after hydrogenation confirmed the

Figure 19: Relative resistance change, ∆R, at 25◦C
as a function of time for a thin precharged LaMg2Pd
film (120 nm thickness) in a 1 bar atmosphere of
argon containing 0.5% (black), 1.5% (red) and 3%
(blue) hydrogen. Arrow indicates addition of hydro-
gen.

presence of the active phase LaMg2Pd, of the
intermediate hydride phase LaMg2PdH∼3, of
the fully charged phase LaMg2PdH7, and of
some lanthanum oxide La2O3. Most impor-
tantly, the film remained intact during cycling.
Next, various concentrations of hydrogen
(0.5%, 1.5% and 3%) were added to an argon
atmosphere. As shown in Fig. 19, the resis-
tance increases immediately for all hydrogen
concentrations. In particular, the lowest hydro-
gen concentration (0.5%) shows already a use-
ful signal, thus meeting the 0.5% target for de-
tecting hydrogen.
The kinetics are relatively rapid and the
changes in resistance scale with partial hydro-
gen pressure. No significant degradation of the
signal occurred during extended cycling ex-
periments (data not shown). Thus the device
shows also promise for use as a hydrogen sen-
sor.

d) Conclusions and perspectives In conclusion,
thin films of intermetallic LaMg2Pd have been
deposited for the first time. The process used
is simple, reproducible and fully in situ, and
thus can be likely upscaled in an industrial en-
vironment. The kinetics are good but need to
be improved. The film’s sensitivity to hydro-
gen is sufficient for use as a hydrogen detec-
tor. Future work will concentrate on pattern-
ing and decreasing the film thickness, on in-
vestigating the film’s properties in hydrogen
rich atmospheres, and on finding low-cost sub-
strates and suitable materials to protect the
active layer from potentially corrosive gases,
such as water vapor, oxygen, etc.
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4.2 Novel chemical sensors based on W/Mo-
oxide nanomaterials (G. Patzke)

a) Gas sensing facilities Over the past months,
we have successfully constructed the labora-
tory facility for quantifying gas sensing prop-
erties of oxide nanomaterials (Fig. 20). In ad-
dition, the according interdigital electrodes are
fabricated in the cleanrooms of FIRST (ETHZ).
The substrate is positioned on a thermostable
quartz holder. The interdigital finger patterns
are created with lift-off techniques and depo-
sition of titanium (10 nm) and gold (100 nm).
The distance between the electrode fingers is
set as 25 µm. The sample on the electrode is
thermally treated by calcination at 400◦C over
night. Gas sensing properties are measured as
follows:

• the heater is located in the chamber and
can be operated up to 400◦C, controlled by
an external temperature regulator. Nomi-
nal and actual values are recorded in real
time;

• the interdigital electrode is fixed on a glass
substrate on the bronze over the heater
and the effective operating temperature is
measured by an external temperature con-
troller;

• two gold wires are fixed on the electrode
for measuring the electrical properties;

• one drop of deionized water with dis-
solved nanopowders is put in between
the electrode fingers on the substrate, fol-
lowed by drying;

• synthesized air as carrier gas and the tar-
get gas are introduced via two flowmeters
with constant flowspeed into the chamber.

1

Electrode

Sample

Heating plate

Temperature regulator

Temperature control

Gas out

G
as in

Carrier gas

Target gas

Software
(Resistance)

Software (Flowspeed)

Sourcemeter

Flowmeter 2

Flowmeter 1

Figure 20: Schematic representation of the labora-
tory sensor facility.
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Figure 21: Top: SEM image of MoO3 nanorods, and
bottom: dynamic response towards 100 ppm H2 at
280◦C.

b) H2 sensing properties of nanostructured MoO3
It is well known that molybdenum trioxide
(MoO3) nanowires have been intensively in-
vestigated for diverse applications such as se-
lective catalysts and gas sensors for more than
a decade. They are reported to display out-
standing gas sensing properties due to their
flexible redox behavior [25]. The oxygen ad-
sorption/desorption process occurs at temper-
atures above 200◦C on the oxide surface. The
charge exchange (electron transfer) between
adsorbed species (O−2 , O− and O2−) and metal
oxide induces a change of sensor signal. When
MoO3 is in contact with a reducing gas, such
as H2, ethanol, NH3, etc., the resistance of the
metal oxide decreases.
Our research group has been focusing on the
synthesis of α−MoO3 nanorods (Fig. 21 top)
and nanofibers via novel one-step hydrother-
mal approaches starting from different precur-
sors [12][26]. We now improve their sensi-
tivities by doping the fiber surface with Pt
nanoparticles.
The optimal operating temperature was fixed
according to the maximal sensitivity, which is
defined as S = Rair/Rtarget gas. MoO3 is a
typical n-type semiconductor, which is demon-
strated by lower resistance in the presence of
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Figure 22: Top: SEM image of MoO3 Pt rods; bot-
tom: dynamic response towards H2 gas of different
concentrations at 175◦C.

reducing gases, such as H2, ethanol, etc. The
operating temperature of MoO3 was defined as
280◦C for 100 ppm H2 diluted in synthetic air
(Fig. 21 bottom).

c) H2 sensing properties of nanostructured MoO3
doped with Pt Surface doping of nanosize
metal oxides by noble metals is a widely used
method for enhancing their gas sensing prop-
erties. Pt catalyzes the dissociation of hydro-
gen at relatively low temperatures. The chem-
ical surface reaction between target gas and
metal oxide is accelerated on the surface of the
Pt nanoparticles. For this work, the previously
synthesized MoO3 nanorods were used as pre-
cursor for the one-step synthesis of MoO3 Pt
by dissolving MoO3 in a PtCl2 solution at room
temperature. The sample maintained its struc-
ture and morphology after thermal treatment
at 400◦C in air for 1 h. The Pt nanoparticles
were characterized by SEM and EDX (Fig. 22
top).
The operating temperature was set at 175◦C,
which is considerably lower than the operating
temperature of pure MoO3 (280◦C). Moreover,
the sensitivity towards 50 ppm H2 was im-
proved. Increasing concentrations of H2 (50−
500 ppm) were stepwise tested under the same
conditions. The sensing curves represent reli-

able response and recovery times for low H2
contents (Fig. 22 bottom).

4.3 Electrochemical sensors with higher resolu-
tion (J. Cors, Ø. Fischer)

The technical goal of this project is the devel-
opment of electrochemical sensors with higher
resolution than existing commercial devices.
This applied research project started in 2010
as part of the SNF-supported economic stimu-
lus packages. The starting industrial partner
was the Geneva-based company Nirva Indus-
tries (formerly MecSens SA). For non-technical
reasons, Nirva Industries has now stopped the
production and development of sensing de-
vices, and we are now in the process of incor-
porating a new industrial partner.

a) Scope of the project The main distinctive
feature of the electrochemical sensor studied
here is the large surface gold cathode of 6.2 mm
diameter. A sophisticated mechanical design
allows a polymer membrane to cover uni-
formly the cathode while maintaining a thin,
continuous layer of liquid electrolyte (an aque-
ous solution of KCl and KOH in the case of the
oxygen sensor) between the polymer and the
gold surface (Fig. 23). The large sensing area
makes it possible to generate measurable cur-
rents even at trace level concentrations (below
1 ppb of dissolved oxygen).
The research activities in this project follow
two main directions: 1) the optimization of
the sensing surface, and 2) the development
of the appropriated electronics to measure the
dc current proportional to the gas concentra-
tion (mainly O2). Different configurations of
the sensor (essentially the electrode material,
the polarity, and the electrolyte) make also pos-
sible the measurement of gases like ozone and
hydrogen.

Figure 23: View of the sensor and its schematics:
the oxygen molecules permeate through the poly-
mer membrane and are reduced at the cathode gen-
erating a dc current proportional to the oxygen con-
centration.
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Figure 24: AFM images of gold electrode surfaces:
left: machined polished gold with Ra = 28 nm (im-
age size 5 µm× 5 µm). Right: epitaxial gold Au(111)
on mica (image size 10 µm × 10 µm).

b) The cathode sensing surface At this stage
we have focused the project on gold electrodes
for the measurement of oxygen. Platinum
electrodes (for hydrogen measurement) will be
elaborated later on upon requirements of a new
industrial partner. We have prepared and stud-
ied the electrochemical sensing properties of
three different types of gold surfaces, namely:

• machined polished gold cathodes (bulk)
(Fig. 24 left);

• cold-coated glass slides (prepared by sput-
tering);

• epitaxial Au(111) films grown on mica
(prepared by sputtering) (Fig. 24 right).

The morphology of the different surfaces
was characterized by atomic force microscope
(AFM) roughness measurements. This has pro-
vided a variety of samples with surface rough-
nesses ranging from Ra = 28 nm to samples
showing atomically flat terraces over several
microns.

c) Low-noise, ultra-low-current electronics At
trace levels of dissolved oxygen detection, the
current generated by the sensing electrode is in
the nA range. There is thus an analogy with
scanning tunneling microscopy (STM) ampli-
fier electronics, where ultra-small dc currents
have to be amplified and filtered to provide
accurate z-feedback. In this project, we have
transferred MaNEP STM electronics expertise
to design a new amplifier setup for the oxy-
gen sensor. Basically, STM-approved ultra-low
leakage-current amplifiers (leakage current of
20 − 200 fA) have been used to design a new
measuring circuit that is able to measure sen-
sor currents five times smaller than in the com-
mercial electronics. Still in analogy with STM
instrumentation, to minimize noise and wiring
effects, the amplifier circuit has been minia-
turized to be placed in the head of the sen-
sor, very close to the current generation source

Figure 25: New compact amplifier bloc circuitry
(sensor head beside for comparison).

(Fig. 25). Minor mechanical modifications are
under way to finish this development.
The electronics setup has been used to char-
acterize the sensing properties of the differ-
ent electrode surfaces. We have observed
that, systematically, smooth gold surfaces are
able to generate higher currents at same oxy-
gen concentration. While commercial devices
generate an average current of 1 µA/mm2

in air, we have observed that epitaxial gold
Au(111) surfaces yield currents in excess of
1.4 µA/mm2 in air. Experiments have been
done to verify to what extent this is a ge-
ometric effect — the liquid electrolyte wets
easily a smooth atomically flat surface — or
an intrinsic catalytic effect of an ordered, re-
constructed and clean gold surface. We have
observed the sensing structures (gold sur-
face/electrolyte layer/membrane) with a very
powerful optical microscope. The electrolyte
layer thickness could be modified mechani-
cally. By focusing the image first on the elec-
trode, and then on the membrane surface, the
thickness of the electrolyte layer could be mea-
sured (since the thickness of the membrane is
known) from the z-displacement of the optical
axis. There is a region, below 5 µm of elec-
trolyte thickness, where the current grows ex-
ponentially, leading to a very high sensitivity
of the sensor (Fig. 26). Only ultra-flat elec-
trodes can maintain a continuous liquid film on
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Figure 26: Sensor current as a function of elec-
trolyte thickness.

the whole surface without creating dry spots
that might automatically reduce the sensing
current.
This result shows that higher sensitivity can
be obtained by implementing flat gold surfaces
that can keep very good electrolyte “wettabil-
ity” over the whole cathode surface. To further
understand the sensing performance of epitax-
ial gold films, we have also explored the pos-
sibility of “surface activation” that occurs nat-
urally on freshly sputtered films. “Surface ac-
tivation” is a technical term related to the pro-
cess of radically cleaning a surface, removing
all impurities and restoring the intrinsic sur-
face properties. For example, wetting is a phys-
ical process that is strongly dependent on sur-
face activation since impurities modify the sur-
face free energy. This research is presently un-
der way.

4.4 Giant piezoresistance silicon cantilever
(C. Renner)

a) Introduction The detection of mechanical
displacements in the nanometer range is of
great industrial interest. Applications include
MEMS and NEMS devices, strain and pres-
sure gauges, biomechanical sensors and many
more. Current transducer schemes include
piezoresistive, optical, capacitive, magneto-
motive, and single-electron transistor based
detection. Except for piezoresistance, they all
become impractical upon scale reduction due
to severe loss of signal intensity. Only piezore-
sistance is broadly scalable, making it highly
desirable for detecting nanoscale range dis-
placements of submicron sized devices.
Last year, we reported on a very large resis-
tance increase in thin silicon slabs upon appli-
cation of a compressive stress. This extraordi-
narily large piezoresistance, first observed in

silicon nanowires [27], had been explained in
terms of a stress-induced modulation of the
surface depletion region of width ω [28]. Un-
fortunately, upon closer inspection, we found
this technologically very promising property
to be an experimental artefact due to the very
act of measuring the piezoresistance. Indeed,
the very large piezoresistance is due to sur-
face trapping of charges induced by the volt-
age (VDS) applied to measure the device con-
ductance (Fig. 27a) [13].

b) Results A variety of unreleased and
released, n-type and p-type microwires,
nanowires, and nanoribbons were fabricated
using a top-down approach from silicon-
on-insulator wafers of different device layer
thicknesses and background doping levels.
On wafer, large area strain gauges were also

Figure 27: (a) SEM picture of a silicon bridge.
(b) Measurement of IDS(t) after applying a source-
drain voltage of VDS = 0.5 V at t = 0 across a
200 nm× 2000 nm× 30 Å n-type nanoribbon and al-
ternating the stress between 0 MPa and −13.3 MPa.
VG was held at 0 V for the duration of the mea-
surement. The inset indicates the sequence of mea-
surements used in the stress modulation technique,
where the lines are a guide to the eye.
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fabricated, thereby allowing the applied stress,
X, to be monitored in situ. We use a three-point
bending setup, with a piezoelectric pusher
that permits rapid and repeatable switching
between zero and finite stress regimes; this
heterodyne detection technique is crucial
in differentiating the intrinsic stress related
response from other spurious effects. All
previously published experiments were ob-
tained in the usual way, where X is ramped or
stepped monotonically with time. The device
conductance G was measured by monitoring
the current IDS induced by an applied voltage
VDS while the silicon base was held at a
constant back-gate voltage VG (Fig. 27a).
Figs. 27b and 28 illustrate how nature tricked
us into believing in giant piezoresistance in mi-
crostructured silicon devices. Changing the ap-
plied bias VDS to measure the device resistance
alters the configuration of the trapped charges
in the device surface. These charges modify
the local electrostatic potential and, most detri-
mental to the piezoresistance measurements,
drift with a long time constant, thus contribut-
ing a time dependent component to the cur-
rent, as shown in Fig. 27b. The non-monotonic
behavior can be fully explained and modeled
in terms of different time constants for trapped
electron and hole carriers [13]. If the current
is measured while monotonically ramping X,
a significant portion of the change in current
will have nothing to do with the applied stress,
and the apparent piezoresistance will be domi-
nated by the surface charge dynamics. Using
our heterodyne detection technique, the zero
stress current is measured alternatively with
each finite stress measurement (Fig. 27b, inset).
This enables us to compensate the conductance
drift due to the trapped charges as shown in
Fig. 28. Note that, depending on the amount of
trapped charge, their dynamics, and the data
acquisition rate, very different piezoresistance
line shapes can be obtained, especially those re-
ported for silicon nanowires in Fig. 2 of He and

Figure 28: Successive IDS − VDS measurements of
a 50 nm × 50 nm × 1 µm p-type nanowire with
VG = 0 V. (b) Apparent and true PZR extracted
from the VDS = 0.5 V data points in (a).

Yang [27].
Our initial findings of gauge factors GF =
∆R
R0

/ ∆`
`0

in excess of 6000, compared to 100 for
bulk silicon, triggered the interest of indus-
trial companies. Two patent applications were
field and discussions with two companies in-
terested in MEMS devices and touch sensors
were initiated. The negative results reported
here led to a high-profile scientific publica-
tion [13] and several comments in the spe-
cialized literature, but they obviously brought
our efforts towards applications to an abrupt
halt. We also decided to withdraw all pending
patent applications. Despite these setbacks, we
are still exploring alternative ways to achieving
the very challenging all electrical detection of
minute displacements in MEMS-type devices,
a highly desirable feature for biomechanical
assays, atomic force microscopy and ultimate
mass sensing.

5 New surface treatments for microcompo-
nents

5.1 Marking technology for watch components
(J. Cors, J.-M. Triscone, Ø. Fischer;
Vacheron Constantin, Phasis)

In this project, a STM-inspired device (com-
prising XYZ micromotors, electronic servo-
control, and a programmable spark genera-
tor) is used to mark watch components at the
microscopic scale. The technology is able to
“write” microscopic dots of in situ synthesized
alloys on the surface of metallic objects. The
chemical composition of the dots can be ad-
justed to play the role of a chemical signa-
ture for authentication purposes 1. In previous
work 2, we have demonstrated that the tech-
nology can be used on a wide range of tech-
nical, commercial alloys. Thus, the span of po-
tential applications ranges from jewelery (anti-
counterfeiting marks) to medical implants, and
aircraft spare parts (traceability). In a first step,
we have focused our efforts on the high-end
watch industry. Our partner is the renowned
watch manufacturer Vacheron Constantin in
Geneva (Fig. 29) and the MaNEP start-up Pha-
sis. The technical goals and quality standards
expected by such a partner create the optimum
stretch to develop the technology to its highest
level of performance. This work is also sup-
ported by a new CTI grant 3.

a) Surface-alloy-writing of characters and deco-
rative patterns, automation The experimental

1International Patent Application WO 2008/010044 A3
2CTI feasibility project N◦ 8897.1
3CTI feasibility project N◦ 10281.2
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Figure 29: Vacheron Constantin watch parts blend
technical expertise with a refined aesthetics and an
exceptional level of finishing.

setup is now able to write alphanumeric char-
acters automatically. Indeed, new develop-
ments in the numerical control of the tip move-
ment allow for the reliable, unwatched alloy-
writing of chains of characters. Serial numbers,
words, phrases can be written on small metal
parts. Another new development concerns the
elaboration of patterns like logos or artistic
drawings. The XY movement of the writing tip
can be monitored using a joystick. This gives
to the operator the freedom to create patterns
of almost any shape. Even multi-alloy decora-
tive structures can be created by switching the
nanopowder-based dielectric liquid between
selected pattern segments (Fig. 30). Another
important development concerns the setup of
a prototype part changer for batch processing
(Fig. 31). A main objective of the CTI project
is indeed the possibility to mark thousands of

Figure 30: Left: automatic writing of numbers and
letters with a TiB2 alloy. Right: multi-alloy decora-
tive pattern (substrates: steel 316L).

Figure 31: First automated marking line for batch
processing of watch parts.

watch components per year with a minimum
of scrap parts.

b) Local-probe metallurgy The energy of the
individual micro-sparks can be precisely con-
trolled by a dedicated, programmable spark
generator. Since the marking process results
from the interaction of the radiating plasma
and the surface of the substrate, fine adjust-
ments of the alloy composition are possible
by tuning the spark shape (the current) and
power. The spark is assimilated here to a tiny
microreactor. This particular feature is illus-
trated here in the case of a dielectric contain-
ing TiN nanopowders. TiN is extensively used
in both functional and decorative coatings. It
is known that TiNx stoichiometry and struc-
ture have a strong influence on the visual ap-
pearance of the coating [29]. By changing the
spark shape, marks of different colors have
been achieved using the same composite di-
electric (Fig. 32).

Figure 32: Local fine-tuning of TiNx composition
(substrate: stainless steel).
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5.2 Cut-and-coat process by wire-EDM (J. Cors,
Ø. Fischer; AgieCharmilles)

This applied research project started also in
2010 as part of the SNF-supported economic
stimulus package. electrical discharge machin-
ing (EDM) is used to shape and cut solid con-
ducting materials, including very hard met-
als and ceramics (Fig. 33). For traditional ma-
chining applications, a computer-driven mech-
anism seeks to maximize erosion on one of the
electrodes, cathode or anode workpiece. At the
same time, erosion is minimized on the remain-
ing electrode to preserve machining accuracy
and tool costs.
The goal of the present project is to develop
a new functionality for wire-EDM technology:
the possibility to achieve a controlled transfer
of electrode material to the workpiece surface.
This would offer to AgieCharmilles (+GF+
group) the opportunity to enter the growing
market of coated metal parts.

a) Development of EDM-coating technologies
Traditional EDM machines operate in cycles
composed of a) an ignition delay b) a pulse
time for the current and c) a pause time. While
the ignition delay (or breakdown time) can-
not be controlled, both the pulse time (or on-
time) and the pause time (or off-time) are set
by the machine operator. For standard ma-
chining, different settings of peak currents, on-
times and off-times have been optimized and
stored over the years in what is known today
as “Machining Technology Tables”. These con-
ventional settings achieve maximum machin-
ing speed while minimizing electrode wear.
From the physics point of view, the workpiece
erosion results from a) a polarity effect in the
power distribution in the plasma column dur-
ing on-time, and b) the different thermal prop-
erties of the tool and the workpiece [30].
For example, conventional die-sinking EDM
uses on-times in excess of 25 µs to optimize ma-

Figure 33: The metal part is shaped by erosive
sparks from a wire electrode immersed in a liquid
dielectric.

Figure 34: Schematic behavior of anode and cath-
ode erosion rates as a function of spark duration
(copper anode, steel cathode).

chining performance (Fig. 34). In the present
work we have explored unusual machine set-
tings to elaborate “coating technologies”, by
modifying the generator settings under con-
ditions where both tool wear and workpiece
erosion occur simultaneously. To achieve sur-
face alloying, these new machine settings pro-
mote a controlled wear on the electrode, and si-
multaneously induce local surface melting on
the workpiece. During the first year of the
project, the main objective was to determine
the conditions and parameters to achieve con-
trolled metal transfer from a rod- or rectangle-
shaped electrode to the workpiece surface. We
have used, in a first step, traditional EDM
die-sinking machines with a rotating electrode
(Fig. 35). AgieCharmilles has provided the re-
quired flexible access to the software and the
electronics. The coating tests have been done
using cylindrical and rectangular electrodes of
different metals and alloys of commercial inter-
est.
The machining parameters (peak current, on-
time, off-time, servo-control) have been ad-
justed to produce homogeneous coatings. The

Figure 35: In a first step, bulk, cylindrical elec-
trodes have been used to explore the coating pa-
rameters. The use of simple, rod-shaped electrodes
avoids the costly and time-consuming process of
dedicated wire fabrication in the research phase.
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Figure 36: Left: standard machining parameters
and copper electrode. Right: tungsten electrode and
coating parameters activated. Width of the pattern
is 1 mm.

surface chemical composition of the treated
workpieces was determined by extensive use
of a Roenalytic Compact eco X-ray fluorescence
desktop analyzer. This instrument was in-
stalled close to the laboratory to provide rapid
feedback for the iterative tuning of machine
settings. The elaborated coatings/surface al-
loys (Fig. 36) have a typical thickness of
5 − 10 µm as determined from X-ray analysis
and from metallographic cuts.
For this particular project, one important re-
quirement of the SNF was the obtention of
multiplier effects in industry. In that perspec-
tive, we have elaborated a set of coated parts
for demonstration purposes. Some of the elab-
orated parts are shown in Fig. 37. The goal is
to retain the attention from potential users that
can apply the technology to their actual prod-
ucts.
To this end, a number of companies from dif-
ferent industrial sectors have been invited to
evaluate the technology. The use of concrete
application examples optimizes the chances for
a faster technology transfer. Within this project,
most of the coming developments will be
application-oriented taking into account spe-
cific technical requirements. We have received
very positive words of interest. “Test cuts” are
under way for some of these industries.

6 Collaborative efforts

This project is characterized by several close
collaborations between researchers of MaNEP
and our industry partners. On supercon-
ductivity there is a long-standing collabora-
tion between Bruker-BioSpin and Prof. René
Flukiger. This collaboration is now taken over
by Dr. Carmine Senatore on the MaNEP side.
There is in addition a growing collaboration
between MaNEP and CERN on the develop-
ment for new superconducting wires for the
future upgrade of LHC. The collaboration be-
tween ABB and MaNEP on superconducting
thin film fault current limiters has made further
progress this year.

Figure 37: Left: abrasive structures in hard coating
(for tools like files). Center: a decorative logo in hard
surface alloy (polygon size 6 mm). Right: a small
cutting die machined by wire-EDM, a tungsten coat-
ing was produced using a tungsten wire electrode.

The search for mechanical energy harvesting
devices is a close collaboration between three
partners: the group of Jean-Marc Triscone
(UniGE), the group of Nico de Rooij (EPFL,
Neuchatel) and the group of Gilles Triscone
(Hepia, Geneva). A new collaboration has been
started between Philipp Aebi (UniFR), Jürg
Hulliger (UniBE) and Anke Weidenkaff (Empa
and UniBE) in order to synthesize and charac-
terize new materials for thermoelectric power.
The research on neutron supermirrors is a close
collaboration between MaNEP researchers at
PSI and the company SwissNeutronics with oc-
casional collaboration with the group of Jean-
Marc Triscone (UniGE).
The research on transition metal hydrogen de-
tectors is a collaboration between the groups
of Klaus Yvon, Øystein Fischer, Jorge Cors
(UniGE) and Asulab (Swatch group). In par-
ticular we have combined the competence on
hydrides of Klaus Yvon with the thin film syn-
thesis competence in Øystein Fischer’s group
as well as Jorge Cors knowledge on the field of
gas sensors and Asulab’s experience in sensing
devices. In this field a close collaboration has
also developed between Greta Patzke (UniZH)
and Jorge Cors (UniGE). The projects on sur-
face treatments consists of two close collabo-
rations between the groups of Øystein Fischer
and Jorge Cors on the one hand and two com-
panies on the other hand: Vacheron Constantin
and AgieCharmilles. In both these projects, we
are now building a close collaboration between
MaNEP and these companies. The MaNEP
start-up Phasis is also part of these projects.
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[11] C. Suter, P. Tomĕs, A. Weidenkaff, and A. Steinfeld,
Materials 3, 2735 (2010).

[12] G. R. Patzke, A. Michailovski, F. Krumeich, R. Nesper,
J.-D. Grunwaldt, and A. Baiker, Chemistry of Materi-
als 16, 1126 (2004).

[13]I J. S. Milne, A. C. H. Rowe, S. Arscott, and C. Renner,
Physical Review Letters 105, 226802 (2010).

Other references

[14] H. Ohta, S. Kim, Y. Mune, T. Mizoguchi, K. Nomura,
S. Ohta, T. Nomura, Y. Nakanishi, Y. Ikuhara, M. Hi-
rano, H. Hosono, and K. Koumoto, Nature Materials
6, 129 (2007).

[15] S. Li, R. Funahashi, I. Matsubara, K. Ueno, and H. Ya-
mada, Journal of Materials Chemistry 9, 1659 (1999).

[16] C. X. Quintela, F. Rivadulla, and J. Rivas, Applied
Physics Letters 94, 152103 (2009).

[17] A. Mavromaras, S. Matar, S. B., and G. Demazeau,
Journal of Magnetism and Magnetic Materials 134, 34
(1994).

[18] N. F. Mott, Metal-insulator transitions. 2nd ed. (Taylor
& Francis, 1990).

[19] J. Ravichandran, W. Siemons, D.-W. Oh, J. Kardel,
A. Chari, H. Heijmerikx, M. Scullin, A. Majumdar,
R. Ramesh, and D. Cahill, Physical Review B 82,
165126 (2010).

[20] D. G. Cantrell and P. N. Butcher, Journal of Physics C
20, 1985 (1987).

[21] M. Shikano and R. Funahashi, Applied Physics Let-
ters 82, 1851 (2003).

[22] M. Mikami, S. Ohtsuka, M. Yoshimura, Y. Mori,
T. Sasaki, R. Funahashi, and M. Shikano, Japanese
Journal of Applied Physics 42, 3549 (2003).

[23] T. Takeuchi, T. Kondo, T. Kitao, K. Soda, M. Shikano,
R. Funahashi, M. Mikami, and U. Mizutani, Journal of
Electron Spectroscopy and Related Phenomena 144-
147, 849 (2005).

[24] C. Morawe, P. Pecci, J. C. Peffen, and E. Ziegler, Re-
view of Scientific Instruments 70, 3227 (1999).

[25] K. Galatsis, Y. X. Li, W. Wlodarski, and K. Kalantar-
zadeh, Sensors and Actuators B: Chemical 77, 478
(2001).

[26] X. K. Hu, Y. T. Qian, Z. T. Song, J. R. Huang, R. Cao,
and J. Q. Xiao, Chemistry of Materials 20, 1527 (2008).

[27] R. He and P. Yang, Nature Nanotechnology 1, 42
(2006).

[28] A. C. H. Rowe, Nature Nanotechnology 3, 311 (2008).

[29] P. Roquiny, F. Bodart, and G. Terwagne, Surface and
Coating Technology 116, 278 (1999).

[30] D. D. DiBitonto, P. T. Eubank, M. R. Patel, and M. A.
Barrufet, Journal of Applied Physics 66, 4095 (1989).

58



MaNEPResults — Project 4

Project 4 Electronic properties of oxide superconductors and related
materials

Project leader: D. van der Marel (UniGE)

Participating members: D. Baeriswyl (UniFR), B. Batlogg (ETHZ), L. Degiorgi (ETHZ), Ø. Fischer
(UniGE), T. Giamarchi (UniGE), E. Giannini (UniGE), J. Karpinski (ETHZ), H. Keller (UniZH), M. Ken-
zelmann (PSI), D. van der Marel (UniGE), C. Niedermayer (PSI), T. M. Rice (ETHZ), M. Sigrist (ETHZ)

Summary and highlights: The discovery of high-Tc superconductivity in the iron-pnictides has
sparked a worldwide goldrush for other high-Tc superconductors. In this project the first synthesis
and crystal growth of Cs0.8(FeSe0.98)2 which becomes superconducting at 27 K is reported. LaRu2P2
was found to have a Tc of 4.1 K. In structurally related InBi1−xSbx and In1−xGaxSb superconductivity
up to 8 K was found. Scanning tunneling spectra of Fe1+xTe1−ySey show clearly the coherent peaks
and the superconducting gap. Single-crystalline samples of Sm1−xThxFeAsO, SmFeAs0.5P0.5O1−y,
SmFe1−xCoxAsO, NdAs(O,F), and Ba1−xRbxFexAs2 were prepared and the superconducting prop-
erties were studied. Interplay between superconductivity and antiferromagnetism was investigated
in the iron-pnictides and chalcogenides with muon-spin resonance and infrared optical spectroscopy.
STM showed for the first time unambiguously the Van Hove singularity of Bi2Sr2CuO6. Variational
studies have been applied to the repulsive Hubbard model and for study of BCS-BEC crossover in the
attractive case. Strong interplay between lattice effects and superconductivity is observed by measur-
ing the effect of pressure and isotope substitution on the superconducting properties of the cuprates
and the Fe-pnictides and chalcogenides. Very large Faraday rotation was observed in infrared trans-
mission spectra of the perovskite EuTiO3. In Mott-insulating Sr2VO4 spin- and orbital-moments were
found to compensate each other due to spin-orbit interaction.

1 Novel superconducting materials

1.1 Synthesis and crystal growth of
Cs0.8(FeSe0.98)2: a new iron-based super-
conductor with Tc = 27 K (M. Kenzelmann)

The recent discovery of the Fe-based supercon-
ductors has triggered a remarkable renewed
interest for possible new routes leading to
high-temperature superconductivity. As ob-
served in the cuprates, the iron-based su-
perconductors exhibit interplay between mag-
netism and superconductivity suggesting the
possible occurrence of unconventional super-
conducting states. Other common properties
are the layered structure and the low carrier
density. Among the iron-based superconduc-
tors, FeSe1−x had the simplest (11-type) struc-
ture with layers in which Fe cations are tetra-
hedrally coordinated by Se [1]. It was found,
that hydrostatic pressure modifies the elec-
tronic phase diagram of FeSe1−x and induces
static magnetic order which can coexist with
superconductivity [2]. Moreover, the substi-
tution of Te for Se leads to an increase of Tc
up to 14 K. We have done systematic inves-
tigation of the magnetic and superconducting
properties, and their interplay, in FeySexTe1−x
with different nominal Fe content and differ-
ent Se:Te ratio [3, 4, 5, 6]. The tentative three-

dimensional phase diagram showing depen-
dence of the transition temperatures Tc and TN
of FeySexTe1−x for 0 < x < 0.5 and 0.9 <
y < 1.1 was built based on our study. FeyTe
is always antiferromagnetically ordered. Upon
substituting Te by Se the order becomes weaker
while superconductivity is enhanced and fi-
nally the system becomes bulk superconduct-
ing. This behavior can be tuned not only by the
substitution of Se but also by adjusting the Fe
content. The superconductivity is suggested to
be of multiband nature, where different doping
channels might be involved.

Very recently superconductivity at above 30 K
was found in K0.8Fe2Se2 [31]. This is so far the
highest Tc for Fe-chalcogenides, even though
the superconducting fraction is low and the
transition is broad. It is also reported in [31]
that single-crystals of several mm3 could be
grown from the self-flux. Shortly after that, we
have reported for the first time on the synthesis
and crystal growth of a new analog compound
with Cs intercalated between FeSe layers [7].

Single-crystals of cesium intercalated
iron selenides of nominal compositions
Cs0.8(FeSe0.98)2 were grown from the melt
using the Bridgeman method. The nominal
stoichiometry of the starting material that is
FeSe0.98 was chosen based on our previous
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Figure 1: Rietveld refinement pattern (upper-
red) and difference plot (lower-black) of the X-ray
diffraction data for the crystal with the nominal
composition of Cs0.8(FeSe0.98)2. The rows of ticks
show the Bragg peak positions for the I4/mmm
phase. The inset shows a picture of a piece of
Cs0.8(FeSe0.98)2 crystal.

studies [1] which demonstrated that for this
particular Fe/Se ratio the content of secondary
phases is the smallest. The superconducting
transition has been detected by ac suscep-
tibility using a conventional susceptometer.
The onset of the critical temperature has been
determined to Tc, onset = 27.4 K.
Room temperature XRD experiments revealed
that the crystals do not contain any impurity
phases (Fig. 1). The only detected phase is the
tetragonal phase of ThCr2Si2 type (space group
I/4mmm). This structure has the same FeSe
layers as in (11) FeSe [1], but in the last (space
group P4/nmm) these layers are identical with
respect to the translation along z-direction (this
is obvious, because the unit cell contains only
one FeSe-layer). In Cs0.8(FeSe0.98)2 the unit
cell is doubled along z-axis. The neighbor-
ing along z-direction FeSe layers are shifted by
(1/2, 1/2, 1/2), so that upwards SeFe4 pyra-
mid is faced with the downwards pyramid
along z-direction and the intercalated atom is
located between more distant Se-atoms along
z. The Fe-Fe layer distance in Cs0.8(FeSe0.98)2
increases to 7.6423 Å in comparison with
5.5234 Å in FeSe. The intercalation of Cs also
increases the Fe-Se bond length within the lay-
ers. Further investigations of Cs0.8(FeSe0.98)2
applying bulk methods like neutron scattering
and muon-spin rotation both at ambient and
high pressures are underway.

1.2 Mass enhancement in the 4d analogue
LaRu2P2 (B. Batlogg)

One of the central questions concerning the
new superconductor family, based on Fe-

pnictides and related ones, concerns the origin
of the pairing interaction and the role played
by the correlation among the Fe-derived elec-
tronic states, which are known to be partly hy-
bridized with the pnictogen p-states. The cor-
relation effects, together with the Fermi surface
(FS) geometry, are thought to hold the key to
the understanding of the essential physics gov-
erning the Fe-based superconducting materi-
als.
We have studied LaRu2P2 and compare it to the
LaFe2P2 and SrFe2P2, in which the spatial ex-
tend of the d-orbitals is different and thus one
would expect different strength of the correla-
tion effects. This difference is expected to be re-
flected in the enhancement of the quasi-particle
mass compared to the calculated band mass. In
the Ru compound the superconducting transi-
tion temperature is 4.1 K.
We have synthesized LaRu2P2 crystals with a
small residual resistivity and mounted them on
torque cantilevers to measure the magnetiza-
tion in pulsed fields up to 60 T. These exper-
iments were performed at the National High
Magnetic Field Laboratory in Los Alamos,
USA, yielding highly consistent data sets on
three different crystals.
In Fig. 2, the inset shows the oscillatory part
of the magnetic torque at 1.5 K and at 20 K.
Repeating these measurements at various tem-
peratures and at various angles with the re-
spect to the Ru-P layers, we extract the essen-
tial parameters describing electronic states at
the Fermi energy: cross-section of the extremal
orbits on the various FS sheets (frequency of
the oscillations), and the quasi-particle mass
(from the T-dependent oscillation amplitude,
Fig. 2, main part). The extremal orbits are
in excellent agreement with the local density

Figure 2: Oscillatory part of the magnetization mea-
sured in pulsed magnetic fields up to 60 Tesla.
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Figure 3: Comparison of measured and calculated
frequencies of quantum oscillations. Different colors
correspond to different extremal orbits.

approximation (LDA) calculated FS (Figs. 3
and 4).
The effective masses for the two main FS sheets
are found to be larger than the calculated band
mass. The ratio of the measured to the band
mass is 1.4 and 2, respectively. This result is re-
markable for two reasons. First, the band mass
in the Ru compound is smaller, indeed, than
in the Fe analogue. This is in line with expec-
tations due to more extended 4d-orbitals. Sec-
ond, the mass enhancement is found to be as
large as in the independently studied SrFe2P2,
which is counter to naı̈ve expectations (the FS
geometry is essentially the same in both com-
pounds). The larger spread of the 4d-wave
function in Ru is thus counteracted by a not
yet identified effect that enhances correlation.
A possibility might be the different degree of
hybridization of the d-states with the p-states
due to different bare orbital-energies.

Figure 4: Calculated parts of the Fermi surface with
two extremal orbits (α, β) indicated.

Superconductivity in the Fe-based pnictides
and chalcogenides, therefore, is neither sim-
ply due to a particular Fermi surface geome-
try nor due to particulary strong correlation.
Rather, some additional factor such as bonding
geometry and band degeneracy (e.g. orbital-
fluctuation effects) might also play a role.

1.3 Superconducting In1−xGaxSb and
Bi1−xSbxIn (E. Giannini)

The search for superconductivity in materials
having a crystal structure related to that of Fe-
pnictides and Fe-chalcogenides (based on the
PbO-type structure P4/nmm) has lead to the
study of the quaternary compound BiOCuS
and the binary one BiIn. Doping BiIn with
Sb was found to mimic the effect of pressure
and induce superconductivity, with a maxi-
mum Tc of ∼ 8 K (Bi0.95Sb0.05In). Increasing
the Sb content causes a phase separation be-
tween non-miscible BiIn and SbIn. The lat-
ter is a narrow-gap semiconductor (with band
gap of 0.17 eV at 300 K), and possesses the
largest ambient temperature electron mobil-
ity (78 000 cm2V−1s−1). Its crystal structure
is cubic of the zincblende-type (space group
F4̄3m) instead of tetragonal (P4/nmm). Very
interestingly, we have found that substitutions
of Ga for In can induce superconductivity in
In1−xGaxSb (0.2 ≤ x ≤ 0.4) with a Tc,max =
4.5 K. This enriches the growing family of semi-
conductors that become superconducting upon
opportune chemical substitutions. However,
in this case, as well as in Bi1−xSbxIn, no carri-
ers are doped into the system and conductivity
is more likely induced by the lattice compres-
sion rather than by the formation of an impu-
rity band, like it is in B-doped SiC.

2 Iron-based chalcogenides

2.1 Fe-chalcogenides, crystal growth and high
pressure studies (E. Giannini)

Crystals of Fe1+xTe1−ySey (0 ≤ y ≤ 0.3) have
been grown for various experimental studies in
the frame of a wide collaboration among vari-
ous MaNEP groups. The electronic structure of
these materials is being investigated by ARPES
(M. Grioni, EPFL), STM (Ø. Fischer, UniGE),
and optical spectroscopy (D. van der Marel,
UniGE). The influence of spin-fluctuations on
charge dynamics in Fe-chalcogenides and Fe-
pnictides have been observed by means of in-
frared spectroscopy [8].
Pressure is found to have a strong effect on
magnetism and superconductivity in both Fe-
chalcogenides and Fe-pnictides (see [32] for a
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Figure 5: Effect of hydrostatic mechanical pres-
sure (red stars) and internal chemical pressure (blue
squares and dashed guide line [9]) on the lattice pa-
rameters of Fe1.087Te. The isothermal compressibil-
ity is measured at room temperature and plotted as
a function of pressure (red curve).

review), and particularly in FeSe1−y, in which
Tc rises from 8 K to 37 K under 9 GPa. How-
ever, undoped Fe1+xTe does not exhibit any
superconducting signal under pressures up to
19 GPa. In order to elucidate the reason of such
difference between FeSe and FeTe, we have
performed high-energy X-ray diffraction stud-
ies on pulverized crystals of Fe1.087Te under
hydrostatic pressure up to 12 GPa, and com-
pared the pressure effects to those of Se substi-
tutions. The reduction of the a-lattice parame-
ters is found to be larger than upon Se substi-
tutions, whereas the effect of mechanical and
chemical pressure on the c-axis is comparable.
A stronger uniaxial pressure is exerted by the
Se substitutions, whereas under hydrostatic
pressure the unit cell is shrunk more isotropi-
cally. This is clearly shown by plotting the c/a
ratio as a function of both the pressure and Se-
content (Fig. 5). From this data the isothermal
compressibility of Fe1.087Te could be extracted
as well, and is found to decrease as a function
of pressure from ' 0.20 to ' 0.10 · 10−10 Pa−1

in the range 0− 10 GPa (Fig. 5). Uniaxial pres-
sure mimicked by the tensile strain is reported
to induce superconductivity in strained FeTe
thin films [33].
At ambient pressure, Fe1.087Te undergoes a
structural transition from tetragonal to mono-
clinic, associated to the magnetic transition to
an antiferromagnetic (AF) state, at TN = 67 K.
When cooling Fe1.087Te under pressures above
0.8 GPa, an intermediate structural modifica-
tion appears in a limited range of temper-
atures, between the tetragonal paramagnetic
phase at high T, and the monoclinic AF phase
at low T (Fig. 6). In the same pressure range
anomalies are observed in transport and mag-
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Figure 6: Diffraction patterns of Fe1.087Te under
P ' 1 GPa. A high-symmetry diffraction pattern is
observed at 62− 64 K.

netic measurements as well. The study of
the high-pressure electronic and magnetic be-
havior is in progress in collaboration with the
groups of L. Forró and H. Rønnow at the EPFL.

2.2 Scanning tunneling microscopy studies
of the Fe-chalcogenide superconductor
Fe1.013Se0.7Te0.3 (Ø. Fischer)

We have performed scanning tunneling mi-
croscopy (STM) experiments on FeySexTe1−x
single-crystals, which have the simplest crys-
tal structure among the various Fe-based su-
perconductors. The crystals, grown at UniGE
using the Bridgman-Stockbarger method, have
the composition Fe1.013Se0.7Te0.3, with a Tc of
12 K.
In a first set of measurements, the crystals were
cleaved in situ in ultrahigh vacuum conditions
and measured at room temperature. Very flat
surfaces are observed by STM, revealing the
individual atoms arranged in the square lat-
tice symmetry expected for the Fe-Se/Te lay-
ers (Fig. 7a). For a reason which still remains
unknown, the surfaces of Fe-based compounds
are particularly difficult to probe by tunneling
spectroscopy. Our first low-temperature mea-
surements were performed by gluing the sam-
ple at the apex of the tip, and tunneling onto
a gold thin film. In this geometry, the tunnel-
ing current is injected along a direction paral-
lel to the Fe-Se/Te layers, perpendicularly to
the crystal c-axis. Tunneling spectra acquired
at 1.8 K reveal a clear conductance dip flanked
by coherence peaks located at an energy close
to 5 meV (Fig. 7b). With increasing tempera-
ture this gap progressively fills in, and disap-
pears above 12 K (Tc), underlying its supercon-
ductive origin. Other spectral features are also
observed at lower energies, possibly related to
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Figure 7: STM on Fe1.013Se0.7Te0.3 single-crystals.
(a) 10 × 10 nm2 STM topography revealing the
atomic lattice of the Fe-Se/Te layer. (b) Temperature
evolution of the tunneling spectra acquired with the
tunneling current injected perpendicular to the c-
axis.

the multiband character of the electronic struc-
ture in these compounds [34]. Measurements
on the (001) surfaces are currently in progress.

3 Iron-pnictide superconductors

3.1 Superconductivity above 50 K in Th-
substituted SmFeAsO (J. Karpinski)

Superconducting poly- and single-crystalline
samples of the Sm1−xThxFeAsO with partial
substitution of Sm3+ by Th4+ with a sharp dia-
magnetic onset at Tc up to ∼ 53 K were syn-
thesized using high-pressure technique [10].
The unit cell parameters a and c shrink with
Th substitution and the fractional atomic co-
ordinate of the As site, zAs, remains almost
unchanged, while that of Sm/Th, zSm/Th, in-
creases. The As-Sm/Th distance shortens and
the O-Sm/Th distance elongates. Equivalently
one may focus on the “layers” of the structure:
the Sm/ThO layer expands (∆s1 = 0.055 Å),
the AsFe layer remains unaffected, and the dis-
tance s3 between the Sm/ThO and the AsFe
layers shortens by ∆s3 = −0.048 Å (Fig. 8a).
Bulk superconducting samples do not undergo
a structural phase transition from tetragonal
to orthorhombic symmetry at low tempera-
tures. Upon warming from 5 to 295 K the
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Figure 8: (a) Schematic representation of the projec-
tion of Sm1−xThxFeAsO lattice fragment on the ac-
plane and the changes in its dimensions (red dotted
lines) with substitution of Sm by Th. (b) Schematic
representation of the thermal expansion of FeAs4
tetrahedron for Sm0.90(5)Th0.10(5)FeAsO at 15 K
(solid lines and circles) and 295 K (dotted lines and
circles). (c) Pnictogen height (hPn) as a function of
temperature for the three Sm1−xThxFeAsO compo-
sitions.

increase in the FeAs layer thickness is dom-
inant (Fig. 8b and c), while the changes in
the other structural building blocks are minor,
and they compensate each other, since the As-
Sm/Th distance contracts by about the same
amount as the O-Sm/Th expands. The up-
per critical field estimated from resistance mea-
surements is anisotropic (Fig. 9) with slopes of
∼ 5.4 T/K (H ‖ ab-plane) and ∼ 2.7 T/K (H ‖
c-axis), at temperatures sufficiently far below
Tc. The low-temperature upper critical field
anisotropy γH is in the range of ∼ 2, consistent
with the tendency of a decreasing γH with de-
creasing temperature in SmFeAsO1−xFy single-
crystals [11]. Magnetization hysteresis loops
of single-crystal of Sm1−xThxFeAsO measured
at various temperatures below Tc in magnetic
fields up to 7 T applied parallel to the crys-
tal c-axis are presented in Fig. 10. The wide
loops, with a width almost independent of the
field, indicate a rather high critical current den-
sity, Jc, in the sample. The Jc estimated from
the width of the hysteresis loop using Bean’s
model is, at 2 K, close to 106 A cm−2 in the field
range investigated (Fig. 10, inset). The slight
increase in critical current density for higher
magnetic fields may indicate an increase in the
effectiveness of pinning centers giving rise to a
“peak effect”. A similar behavior was found in
F doped SmFeAsO single-crystals [10, 11].
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 Figure 9: Temperature dependences of the resistiv-
ity for a Sm0.89(2)Th0.11(2)FeAsO single-crystal mea-
sured with the field H ‖ ab (a) and H ‖ c (b),
from 0 to 14 T (0, 2, 4, 6, 8, 10, 12, 14 T). Inset of
a) shows the resistivity in the temperature range of
2 − 300 K. Inset of (b) shows temperature depen-
dence of the upper critical field with H ‖ ab and
H ‖ c for the Sm0.89Th0.11FeAsO (with 50% ρn crite-
rion). For comparison the data for SmFeAsO0.7F0.25
are shown.

3.2 Structural details and superconductivity with
Tc above 50 K in Th-substituted SmFeAsO
(B. Batlogg)

Tetravalent Th has been substituted for triva-
lent Sm at a level of up to 10%, and the in-
fluence on the structural and superconducting
properties were studied in detail on poly- and
single-crystal samples. Remarkably, it is the in-
crease in the Fe2As2-layer thickness that dom-
inates the expansion, while the changes in the
other layers are smaller and even compensate
each other, since the As-Sm/Th distance ap-
pears to contract by about the same amount
as the O-Sm/Th distance expands. The super-
conducting properties are little affected by Th
substitution. The upper critical fields and their
anisotropy, as well as the penetration lengths
and their anisotropy are close to that of the
non-substituted related compounds, and are
dominated by the multi-gap multi-band super-
conducting state.

 

Figure 10: Magnetic hysteresis loops measured on
a single-crystal at 2 K, 5 K, 10 K, and 20 K in a field
up to 7 T (H ‖ c). Inset: critical current density cal-
culated from the width of the hysteresis loops.

3.3 Superconductivity in SmFe(As,P)O com-
pound (J. Karpinski)

We have investigated the interplay of com-
position, structure, magnetism and supercon-
ductivity in the SmFeAs1−xPxO compound
through preparation of samples with different
synthesis methods and annealing conditions.
The samples synthesized at ambient pressure
are not superconducting down to 2 K, thus im-
plying that isovalent P substitution leads to
pure geometrical lattice effects without charge
carrier transfer. The superconductivity with a
maximum Tc ∼= 24 K was observed in poly-
and single-crystalline SmFeAs0.5P0.5O1−y sam-
ples only after heat treatment under high pres-
sure. Neutron powder diffraction investiga-
tions show lower occupation of oxygen site
in high-pressure treated samples, which in-
troduced charge carriers in the samples and
induced superconductivity. The influence of
P substitution and pressure-induced oxygen
deficiency on subtle structural intra- and in-
terlayer spacing variation and charge carrier
transfer were explored. Muon-spin rotation
experiments indicate continuous suppression
of both the ordering temperature and the fre-
quency of magnetic order upon P substitu-
tion. For superconducting SmFeAs0.5P0.5O1−y
samples only dynamic magnetism survived,
while the ambient prepared samples with the
same amount of P substitution still show a
static magnetic moment at temperatures be-
low ∼ 60 K. Point-contact Andreev-reflection
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Figure 11: Magnetic moment versus temperature
for a NdFeAs(O,F) single-crystal.

spectroscopy indicates the existence of two en-
ergy gaps in superconducting samples. Single-
crystals were used for electrical transport and
magnetic torque studies.

3.4 SmFe1−xCoxAsO and NdFeAs(O,F) single-
crystals from NaAs flux (J. Karpinski)

In order to increase the size and surface qual-
ity of LnFeAsO single-crystals, different kind
of fluxes were investigated. By using NaAs
and KAs fluxes, Sm(Fe1−xCox)AsO and Nd-
FeAs(O,F) crystals of a size up to 0.7 mm have
been grown. Magnetization measurements
of Sm(Fe1−xCox)As and NdFeAs(O,F) crystals
show relatively sharp superconducting transi-
tions with maximum Tc of 16 and 39 K respec-
tively (Fig. 11). Fig. 12 shows NdFeAs(O,F)
crystals.

3.5 Superconductivity in RbFe2As2 (B. Batlogg)

The superconducting state of RbFe2As2 with a
Tc of 2.5 K has been synthesized and studied
by transport and muon-spin rotations experi-
ments. The temperature dependence of both
the upper critical filed and the magnetic pen-
etration depth distinctly deviate from that of
a single-band superconductor with a uniform
gap. Instead, the upward curvature of Hc2
and the overall T dependence of the penetra-
tion depth are well parametrized by a two-gap
model. The gap-to-Tc ratio for the large gap
is compared to other superconducting “122”
members of the Fe-pnictides and is found to be
significantly smaller. Different interband scat-
tering are invoked as possible reasons.

Figure 12: Single-crystals of NdFeAs(O,F) grown
from NaAs flux on mm scale.

3.6 Studies of superconducting properties of
122-type Fe-based arsenides (J. Karpinski)

Polycrystalline samples of the Ba1−xRbxFe2As2
system were synthesized using quartz am-
poule technique for 0 < x < 0.5 and x = 1.
X-ray diffraction measurements confirmed the
existence of a continuous solid solution. Super-
conducting properties were studied by magne-
tization measurements. Tc as a function of Rb
content shows a broad plateau with the maxi-
mum Tc = 37 K (Fig. 13).
Large single-crystals of EuFe2−xCoxAs2 with
a size up to few millimeters were grown us-
ing the Sn flux method and characterized us-
ing X-ray diffraction, WDX analysis, resistiv-
ity and magnetization measurements. Co sub-
stitution for Fe gradually suppresses the spin-
density wave (SDW) ordering and induces su-
perconductivity. We observed diamagnetic re-
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Figure 13: Tc as a function of Rb content in poly-
crystalline Ba1−xRbxFe2As2 solid solution.
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Figure 14: Resistance versus magnetic field for
EuFe1.8Co0.2As2 single-crystal measured at various
temperatures. H ‖ c-axis, j ⊥ c-axis.

sponse and zero resistance below 5 K for x =
0.2. The resistivity for the EuFe1.8Co0.2As2
single-crystal shows anomalous field depen-
dence (Fig. 14). Below 5 K zero resistance
and field induced transition to normal state are
observed. In the temperature range 5 − 7 K,
with increasing fields, resistance shows a max-
imum (at ∼ 1000 Oe) then drops to zero and fi-
nally the transition to normal state is observed.
Phenomenologically this behavior is similar to
the magnetic field induced superconductivity
which Fischer and collaborators [35] observed
in EuxSn1−xMo6S8−ySey, in agreement with
the exchange compensation effect predicted by
Jaccarino and Peter [36].

3.7 Study of the coexistence and competition of
antiferromagnetism and superconductivity in
Ba(Fe1−xCox)2As2 (C. Niedermayer)

The discovery of high-temperature supercon-
ductivity in iron arsenide pnictides has re-
newed interest in the relationship between
magnetism and superconductivity. Similar
to the cuprate high-temperature superconduc-
tors, superconductivity emerges in close prox-
imity to an antiferromagnetically ordered state.
The suspicion that this proximity is not acci-
dental is supported by the finding that super-
conductivity and magnetism even coexist in
parts of the phase diagram, as shown for Co
doped BaFe2As2 in Fig. 15 [37]. Our combined
neutron scattering, muon-spin rotation, and
optical data establish that bulk superconduc-
tivity and magnetism coexist on the nanome-
ter scale and that both phenomena compete
for the available low-energy states [12]. Sys-
tematic neutron and X-ray diffraction studies
of the underdoped Ba(Fe1−xCox)2As2 super-
conductors have revealed several intriguing re-
sults regarding the interactions among struc-
ture, magnetism and superconductivity. High-

Figure 15: Phase diagram of Ba(Fe1−xCox)2As2.

resolution X-ray diffraction measurements re-
veal an unusually strong response of the lattice
to superconductivity. The orthorhombic distor-
tion of the lattice is suppressed and, for dop-
ing near x = 0.06, the orthorhombic structure
evolves smoothly back to a tetragonal structure
(Fig. 15). It was proposed that the coupling be-
tween orthorhombicity and superconductivity
is indirect and arises due to the magneto-elastic
coupling, in the form of emergent nematic or-
der, and the strong competition between mag-
netism and superconductivity [37]. The strong
coupling between magnetism and supercon-
ductivity manifests itself in a dramatic reduc-
tion of the magnetic Bragg peak intensity on
entering the superconducting state.
Fig. 16 shows data taken on the cold triple
axis spectrometer RITA-II at SINQ (PSI) on
Ba(Fe0.9505Co0.0495)2As2. The change in inten-

Figure 16: Suppression of the magnetic Bragg peak
intensity on entering the superconducting state for
Ba(Fe0.9505Co0.0495)2As2.
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sity below Tc = 20 K for both the (1/2 1/2 1)
and (1/2 1/2 3) magnetic Bragg peaks occurs
in the same manner so that the effect cannot
be explained by a change in magnetic structure
or a spin reorientation. Similar data were ob-
tained by other groups, however with a much
smaller reduction of the Bragg peak intensity
below Tc [38, 39]. A decrease of the mag-
netic volume fraction can also be ruled out by
our muon-spin rotation data on the same sam-
ple, which show that the magnetism extends
throughout the sample volume both above and
below the superconducting transition temper-
ature [12]. The combined muon and neutron
data point toward the scenario that the ordered
Fe moment is reduced on entering the super-
conducting state. Along with the observation
of a redistribution of the low-energy magnetic
excitations, this indicates competition between
coexisting superconductivity and magnetic or-
der.

3.8 Charge dynamics of the Co-doped BaFe2As2
(L. Degiorgi)

The discovery of superconductivity in sev-
eral families of closely related iron-pnictides
has generated considerable interest, primar-
ily because superconductivity is possible at
high-temperature in materials without CuO2-
planes, and has also induced a frenetic search
for possible common mechanisms between
them and the superconducting cuprates. Fur-
thermore, these materials provide an interest-
ing arena to study the impact of electronic
correlations with respect to the emergence
of structural/magnetic and superconducting
phase transitions. A recent optical study on
LaFePO gave evidence of electronic correla-
tions in the iron-pnictides, indicating that the
kinetic energy of the electrons is reduced to
half of that predicted by band theory of nearly
free electrons, and implying that these systems
could be on the verge of a Mott (insulator) tran-
sition.
Our strategy consisted in comparing the elec-
trodynamic response of Ba(CoxFe1−x)2As2 for
several Co-dopings, which belong to the so-
called 122 family and are prominent exam-
ples of oxygen-free iron-pnictide superconduc-
tors. We presented systematic measurements
across the phase diagram, from underdoped
non-superconducting (x = 0 and 0.025), to un-
derdoped superconducting (x = 0.051), to near
optimal doping (x = 0.061), to overdoped su-
perconducting (x = 0.11), and finally to over-
doped non-superconducting (x = 0.18) com-
positions. Particular emphasis is devoted to
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Figure 17: Real part σ1(ω) of the optical conduc-
tivity for Ba(CoxFe1−x)2As2 with x ranging from 0
to 18% in the far and mid-infrared spectral range at
selected temperatures above and below the various
phase transitions. The inset displays σ1(ω) at 300 K
for x = 0.051, emphasizing its representative shape
for all compounds at high frequencies up to the ul-
traviolet.

the impact of the various transitions on the
charge dynamics in these Co-doped 122 ma-
terials. Our primary goal was to exploit their
electrodynamic response in order to establish
with spectral weight argument their degree of
electronic correlations.
Fig. 17 highlights the temperature dependence
of σ1(ω) for all dopings in the energy ranges
pertinent to the SDW and superconducting
transition. The excitation spectrum at high fre-
quencies, shown in the inset of Fig. 17, is iden-
tical for all Co-dopings and is consistent with
previous investigations. There is a strong ab-
sorption band peaked at about 5000 cm−1, fur-
ther characterized by a broad high-frequency
tail and generally ascribed to the contribu-
tion due to the electronic interband transitions.
σ1(ω) for x = 0 suddenly decreases below
800 cm−1 at temperatures below TSDW . This
leads to a depletion in the range between 200
and 800 cm−1 (Fig. 17), inducing a removal of
spectral weight. The depletion as well as the
peak at about 800 cm−1 in σ1(ω) are indica-
tive for the opening of a pseudogap, which we
identify with the SDW single-particle excita-
tion. For x = 0.025 Co-doping, the depletion
and the (pseudo)gap feature in σ1(ω) are less
evident and pronounced, even though there is
a spectral weight redistribution, leading again
to its overshoot above 700 cm−1 for tempera-
tures below TSDW . The signatures for the SDW
pseudogap-like excitation and the related spec-
tral weight redistribution are no longer well
distinct for the x = 0.051 Co-doping. For
this latter compound at and above the optimal
Co-doping (x = 0.061 and 0.11, respectively),
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the total reflection at ω ≤ ωg for T � Tc
leads instead to the opening of the supercon-
ducting gap. The removed spectral weight is
shifted into the collective excitation at zero fre-
quency. Finally, the electrodynamic response
of the x = 0.18 compound merely displays a
simple metallic behavior.
We propose a scenario where the conduction
band derives from d-states and splits into two
parts: a purely itinerant one close to the Fermi
level and represented by the two Drude com-
ponents as well as by a bottom part with states
below the mobility edge and thus rather lo-
calized (Fig. 18, inset). This latter part gives
rise to the mid-infrared-band in σ1(ω), which
turns out to be strongly temperature depen-
dent upon magnetic ordering and affected by
the opening of the SDW gap. We calculate
the ratio between the integral of σ1(ω) up to
ωopt and the one up to ωband (Fig. 18, in-
set). This is an estimation, exclusively obtained
from the experimental findings, of the ratio
between the optical kinetic energy (Kopt) ex-
tracted from σ1(ω) and the band kinetic en-
ergy (Kband) extracted from the band structure
within the tight-binding approach. The inverse
of Kopt/Kband, which then defines the degree
of electronic correlations, is plotted in Fig. 18
within the phase diagram of the Co-doped
122 iron-pnictides. Kband/Kopt thus tracks the
evolution of the superconducting dome in the
phase diagram of Ba(CoxFe1−x)2As2. Interest-
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Figure 18: Phase diagram of Ba(CoxFe1−x)2As2
(left y-axis), and the average of the ratio Kband/Kopt
from the spectral weight (SW) analysis with ωopt =
500 cm−1 and ωband = 2000 cm−1. The inset dis-
plays the optical conductivity at 120 K for the par-
ent compound (x = 0). Dashed and dashed-dotted
arrows mark the cut-off frequencies ωopt and ωband
(see text).

ingly enough, electronic correlations seem to
be stronger for the parent-compound and for
Co-dopings x ≤0.061 than for those in the over-
doped range. There is indeed evidence for a
crossover from a regime of moderate correla-
tions for x ≤ 0.061 to a nearly free and non-
interacting electron gas system for x ≥ 0.11.

3.9 Strong coupling to magnetic fluctuations in
the charge dynamics of Fe-based supercon-
ductors (D. van der Marel)

We have carried out a comprehensive com-
parison of the infrared charge response of
two systems, characteristic of classes of the
122 pnictide (SrFe2As2) and 11 chalcogenide
(Fe1.087Te) Fe-compounds with magnetically-
ordered ground states. In the 122 system,
the magnetic phase shows a decreased plasma
frequency and scattering, and associated ap-
pearance of strong mid-infrared features. The
11 system, with a different magnetic ordering
pattern, also shows decreased scattering, but
an increase in the plasma frequency, while no
clear mid-infrared features appear below the
ordering temperature (Fig. 19). This marked
contrast can be understood in terms of the di-
verse magnetic ordering patterns of the ground
state. While the high-temperature phases
of these systems are similar, magnetic order
strongly affects the charge dynamical response.
Near the magnetic phase boundary, spin-
fluctuations provide a dissipation channel
which involves an electron traversing a Fermi
pocket in a Landau damping process. Below
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Figure 19: dc resistivity measured by transport
(squares) and optically (diamonds) for (a) Fe1.087Te
and (b) SrFe2As2. Components of fits to the opti-
cal conductivity at high and low temperatures for
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the magneto-structural transition temperature
Tms, hybridization and splitting of bands open
an SDW gap excitation pathway, giving rise to
the 550 cm−1 excitation. The second excitation
is due to a process where a down-spin elec-
tron in an occupied state at momentum −kF
undergoes a similar gap-crossing excitation to
a state at +kF, while flipping its spin. This
is normally disallowed due to the photon mo-
mentum and spin selection rules, but can be-
come allowed through the simultaneous emis-
sion of a S = 1 magnon of momentum −2kF,
so that the overall momentum and spin of the
process is conserved. Thus, while the average
SDW gap excitation appears near 550 cm−1,
and is roughly consistent with the BCS expec-
tation 2∆ ∼ 3.5 kBTms ∼ 462 cm−1, magnon-
assisted pair breaking absorption occurs higher
near kcvs ∼ 360− 900 cm−1, which wholly en-
compasses the observed splitting between the
high- and low-energy features in SrFe2As2. In
this scenario, the low-temperature characteris-
tics of the high-energy peak in SrFe2As2 are
expected to evolve with temperature as a di-
rect consequence of broadened spin-excitations
as the temperature is raised, as observed. For
T > Tms, one expects an overdamped para-
magnon response, thus explaining the diffi-
culty in tracking this feature into the high-
temperature phase.
The influence of spin-fluctuations on charge
dynamics of two systems is closely related to
Fe-based superconductors. The spin-charge
coupling is most evident at the magneto-
structural transitions in these compounds,
where transport and charge excitations are
sensitive to drastic changes in the spin-
susceptibility. These observations are robust
and likely extend to the superconducting por-
tions of the global phase diagram for Fe-based
superconductors.

3.10 Isotope effect in Fe-based superconductors
(H. Keller)

This 54Fe/56Fe isotope effect (FeIE) was inves-
tigated on Tc in the iron-based superconductor
FeSe1−x belonging to the 11 family [13]. The
substitution of natural Fe (containing ' 92%
of 56Fe) by its lighter isotope 54Fe in FeSe0.975
(Tc ' 8.2 K) leads an isotope shift of the tran-
sition temperature of ∆Tc = 0.22(5) K, corre-
sponding to an FeIE exponent αFe = 0.81(15)
(Fig. 20) [13]. This value is positive and consid-
erably larger than the BCS value αBCS = 0.5.
In addition, the lattice parameters of the
54Fe/56Fe exchanged FeSe1−x samples were
investigated carefully by neutron powder
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Figure 20: The superconducting transition temper-
ature as a function of Fe atomic mass for FeSe1−x.
The open symbols correspond to the samples stud-
ied by neutron powder diffraction. The inset shows
the normalized magnetization curves for a pair of
54FeSe1−x and 56FeSe1−x samples.

diffraction. It turned out that the a- and b-
axes are slightly larger for 54FeSe1−x than those
for 56FeSe1−x, while the c-axis is marginally
smaller for 54FeSe1−x than for 56FeSe1−x. How-
ever, the volume of the unit cell remains un-
changed. These slight differences in the lat-
tice constants in the Fe isotope exchanged
samples give rise to a slight change of the
shape of the Fe4Se pyramid and anion height
which is known to affect Tc in Fe-based high-
temperature superconductors (HTS) [40], and
in turn may contribute to the total Fe isotope
shift of Tc [13].
The present results of the FeIE on Tc in Fe-
based HTS are highly controversial. The values
of the FeIE exponent αFe for various families of
Fe-based HTS were found to be as well posi-
tive (αFe ' 0.3− 0.4) [41], as negative (αFe '
−(0.18− 0.02)) [42, 43], or even be exceedingly
larger than the BCS value αBCS = 0.5 as found
for FeSe1−x (αFe ' 0.8) [13]. Recently, we have
shown [14] that the Fe isotope substitution
causes small structural modifications which, in
turn, affect Tc. Upon correcting the isotope ef-
fect exponent for these structural effects, an al-
most unique value of αFe ' 0.35− 0.4 is found
for at least three different families of Fe-based
HTS (Fig. 21), in fair agreement with theoreti-
cal predictions of a two-band model [15].

4 High-Tc cuprates

4.1 Single-crystal growth of cuprates and related
materials (E. Giannini)

The enduring activity on crystal growth of Bi-
based superconducting cuprates has focussed
on strongly overdoped materials. Crystals
of Bi2Sr2CuO6 and Bi2Sr2CaCu2O8 have been
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Figure 21: Fe isotope exponent αFe as a func-
tion of the superconducting transition tem-
perature (FeSe1−x [13], Ba0.6K0.4Fe2As2 and
SmFeAsO0.85F0.15 [41], Ba0.6K0.4Fe2As2 [42], and
SmFeAsO1−x [43]). The arrows indicate the direc-
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αint

Fe ' 0.35− 0.4 caused by the structural effects.

grown by the floating zone method and mainly
devoted to STM studies. Crystal growth ex-
periments have been conducted on other lay-
ered cuprates, of the so-called family of spin-
ladder compounds, as well. These mate-
rials are described by the general formula
[M2Cu2O3]m[CuO2]n, where M is generally Sr
and/or Ca with m/n = 5/7, 7/10 or 9/13, in
which two different kinds of Cu-O layers ex-
ists: the CuO2 chains, and the Cu2O3 ladders.
Pressure induced superconductivity was dis-
covered in Ca-doped Sr14Cu24O41 (at P = 3−
5 GPa, Tc,max = 12 K) [44]. With the aim to
apply chemical pressure and control the carri-
ers doping in this system, we have synthesized
and successfully grown crystals of (Bi, Ca)- and
(Y, Ca)-co-doped Sr14Cu24O38+δ. These crys-
tals have been grown with the floating zone
method in a two-lamp furnace, under oxygen
overpressure (p(O2) = 3 bar).

4.2 Analysis of the Van Hove singularity position
in the tunneling spectra of Bi2Sr2CuO6+δ

(Ø. Fischer)

The tunneling spectra measured at low temper-
ature in Bi2Sr2CuO6+δ show unambiguously
and for the first time in a cuprate the direct
signature of a strong Van Hove singularity
(VHS) [16]. It is admitted that the local dop-
ing level controls both the opening of the gap
and the position of the VHS. The correlation
at the local scale between these two parame-
ters is thus of great interest. Starting from a
14× 14 nm2 map displaying the local gap mag-

Figure 22: Analysis of STM data acquired in
Bi2Sr2CuO6+δ (Tc = 11 K). (a) 14 × 14 nm2 map
of the gap/VHS (see text). (b) Fitted VHS position
map showing a spatial correlation with the map in
(a). (c) Fitted VHS position versus gap value. Zero
gap values correspond to spectra exhibiting only a
single peak. The left side of the panel shows the ex-
pected trend that the gap is becoming larger when
the VHS shifts towards negative values. For positive
VHS positions, the gap becomes larger. (d) left panel
(blue arrow on (c)): for a given VHS position (here
(−30± 0.1) meV) one can find spectra with various
gap values (ranging from 0 to 37 meV); right panel
(orange arrow on (c)): for a given gap value (here
(25 ± 0.1) meV) one can find spectra with various
VHS positions (ranging from −25 to 15 meV).

nitude (positive values) and the VHS position
found in single-peaked spectra (negative val-
ues) (Fig. 22a), we have fitted the whole spec-
tra to determine in each pixel the position of
the VHS (Fig. 22b). A clear correlation between
the two parameters is seen, and reported in
Fig. 22c.
In most of the probed area where the VHS is
measured at negative energies, we observe that
the VHS shifts towards more negative ener-
gies when the gap magnitude increases. These
trends agree with the picture of a decrease of
the local doping level. But in some other re-

70



MaNEPResults — Project 4

gions we contradictorily observe spectra ex-
hibiting large gaps (usually associated with un-
derdoping) and a positive VHS position (over-
doping). Moreover the gap versus VHS dis-
tribution exhibits a finite width traducing the
possibility for some spectra with a unique VHS
position to exhibit various gap values, and in-
versely (Fig. 22d). This shows that local doping
variation is not sufficient to explain the evolu-
tion of whole the tunneling spectra observed
on the surface of Bi-based cuprates.

4.3 Strong-coupling signatures in the tunneling
spectra of superconductors (T. Giamarchi)

In superconductors, the interaction of quasi-
particles with collective modes leads to sig-
natures in the electron density of states
(DOS) [45], which can be detected by tunnel-
ing spectroscopy [17]. The precise analysis
of these signatures in cuprate superconductors
should allow to deduce the energy of the col-
lective modes, and thus determine which ex-
citations are most relevant for superconductiv-
ity. It turns out that the line-shape of the signa-
tures in classical superconductors — which are
three-dimensional (3D) and have a supercon-
ducting gap of s-wave symmetry — is different
from the line-shape in two-dimensional (2D)
unconventional superconductors with d-wave
symmetry [18]. On the one hand, the low di-
mensionality reinforces the signatures, so that
for identical coupling strengths the modifica-
tion of the DOS is considerably stronger in 2D
than in 3D. On the other hand, the spectral line-
shape of the signature is determined chiefly by
the line-shape of the superconducting coher-
ence peak. Due to the asymmetric shape of
the coherence peaks in s-wave superconduc-
tors, the strong-coupling signatures are breaks
in the DOS, appearing as peaks in the second-
derivative d2 I/dV2 spectrum. For d-wave su-
perconductors, however, the coherence peaks
are symmetric, and the strong-coupling signa-
tures are minima in the DOS, appearing as zeros
in the d2 I/dV2 spectrum, as shown in Fig. 23.
Assessing the collective mode energies in high-
Tc cuprate superconductors by selecting peaks
in the d2 I/dV2 spectrum, as was done in recent
studies [46], is therefore not a reliable proce-
dure. Our results also explain why the signa-
tures of strong electron-phonon coupling are
absent in the normal state of conventional su-
perconductors, while the effect of coupling to
sharp modes might be observable in 2D mate-
rials due to the presence of a Van Hove singu-
larity in the non-interacting DOS.
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4.4 Cooperon resonance (T. M. Rice and
M. Sigrist)

Rice and collaborators derived a low-energy
effective model for an array of lightly doped
4-leg Hubbard ladders weakly coupled by in-
terladder tunneling and lightly doped away
from half filling [19]. The model has Fermi
pockets and a well defined Cooperon reso-
nance formed by a bound pair of holes. Sim-
ilar features are argued to be the key charac-
teristics of the pseudogap phase of the under-
doped cuprates. Superconductivity is gener-
ated in the model and in cuprates by an at-
traction generated on the Fermi surface by vir-
tual scattering into the Cooperon resonance. In
underdoped cuprates as the pseudogap opens
near the antinodes, the single-particle density
of states is reduced, allowing a collective mode
in form of a Cooperon resonance to appear.

4.5 Andreev and single-particle tunneling
spectroscopies in underdoped cuprates
(T. M. Rice and M. Sigrist)

The tunneling spectroscopy between a normal
metal and an underdoped cuprate supercon-
ductor was calculated by Yang and collabora-
tors [20]. The pseudogap state of the super-
conductor is modeled by the Yang-Rice-Zhang
(YRZ) phenomenological theory. In the low-
barrier limit the conductance is strongly en-
hanced by Andreev scattering only within a
voltage region limited by the small supercon-
ducting gap on the Fermi pockets. In the high-
barrier limit, single-particle tunneling domi-
nates and the large energy pseudopgap char-
acterizes the spectra. The theory explains
the contrast between the single-gap spectra at
overdoping and the two-gap spectra at under-
doping.
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4.6 Variational results in the repulsive Hubbard
model (D. Baeriswyl)

The Hubbard Hamiltonian is the paradig-
matic model for strongly correlated bosons or
fermions. For the case of electrons it assumes
the simple form

Ĥ = −tT̂ + UD̂ , (2.1)

where T̂ describes single-particle hopping on a
lattice and D̂ measures the number of doubly
occupied sites. Superconductivity is readily
obtained for U < 0 while for U > 0 the ques-
tion of pairing remains open, although many
different methods, from small to large U, in-
dicate that for the square lattice a supercon-
ducting ground state with d-wave symmetry is
dominant close to half filling [21].
In the recent past, our group has made a
rather detailed variational study of the repul-
sive Hubbard model on a square lattice [22, 23]
for U of the order of the band width (U =
8t). We have calculated the energy expectation
value for the trial state

|Ψ〉 = e−hT̂e−gD̂|Ψ0〉 , (2.2)

where |Ψ0〉 was assumed to be the ground
state of a d-wave BCS superconductor. De-
spite the appealing results of our variational
study, which agree nicely both with other theo-
retical approaches and with the generic experi-
mental phase diagram of the cuprates [24], sev-
eral questions remain open, such as the limited
size of the lattice (typically 8 × 8) or the bias
introduced by starting with a superconduct-
ing ground state. Therefore, in the framework
of the PhD thesis of Mikheil Menteshashvili,
we have started to study the small U limit of
the ansatz (2.2), using an expansion in pow-
ers of U, similar to earlier calculations for the
Gutzwiller ansatz (h = 0) [47]. We also address
the subtle question of long-range order in the
absence of broken symmetry, i.e. using a filled
Fermi sea for |Ψ0〉 instead of a BCS ansatz.
Our preliminary results confirm that the ansatz
(2.2) yields an excellent value of the ground
state energy for small U (98.7% of the exact
correlation energy in one dimension). More-
over, at half filling, the antiferromagnetic cor-
relations are strongly enhanced by correlation
effects. However, there are so far no signs of
emerging long-range order, which may in fact
not be produced by the trial state (2.2) in the
absence of (explicit) symmetry breaking.

4.7 Crossover in the attractive Hubbard model
(D. Baeriswyl)

The BCS-BEC crossover has been successfully
explored with ultracold atomic gases obeying
Fermi statistics [48]. In the framework of the
PhD thesis of Bruno Gut (2009), the ground
state fidelity has been advocated for describ-
ing the BCS-BEC crossover for the attractive
Hubbard model. If only the scattering between
(zero-momentum) Cooper pairs is kept in the
interaction (reduced BCS Hamiltonian), the so-
called fidelity susceptibility can be calculated
exactly. The results obtained at half filling
for finite-size lattices (up to 20× 20) exhibit a
pronounced maximum as a function of |U|/t
(which we attribute to the BCS-BEC crossover),
but strong finite-size effects render the analysis
difficult away from half filling. Therefore we
have now also studied the mean-field approxi-
mation, which yields the exact ground state en-
ergy for the reduced BCS model in the thermo-
dynamic limit, but — interestingly — proba-
bly not the exact fidelity susceptibility. We find
that the maximum, which occurs at a rather
low value at half filling (U ≈ 1.2t), moves
to higher values away from half filling. This
gives a striking prediction for a crossover as
a function of doping for a fixed value of U.
Starting at half filling with a value of U in
the BEC regime, upon doping at a fixed value
of U we may move the system through the
crossover line into the BCS regime. The model
has a priori nothing to do with cuprates, but
it nevertheless can teach us something about
the crossover from underdoped to overdoped
high-temperature superconductors.

4.8 Pressure effect on superconducting proper-
ties of YBa2Cu3Ox (H. Keller)

Pressure allows one to modify the interatomic
distances in a lattice, thus modifying both the
phonon spectra and the exchange interaction
between Cu spins in cuprates. Therefore, pre-
cise knowledge of pressure effects on the su-
perconducting gap ∆0, the transition tempera-
ture Tc, and the superfluid density ρs ∝ 1/λ2,
and their relation to oxygen isotope (16O/18O)
effect (OIE) investigations allows one to dis-
entangle the effects of the lattice from the ef-
fects of the exchange interaction between the
Cu spins.
We performed muon-spin rotation (µSR) stud-
ies of the pressure effect on the magnetic pen-
etration depth λ in YBa2Cu3Ox at various oxy-
gen concentrations (x = 6.45, 6.6, 6.8, and 6.98).
It is known that there are two contributions
determining the pressure effect on Tc: (i) the
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Figure 24: Uemura plot for σ and Tc measured
at zero and applied pressure P = 1.1 GPa for
YBa2Cu3Ox at various dopings x. The solid line is
the Uemura line while the dotted line is the guide
to the eye. The inset shows the relation between ∆0
and Tc. The solid line corresponds to ∆0/kBTc = 3.

charge transfer from the chain oxygen sites to
the CuO2-planes and (ii) the pressure effect on
the pairing interaction strength [49]. While the
first contribution at ambient pressure is well
known and follows the Uemura relation [50],
the second one, usually determined by the tem-
perature dependence of thermodynamic prop-
erties under pressure, is not well studied so far.
The µSR technique is a powerful tool to investi-
gate the temperature dependence of the super-
fluid density ρs ∝ σ ∝ 1/λ2 at various pres-
sures and fields. From the temperature depen-
dence of the muon depolarization rate σ, the
value of σ(T = 0) and the gap-to-Tc (∆0/Tc)
ratio were extracted (Fig. 24).
Both quantities, σ(T = 0) and ∆0/Tc, in-
crease with increasing pressure P, implying
that the coupling strength also increases with
pressure. The Uemura relation [50] does not
hold under pressure, in contrasts to previous
pressure studies of the organic HTS κ-(BEDT-
TTF)2Cu(NCS)2 [51]. The slope γ = ∂Tc/∂σ '
20 K/µs−1 is a factor of two smaller than that
of the Uemura line γU = 40 K/µs−1. Inter-
estingly, the same slope was previously ob-
served for the OIE on the magnetic penetration
depth [25]. The parameter γ was found to be
independent of the oxygen content for under-
doped YBa2Cu3Ox with an average value of
γ = 20(3) K/µs−1. Taking into account the
two above mentioned mechanisms which in-
crease Tc under pressure, the two mechanisms
also give rise to an increase of σ = σU + σV .
While the first term accounts for the increase

of the carrier concentration in the CuO2-plane
according to the Uemura relation, the second
term is related to the modified pairing interca-
tion V due to pressure.
Assuming γ = 20 K/µs−1 for underdoped
YBa2Cu3Ox and using the previously reported
value ∂Tc/∂P = 4 K/GPa for underdoped
YBa2Cu3Ox [52], one can express the pressure
effect on σV as follows: βP = ∂ ln σV/∂P ≡
(∆σV/σ)/∆P ' 4/Tc GPa−1. In this form
the doping (or Tc) dependence of the pressure
effect on σV resembles that of the OIE on σ:
βM = ∂ ln σ/∂ ln M, where ∂ ln M is the rela-
tive change of oxygen mass and ∂P ∝ ∂ ln M.
This implies that βP is finite at optimal doping
and increases with decreasing doping (or de-
creasing Tc). Additional studies are needed to
better clarify the relation between βP and βM.
This work is part of an extensive program by
the Keller group during the past two decades
on isotope effects in cuprate HTS [26, 27, 25,
28, 29], in which several novel oxygen isotope
(16O/18O) effects (OIE) on different quantities
have been discovered, such as the transition
temperature Tc (including site-selective OIE),
the in-plane magnetic penetration depth λab(0)
(including site-selective OIE), the anisotropy
parameter γ, the pseudogap temperature T∗,
the charge-ordering temperature Tco, the su-
perconducting energy gap ∆0, the Néel temper-
ature TN , and the spin-glass freezing tempera-
ture Tg. Together with the pressure effects re-
ported here, these results indicate strong inter-
play between lattice effects and the supercon-
ductivity in the high-Tc cuprates.

4.9 Spin-phonon coupling in high-Tc cuprates
(T. Giamarchi)

The work on spin-phonon coupling in the
cuprates has continued [30]. A model for pseu-
dogap formation from coupling to phonons
and/or spin-waves in systems with large cou-
pling turns out to have very similar character-
istics as for a superconducting gap. It suggests
that the pseudogap is a precursor to, and com-
petes with, superconducting pairing. Another
gap can appear near EF because of thermal ex-
citations of phonons or spin-waves in many
systems, but it is weaker in terms of total en-
ergy and it has no strong T-dependence.
The band structures of pure and hole
doped La2CuO4 with antiferromagnetic
spin-fluctuations were calculated and com-
pared to spectral weights of angle-resolved
photoemission spectroscopy (ARPES). It is
shown that observations of coexisting Fermi
surface (FS) arcs and closed FS pockets are
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consistent with modulated spin-fluctuations of
varying wave lengths. A connection between
results of ARPES, q-dependent spin-excitations
seen by neutron scattering, and band results
for the modulated spin-wave state suggests
that spin-phonon coupling is an important
mechanism in the cuprates.

4.10 LMTO band structure calculations of
electron- and hole-doped cuprates (T. Gi-
amarchi)

The studies of electron-doped cuprate systems
continue in collaboration with the group at
Northeastern University. The effective elec-
tron doping to the CuO band from Nd-to-Ce
substitution is rather small. Calculations on
different rare earth based cuprates show dif-
ferent antiferromagnetic order. It is often be-
lieved that the partially occupied f -band in
rare earth compounds is a few eV below EF,
even in the ground state, because of strong
correlation. First-principle density functional
LMTO calculations on Nd2CuO4 show that the
f -band is partially occupied, but it is tied at
the Fermi energy as for itinerant bands. By
doing excited state calculations, with an elec-
tron removed from different subbands and put
into an itinerant state at high energy, it is possi-
ble to simulate the photoemission process. The
relaxation energy for excitations from the f -
state is negative and larger than from itinerant
states. The effect is opposite in the inverse pro-
cess. This shows that the appearance of Hub-
bard f -bands below and above EF is a result of
relaxation during the excitation process rather
than an effect of unusual correlation. This type
of calculations is extended to core level exci-
tations, where the relative relaxation energies
can be reversed. Another indication is that the
spectroscopic image of the CuO band will have
another dispersion than the ground state band,
which could lead to a new interpretation of ef-
fective electron doping.
Results from our calculations on LaCuO and
SrCuO with oxygen vacancies within CuO-
planes or within apical positions are very dif-
ferent. The latter acts as electron dopants, so
that apical O-vacancies in the SrCuO system
will approach the situation of strongly hole
doped LaCuO.

5 Novel transition metal oxides

5.1 Spin-resonances in EuTiO3 probed by time-
domain GHz ellipsometry (D. van der Marel)

Bulk EuTiO3 has the same perovskite crystal
structure as SrTiO3, and is magnetic due to the
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Figure 25: Faraday angle (left) and ellipticity (right)
of light transmitted through a thin slab of EuTiO3,
propagating parallel to an external magnetic field,
measured at 4.5 K.

seven parallel spins on the Eu site and has thus
S = 7/2 and L = 0 and Landé factor g = 2. The
local magnetic moments in EuTiO3, because
the 4 f 7 states of the Eu2+ ions, have only spin-
and no orbital-component. The material is on
the borderline between antiferromagnetic and
ferromagnetic ordering [53, 54] and becomes
fully spin-polarized by application of a mod-
erate magnetic field [55], or tensile strain [56].
The interaction of photons with the electron-
spin through the magnetic field component is
expressed by the dynamic magnetic suscepti-
bility µ±(ω).
We determined the transmission amplitude
and phase for left circular polarized (LCP) (−)
and right circular polarized (RCP) (+) light be-
tween 0.1 meV and 3.5 meV at magnetic fields
H between 0 T and −1.6 T at 4.5 K. The trans-
mission shows a pronounced absorption and
a step-like phase increase for RCP light which
strongly depend on the applied magnetic field
whereas the transmission and phase for LCP
light do not show any magnetic field depen-
dence. The observed circular dichroic phe-
nomenon is present on an energy scale which
corresponds to an electronic dipole transition
inside the Zeeman split 4 f -multiplet. For a
g = 2 system the Zeeman energy is about
0.12 meV per Tesla which is a priori as ob-
served. The ellipsometric parameters ηF and
θF

ηF(ω) =
ln |T−/T+|

2
, θF(ω) =

arg(T+/T−)
2

,
(2.3)

are displayed in Fig. 25. The lower limit of
0.1 meV constitutes the diffraction limit below
which no radiation passes through the 8 mm
wide aperture. The selective absorption of one
particular chirality gives rise to a large Fara-
day rotation in a broad band of GHz radiation
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(Fig. 25, right) of more than 250 deg mm−1T−1

which peaks up to an unprecedented level of
590 deg mm−1T−1 at 0.14 meV (34 GHz) at a
relatively modest field of 1.6 Tesla. These are
very large rotations compared to previously
known record bulk materials.

5.2 Mute moment order in Sr2VO4
(D. van der Marel)

Sr2VO4 has the same crystal structure as the
parent compound of the high-Tc superconduc-
tors La2CuO4 [57, 58]. Both materials are
Mott-Hubbard insulators one electron on the
V-site in the case of Sr2VO4, and one hole
per copper-site for La2CuO4. Based on these
similarities, several laboratories have searched
for superconductivity in doped Sr2VO4 [59, 60,
61]. While superconductivity has been elu-
sive, Sr2VO4 passes as a function of tempera-
ture through a number of different electronic
phases which are not yet fully understood and
which have not been observed in the cuprate
family. Below 10 K the material is ferromag-
netic. Between 10 K and 97 K the system enters
a different magnetic and orbital-state, which
is not ferromagnetic and the nature of which
has not yet been fully understood. Above
127 K the material is paramagnetic. Phase-
coexistence is found between 97 and 127 K. The
most important difference in electronic struc-
ture of La2CuO4 and Sr2VO4 results from the
different ground state degeneracy of open 3d-
shell in both materials: the hole on the Cu-atom
in La2CuO4 occupies a 3dx2−y2 -orbital. The sin-
gle electron on the V ion in Sr2VO4 occupies the
degenerate set of 3dxz and 3dyz orbitals. This
orbital degree of freedom profoundly affects
the physical properties.
We measured and analyzed the optical conduc-
tivity of Sr2VO4. In addition to the infrared-
active phonons we observed additional excita-
tions at 290 cm−1 and 840 cm−1 which we iden-
tify as electronic transitions of the V4+ ions,
shown in Fig. 26.
The observed excitation energies allow to es-
timate the relevant spin-orbit coupling and
crystal-field parameters. The V4+ ions are in
a jz = ±1/2 due to the opposition of spin
(sz = ±1/2) and orbital (lz = ±1) angular mo-
mentum. Due to the factor of two different gy-
romagnetic factors for spin and orbital angular
momentum, the magnetic moments are muted.
At low temperature these “mute moments” are
antiferromagnetically ordered.
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Figure 26: Colormap of the experimental optical
conductivity in energy range corresponding to the
low-energy set of transitions. The open symbols
represent the temperature dependence of the central
frequency of the lorentz oscillator used to fit the re-
flectivity data. T1 and T2 correspond to the maxima
of the two pronounced peaks in the specific heat.

6 Collaborative efforts

Most of the projects described here involve
collaborations between one or several MaNEP
teams. Samples were prepared in the groups
of Karpinski and Giannini, and measured in
the groups of Fischer, Batlogg, Degiorgi, Keller,
van der Marel, and Niedermayer. Experiments
at large facilities, such as PSI, were carried out
by collaborations of scientists from different
groups (Grioni together with van der Marel,
for example). Theoretical work addressing spe-
cific (STM, ARPES) experimental issues was
discussed with those experimental groups.
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Project 5 Novel electronic phases in strongly correlated electron
systems

Project leader: M. Sigrist (ETHZ)

Participating members: D. Baeriswyl (UniFR), G. Blatter (ETHZ), E. Giannini (UniGE), D. Jaccard
(UniGE), M. Kenzelmann (PSI), D. van der Marel (UniGE), M. Sigrist (ETHZ), M. Troyer (ETHZ)

Summary and highlights: Several Ce-based heavy fermion superconductors have been investigated.
Progress has been made in explaining the nature of the high-magnetic-field low-temperature phase
“Q-phase” of CeCoIn5, in particular, performing neutron scattering experiments for various field di-
rections and in the theoretical analysis based on the scenario of a FFLO state. Simultaneous measure-
ments of transport properties show that CeCu2Si2 has a maximum of the Hall and Nernst coefficients
at a pressure of 4.5 GPa coinciding with the maximum of the superconducting transition tempera-
ture, Tc ≈ 2.4 K. New crystals of the non-centrosymmetric heavy fermion material CeCoGe3−xSix
have been grown to investigate magnetic and superconducting properties. Motivated by Sr2RuO4,
the quasi-particle spectrum of a domain wall in a chiral p-wave superconducting state is under in-
vestigation and features of “topological Josephson junctions” are studied. In the context of vortex
matter, dynamical aspects of strong pinning are analyzed based on a model of single-pin single-
vortex configuration. Turning to magnetic properties, helimagnetic and spin-glass like states have
been studied in the non-centrosymmetric B20-alloys (Fe,Rh)Si and (Mn,Rh)Si. Moreover, a phase dia-
gram describing the transition between a paramagnetic insulating and ferromagnetic metallic state in
the alloy Fe(Si,Ge) has been discussed theoretically. Various theoretical studies are in progress to elu-
cidate the physics of electrons at interfaces between strongly correlated electron systems. Eventually,
we also report on developments of new algorithms for the simulation of fermions in the moderately
correlated regime, e.g. the thermodynamics of the 3D Hubbard model down to the Néel tempera-
ture.

1 Q-phase of CeCoIn5 (M. Kenzelmann, M. Sigrist)

The novel phase appearing at high magnetic
fields and low temperatures in the heavy
fermion superconductor CeCoIn5 (nowadays
known as “Q-phase”) has been early on in-
terpreted as a Fulde-Ferrel-Larkin-Ovchinikov
(FFLO) state, with a spatial modulation of
the superconducting order parameter. Recent
measurements using neutron scattering [1, 2]
and nuclear magnetic resonance (NMR) [25]
discovered an incommensurate magnetic or-
der in this phase for magnetic fields in the
basal plane of the tetragonal crystal lattice.
The neutron scattering results by Kenzel-
mann and collaborators show that this mag-
netism is closely connected with the supercon-
ducting phase and both orders disappear si-
multaneously at Hc2 by a first order transi-
tion. Moreover, these studies identify a sin-
gle type of incommensurate magnetic phase,
with presumably two degenerate wave vec-
tors, Q = Q0 ± qic, Q0 = (π/a, π/a, π/c)
and q(1)

ic = (0.12 π/a, 0.12 π/a, 0) and q(2)
ic =

(0.12 π/a,−0.12 π/a, 0), for both fields along
[1 1 0] and [1 0 0] directions. This result led to
the conclusion that the magnetic order would

be determined most likely by nesting features
in the band structure [2].

1.1 Domains of the Q-phase

With the goal to test the appearance of the
two degenerate phases for different field di-
rection, Kenzelmann’s group has recently per-
formed a high-field neutron diffraction exper-
iment for magnetic fields along the crystallo-
graphic [1 1 0] direction (H ‖ [1 1 0]). This
field direction is particularly interesting as it
treats the directions of the wave vectors q(1,2)

ic
differently and should lift the degeneracy. In-
deed the domain of the spin-density wave with
the wave vector perpendicular to the magnetic
field is present, while there is no signature of
the domain of the spin-density wave with the
wave vector along the magnetic field (Fig. 1).
As mentioned, this very different population
of these two magnetic domains is allowed by
symmetry, but cannot be explained on the basis
of magnetic anisotropies. These measurements
provide evidence for an intricate interplay be-
tween the superconductivity and magnetism in
CeCoIn5, and show that the superconducting
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Figure 1: Neutron diffraction intensity for wave
vectors (h, h− 2,−0.5), showing the absence of mag-
netic diffraction peaks in the Q-phase.

properties are crucial in the population of mag-
netic domains.

1.2 High-field Q-phase of CeCoIn5

Last year Yanase and Sigrist discussed the
“Q-phase” as a secondary state in the back-
ground of an FFLO phase whose wave vec-
tor QFFLO lies parallel to the applied field
[3, 4]. At the nodes of the modulated FFLO-
superconducting order parameter, zero-energy
quasi-particle states accumulate and take ad-
vantage of Fermi surface nesting to undergo
a transition to an incommensurate magnetic
phase. In the first study, it was assumed
that the magnetic order is strongly localized
around the FFLO-nodes and, consequently,
would generate satellite peaks in addition to
the Bragg peaks of the magnetic order. Such
peaks have not been seen in most recent neu-
tron scattering studies by Kenzelmann’s team
[2]. Therefore, Yanase and Sigrist extended
their study to include the case of a weakly lo-
calized and even an extended magnetic phase
within the FFLO phase and considered both
field directions, [1 1 0] and [1 0 0] (Fig. 2) [5].
Comparing with most recent neutron scatter-
ing data, the description based on the mag-
netism only weakly localized in the nodes of
the FFLO state is fully compatible so far.
An interesting question appears for the field
direction [1 0 0], where the neutron scattering
data suggest the appearance of two degener-
ate states, with wave vectors q(1,2)

ic , forming do-
mains. Actually, the magnetic moment (point-
ing along the c axis of the crystal) may be rep-
resented by a two-component order parameter

Figure 2: Different scenarios for the appearance of
incommensurate magnetic order in the FFLO phase.
The magnetic field lies along [1 1 0] direction and
QFFLO ‖ H. Left panel: extended magnetic phase
yielding qic ‖ H incompatible with neutron scat-
tering; center panel: weakly localized phase lead-
ing to qic ⊥ H consistent with neutron scattering;
right panel: strongly localized phase (discussed pre-
viously) also with qic ⊥ H, incompatible with new
neutron scattering experiments due to missing satel-
lite peaks.

(η1, η2):

M(r) = M0eiQ0·r
{

η1 cos(q(1)
ic r) + η2 cos(q(2)

ic r)
}

.
(2.1)

This should leave a clear signal in the field dis-
tribution observable in nuclear magnetic res-
onance (NMR). States with η1 = η2 (double-
q state) would yield a single-peak in the field
distribution on certain In-sites, while (η1, η2) ∝
(1, 0) or (0, 1) (single-q state) would give rise
to a double peak structure. The latter situa-
tion has been observed in most recent NMR ex-
periments favoring the single-q type of states
(Kumagai et al., unpublished; the same NMR
measurements give also strong evidence for
the FFLO-phase). Yanase and Sigrist examined
some consequences of the single-q phase based
on a phenomenological theory [5]. For fields
parallel to [1 0 0] the double-q phase may ap-
pear near the magnetic transition within the
FFLO phase, if q(1)

ic + q(2)
ic are nearly commen-

surate with QFFLO. Furthermore, ultrasound
can probe the presence of the two-component
order parameter by testing the renormalization
of the elastic constant C66 corresponding to the
in-plane polarized transverse mode along the
[1 0 0] direction.

2 CeCu2Si2: valence fluctuation mediated
superconductivity? (D. Jaccard)

The aim of this subproject is a better under-
standing of the physics underlying the double-
dome structure of Tc in the (P, T) plane of the
first heavy fermion superconductor, CeCu2Si2.
In particular, the data are analyzed within
the framework of the valence fluctuations the-
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Figure 3: CeCu2Si2 single-crystal with its different
contacting wires (before pressurization); sample di-
mensions: 600 µm × 575 µm, thickness ∼ 25 µm).

ory ([26] and ref. therein). Although super-
conductivity in this compound was discov-
ered over 30 years ago, fundamental questions
concerning the pairing mechanism(s) still re-
main open. Since spring 2009, Jaccard’s group
has focussed on this project, making impor-
tant experimental progress. In particular, the
planned multiprobe experiment under pres-
sure could be carried out successfully. A tiny,
very high-quality CeCu2Si2 singl-crystal of an
older, home-made batch [27] was selected, pre-
pared (re-dimensioned to fit into the pressure
cell) and contacted with seven very thin Au
wires to allow several types of measurements
(Fig. 3): resistivity, Hall effect, ac specific heat,
thermopower and Nernst effect. First of all, an
extensive study at ambient pressure in the dilu-
tion refrigerator was performed, down to low
temperatures (50 mK) and up to high magnetic
fields (8 T).
Subsequently, the sample (still with the same
contacts) was transferred into a Bridgman type
pressure cell. Due to the recent pressure cell
developments in Jaccard’s lab, this type of cell
now provides very good hydrostatic condi-
tions up to 7 GPa by the use of a liquid pressure
medium (Daphne oil) [6]. Even so, the pres-
sure needs to be changed at room temperature.
They performed measurements at 9 different
pressures up to 6.8 GPa in the dilution refriger-
ator. Since then, a separate experiment to cali-
brate the Au/Au-Fe thermocouple (which was
used in the multiprobe experiment) has also
been carried out under magnetic field at low
temperatures. To our knowledge, this achieve-
ment is, up to now, unique. For the first time,
Nernst and Hall effect have been measured
(under pressure) in CeCu2Si2, and a complete
data set of complementary physical quantities
(resistivity, ac specific heat and thermopower)
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Figure 4: Pressure dependence of Hall (ρxy) and
Nernst (N) signals in CeCu2Si2 (at 4 K and in a mag-
netic field of 8 T). Both quantities exhibit a maxi-
mum in vicinity of PV ≈ 5 GPa, i.e. in the pressure
region with the highest superconducting Tc (also
shown). The inset compares the superconducting
transition in zero field at 4.3 GPa, as seen in resis-
tivity and ac specific heat: their coincidence and the
overall low transition width of ∆T/T ≈ 6% high-
light the good sample and setup quality.

has been obtained simultaneously on the very
same CeCu2Si2 single-crystal. The data qual-
ity and consistency is high because (1) previ-
ous data are reproduced whenever they ex-
ist (resistivity, ac specific heat, thermopower)
and (2) the good sample quality gives rise to
a unprecedented high superconducting transi-
tion temperature, Tc, of roughly 2.4 K around
PV ≈ 5 GPa (seen both in the resistivity and ac
specific heat, Fig. 4, inset). Presently, detailed
data analysis is still under way, with the theo-
retical support of Prof. K. Miyake from Osaka
University, Japan.
Although the analysis is not yet fully com-
pleted, some selected, preliminary results will
be mentioned here:

• At ambient pressure, the Nernst effect data
indicate that, if any, the vortex contri-
bution — well-known for example from
high-Tc superconductors [28]) — is quite
small and dominated by a contribution
strongly coupled to the antiferromagnetic
phase [7]. Under pressure there is also no
evidence for a vortex contribution in the
superconducting mixed phase.

• The transverse resistivity (ρxy) data (Hall
effect) at low temperature show a clear en-
hancement around PV ≈ 5 GPa, a fea-
ture which is predicted within the frame-
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work of the valence fluctuations theory
[26]. Hence these Hall data may yield
new evidence for valence fluctuation me-
diated superconductivity in CeCu2Si2 un-
der pressure. Whether similar conclusions
apply to the origin of the enhanced Nernst
signal in the same pressure region still
needs to be elucidated, but seems likely
(Fig. 4).

• On the same footing, a careful exam-
ination of the pressure dependence of
the electric resistivity — which has been
tracked over the whole available temper-
ature range, i.e. from room temperature
down to the superconducting transition —
indicates a clear increase of the “residual”
resistivity in the vicinity of PV ≈ 5 GPa.
Such a feature also derives from the va-
lence fluctuation scenario and may there-
fore be taken as a further strong indica-
tor in its favor. Furthermore, the pres-
sure dependence of resistivity at higher
temperature may provide hints that the
critical end point of the hypothetical va-
lence transition line in the (P, T) plane of
CeCu2Si2 is in fact situated at very low
or even at negative temperature. Hence
only a crossover regime can be observed
around PV , in agreement with theory [26].

3 CeCoGe3−xSix heavy fermions system (E.
Giannini)

CeCoGe3 is a heavy fermions compound in
which either the pressure or Si substitutions
for Ge continuously drive the ground state
from a magnetic to a non-magnetic phase,
and can tune the system to a quantum critical
point (QCP). Pressure induced superconduc-
tivity without inversion symmetry is found in
CeCoGe3 (x = 0). At intermediate Si content
(1 ≤ x ≤ 1.5) the system is in a quantum crit-
ical regime. In order to investigate the whole
phase diagram, polycrystals of the solid solu-
tion CeCoGe3−xSix (0 ≤ x ≤ 3) have been
processed by arc melting, followed by a long
annealing at 900◦C in vacuum closed atmo-
sphere.
Single-crystals of CeCoGe3 were successfully
grown in Bi-flux using the two-crucibles tech-

Figure 5: Crystals of CeCoGe3 grown in Bi-flux.

nique, under vacuum. In the presence of Si
substitutions, only small crystals and a weak
substitution level were obtained (Fig. 5). The
magnetic anisotropy has been investigated in
CeCoGe3 and the P-dependent phase diagram
is being studied on compositions close to quan-
tum criticality (CeCoGe2.1Si0.9), by the group of
H. Rønnow at the EPFL.

4 Chiral p-wave pairing in Sr2RuO4 (M.
Sigrist)

The group of Sigrist continued the studies on
chiral p-wave pairing in two directions which
are both also connected with the collaborative
project “Topomatter” attached to Project 2.

4.1 Domain walls in chiral p-wave superconduc-
tors

Previous investigations were devoted to the ef-
fect of domain walls on the Josephson current
between a chiral p-wave superconductor and
a conventional superconductor. Domain walls
intersecting the Josephson junction can alter
the interference pattern of the critical current
in a magnetic field [8], as observed in the ex-
periments by van Harlingen’s group [29]. The
basic condition for this effect is the non-trivial
structure of the domain wall, in particular the
property of the phase involved in the Joseph-
son effect. While this has been well understood
within the Ginzburg-Landau formulation used
by Bouhon and Sigrist [8] and led to a good
overall description of the experiment, the dis-
cussion on the level of the electronic spectrum
associated with the domain walls is still open.
Similar to the well-known chiral edge states
also the domain walls develop confined chiral
modes. For topological reason, there are twice
as many modes in the domain wall than that
found at the edge. The coupling among these
modes yields a rearrangement of the spectrum
such that the zero-energy modes are shifted
apart towards the maximal momenta along the
domain walls, unlike the case of edge states
which cross zero energy at zero momentum. In
order to the obtain a non-trivial phase structure
of the domain wall, it is necessary to analyze
the properties of these quasi-particle bound
states, when the band structure and the order
parameter are varied. This project is still in
progress, as it turned out to be more subtle than
initially expected.
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4.2 Topological Josephson junction in the 3
Kelvin phase

The so-called “3 Kelvin phase” is an inho-
mogeneous superconducting state in eutec-
tic Sr2RuO4-Ru where superconductivity first
nucleates at the interface between Sr2RuO4
and µm-sized Ru inclusions. In their previ-
ous study, Kaneyasu, Sigrist and collaborators
have shown that the evolution of the inter-
face state towards the bulk chiral p-wave phase
involves one additional symmetry breaking
phase transition at T∗ above the bulk tran-
sition [9, 10]. Signs consistent with such a
phase transition have been experimentally ob-
served at T∗ ∼ 2.3 K recently. The work of
the present period focusses on a recent experi-
ment at Kyoto University (unpublished) which
considers the Josephson effect from a Pb film
through Ru into Sr2RuO4. The temperature de-
pendence of the Josephson critical current of
this setup is non-monotoneous, a feature which
has most likely its origin in the topological
structure of the 3 Kelvin phase. Sigrist and col-
laborators show that the proximity effect of Pb
into the Ru-metal inclusions would push T∗ of
the additional transition towards the bulk tran-
sition temperature Tc = 1.5 K of Sr2RuO4. At
T∗ ≈ Tc the topology of the order parame-
ter coupling to the proximity-induced s-wave
state within the Ru-inclusion changes, leading
to a frustrated Josephson junction, as reported
last year [9], and a strongly reduced critical cur-
rent. First studies show that the critical current
in the regime T < Tc is determined by the de-
pinning of a spontaneously created flux pattern
[9]. This work is in progress and is in part per-
formed by a student’s internship of MaNEP ad-
vancement of women program.

5 Vortex matter (G. Blatter)

A sufficiently strong magnetic field penetrates
a type II superconductor in the form of quan-
tized vortices which arrange in a triangular
lattice (elastic manifold with moduli c11, c44,
c66) [30]) due to their repulsive interaction. Ex-
ternal currents drive the vortices through the
Lorentz force density FL, giving rise to vortex
motion and dissipation; the vortex motion is
counteracted by vortex pinning via a defect-
induced irregular potential. These defects in-
fluence both the static and dynamic response;
the former generates disordered phases (glassy,
etc.), whereas creep (at FL < Fc) and resistive
flux-flow (at FL � Fc) after depinning are ex-
amples of the latter (Fc is the critical force den-
sity) [30].

5.1 Dynamic aspects of strong pinning

While the static force due to individual weak
pins averages out in a direct summation re-
sulting in collective pinning ∝ n2

p, with np the
density of pins [31], sufficiently strong pins de-
form the vortex lattice plastically and gener-
ate a pinning force ∝ np under direct sum-
mation [32, 31]. The crossover between the
two regimes is determined by the Labusch
criterion [32][11]. In their study, Thomann,
Geshkenbein and Blatter are interested in the
dynamic aspects of strong pinning and its be-
havior near the crossover to weak pinning.
They focus on a generic isotropic type II super-
conductor and discuss the force-velocity char-
acteristics of a strongly pinned vortex lattice
using three generic pinning models, with lin-
ear, quadratic, and cubic force profiles.
The FL–v relation is found by solving the force
balance equation ηv − FL − 〈Fpin〉(v) = 0
(with the mean vortex velocity v and the vis-
cosity η), where the pinning force density is av-
eraged over space, time, and disorder. Within
the dilute limit, the focus is on a single-pin
single-vortex setting with an effective one-
dimensional vortex displacement u(x). A
strong pin is conveniently described by a lin-
ear force f (u) = − f0u/σ, |u| < σ, and 0 other-
wise (F ∼ np f ); such a pin is always strong due
to the discontinuous jumps at u = ±σ. Unlike
previous work [33, 34], they include the full dy-
namics of the manifold and solve the relevant
equations

u(x) =
x− δx[u](x)
1 + f0/σC̄

, (2.2)

δx[u](x) = − f0

σ
∂x

∫ x

−σ
dx′G↑(x− x′)u(x′)

exactly via Laplace transformation. Here,
x = vt and the interpolation G↑(x) =
(2/πC̄) arctan(x0/x)1/2 is used (with C̄ ∼
c66(λa0)1/2 the effective elastic constant and
x0 ∼ ηva3

0/λc66). The resulting velocity-
dependence of the pinning force density
〈 fpin〉(v) is found through combined time and
disorder averages (Fig. 6, inset) and provides
the desired FL–v relation shown in Fig. 6 with
a characteristic bistability at small velocities
(small inset).
Close to the Labusch point, the critical force
fc = 〈 fpin〉(0) → 0 and the decreasing behav-
ior of |〈 fpin〉(v)| cannot persist. In a next-order
expansion close to the Labusch point, Blatter
and collaborators make use of piecewise cubic
and quartic pinning potentials and calculate
the resulting force 〈 fpin〉(v) perturbatively for
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Figure 6: Force-velocity (current-voltage) relation
v(FL) of a vortex lattice pinned by dilute parabolic
(linear force) pins of strength f0 and range σ. The
top inset shows the v-dependence of the mean pin-
ning force 〈 fpin〉 in a single-pin single-vortex setting.
The initial v1/2-decrease of |〈 fpin〉(v)| (rooted in the
properties of G↑(x)) outperforms the linear depen-
dence of the dissipative term ηv at small velocities
and results in a bistability in the FL–v relation, as re-
vealed in the close-up (small inset).

small v using an expansion around the static
solution [34]. They find that the v-dependence
of |〈 fpin〉(v)| is reverted at a finite velocity v on
approaching the Labusch point (Fig. 7).
Furthermore, Blatter and co-workers find that,
different from the static situation where fc van-
ishes, the dynamic response does not change
strongly across the Labusch point and remains
qualitatively the same for close-to-weak and
critical pins. In a next step, collective effects
on the mean pinning force have to be taken
into account, as the interaction between pins
becomes of importance for np > (ηv/Ca0)3/2.

0

0 0.1

fc

0.3

interm. approx.
approx.

numerics

〈f
p
in
〉(v

)

v/v0

0|Fc|

with pinning
free flux flow

FL

η
v

Figure 7: 〈 fpin〉(v) for a piecewise cubic pin close
to the Labusch point calculated partly perturba-
tively (solid), perturbatively (dashed), and numer-
ically (crosses). |〈 fpin〉(v)| increases away from the
small fc and crosses over to the standard decreasing
behavior at higher velocities. For typical pin densi-
ties np, this results in the continuous FL–v relation
shown in the inset.

5.2 Random polymer problem

Another work related to vortex matter physics
deals with the random polymer problem in
1 + 1 dimensions (a weak pinning situation),
where Blatter and collaborators have concen-
trated on the short-scale and finite-temperature
behavior as described by a short but finite-
ranged disorder correlator [12] (behavior in the
Larkin domain). Various types of expansions
(of the random potential and of the potential
correlator) allow for exact solutions and are
compared to one another, with the parabolic
expansion of the correlator providing the best
results. Furthermore, the problematics of non-
spectral correlators is discussed.
A new project deals with the pinning prob-
lem of geometric barriers in superconductors
with complex shape, in particular two adjacent
flat strips approximating/mimicking the situ-
ation of a layered superconductor in a parallel
magnetic field with an interface defined by a
pancake-vortex array (experiment in the group
of E. Zeldov).

6 Physics of transition metal mono-
silicides/-germanides

6.1 Magnetic properties of 4d-transition metal
monosilicides (E. Giannini)

After having completed the phase diagram
of transition metal monosilicides (TMSi) with
3d-TM, and having found a new spin-glass
ground state in Mn1−xCoxSi [13], Giannini’s
group has extended their study to the transi-
tion metals of the 4th period.
A helimagnetic behavior has been found in
the solid solution FeSi-RhSi, similar to that al-
ready known in FeSi-CoSi, but at higher tem-
peratures (Fig. 8a). Higher transition tempera-
tures are found in the spin-glass Mn1−xRhxSi
as well, compared to those of Mn1−xCoxSi
(Fig. 8b). This preliminary study indicates that
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Figure 8: Helimagnetic transition (a) and spin-glass
transition (b) in TMSi with 3d and 4d elements.
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using transition metals with 4d electrons in
TMSi enhances the exchange energies.

6.2 FeSi – FeGe: transition between semicon-
ductor and ferromagnetic metal (T. M. Rice
and M. Sigrist)

The phase diagram of FeSi1−xGex shows a first
order phase transition from a paramagnetic in-
sulator (FeSi-limit) to a ferromagnetic metal
(FeGe-limit). Already earlier, Rice and col-
laborators have argued that this transition is
correlation-induced based on LDA+U calcula-
tions finding that the ordered moment would
be ∼ 1µB in quantitative accordance with ex-
periments [14]. The behavior proposed here is
opposite to the standard Mott transition where
correlation induces insulating (magnetic) be-
havior, going from an insulator to a magnetic
metal upon strengthening correlations. To elu-
cidate this property in more detail, Rice and
co-workers have analyzed a simplified (one-
dimensional) model including both Fe 3d- and
Si 3p-bands which hybridize in a way as to
form a narrow-gap semiconductor [15]. The
3d-electrons interact onsite via Coulomb repul-
sion U (intraorbital) and U′ (interorbital) and
Hunds rule coupling J. This model has been
treated by mean field approximation and by
density matrix renormalization group (DMRG)
method. A first result is the ground state
phase diagram, U versus α = J/U (using
U = U′ + 2J), which shows essentially perfect
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Figure 9: Phase diagram U versus α = J/U ob-
tained from DMRG simulations. The filled circles
denote the size of the partially polarized ferromag-
netic moment and the empty circles indicate the size
of the charge gap. Hereby, two of the circles have
been labelled with the value scaling to their diam-
eter (m = 0.5 for the black circles and ∆ = 2 for
empty circles). The solid red lines show the mean
field phase boundaries which are extended to higher
values of U and include the antiferromagnetic state
at U > 5.9 eV and α ∼ 0.05− 0.5.

agreement between the two methods (Fig. 9).
Three phases can be distinguished: (1) the
paramagnetic insulating phase for small cor-
relations, (2) the ferromagnetic metallic phase
(marked through filled circles) with a magnetic
moment approaching m = 1µB and (3) the anti-
ferromagnetic insulating phase. The last phase
has been consider only for the sake of com-
pleteness. The experimentally relevant phase
transition is, however, occuring between (1)
and (2). Within the framework of the parame-
ter, it follows the trend of the alloy FeSi1−xGex
where Ge-doping increases the lattice constant,
reducing the hybridization gap.
The finite-temperature analysis of the mean
field results shows also a tricritical point for
the phase transition between (1) and (2), which
marks the maximum of the magnetic suscepti-
bility in the paramagnetic insulator, a feature
seen in FeSi.

7 The nature of the interface between
strongly correlated systems (D. Baeriswyl)

Interfaces of systems with different electronic
properties pose a number of challenging the-
oretical questions, in particular if one or both
materials have strong electronic correlations
and/or if different ordering tendencies com-
pete. This can lead to relatively minor ef-
fects close to the interface, such as proximity
effects where the order of one material pene-
trates slightly into the other, but in certain cases
much more drastic effects are possible, such
as electronic [35] or orbital [36] reconstruction.
In this context the group of Baeriswyl has dis-
cussed the following problems.

7.1 Superconductivity and ferromagnetism

The quasi-classical calculations for a super-
conducting layer sandwitched between two
ferromagnets have been described in the last
MaNEP report. One result is worth being men-
tioned again, namely the tiny effect of the rel-
ative orientation of the magnetization on the
free energy of the superconducting layer. This
means that the quasi-classical theory is not able
to account for the strong coupling observed ex-
perimentally between superconductivity and
ferromagnetism. For this reason these studies
were not continued during the last year.

7.2 Interface of magnetic chains

As a warm-up exercise for planned studies of
interfaces between one-dimensional systems,
the problem of an easy-plane spin-chain (XY
model) consisting of two pieces with different
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model parameters is currently studied in the
framework of a master thesis in Baeriswyl’s
group. The most simple case is that of a chang-
ing sign of the exchange constant J at the in-
terface. In fact, this problem can be reduced
to that of a homogeneous chain using simple
local transformations of spin-operators. A less
trivial case is the XY model in a magnetic field
h parallel to the z axis, with different signs of
the field in the two segments. The problem is
handled using the Jordan-Wigner transforma-
tion [37].

7.3 Interface of different one-dimensional elec-
tronic systems

The problem of a single-impurity in a Luttinger
liquid has been extensively studied since the
initial work by Kane and Fisher [38]. The im-
purity can have dramatic effects on the local
electronic structure, especially if the electron-
electron interactions are repulsive. The aim
is to generalize this problem to that of an in-
terface between two different one-dimensional
electronic systems. These may be two Lut-
tinger liquids with different parameters (repul-
sive/attractive) or a Luttinger liquid on one
side and a gapped system (Luther-Emery liq-
uid) on the other side. A related problem is
the interface between a Mott insulator (Hub-
bard chain at half filling) and a band insula-
tor (an electronic chain with a Peierls distor-
tion). Baeriswyl and co-workers want to focus
on the possible electronic reconstructions at the
interface, for instance the appearance of bound
states.

8 Algorithmic developments (M. Troyer)

The main algorithmic development of the past
year deals with the diagrammatic quantum
Monte Carlo (DiagMC) algorithm for the Hub-
bard model [16]. This algorithm samples con-
nected Feynman diagrams instead of the par-
tition function and works successfully in the
correlated Fermi liquid regime of the Hubbard
model. This new algorithm will be used in the
future to calculate phase diagrams and equa-
tions of state of 2D and 3D Hubbard models in
the moderately correlated regime.
Another development are the new tensor-
network algorithms for electronic structure cal-
culations [17]. These are higher-dimensional
generalizations of the density matrix renormal-
ization group method, representing the first
development of such a method for the elec-
tronic structure of molecules.
Troyer and collaborators have also written a re-
view article about the recently developed con-

tinuous time quantum Monte Carlo algorithms
for dynamical mean field theory which are cur-
rently being employed for simulating corre-
lated materials and ultracold atomic gases [18].

8.1 ALPS 2.0

Troyer and collaborators have developed and
published a major new version of the ALPS li-
braries and applications [19]. ALPS 2.0 con-
tains new applications, such as a dynamical
mean field theory solvers [18, 20], and a code
for time-dependent DMRG simulations. Other
major changes in release 2.0 include the use
of HDF5 for binary data, evaluation tools in
Python, support for the Windows operating
system, the use of CMake as build system and
binary installation packages for Mac OS X and
Windows, and integration with the VisTrails
workflow provenance tool.

8.2 Thermodynamics of the Hubbard model

Using a MaNEP-developed continuous time
quantum Monte Carlo solver for cluster dy-
namical mean field theory [21, 18], Troyer
and co-workers have simulated the three-
dimensional Hubbard models for interactions
up to U ≤ 12t and temperatures down to
the Néel temperature at all fillings [22]. They
have calculated all thermodynamic quantities,
including energy, free energy, entropy, specific
heat, and density, as well as double occupan-
cies and nearest neighbor spin-correlations.

8.3 Topological phases and anyonic models

Troyer and collaborators have developed a
new algorithm for the direct simulation of
models of non-Abelian anyons [23], and have
simulated generalizations of previously stud-
ied models of non-Abelian anyons to non-
unitary anyonic theories [24]. This may be con-
sidered to be more of a mathematical game
without physical applications, since they are
currently showing that such non-unitary the-
ories are non-physical.

9 Collaborative efforts

Several subjects reported here are benefit-
ting strongly from collaborations within the
MaNEP network. An obvious example for
Project 5 is the study of the Q-phase of
CeCoIn5, which is an important topic in Ken-
zelmann’s group on the experimental and in
Sigrist’s group on the theoretical side. The mu-
tual contact of the two teams have been proven
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most important for the reported progress. Fur-
ther important collaborative topics are no-
commonly summarized under the title “topo-
logical insulators”. Work done in this field is
supported by the collaborative project “Topo-
matter” which was started last year and in-
volves particularly the groups of Morpurgo,
van der Marel and Sigrist, but includes an
even larger community. Efforts in this field
are only partially reported in Project 5 (chiral
p-wave superconductivity), but include also
work reported in Project 2. Moreover, topolog-
ically characterized phases are also discussed
from the numerical side by Troyer’s group.
The heavy fermion superconductors, including
both non-centrosymmetric compounds as well
as systems with intriguing valence fluctuation
induced features, are part of a collaborating ef-
fort mainly through exchange of knowledge.
Eventually the field of transition metal silicides
and germanides is a subject which is pursued
both by experimental (van der Marel, Gian-
nini) and by theoretical teams (Sigrist, Rice).
The ALPS project is of importance for MaNEP
as several theoretical and experimental groups
are using the library for their studies.
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Project 6 Magnetism and competing interactions in bulk materials

Project leaders: F. Mila (EPFL), A. Zheludev (ETHZ)

Participating members: T. Giamarchi (UniGE), J. Mesot (PSI and ETHZ), F. Mila (EPFL), H.-R. Ott
(ETHZ), H. Rønnow (EPFL), U. Staub (PSI), M. Troyer (ETHZ), A. Zheludev (ETHZ)

Introduction: This project attacks some of the most intriguing problems in the modern field of
quantum magnetism, such as low dimensionality, geometric frustration, quenched disorder and
magneto-electric coupling. Such features do not only have a drastic effect on the physical properties,
but actually may result in qualitatively new and previously inaccessible quantum magnetic phases.
Understanding these phases involves understanding the spatial and temporal spin correlations.

Summary and highlights

Perhaps the main highlight of our activities
this year was a very successful application of
diverse experimental methods, aimed at mea-
suring spin and charge correlations on differ-
ent time and length scales. “Classic” tech-
niques such as nuclear magnetic resonance
(NMR), and neutron spectroscopy were com-
plemented by resonant X-ray diffraction, the
rapidly developing resonant inelastic X-ray
scattering, muon-spin relaxation (µSR) exper-
iments, neutron-spin echo spectroscopy, and
extreme high magnetic field measurements.
Their successful application was enabled by a
sustained effort in the preparation and char-
acterization of material samples, with a par-
ticular focus on single-crystals. Multiple tech-
niques were also exploited on the theory side,
where analytical developments complement-
ing a variety of numerical methods. Overall,
this emphasis on the synergy of different ap-
proaches paid off, resulting in several break-
throughs of understanding.
For spin-ladders, we have some exciting new
results concerning high-field behavior. t-
DMRG numerical studies yielded a spectacu-
lar quantitative agreement with neutron scat-
tering data on the strong-rung ladder com-
pound CuBr4(C5H12N)2 (BPCB). The synthe-
sis of deuterated single-crystals of the mate-
rial (2,3-dimethylpyridinium)2CuBr4 (DIMPY)
will allow a similar comparative study of
a strong-leg system. Challenging high-field
NMR experiments revealed some very unusual
scaling at the quantum phase transition in the
spin-ladder BiCu2PO6.
As far as frustrated and incommensurate mag-

netism is concerned, our main result per-
tains to the Hubbard model in triangular ge-
ometry. For the half-filled case, we have
shown that the mysterious phase between
the metallic and the three-sublattice ordered
Mott-insulating state can be described by a
pure spin-model, and that it is a spin-liquid
with presumably a gapless spectrum and a
spinon Fermi surface. Using neutron diffrac-
tion in the Dzyaloshinskii-Moriya helimagnet
Ba2CuGe2O7, we have detected a novel and
very peculiar antiferromagnetic-cone phase,
which seems to defy a vast body of theoretical
work on that compound.
Resonant X-ray diffraction and inelastic scat-
tering have firmly positioned themselves as
powerful tools for studying the interplay be-
tween charge and spin degrees of freedom.
Diffraction experiments yielded a fundamen-
tally important observation of orbital currents
in CuO. At the same time, spectroscopic mea-
surements brought insight into the so-called
Zhang-Rice states in the quasi-1D cuprate
Li2CuO2. A significant step forward was the
work on Sr2CuO2Cl2 which helped establish a
Hubbard model that is globally consistent for
known square-lattice cuprates.
A substantial effort this year was aimed at un-
derstanding the effect of structural disorder on
the quantum ground states in spin-systems. In
a groundbreaking NMR study, we found direct
evidence of the so-called random-singlet phase
of the disordered spin-chain BaCu2SiGeO7.
Long and short range ordering in disordered
interacting spin-chains was investigated using
another local probe, namely µSR.
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1 Excitations in spin-ladders

Antiferromagnetic spin-ladders remain the
most important prototypical quantum spin-
systems. They serve us to develop and test
new numerical methods, to quantitatively val-
idate theoretical concepts, and to address fun-
damental phenomena such as quantum phase
transitions. This year, we continued theoretical
and experimental studies of known systems,
but also ventured forth to synthesize new lad-
der materials with specific properties.

1.1 t-DMRG numerical calculations of spin cor-
relations (T. Giamarchi)

t-DMRG numerical calculations of spin corre-
lations [1] were performed in the continuity
of our investigations of spin– 1

2 ladders, mo-
tivated by the recent measurements on the
compound CuBr4(C5H12N)2 (BPCB). The cor-
relations reflect the excitations of the system
and are directly related to many experimen-
tal quantities such as the nuclear magnetic res-
onance (NMR) relaxation rate or the inelastic
neutron scattering (INS) cross section.
We focussed on the evolution of these cor-
relations with the magnetic field and com-
pared their behavior for different couplings.
Their characteristic features are interpreted us-

Figure 1: Inelastic neutron scattering intensity mea-
sured along a? of BPCB with the momentum π in the
rung direction (Q · di = π) at hz = 10.1 T (mz ≈ 0.5)
and T = 250 mK after substraction of the zero-field
background. In each panel, fixed energy scans are
plotted: (a) ω = 0.2 meV, (b) ω = 0.4 meV. The cir-
cles correspond to the experimental data. The red
(black) solid lines are the mz = 0.5 theoretical data
for the ladder (the spin-chain mapping) convolved
with the instrumental resolution. The shaded bands
indicate the error bar in the experimental determi-
nation of a single proportionality constant valid for
all fields, energies, and wave vectors. The width of
these areas combines the statistics of all our scans
with uncertainties in the exact magnetization values
at the chosen fields and in the convolution proce-
dure.

ing different analytical approaches such as the
mapping onto a spin-chain, a Luttinger liquid
(LL) or onto a t− J model. The resolution of the
computed correlations is good enough to over-
lap with the low-energy LL quantitative pre-
dictions.
For values of parameters for which INS mea-
surements exist, we compare our results to the
experiments on the compound BPCB and find
excellent agreement (Fig. 1). We make addi-
tional predictions for the high-energy part of
the spectrum that are potentially testable in fu-
ture experiments.

1.2 Tunable spin-ladder Sr14−xCaxCu24O41
(H. Rønnow)

The tunable spin-ladder Sr14−xCaxCu24O41 is
particularly interesting since it is related to the
high-temperature superconducting cuprates
and indeed for high Ca-composition (x > 12)
it becomes superconducting under pressure.
In collaboration with the solid state synthesis
group of K. Conder (PSI) we have now a se-
ries of Sr14−xCaxCu24O41 crystals from x = 0
to x = 13. Triple axis neutron scattering spec-
troscopy has been performed at ambient pres-
sure to track the development of the ladder
spin gap versus x. Follow up experiments are
planned using unpolarized and polarized neu-
trons for Q1-Q2 2011. A first experiment was
performed at 4.5 GPa in the superconducting
phase of the x = 12.2 compound. Several ex-
perimental difficulties related to the pressure
setup limited the effective amount of data, and
a proposal for additional beamtime is submit-
ted.

1.3 S = 1
2 Heisenberg antiferromagnet (2,3-

dimethylpyridinium)2CuBr4 (A. Zheludev)

The S = 1
2 Heisenberg antiferromagnet (2,3-

dimethylpyridinium)2CuBr4 (DIMPY) is the
only known almost perfect 1D spin– 1

2 strong-
leg spin-ladder. Previous neutron studies by
other authors were severely limited by a lack
of fully deuterated samples [15]. Quick pre-
liminary neutron scattering experiments per-
formed on our new 100% deuterated single-
crystals (Fig. 2) revealed previously unaccessi-
ble details of the excitation spectrum, including
a strong multi-magnon continuum. More de-
tailed measurements, including those at high
fields, are planned for the near future.
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Figure 2: Preliminary inelastic neutron scatter-
ing spectrum collected for the strong-leg spin-ladder
(2,3-dimethylpyridinium)2CuBr4.

2 Quantum criticality and scaling

One of the central themes in modern con-
densed matter physics is that of quantum
phase transitions. A key aspect is the scal-
ing behavior in the vicinity of quantum critical
points. This problem has been the subject of
numerous theoretical studies. However, on the
experimental side, this issue is only now be-
ing addressed. In our work we focused on the
scaling properties of quantum critical phases in
several well-characterized spin-chain and lad-
der compounds.

2.1 Quantum phase transition in the BiCu2PO6
spin-ladder (H.-R. Ott)

A quantum phase transition in the BiCu2PO6
spin-ladder was studied using high-field
NMR. For spin– 1

2 antiferromagnetic (AF) 2-leg
ladders the non-magnetic singlet ground state
with massive excitations enters a gapless
regime upon application of a magnetic field
Hc [16, 17]. The present work intends to
extend our previous studies [2] by exploring
the field-induced ordered (FIO) phase of the
spin– 1

2 coupled zigzag ladders in BiCu2PO6.
The unique energy scale of this spin-system,
intermediate between cuprates and organic
ladders, provides access to the quantum crit-
ical regime in a relatively large temperature
and field range. Magnetization data on the
polycrystalline compound have shown that
fields of about 21 T possibly close the spin gap.
Single-crystal samples of BiCu2PO6 (Fig. 3),
recently grown by our group [3], were used to
perform NMR studies, the only experimental
technique capable of providing information
on both the local magnetization and the low-
energy dynamics at fields larger than 17 T (at
dedicated high-field facilities).
Different 31P NMR lines were detected in the

Figure 3: As grown single-crystals of
Bi(Cu1−xZnx)2PO6 (x = 0%, 1%, 5%), together
with a rod of BiZn2PO6.

investigated field range (16− 31 T), allowing us
to access the FIO phase of BiCu2PO6 beyond an
extrapolated critical field value of Hc = 20.94 T
(Fig. 4). The low-energy dynamics was investi-
gated by means of the nuclear spin-lattice re-
laxation time T1. The NMR lineshapes mea-
sured with the magnetic field along the crys-
talline b-axis show clear signatures of a contin-
uous distribution of local magnetic fields, typ-
ical of an incommensurate magnetic structure,
object of future investigations. Since the sec-
ond moment represents a measure of the FIO
order parameter, detailed data were collected
both as a function of temperature (close to Hc
and at 23 T) and field (at 1.17 K). Tempera-
ture scans at fixed fields allowed us to exper-
imentally determine the phase boundary of the
field-induced transition from T−1

1 data. The
resulting curve in the (H, T) diagram could

Figure 4: Phase diagram of BiCu2PO6, as de-
termined from NMR, showing the critical field
Hc = 20.94 T. The low-field quantum disordered
phase is replaced by a field-induced ordered phase
above Hc. The inset shows the material’s structure.
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be fitted with a power law of the form Tc ∝
a(H − Hc)0.43, with Tc the critical temperature
of the transition. The exponent α = 0.43 turned
out to differ substantially from the value 2

3 ex-
pected for a magnetic BEC transition.

2.2 Quantum critical scaling in applied fields
(A. Zheludev)

Quantum critical scaling in applied fields was
studied in the Luttinger spin-liquid phase of
the S = 1

2 Heisenberg spin-chain compound
Dioxane-Cu2Cl4 [4]. We prepared very large
deuterated single-crystal samples of this com-
pound to study the corresponding scaling ex-
ponent (the so-called Luttinger parameter K),
by measuring the energy dependence of the
magnetic dynamic structure factor. In good
agreement with theory, K was found to in-
crease from its K = 0.5 value in zero field to-
wards unity, reaching K ∼ 0.8 in the highest
experimentally attainable field of 14.5 T.

2.3 Scaling at the field-induced z = 2 quantum
critical point (A. Zheludev)

Scaling at the field-induced z = 2 quantum
critical point was studied in the spin-ladder
compound IPA-CuCl3. We have performed in-
elastic neutron scattering measurements of the
corresponding dynamic structure factor at dif-
ferent temperatures at and below the critical
field. The data are being analyzed in order to
understand the scaling laws and study the life-
times of higher-energy excitations. A typical
raw data set is shown in Fig. 5. Other measure-
ments, using the ultra-high resolution neutron-
spin echo technique, were performed away
from the quantum critical point (at zero ap-

Figure 5: Typical inelastic neutron data collected on
the RITA-II spectrometer in IPA-CuCl3 right at the
critical field Hc = 9.5 T, at different temperatures.

plied field) and addressed finite-temperature
scaling in this system. Significant deviations
from the predictions of one-dimensional theo-
ries were found and attributed to interladder
interactions [5].

3 Frustrated and incommensurate mag-
netism

Geometrically frustrated systems often possess
unique physical properties due to a competi-
tion between alternative ground states. While
in classical magnetism frustration is often re-
leased by forming a multitude of energeti-
cally close incommensurate phases, the behav-
ior in the quantum case can be even more
complex. On the other hand, incommensurate
states are often associated with novel multifer-
roic properties, due to their coupling to the lat-
tice via Dzyaloshinskii-Moriya interactions or
other mechanisms. In this project, we have ad-
dressed a broad array of frustrated and incom-
mensurate magnetic systems, both from the
theoretical point of view and experimentally.

3.1 Spin-liquid phase of the Hubbard model on
a triangular lattice (F. Mila)

Understanding the spin-liquid phase of the
Hubbard model on a triangular lattice was the
main theoretical result in this area that we
have obtained this year. We have shown that
this phase can be described by a pure spin-
model [6]. The proof is based on a high-order
strong coupling expansion (up to order 12)
using perturbative continuous unitary trans-
formations. The resulting spin-model is an
extended Heisenberg model that contains n-
spin interactions with n even. The progres-
sive appearence of high-order terms upon re-
ducing U/t leads to a first-order transition
inside the insulating phase from the three-
sublattice long-range magnetic order to a spin-
liquid phase. Remarkably enough, the double
occupancy jumps at the transition although the
system remains insulating on both sides of the
transition. A comparison with the Gutzwiller
projected Fermi sea suggests that the spin-
liquid phase has a gapless spectrum and a
spinon Fermi surface. Implications for organic
systems are under investigation.

3.2 Phase diagram of the fully frustrated
transverse-field Ising model on the honey-
comb lattice (F. Mila)

Our study of the phase diagram of the fully
frustrated transverse-field Ising model on the
honeycomb lattice [7] was motivated by the

91



MaNEP Research

Figure 6: Classical phase diagram in the dimer language (above) and in the spin language (below) of the fully
frustrated transverse-field Ising model on the honeycomb lattice. In the dimer representation, the thickness of
the bonds is proportional to the dimer density. Thick blue bonds correspond to the highest dimer density. In
the spin representation, the radii of the circles are proportional to Sz

i and arrows indicate the orientation of the
classical spins.

interest raised by the closely related quantum
dimer model on the triangular lattice, which
demonstrates a resonating valence bond phase.
It turns out that, in addition to the fully polar-
ized phase at a large field, the classical model
possesses a multitude of phases that break the
translational symmetry which, in the dimer
language, corresponds to a plaquette phase
and a columnar phase separated by an infi-
nite cascade of mixed phases (Fig. 6). In the
mixed phase, stripes of columnar order alter-
nate with stripes reminiscent of the plaquette
phase, resulting into an unexpected infinite se-
quence of phases with increasing commensu-
rability. This opens new perspectives for the
crystalline phases of quantum dimer models.

3.3 Ferrimagnetic properties of the multiferroic
compound Cu2OSeO3 (F. Mila)

Ferrimagnetic properties of the multiferroic
compound Cu2OSeO3 were studied using 77Se
NMR and interpreted in the context of a mi-
croscopic model that contains ferro- and an-
tiferromagnetic couplings [8]. We have con-
firmed that the compound Cu2OSeO3 under-
goes a ferrimagnetic transition with 3/4 of the
Cu2+ ions aligned parallel and 1/4 aligned an-
tiparallel to the applied field. The transition
to this 3up – 1down magnetic state is not ac-
companied by any splitting of the NMR lines
or any abrupt modification in their broaden-
ing, proving that there is no reduction in the
crystal symmetry from its high-T cubic P213
space group, and confirming that this material
provides a unique example of a metrically cu-
bic crystal that allows for piezoelectric as well
as linear magneto-electric and piezomagnetic
coupling.

3.4 Magnetic structure of Ba3NdFe3Si2O14
(U. Staub)

The study of the magnetic structure of
Ba3NdFe3Si2O14 was motivated by this mate-
rial being a candidate for a new mechanism
leading to magnetically-induced multiferroic-
ity. This Langasite crystallizes in the chi-
ral P321 non-centrosymmetric trigonal space
group, lacking inversion symmetry, and orders
antiferromagnetically at TN = 27 K. The mo-
ments lie in the ab-planes at 120 degree from
each other within each triangle. Along the c-
axis, the spins rotate to form helices with a
periodicity of 7 lattice parameters. We have
performed first resonant soft X-ray diffrac-
tion experiments at the Fe L2,3 edges on this
material. We were able to detect (0, 0, τ),
(0, 0, 2τ), (0, 0, 3τ) and (0, 0, 4τ) reflections, with
τ = 1/7. The first reflection is of magnetic
origin, but expected to be absent from the re-
cent proposed magnetic structure determined
by neutron diffraction. It is likely caused by a
small deviation of the exact three fold symme-
try along the Fe chains or by deviations from
a perfect helical structure, with an additional
moment component along the c-axis. The ori-
gin of the second order reflection, which ex-
hibits a different temperature dependence, is
caused by scattering from 〈M2〉. This quantity
represents an electric quadrupole (“orbital”)
induced by the easy axis of magnetization. It
is related to the X-ray magnetic linear dichro-
ism (XMLD) signal observed in collinear an-
tiferromagnets. The exact origin of the two
other reflections is presently under discussion
and requires measurements of the energy de-
pendence of the reflections with improved sig-
nal to noise ratio. Understanding their temper-
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Figure 7: Magnetic elastic scattering in
Ba2CuGe2O7 as a function of field applied at
an angle of 10◦ relative to the c-axis in the
(b, c)-plane. The data were taken on the TASP
spectrometer. Below H = 1 T the magnetic propa-
gation vector continuously rotates in the tetragonal
(a, b)-plane. Higher order satellites appearing near
the incommensurate-to-commensurate transition at
H = 2.5 T signal the formation of a “kink crystal”.

ature and energy dependence will help us to
understand the deviation from the established
magnet structure and its relation to the mech-
anism leading to magnetically-induced multi-
ferroicity.

3.5 Novel incommensurate phase in
Ba2CuGe2O7 (A. Zheludev)

A novel incommensurate phase was discov-
ered in Ba2CuGe2O7, a tetragonal helimag-
net with Dzyaloshinskii-Moriya interactions
famous for undergoing interesting transforma-
tions in applied fields [18]. We have per-
formed new neutron diffraction experiments
paying particular attention to sample align-
ment, and we have studied the phase behav-
ior in fields applied at an angle with respect
to high-symmetry directions. In addition to
the previously known commensurate and pla-
nar soliton-lattice phases, we have identified
a novel antiferromagnetic cone state. Typical
diffraction data are shown in Fig. 7.

4 Orbit, charge and spin degrees of freedom
in cuprates

Orbital physics plays a profound role for many
peculiar phenomena of transition metal oxides.
The related material properties thereby origi-
nate from correlations and ordering phenom-
ena of the orbital degree of freedom, as well
as from the coupling with the spin, lattice and
charge degrees of freedom. Cuprates, based
on CuO4-plaquettes, the building blocks of the

high-Tc superconductors, are ideal model sys-
tems to study the interplay of these variables.
Resonant X-ray diffraction (RXD) and the re-
cently developed technique of resonant inelas-
tic X-ray scattering (RIXS) provide the neces-
sary experimental tools. This approach was the
basis of substantial progress in the understand-
ing of orbital phenomena this year.

4.1 Square-lattice cuprates such as Sr2CuO2Cl2
(H. Rønnow)

Experiments on square-lattice cuprates such as
Sr2CuO2Cl2 enabled us to establish a 1-band
Hubbard model that is globally consistent for
the parent compounds as well as supercon-
ducting species. Measurements on Sr2CuO2Cl2
revealed that nearest neighbor (NN) hopping
in the 1-band Hubbard model was insufficient
to describe the RIXS data (Fig. 8). A model in-
cluding t, t′ and t′′ was projected onto a spin
Hamiltonian for half-filling and the spin-wave
dispersion derived. This model effectively fits
Sr2CuO2Cl2, La2CuO4, BiSCCO, and YBCO,
yielding U and t-values consistent with angle-
resolved photoelectron spectroscopy (ARPES)
and other electronic measurements. This new
consistent effective model will allow quantita-
tive analysis of details of the excitation spectra
including multi-particle continua and the zone
boundary quantum effect.

Figure 8: a) Magnon energies extracted from the
RIXS data. Open and closed symbols stem from
2 independent measurements on different samples.
Dot-dashed line is a nearest neighbor (NN) Heisen-
berg model with J = 130 meV. Red dashed line is a
NN Hubbard model fit for t = 0.261± 0.004 eV and
U = 1.59± 0.04 eV. Blue lines are the further neigh-
bor Hubbard fits. b) same as a) with NN Heisen-
berg dispersion subtracted to better visualize details
of the dispersion. The blue band shows the spread in
dispersions obtained for fits with 1.9 eV< U < 4 eV.
c) Fit to the neutron data on La2CuO4.
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4.2 The quasi-one-dimensional cuprate Li2CuO2
(U. Staub)

The quasi-one-dimensional cuprate Li2CuO2
is a prototype edge-sharing chain compound.
The Cu2+ ions in this strongly correlated ma-
terial give rise to one spin– 1

2 per CuO4 pla-
quette with a nearest neighbor Cu-O-Cu bond
angle close to 90◦, implying weak superex-
change coupling between Cu spins. As a re-
sult, nearest neighbor ferromagnetic and next
nearest neighbor antiferromagnetic superex-
changes compete within the chains. Below
TN ∼ 9 K spins order antiferromagnetically
between the chains and ferromagnetically in
the chains. O K-edge RIXS spectra display
a complicated interplay of low-energy excita-
tions from charge, orbital and lattice degrees
of freedom. We analyzed in detail non-local
charge transfer excitations in terms of Zhang-
Rice singlet (ZRS) and triplet (ZRT) excitations,
which can be reached in the final state of O K-
edge RIXS. The occurrence of these ZRS and
ZRT excitations depends on the alignment of
the adjacent spins of neighboring plaquettes
and allows to directly probe the local magnetic
order. Fig. 9a and b displays the O K-RIXS data
with orbital, ZRS and ZRT excitations around
−2 eV, −3.2 eV and −3.9 eV energy loss, re-
spectively. Temperature dependent measure-
ments depicted in Fig. 9c and d evidence clear
opposite temperature behavior for the ZRS and
ZRT spectral components, in good agreement
with optical conductivity calculations. This es-
tablishes RIXS as a sensitive probe of the short
range spin order.

a) b)

c) d)

Figure 9: RIXS spectra at O K-edge of Li2CuO2
for (a) σ and (b) π polarizations. Temperature de-
pendence of (c) the ZRS and of (d) the ZRT features
(with σ polarization).

4.3 Sr2CuO3, a quasi-one-dimensional corner-
sharing single-chain compound (U. Staub)

Sr2CuO3 is a quasi-one-dimensional corner-
sharing single-chain compound possessing the
nearly ideal properties of the one-dimensional
antiferromagnetic Heisenberg spin– 1

2 model.
The momentum transfer dispersion of the
Cu L3-RIXS signal in Sr2CuO3 along the chain
direction reveals that the main spectral weight
follows the lower onset of the two-spinon (and
higher order) continuum and probes the dy-
namical spin-structure factor. The line shape is
analyzed within the Bethe Ansatz. The modes
within the orbital excitation energy range show
that the dd excitations in Sr2CuO3 are mo-
mentum dispersive and may be associated
with orbitons, i.e. dispersive orbital excita-
tions mediated by the superexchange interac-
tions. A spin-orbital superexchange model re-
produces this orbiton dispersion and explains
the large dispersion with decoupling of the or-
bital and spin degrees of freedom in this one-
dimensional system.

4.4 Observation of orbital currents in CuO

Observation of orbital currents in CuO was one
of the breakthrough results in our study of or-
bital phenomena. Recently magneto-electric
scattering in GaFeO3 provided evidence for
the occurrence of magneto-electric quadrupole
and possibly magnetic charge [9, 10]. Our ex-
periments, here reported, provide the first clear
evidence for the existence of orbital currents
through the observation of E1-M1 (or E1-E2)
XRD at the Cu L2,3-edges in CuO and open the
way to test for the existence of orbital currents
in cuprates and multiferroics.
Fig. 10A shows the resonance enhancement at
the copper L2,3-edges of the superlattice reflec-
tion (1/2, 0, −1/2) associated with the antifer-
romagnetic motif of the copper magnetic mo-
ments. Its dependence on the helicity of the X-
rays are illustrated in Fig. 10. The diffracted
intensity around the L3-edge for left and right
handed polarization is different for two dif-
ferent azimuthal angles. This dependence
cannot be described by the collinear antiferro-
magnetic order determined by neutron experi-
ments alone, because in this case the intensity
does not depend on the helicity of the X-rays.
This dependence is caused by the interference
of an additional component with the resonant
magnetic signal from the collinear antiferro-
magnetic order. This component comes via a
magnetic dipole transition M1 resulting from
the presence, on the microscopic level, of or-
bital currents.
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Figure 10: Resonant enhancement of the
(1/2, 0, −1/2) superlattice reflection at the Cu L3,2
edges as a function of the helicity of the incident X-
rays for two chosen azimuthal angles ψ. Panel A
corresponds to ψ = 17◦ and panel B to ψ = 43◦.
Intensities gathered with incident left CL (right CR)
circularly polarized X-rays are in closed (open) sym-
bols. Data were collected at 100 K.

Our model makes it possible to extract quan-
titative information about the circulating di-
rection of the orbital currents. For illustra-
tive purpose, it is easier to visualize the direc-
tion of the toroidal moments associated with
such currents. A toroidal moment Ω associ-
ated with an orbital moment L or a spin S is
proportional to 〈R x L〉 or 〈R x S〉, respec-
tively. Fig. 11A illustrates (in the simplest case)
the relation between the orbital currents and
the toroidal moment associated with a single

Figure 11: A. Pictorial representation of the re-
lationship between the orbital currents flowing be-
tween the copper (blue circle) and oxygen (red cir-
cle) atoms and the toroidal moment (red arrow).
B. Antiferromagnetic-type ordering of the toroidal
moments associated with the orbital currents. The
orientation of the toroidal moments follows the
value of the irreducible tensors obtained from exper-
imental data.

copper-oxygen plaquette. Fig. 11B shows the
ordering pattern of the toroidal moments in
the extended magnetic unit cell as determined
from our model. They lie in the a, c-plane and
they share the same antiferromagnetic pattern
of the magnetic moments. The importance of
our observations is that it represents the di-
rect evidence of antiferromagnetic ordering of
toroidal moments or orbital currents in a mate-
rial. In this respect, the observation of orbital
currents in CuO, the basic building block of
cuprate superconductors, provides strong en-
couragement for models based on orbital cur-
rent ordering and related phenomena in high-
Tc cuprates.

5 Quenched disorder

A strong new thrust in our research this year
was aimed at the study of low-dimensional
quantum magnetic materials with quenched
disorder. Such disorder leads to a localiza-
tion of quasi-particles and gives rise to quan-
titatively new thermodynamic phases and be-
havior. These effects are strongest in low di-
mensions and in the vicinity of quantum crit-
ical points. We have primarily addressed the
problem experimentally, in several gapless and
gapped S = 1

2 quantum magnets.

5.1 Local distribution of relaxations in a random
Heisenberg chain (H.-R. Ott)

A local distribution of relaxations in a random
Heisenberg chain was revealed by NMR ex-
periments. Since the original ideas of C. Das-
gupta and S.-K. Ma in 1979 [19] and the sub-
sequent extension by D. Fisher [20], the real-
space renormalization group theory is consid-
ered as a general theoretical tool for under-
standing the low-energy features of disordered
quantum magnets. Only a few experimental
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Figure 12: Crystal structure of BaCu2Si2O7 empha-
sizing the copper chains (dashed lines) and the NN
configuration of the silicon atoms.
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Figure 13: 29Si NMR spin-lattice relaxation data of BaCu2(Si1−xGex)2O7 for x = 0 and x = 0.5 (no and
maximum randomness, respectively). a) Relaxation rates for both cases, b) and c) recovery of magnetization,
d) T-dependence of β for x = 0.5. The symbols are explained in the panels.

tests of these theories have been reported, espe-
cially if studies addressing the low-energy dy-
namical properties are considered.
In the present work, we have chosen 29Si nu-
clear magnetic resonance (NMR) and magne-
tometry measurements to study the compound
BaCu2(Si1−xGex)2O7. This system is an ex-
cellent realization of a 1D random antiferro-
magnetic Heisenberg spin-chain (RHC), where
random variations of the exchange-coupling
constant between spin-sites are a consequence
of the different Si and Ge covalent radii. Its
structure, shown in Fig. 12, is the same for
0 < x < 1. NMR probes energy transfers
of the order of µeV, providing unique access to
the low-energy/long-time scales. In this case,
it is a more appropriate technique than stan-
dard methods, such as inelastic neutron scat-
tering.
Our main results, summarized in Fig. 13, deal
mainly with the spin-lattice relaxation rates
T−1

1 , which reflect essentially the dynamics of
the electron spins as sensed (via the hyperfine
coupling) by the nuclei.
The data shown in Fig. 13a for single-crystal
samples of pure Si (x = 0) and SiGe (x =
0.5) compounds, corresponding to no and to
full randomness, respectively, indicate clearly
and unambiguously the implications of ran-
domness by simple comparison. The pure
compound (Fig. 13b) shows a simple exponen-
tial relaxation, while the fully random SiGe
case (Fig. 13c) displays a stretched exponential
behavior (most pronounced at low tempera-
tures), indicative of widely distributed relax-
ation rates T−1

1 . It is exactly this distribution of
relaxation rates which is highly suggestive of
the formation of random-singlet states in this
class of materials, a cornerstone of the RHC
theory. This conclusion is further supported
by temperature and field-dependent magneti-

zation measurements [11]. From analyzes of
the temperature dependence of the stretched-
exponential β factor, shown in Fig. 13d, one can
obtain the probability distribution of the NMR
relaxation times. The resulting low-T broaden-
ing of the relaxations’ distribution is a conse-
quence of the low-T inequivalence of spin-sites
due to randomness.
The distribution of magnetic relaxation rates
vs temperature reported in this work suggests
that NMR may successfully be applied to other
disordered magnets, thus prompting new the-
oretical models for interpreting the predicted
universal behavior.

5.2 Effect of disorder on weakly coupled S = 1
2

chains (A. Zheludev)

The effect of disorder on weakly coupled S =
1
2 chains Cu(py)2(Cl1−xBrx)2 was studied with
muon-spin relaxation (µSR) spectroscopy. The
model compound is a well-known S = 1

2 spin-
chains system with J = 26 K. Due to weak in-
terchain interactions, it actually orders at 1.3 K.
We have found that the Br version of this ma-
terial has a similar structure, J = 46 K, but or-
ders at a lower temperature of 0.7 K. Having
synthesized a series of samples with diffrent
Br/Cl ratios, we have employed µSR to probe
ordering in disordered chains. From the relax-
ation curves shown in Fig. 14, one can deduce
that, even for x = 0.01, the low-temperature
phase is highly inhomogeneous, and may in
fact be a glassy state. Further systematic stud-
ies will cover a wide range of concentrations
and employ bulk and neutron scattering mea-
surements.
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Figure 14: Muon-spin relaxation measured in
Cu(py)2(Cl1−xBrx)2 for x = 0, 1 and 0.95. Inset: typ-
ical samples used in these studies.

5.3 Effect of disorder on a quasi-2D spin-liquid
(A. Zheludev)

The effect of disorder on a quasi-2D spin-liquid
was studied in (C4H12N2)Cu2(Cl1−xBrx)6. The
parent compound is a well-studied S = 1

2
quasi-2D quantum spin-liquid [21]. In a
magnetic field of Hc = 7.5 T, it under-
goes 3D ordering via a Bose-Einstein con-
densation of magnons. Up to x ∼ 0.1,
(C4H12N2)Cu2(Cl1−xBrx)6 retains the original
crystal structure, but the high-field transition
becomes considerably broadened (Fig. 15) and
field-induced long-range order is suppressed.
Disorder also has a profound effect on electron-
spin resonance (ESR) spectra, particularly on
the intratriplet transition lines. These experi-
ments are currently underway. Large deuter-
ated single-crystals (Fig. 15, inset) are also be-
ing readied for neutron experiments.

Figure 15: High-field magnetic susceptibility mea-
sured in (C4H12N2)Cu2Cl6 with different disorder
strengths. Inset: deuterated crystals for neutron
spectroscopy.

Figure 16: False-color representation of magnetic
specific heat measured in Sul-Cu2(Cl1−xBrx)4 for
x = 0.01. Solid black lines indicate the characteristic
fields of spin gap closure and onset of static short-
range order. The inset shows a 1 g deuterated crystal
for neutron studies.

5.4 The frustrated spin-ladder Sul-
Cu2(Cl1−xBrx)4 (A. Zheludev)

The frustrated spin-ladder Sul-Cu2(Cl1−xBrx)4
shows superficially similar behavior, but is
considerably more sensitive to even very low
concentrations of Br substitutions. The field-
induced ordering transition in the pure sys-
tem produces an incommensurate chiral heli-
magnetic state [22]. Bulk measurements on the
x = 0.01 material show that even though gap
closure is not much affected, the long-range or-
dered state is totally suppressed (Fig. 16). In
its place one finds a short-range ordered phase,
similar to that in the random-field model. It
can be explained by the mismatch in the peri-
odicities of short-range helimagnetic spin cor-
relations in individual ladders, a unique fea-
ture of this incommensurate system.

6 Algorithmic developments

In parallel to the theoretical investigation of
models in the context of specific problems or
materials, we have continued to develop nu-
merical tools that can be used in the context of
quantum magnetism.

6.1 Tensor network methods (M. Troyer)

We have improved new two-dimensional gen-
eralizations of the density matrix renormal-
ization group method, especially the infinite
system PEPS (projected entangled-pair states)
method [23]. The main achievements of the last
year were the implementation of abelian [12]
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symmetries in these algorithms, and the devel-
opment of tensor network algorithms for quan-
tum magnets built from non-Abelian anyons
instead of standard SU(2) spins [13].

6.2 ALPS 2.0 (M. Troyer)

We have developed and published a major
new version of the ALPS libraries and applica-
tions [14]. These developments are described
in more details in Project 5, paragraph 8.1.

7 Collaborative efforts

An active collaboration between theorists and
experimentalists is a key element of the cur-
rent project and was highlighted last year. This
year, however, was marked by an even tighter
collaboration on the experimental side. The
key vehicle for this collaboration was an ex-
change of samples between groups that spe-
cialize on different experimental methods. It
resulted in a very efficient utilization of infras-
tructure and expertise, as well as in a fruit-
ful exchange of ideas between groups. Our
activities took full advantage of the newly in-
troduced mechanism of so-called collaborative
projects within MANEP. Their purpose is to fa-
cilitate interactions between groups at differ-
ent institutions aiming at specific target tasks.
Four such projects were initiated this year in
the field covered by Project 6: 1. High Pres-
sure Phases in Pure and Doped Quantum An-
tiferromagnets, 2. Excitations of the Orbital
and Spin Degree of Freedom in Quasi-One-
Dimensional Cuprates and Multiferroic Mate-
rials, 3. One-Dimensional Quantum Magnets
with Bond Randomness: µSR and Neutron
Scattering, and 4. Numerical Simulations of
Frustrated Correlated Systems. Although all of
these targeted projects are in their early stages,
they have already yielded important results
that are incorporated in the report above. This
early success stems from the fact that these
projects did not appear out of a vacuum, but
are a natural extension to budding collabora-
tive efforts that emerged within Project 6 last
year.

MaNEP-related publications

[1]I P. Bouillot, K. Corinna, A. M. Läuchli, M. Zvonarev,
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Project 7 Electronic materials with reduced dimensionality

Project leader: L. Forró (EPFL)

Participating members: Ph. Aebi (UniFR), L. Degiorgi (ETHZ), L. Forró (EPFL), T. Giamarchi (UniGE),
M. Grioni (EPFL)

Summary and highlights: The program of the project is to study various electronic instabilities in
low-dimensional materials and their competition in stabilizing the ground state of the system. This
year the highlight was on dichalcogenides: in 1T-TiSe2 the fingerprints of an excitonic condensate
were searched; in 2H-NbS2, the intercalation of a triangular Cobalt lattice drastically changes the
electronic structure within the NbS2 plane and with hydrostatic pressure it changes according to
the Doniach phase diagram. Further studies within the project give important contributions to the
physics of heavy earth tri-tellurides, to iron-based superconductors, to one-dimensional Vanadium
chain conductor and to the orbital currents in ladders .

1 Dramatic effective mass reduction in 1T-TiSe2 (P. Aebi)

1.1 Introduction

In the early 1960s, a new insulating phase
was predicted to possibly exist at low tem-
perature in solids having small energy gaps.
Jérome et al. [9] published an extended study
of this phase developing a BCS-like theory of
its ground state. However, at that time, an ex-
perimental realization of this phase was miss-
ing.
The excitonic insulator phase may occur in
a semi-metallic or semiconducting system ex-
hibiting a small (negative, respectively posi-
tive) gap. Indeed, for a low carrier density,
the Coulomb interaction is weakly screened,
allowing therefore bound states of holes and
electrons, called excitons, to build up in the
system. If the binding energy EB of such pairs
is larger than the gap EG, the energy to cre-
ate an exciton becomes negative, so that the
ground state of the normal phase becomes un-
stable with respect to the spontaneous forma-
tion of excitons. According to Jérome et al. [9],
at low temperature, these excitons may con-
dense into a macroscopic coherent state in a
manner similar to Cooper pairs in conventional
BCS superconductors. Kohn [10] argued that
exciton condensation may lead to the forma-
tion of charge density waves (CDW) of purely
electronic origin (neglecting any lattice distor-
tion), characterized by an order parameter.
1T-TiSe2 is a layered transition-metal dichalco-
genide exhibiting a commensurate (2× 2× 2)
CDW [11] accompanied by a periodic lattice
distortion below the transition temperature of
Tc ∼= 200 K. The origin of its CDW phase was
controversial for a long time. Different scenar-

ios have been proposed, the best candidates
being a band Jahn-Teller effect [12] and the
excitonic insulator phase [13, 14]. An angle-
resolved photoemission spectroscopy (ARPES)
study, evidencing directly the CDW, gave re-
cently much support to the latter by compar-
ison between experiment and theory [1]. Pho-
toemission intensity maps were generated with
the spectral function calculated in the frame-
work of the excitonic insulator phase model,
which has been adapted to TiSe2 and renamed
the exciton condensate phase model [2].

1.2 Results: temperature dependence and effec-
tive mass reduction

Since experiments that would directly prove
the existence of an exciton condensate are miss-
ing, we pursue the detailed comparison of
ARPES experiments with the exciton conden-
sate phase model to verify how far the model
agrees with experiment [3]. Fig. 1 shows an un-
expected temperature dependence of the Ti 3d
related elliptically shaped electron pocket, cen-
tered at the L point of the Brillouin zone, mea-
sured along the long (left panels) and short axis
(right panels) [4].
At 288 K, the conduction band follows a clear
and wide parabolic dispersion along AL (left
panel), with a non-trivial spectral weight dis-
tribution that can be understood within the ex-
citon condensate phase model extended to the
strong electron-hole fluctuation regime. As the
temperature decreases to 141 K, the conduction
band gets flatter along AL (left panel). The
top of the known, backfolded valence band
is also clearly visible below a binding energy
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Figure 1: Photoemission intensity maps of the elec-
tron pocket around L. (a), (b), (c), (d) Measure-
ments along AL (left panels) and LH (right panels)
at 288 K, 141 K, 81 K and 13 K, respectively.

of −0.1 eV. Below 100 K, a dramatic renor-
malization of the conduction band is visible,
as seen in the photoemission intensity maps
measured at 81 K and 13 K in Fig. 1c and d.
Along AL (left panels), it has no more a sim-
ple parabolic shape and divides into different
parts. Its branches closer to EF are getting flat-
ter (heavy part), while it displays a pronounced
parabolic dispersion (light part) in the neigh-
borhood of its minimum. The observation of
such an effective mass reduction (light part) is
surprising for a material with strong interac-
tions.
The origin of the considerable renormalization
of the conduction band can be understood in
the framework of the exciton condensate phase
model. In this model, the electron-hole interac-
tion, responsible for the formation of excitons,
couples the three conduction bands to the va-
lence band, so that, in the CDW phase, many
backfolded bands appear at L, giving rise to a
complicated band structure.
In our calculations, the ratio of the effec-
tive masses in the absence of renormaliza-
tion effects plays an essential role in this mass
renormalization at lower temperatures. The
larger the anisotropy of the electron pocket, the
stronger the renormalization effect and thus
the lower the effective mass.
The dramatic renormalization gives an indica-
tion towards the understanding of the decrease
of resistivity at low temperature: in the frame-

work of the Drude formula, a reduced effective
mass leads to a reduced resistivity. However,
more complicated calculations using, e.g., the
Boltzmann equation in the framework of the
exciton condensate phase should be carried out
to get a full understanding. Furthermore, the
complete geometry of the Fermi surface (with
electron pockets having different orientations)
must be taken into account.

2 High pressure study of transport proper-
ties in Co1/3NbS2 (L. Forró)

The interest in layered electronic materials is
fueled by their capability to host peculiar elec-
tronic phases. Among them, transition metal
dichalcogenides (TMD) — of general formula
TX2, where T = transition element and X = S,
Se, Te — are well known as the material
where charge density waves, superconductiv-
ity, metallic and excitonic phases compete for
the ground state [15]. The magnetic ordering,
related to ions intercalated in between TMD
layers coupled by the van der Waals forces,
has also attracted great interest in the past.
M1/3TX2 (M = Co, Fe, Ni, Mn) compounds
were of a particular interest because the mag-
netic ions in their layers form a triangular lat-
tice, which is known to be prone to frustration.
Experimentally, several types of magnetic or-
derings were found in these materials, thought
to be driven by competing interactions [16].
The sensitivity of the electronic properties of
TMD to pressure in general is well known. We
have studied the effect of pressure on trans-
port properties of Co1/3NbS2 (Fig. 2), which is
known to order magnetically at 26 K at ambient
pressure [16].
Our measurements of the temperature and

Figure 2: Sketch of the crystal structure of
Co1/3NbS2.
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Figure 3: Upper panel: temperature dependence of
the ambient pressure dc resistivity, ρ(T), and ther-
moelectric power, S(T), of Co1/3NbS2. The temper-
ature TN , at which antiferromagnetic ordering sets
in, is marked by an arrow. Lower panel: pressure
dependence of the low-temperature dc resistivity.

pressure dependence of the transport proper-
ties of Co1/3NbS2 reveal unexpected effects [5],
particularly regarding the behavior of the pres-
surized system near the magnetic ordering
temperature (Fig. 3). The explanation of the ob-
served effects is primarily due to the pressure-
induced change of the coupling of Co spin-
state to conducting electrons. Our results in-
dicate that the pressure in x = 1/3 compound
touches the delicate balance between magnetic
interaction and spin-states. This motivates fur-
ther experimental work, to probe more directly
the spin- and charge-states in pressurized sys-
tem. Furthermore, a detailed theoretical work
is required to determine the precise band struc-
ture which could reveal the role of the possi-
ble RKKY interaction. Beyond the dc resistiv-
ity the measurements of thermoelectric power
helped to establish the p−T phase diagram [5].
From the measurements of the thermal conduc-
tivity, it follows that the transition at 26 K is
not related to structural ordering of Co. Rather
complicated pressure dependences of the dc re-
sistivity and thermoelectric power indicate the
presence of competing interactions in the sys-
tem, while the opposite signs of S and the Hall
effect point to a subtle topology of the Fermi

surface consisting of several parts with differ-
ent dispersions.

3 ARPES of 2D and 1D materials (M. Gri-
oni)

3.1 Fe-based chalcogenide superconductors

The recent discovery of superconductivity in
some iron-based pnictide and chalcogenide
materials at temperatures exceeding the criti-
cal temperatures of conventional superconduc-
tors has stimulated a flurry of activities [17, 18]
only comparable with the aftermath of the two-
decade old discovery of the cuprates. Re-
markably, the cuprate and Fe-based super-
conductors indeed display intriguing similar-
ities, besides the large critical temperatures.
In both cases, superconductivity is believed to
be rooted in weakly coupled two-dimensional
layers with square lattice structures, and it
emerges from another broken symmetry phase:
an antiferromagnetic Mott-insulator in the for-
mer, and an antiferromagnetic metal in the
latter. The pervasive presence of magnetism
has similarly led to speculations that magnetic
fluctuations could even provide the glue for
the formation of the unconventional supercon-
ducting state. The analysis of the similarities
and, perhaps more importantly, of the differ-
ences in the electronic properties of these two
classes of materials could yield new impor-
tant elements to unravel the mystery of high-
temperature superconductivity.
One important difference is the multi-orbital
character of the Fe 3d states as opposed to the
single Cu 3d orbital at the origin of the elec-
tronic structure of the cuprates. As a con-
sequence, the Fe compounds exhibit a more
complex Fermi surface (FS), with multi-sheet
hole and electron pockets coexisting in differ-
ent parts of the Brillouin zone (BZ). A detailed
knowledge of the topology and shape of the
FS, and of possible nesting conditions that may
lead to instabilities like a spin-density wave, is
of crucial importance. High-resolution angle-
resolved photoelectron spectroscopy (ARPES)
can provide this information. The EPFL elec-
tron spectroscopy group of Grioni has per-
formed ARPES experiments on compounds
of the FeySexTe1−x family, with high-quality
single-crystal samples grown by the MaNEP
group of E. Giannini (UniGE). Fig. 4 shows
high-resolution data for a superconducting
x = 0.32, y = 1.013 sample (Tc = 13 K)
measured at 10 K with 50 eV photons, along
the ΓM high-symmetry line of the BZ, at the
SIS beamline of the Swiss Light Source (with
Dr. M. Shi). The ARPES intensity maps of the
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Figure 4: Fe1.013Se0.32Te0.68: ARPES intensity maps
measured at 10 K and 50 eV, with circularly (a) and
π linearly polarized photons (b).

(a) and (b) panels of Fig. 4 have been collected
with circularly and, respectively, linearly po-
larized light in π geometry. They outline the
so-called α1 and α2 bands, which form small
hole pockets around the Γ point. These bands
can be disentangled according to their reflec-
tion symmetry exploiting the ARPES selection
rules. Namely, only the α1 band, which is even
in character, is visible when the even π geom-
etry is used (Fig. 4b). Further measurements at
various photon energies show that the Fermi
level crossing of these bands, and therefore the
size of the hole pockets, varies with the per-
pendicular wave vector kz. Such modulation of
the FS reveals that the transverse coupling be-
tween the square-lattice planes is substantially
larger in the Fe chalcogenides than in the case
of the cuprates.

3.2 BaVS3, a quasi-one-dimensional conductor

BaVS3 is a rather unique quasi-one-
dimensional material, which has been in-
vestigated within MaNEP by various com-
plementary techniques to clarify its electronic
and magnetic properties. Its structure, based
on infinite parallel chains of face-sharing VS6
octahedra, has a clear 1D character. From a
simple picture of the electronic structure, each
V4+ ions should contribute a single 3d electron
to a broad, partially filled, 1D 3dz2 band dis-
persing along the chains. On the other hand,
the small (∼4) anisotropy of the electrical
resistivity indicates that transverse coupling
is certainly relevant, and that other orbitals
must be involved, possibly yielding a complex
multi-sheet Fermi surface. This is confirmed
by recent first-principles calculations of the
electronic structure, which also underline the
importance of correlations [19]. This complex-

Figure 5: ARPES constant energy cuts of BaVS3
measured at 80 K and 156 eV at the Fermi level (a)
and at 1 eV binding energy (b).

ity is reflected in the successive structural and
electronic instabilities which bring the system
from a bad metal state at room temperature, to
a paramagnetic charge density wave insulator
at TMI = 70 K, and eventually to an incom-
mensurate antiferromagnetic ordered states
below 30 K [20].
The group of Grioni has performed a broad
ARPES survey of momentum space in BaVS3,
in collaboration with L. Moreschini and
E. Rotenberg of beamline BL7 of the Ad-
vanced Light Source (Berkeley) using high-
quality crystals grown by H. Berger (EPFL).
Fig. 5 shows two constant energy cuts mea-
sured at 80 K, in the metallic phase, on a wide
portion of the kx − ky cleavage plane contain-
ing the V chains; kx is also the chain direc-
tion. The cut at the Fermi energy (Fig. 5a)
gives a direct image of the FS of this com-
pound. It shows two symmetric sheets of an
open FS running along ky, consistent with the
predicted 1D nature of the broad 3dz2 (A1g)
band. However, these sheets are not straight
as in an ideal 1D case, and the strong warping
follows the periodicity of the lattice. A fainter,
closed structure centered at Γ reveals the par-
tial occupation of the much shallower Eg band
built from orbitals directed towards neighbor-
ing chains. Hybrid states with a strong S 3p
component are imaged in a second cut (Fig. 5b)
taken 1 eV below the Fermi energy. The closed
contours illustrate the 2D/3D nature of these
states, which coexist with 1D states at the bot-
tom of the A1g band, appearing as almost
straight lines. These results vividly illustrate
the complexity of the electronic structure of
this material. Temperature-dependent studies
across the metal-insulator (MI) transition are
currently underway.
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4 Temperature dependence of the excita-
tion spectrum in the charge density wave
ErTe3 and HoTe3 systems (L. Degiorgi)

The attention was focused on HoTe3 and ErTe3,
as representative members of the heavy rare
earth tri-tellurides (Fig. 6a, inset) with tran-
sition temperatures (TCDW1 and TCDW2) into
the uni- and bidirectional charge density wave
(CDW) states both below 300 K (Figs. 6b and
d, insets). This allows to have access to the
temperature dependence of the relevant en-
ergy scales (e.g. the CDW gaps), of which very
little was known.
Figs. 6a and c display the reflexivity R(ω) for
both compounds at 300 K (i.e. in the so-called
normal state) and at 10 K (i.e. within the
CDW states with respect to both transitions at
TCDW1 and TCDW2). The overall metallic char-
acter at any temperatures is well evident by the
plasma edge feature at about 2 · 104 cm−1 and
by R(ω → 0) → 100% (i.e. total reflection). At
10 K one can additionally recognize the deple-
tion in R(ω) at about 3000 cm−1. These fea-
tures are very much reminiscent of what has
been seen in our previous studies on RTe3 as a
function of chemical and applied pressure. The
overall view of the real part σ1(ω) of the com-
plex optical conductivity at those two selected
temperatures, above and well below TCDW1
and TCDW2, is shown for both compounds in
Figs. 6b and d.
The single-particle energy gap (ωsp) and the
fraction (Φ) of the reconstructed FS in the CDW
state were extracted. Fig. 7 displays Φ ver-
sus ωSP, the temperature being here an implicit

Figure 6: (a-c) Optical reflectivity R(ω) of ErTe3 and
HoTe3 at 10 and 300 K. The inset in panel (a) displays
the crystal structure. (b-d) Real part σ1(ω) of the
optical conductivity of ErTe3 and HoTe3 at 10 and
300 K. The insets in panels b) and d) display ρdc.
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Figure 7: The ratio Φ of the ungapped Fermi surface
plotted versus the single-particle excitation ωSP (i.e.
CDW gap) for both title compounds. Temperature
is here an implicit variable. The inset compares the
trend of Φ versus ωSP in temperature (from the main
panel) for ErTe3 and HoTe3 with the chemical pres-
sure results for selected compounds of the RTe3 se-
ries. The polynomial lines through the data in main
panel and inset are meant as guide to the eyes.

variable. Upon increasing the temperature, one
observes that the smaller is the CDW gap the
larger is the fraction of the ungapped FS. This is
totally in accordance with our previous investi-
gation upon compressing the lattice, which re-
veals the simultaneous closing of the CDW gap
with the enhancement of Φ. This is empha-
sized in the inset of Fig. 7, where the implicit
temperature dependence of Φ versus ωSP for
the title compounds is in trend with the behav-
ior given by the chemical pressure when going
from the lighter to the heavier RTe3.
We now turn our attention to the explicit tem-
perature dependence of ωSP, which is shown
in Fig. 8. ωSP(T) for HoTe3 and ErTe3 is
here normalized by its value deep into the
CDW ground state (i.e. ωSP(10 K)), while the
temperature axis is normalized by the respec-
tive TCDW1. As expected, ωSP monotonically
increases with decreasing temperature below
TCDW1. A signature of the gap feature is al-
ready present at 300 K, close to but yet above
the first high-temperature CDW phase transi-
tion at TCDW1 (Fig. 8). We remark that this is
a rather common situation in prototype CDW
materials. The persistence of the gap above
the phase transition temperature can be consid-
ered as a fingerprint of precursor effects of the
CDW formation and has been widely invoked
as a manifestation of the fluctuation regime.
Therefore, CDW fluctuations seem to play an
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Figure 8: Temperature and chemical pressure
dependence of ωSP, normalized by the low-
temperature values of ErTe3 and HoTe3 or by the
values of LaTe3 in the RTe3 series. The tempera-
ture axis is normalized by the respective critical tem-
peratures (TCDW1 for ErTe3 and HoTe3, or TCDW
for the RTe3 series). The vertical thin dotted lines
mark the critical temperatures TCDW2 for ErTe3 and
HoTe3. The BCS predictions for the order parameter
is shown for comparison.

important role in RTe3 as well, despite their
two-dimensionality.

It is now instructive to compare the relevant
parameter ωSP achieved with our optical ex-
periments when varying the temperature and
upon lattice compression. Fig. 8 additionally
displays the gap ratio for the chemical series
(open squares). We took the ωSP values mea-
sured at 300 K, normalized with the gap of
LaTe3, assumed to be the largest one for RTe3.
Instead of the normalized temperature, we
consider here the ratio 300 K/TCDW as the ef-
fective temperature axis for the chemical series.
Within the CDW state, we evince a common
trend in the development of the gap for the
RTe3 compounds, when changing R, as well as
for HoTe3 and ErTe3, when varying the tem-
perature. As comparison, we reproduce the
BCS temperature dependence of the order pa-
rameter. The resulting overall decrease of the
CDW gap equivalently with increasing tem-
perature or lattice compression roughly agrees
with the theoretical predictions, based on the
mean-field like BCS theory.

5 Theoretical study of low-dimensional sys-
tems (T. Giamarchi)

5.1 Orbital currents in ladders

We pursued our efforts concerning the exis-
tence of orbital currents in three band models.
In a previous work [6] we had shown that a
ladder with a three band structure was able to
naturally sustain a phase with orbital currents.
We focussed in the present project on the ef-
fects of the spin rotational symmetry breaking
in two-leg Hubbard ladders [7]. In particular,
we investigated the physical consequences of
the orbital current patterns (OCP, Fig. 9) in a
doped Cu-O Hubbard ladder and looked for
measurable signatures of its existence. Using a
renormalization group (RG) analysis, we deter-
mined the changes that are caused by the SU(2)
spin rotational symmetry breaking which oc-
curs when the OCP is present in the ground
state phase diagram. We estimated the value

Figure 9: Orbital currents generate a magnetic field
that breaks the SU(2) symmetry. The two main con-
tributions to the amplitude of the magnetic field at
lattice site x (orange circle) as a result of the o-OCP
flow: (a) octupole moments (single octupole = green
square) which should be summed up for all ele-
mentary unit (squares) along the ladder (except the
one which contains the lattice site x) and (b) the
quadrupole magnetic moment that is present only
if x is one of the on-leg oxygen; the field comes from
the asymmetry of OCP amplitudes in two neighbor-
ing unit cells (the nonzero contributions are indi-
cated in red); the crosses (dots) correspond to single
magnetic dipoles pointing into (out of) the page.
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of the new gap, gave an analytic expression for
the correlation functions and examined some
of the magnetic properties of this new phase
which can be revealed in measurements. Fur-
ther research is being pursued in order to tract
the effects of a strong SU(2) symmetry breaking
mechanisms like the Rashba coupling.

5.2 Quasi-one-dimensional systems

A review of the properties of quantum phase
transitions in quasi-one-dimensional systems
(for spin-systems, bosons and fermions — the
last situation being relevant for organic super-
conductors) was given as a chapter of a new
book on quantum phase transitions [8].

6 Collaborative efforts

Within the project among the experimental-
ists there is a focused research on the layered
dichalcogenides which manifests in the inves-
tigation of the same system by different ex-
perimental methods. Furthermore, there is a
good collaboration with other MaNEP projects
(2, 4, 5) on the study of graphene or other two-
dimensional superconductors.
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Project 8 Cold atomic gases as novel quantum simulators for
condensed matter

Project leader: T. Giamarchi (UniGE)

Participating members: G. Blatter (ETHZ), T. Esslinger (ETHZ), T. Giamarchi (UniGE), V. Gritsev
(UniFR), F. Mila (EPFL), M. Troyer (ETHZ)

Summary and highlights: The project continued to examine de physics of cold atomic gases, in con-
nection with problems of condensed matter. It was mostly centered around three axes. i) The cold
atomic systems could be used as quantum simulators, to create model systems. These models were
then compared to extremely accurate numerical simulations. It is important to note that the success
of such a use of cold atoms was marked as one of the breakthrough of the year 2010 by the maga-
zine Science. ii) In order to study these systems it is important to develop probes and thermometry
adapted to such novel systems. This was the goal of the second direction of the project. iii) Finally
the cold atomic systems allow to treat unusual situations such as out of equilibrium ones, for which
new concepts must be developed. This was the main focuss of the third research direction.

1 Models systems

1.1 Bose and Fermi model systems (M. Troyer)

Ultracold atomic gases allow the physical re-
alization of idealized models of strongly in-
teracting electronic materials, such as bosons
and fermions with contact interactions, both
in the continuum and on a lattice (Hubbard
and Bose-Hubbard model). In order to vali-
date the quantum simulators provided by such
cold atomic systems, it is necessary to de-
velop quantitatively accurate methods, in par-
ticular numerical. This was actively pursued
by the Troyer group. In particular they have
quantitatively validated experiments on ultra-
cold bosonic gases in optical lattices against
quantum Monte Carlo (QMC) simulations [1].
This has been selected by Science Magazine,
together with several other papers on similar
topics, as one of the science breakthroughs of
2010.
For ultracold bosonic gases in optical lattices,
the Troyer group has combined diagrammatic
techniques and quantum Monte Carlo simu-
lation to test a variant of Beliaev’s diagram-
matic methods for calculating properties of
bosonic gases. They obtain a set of relations
that accurately describes the properties of in-
teracting 2D and 3D Bose gases away from
the critical region [2]. For fermions [3], they
used fits of high-temperature expansions to ex-
periments in order to obtain the temperature
in current experiments on ultracold fermionic
gases. In another publication [4], they de-
termined the phase diagram of the repulsive
interacting Fermi gases, determining the on-
set of partially and fully polarized ferromag-

netic phases, using variational and fixed note
quantum Monte Carlo methods. Finally using
a MaNEP-developed continuous time quan-
tum Monte Carlo solver for cluster dynamical
mean field theory [5, 6] they have simulated the
three-dimensional Hubbard models for inter-
actions up to U ≤ 12t and temperatures down
to the Néel temperature at all fillings [7] (see
also description in Project 5, paragraph 8.2).

1.2 Multicomponent systems (T. Giamarchi,
F. Mila)

The cold atoms also allow to realize systems
that would be non trivial to obtain in a con-
densed matter situation. This is in particu-
lar the case of multicomponent systems, both
bosonic and fermionic.
For the two component Boson system, the Gia-
marchi group has pursued its efforts to under-
stand the ferromagnetic liquid that was iden-
tified in its previous series of works and de-
scribed in previous activity reports. They have
analyzed the problem of a bosonic impurity
moving in a bosonic cloud. This situation is
relevant for the experimental situation of K
impurities moving in a Rb cloud, a situation
currently investigated experimentally in M. In-
guscio’s group in Florence. At the intermedi-
ate temperatures and interactions of the exper-
iment, a fruitful approach is to look at the prob-
lem as a polaronic problem where the impurity
dresses by the density fluctuations of the ma-
jority species. They have analyzed the oscilla-
tions of the system in this light.
For three-component systems, combining a
semiclassical analysis with exact diagonaliza-
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(b)(a)

Figure 1: Sketch of the (a) three-sublattice and
(b) two-sublattice phases of the SU(3) antiferromag-
netic Heisenberg model.

tions [8], the Mila group has shown that the
ground state of the SU(3) Heisenberg model
on the square lattice develops three-sublattice
long-range order (Fig. 1). This surprising pat-
tern for a bipartite lattice with only nearest
neighbor interactions has been shown to be
the consequence of a subtle quantum order-
by-disorder mechanism. By contrast, ther-
mal fluctuations favor two-sublattice configu-
rations via entropic selection. These results are
shown to extend to the cubic lattice, with pos-
sible realization with the Mott-insulating states
of three-flavor fermionic atoms in optical lat-
tices.

1.3 Correlated photons (G. Blatter)

Motivated by the recent success of engineering
strong light-matter interaction in various cav-
ity/circuit quantum electrodynamics (QED)
architectures, there has been a surge of inter-
est in realizing condensed matter-like systems
with optical/photonic setups. So far, the ex-
perimental focus has been on the design of the
coupling between a single-cavity and a single-
qubit and subsequent work demonstrated a
great level of control of single-cavity systems.
Today, a key challenge for scalability and fur-
ther progress in the field is the understanding
of coupled systems.
Recent theoretical interest in hybrid light-
matter systems has been on the superfluid-
Mott-insulator (SF-MI) transition of polari-
tons as described by the Jaynes-Cummings-
Hubbard model (JCHM) [33]. In previous
work, the Blatter group has calculated the
photonic Matsubara Green’s function of the
JCHM — which is directly accessible in trans-
mission/absorption experiments — using dia-
grammatic as well as slave-boson techniques in
both, the Mott [9] and superfluid phase [10].
From the Green’s function they have obtained
the phase diagram, elementary excitations, and
critical exponents.
Recently, they have proposed that, even in the
smallest possible coupled-cavity system of a
two-site JCHM (Fig. 2), one can find strong

L R
Jg g

Figure 2: Layout of the two-site JCHM realized
with circuit QED technology. Two transmission line
microwave resonators (L,R) are coupled in series
with a tunneling rate J. Each resonator is strongly
coupled (with a rate g) to a superconducting qubit
providing a strong non-linearity. Dissipation is ac-
counted for through the photon decay rate κ; the
spontaneous emission rate γ accounts for qubit de-
coherence.

signatures of the on-site repulsive interaction
among photons. They have shown that pho-
tons in two tunnel-coupled microwave res-
onators, each containing a single supercon-
ducting qubit, undergo a sharp nonequilib-
rium delocalization-localization (self-trapping)
transition due to strong photon-qubit cou-
pling [11]. Near this self-trapping transition,
photons in the two cavities form a many-body
entangled state similar to what is known as a
N00N state (a Schrödinger cat type Bell state)
in quantum metrology. The coupled cavity
dimer proposed here is simple enough to be
readily realizable with state-of-the-art circuit
QED technology. Experiments based on this
proposal are currently underway in the re-
search group of A. A. Houck at Princeton.

1.4 Dipolar systems (G. Blatter, M. Troyer)

Although atoms, being neutral, implement nat-
urally systems with contact interactions, there
are currently active researches on systems with
dipolar molecules, which can potentially open
the way to realizing systems with long range
forces. In particular, experiments with cold
dipolar molecules subject to an optical lattice
(of strength V0) provide a new realization for
the physics of competing structures and effects
of commensuration. In a two-dimensional con-
finement [34], the long-range dipolar repulsion
between the molecules favors the formation of
a triangular lattice which competes with the
square lattice structure enforced by the (sub-
strate) potential of an optical lattice. While con-
ventional solid state realizations — e.g. Kryp-
ton on graphite or flux quanta in structured
superconducting films — could only cover a
small parameter window, the high control and
tunability of the cold atom setup permits to
explore the full variety of different regimes
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in the phase diagram, including distorted and
rotated phases, commensuration effects and
partly/fully locked phases, as well as quan-
tum/classical floating or melting transitions.

The Blatter group looked at the minimal energy
states in the absence of (quantum/classical)
fluctuations and for particle densities n close
to commensurate filling n = 1/b2 (b is the pe-
riod of the optical lattice). Increasing the ratio
v between the substrate potential V0 and the in-
terparticle interaction D/b3 (D the dipolar cou-
pling constant), the system goes through vari-
ous phases.

A perturbative study for weak substrate po-
tentials yields a distorted particle lattice char-
acterized by a non-trivial angle of orienta-
tion [35] (interaction-dominated regime). In
the opposite limit, the strong substrate poten-
tial locks the particles to a square-lattice config-
uration. As the substrate potential is reduced,
an instability of the square lattice towards a
shear mode at the Brillouin zone edge man-
ifests itself at vc2 . The resulting lattice with
period-doubling along one direction belongs
to the symmetry group p2mg; the phase line
cuts the perturbative line at vc1 . The tran-
sition from the interaction-dominated to the
substrate-dominated regime has not yet been
well-understood. Recent results have pro-
vided a better understanding of the system’s
behavior: within the resonance approxima-
tion [36], where only the dominant substrate
mode is considered and the particle lattice is
viewed as an elastic medium, the problem
can be mapped to the one-dimensional (time-
independent) Sine-Gordon model. Within this
model, the formation of a one-dimensional
soliton structure provides a smooth transition
at vc from the period doubled phase to a soli-
tonic phase; the latter then smoothly evolves
into the distorted and rotated triangular phase.
A further study concerning the effect of the sec-
ond substrate mode on the soliton solution is in
progress; the correction is expected to push vc
beyond vc1 .

On the numerical side, the Troyer group calcu-
lated the phase diagram of such dipolar gases
on triangular optical lattices and showed the
existence of a supersolid phase: a phase with
coexisting superfluid and solid order. They
could show that, once the temperature of these
molecular gases becomes comparable to what
can nowadays be achieved for atomic gases,
such a supersolid can be realized using dipo-
lar gases in optical lattices [12].

2 Probes and thermometry (G. Blatter,
T. Esslinger, T. Giamarchi, M. Troyer)

In order to use efficiently these systems, it is
important to have probes allowing to access
the rather complex correlations in presence of
interactions. Indeed, the response of a quan-
tum many-body system to a weak perturbation
can provide fundamental information about its
properties. In this regime, the system does
not significantly change under probing and ba-
sic quantities can be measured, as, for exam-
ple, charge and spin susceptibilities in electron
systems. Due to relatively large sample sizes,
weak probing is often naturally achieved in
condensed matter physics. Contrariwise, the
relatively small number of atoms in quantum
gas experiments makes it very challenging to
design probes which measure correlation func-
tions through linear or quadratic response. It
is also mandatory to have a good control of the
temperature (or entropy) of the system, which
is non-trivial in such ultracold systems.
For the thermometry, the Troyer group [13]
has improved on an idea by T. L. (Jason) Ho
on thermometry for trapped atomic gases us-
ing the fluctuation-dissipation theorem. Com-
paring the gradient of the density with (short-
ranged in their proposal) density fluctuations
one can reliably determine the temperature of
a trapped quantum gas with an accuracy of
about 10% by recording 10 − 20 density pro-
files.
The Esslinger group has recently demonstrated
a simple method for probing the nearest neigh-
bor correlations of strongly interacting repul-
sive fermionic gases in optical lattices, inspired
by a proposal of the Giamarchi group [14]. This
method applies to the Fermi-Hubbard model,
as realized with optical lattices [15]. This
model is of particular interest, since its phases
reflect an intriguing interplay between inter-
actions, kinetic energy and magnetic ordering.
Studies of the crossover from a metallic to a
Mott-insulating phase have recently provided
first aspects of the Fermi-Hubbard physics in
optical lattice experiments. A reduction of den-
sity fluctuations was observed using a local ob-
servable sensitive to the occupation of lattice
sites [37][3], and by extracting the compress-
ibility from measured cloud sizes [38]. Yet,
crucial aspects of the many-body physics of
the Fermi-Hubbard model are closely linked to
nearest neighbor correlations. These character-
ize the spin ordering in an anti-ferromagnetic
phase, as well as the presence of holes due
to doping or thermal excitations. Therefore
probes sensitive to nearest neighbor correla-
tions were required.
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Figure 3: Doublon production rate Γ as a function
of the lattice modulation frequency ν, measured for
different modulation amplitudes δ̃t/t. The experi-
ments were performed at U/6t = 10.6 and V =
10ER, with U denoting the on-site interaction en-
ergy, t the hopping matrix element and ER the re-
coil energy. The shaded areas are gaussian fits to the
spectra, which are used to extract the frequency in-
tegrated response R. The two vertical dashed lines
denote twice the three-dimensional bandwidth 4zt
(with z = 6). The inset is a double-logarithmic plot
of R for various modulation amplitudes, where the
dashed line is a power law fit. Error bars denote the
fit errors [17].

The nearest neighbor correlation function for
the experimental realization of Hubbard model
is given by

Pi,i+1 = ∑
σ

〈ni,σni+1,σ̄ (1− ni,σ̄) (1− ni+1,σ)〉,
(2.1)

where σ = {↑, ↓}, σ̄ denotes the opposite spin
and i, i + 1 are adjacent sites. This probe de-
termines the probability of finding singly occu-
pied neighboring sites with opposite spins.
The system is excited by a periodic modulation
of the lattice depth [39] which leads to tunnel-
ing of particles to adjacent sites. If two parti-
cles of opposite spin are located on neighbor-
ing sites, additional double occupancies (dou-
blons) are created. The resulting doublon pro-
duction rate is sensitive on the spin correlator
Pi,i+1. They showed that in the perturbative
regime the frequency integrated doublon pro-
duction rate is given by Pi,i+1 [14, 16]. For the
experiment they have used a quantum degen-
erate 40K gas, prepared in a balanced spin mix-
ture of the mF = −9/2 and −5/2 magnetic
sublevels of the F = 9/2 hyperfine manifold.
Fig. 3 shows the doublon production rate Γ as a
function of the lattice modulation frequency ν.
The Esslinger group has further used this tech-
nique to measure nearest neighbor correla-
tions as a function of temperature, covering the
regime from a paramagnetic Mott-insulator to
a strongly interacting metallic state. The re-
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Figure 4: Comparison of the doublon production
rate computed by the slave boson theory of the Gi-
amarchi group and the experimental data obtained
by the group of T. Esslinger. The agreement is very
good. The method is versatile enough to be used
in more complicated cases than the two-component
boson systems.

sults are in good agreement with the predic-
tions of an ab initio theory without any fitting
parameters. In connection with this question,
the Giamarchi group has developed a slave bo-
son technique allowing to perform the calcu-
lation of the effects of the shaking. This tech-
nique allows to take into account at the mean-
field level the effects of the trap and the finite
temperature. The agreement with the experi-
mental results is excellent as shown in Fig. 4.
In addition, the Blatter group has studied [18]
the double occupancy at half-filling and found
a crossover in the nature of doublon-holon ex-
citations from a Fermi golden rule regime to
damped Rabi oscillations. The decay time of
excited states diverges at a critical modula-
tion strength, signaling the transition from free
doublons and holons to a dynamically bound
non-equilibrium state of doublon-holon pairs.
Another type of probe involving modulations
of optical lattices, but different from the am-
plitude modulation (shaking) studied above,
was developed in the Giamarchi group. A
modified shaking method in which the phase
of the optical lattice is modulated was pro-
posed [19]. With this technique, nicknamed
sieving, one measures the current-current cor-
relations in the system. This is thus a direct
way to probe the equivalent of the optical con-
ductivity of the systems, making it a valuable
probe for comparison with condensed matter
results or for studying the properties of disor-
dered systems. One can probe such effects ei-
ther by looking at the energy absorbed in the
system, or the doublon production rate just as
for the amplitude modulation.
Concerning the probing of cold atoms, a new
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Figure 5: The figure exemplarily shows in situ ab-
sorption images of atoms trapped in a 4 × 4 two-
dimensional square lattice with a site separation of
2.5 µm (left), and in a ring configuration (right) [20].

experimental apparatus has been set up in the
Esslinger group, which allows for local probing
and manipulation of an ultracold Fermi gas of
Lithium atoms on the length scale of one mi-
crometer, i.e. on the order of the Fermi wave-
length. An essential tool of the experimental
setup is a pair of identical, high-resolution mi-
croscope objectives. One of the microscope ob-
jectives allows for local imaging the trapped
Fermi gas of 6Li atoms with a maximum res-
olution of 660 nm, whereas the other enables
the generation of arbitrary optical dipole po-
tentials on the same length scale. Employing a
2D acousto-optical deflector, they have demon-
strated the generation of several trapping ge-
ometries (Fig 5). The lattice spacing can be
adjusted and resolved down to one microm-
eter. They have loaded and detected a small
number of atoms in these trapping potentials.
The small site separation of the lattice struc-
tures in combination with the low mass of 6Li
will result in sizable tunneling rates of about 1
kHz, thus providing a novel flexible route for
the realization of the Hubbard model and be-
yond [20].

3 Out of equilibrium physics

Cold atomic systems offer an exciting opportu-
nity to simulate quantum non-equilibrium dy-
namics of many-body systems. Therefore de-
velopment of theoretical tools and approaches
goes closely with experimental efforts. This
line of research has been pursued by several
groups.
In the Gritsev group, the theoretical activity re-
ported in the previous year is now supported
by the first experimental results. Thus, analy-
sis of the density fluctuations in an expanded
condensate has been reported by the group of
J. Schmiedmayer in Vienna [40]. The analy-
sis of the spectrum of these fluctuations re-
veals a wealth of information about a system.
Non-equilibrium analogue of the full distribu-

Figure 6: Time evolution of full distribution func-
tion for different integration lengths: panels (a) and
(b) are for small ratio of the integration length to
the spin healing length whereas the panels (c) and
(d) are for the corresponding large value. Left col-
umn is a 2D plot for the spin distribution function
in the x, y-plane and the right column is a projection
into the x-axis.

tion function, introduced in [21] (Fig. 6), which
provides a tool for deep and systematic anal-
ysis of non-equilibrium dynamics of quantum
many-body systems, has also been probed in
the same group in Vienna. Some experimental
results in this direction are reported in [41].
Non-equilibrium effects which were predicted
recently by the Gritsev group in dynamically
driven many-body spin-systems have been re-
alized now in the group of I. Bloch [42]. In
particular, their experiments represent a first
steps towards realization of basic quantum
gate element with cold atoms in the optical lat-
tices, a so-called SWAP operation. Moreover,
these experiments open up a possibility to cre-
ate strongly-correlated spin-states in control-
lable fashion, in a way they devised with Peter
Barmettler previously in [43].
In addition several new axis were pursued by
the Gritsev group

3.1 Slow dynamics and quenches (V. Gritsev)

Problems related to adiabatic dynamics in
many body systems have direct relation to
quantum annealing and quantum simulation.
Many prominent aspects of non-equilibrium
dynamics of many-body interacting systems
were revealed by the studies of adiabatic (slow)
dynamics. In particular they were able to char-
acterize the dynamics near quantum critical
points in terms of concepts borrowed from the
field of quantum information. These quanti-
ties, related to fidelity of the ground state, al-
low the definition of various susceptibilities to
the external drive of parameters and eventu-
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ally provide a useful basis for deriving uni-
versal properties of adiabatic dynamics close
to the quantum critical phases [22, 23]. Inter-
estingly, these universalities can be found not
only in condensed matter systems but also in
cosmology and string theory [24]. Another as-
pect of slow dynamics is the appearance of
geometric effects, characterized by the Berry
phase of the curved parameter space of quan-
tum systems. The geometric effects influence
non-equilibrium dynamics in a profound way,
thus, e.g., allowing the design of a new type of
probe for the nature of quantum critical points
in many-body systems. They found interesting
effects of interplay of dynamics and geometry
of the manifold of quantum states which show
up in dynamics near quantum critical points.
These fundamental issues are of direct exper-
imental significance, as demonstrated for par-
ticular models.
They also continued to work on quenches in
bosonic and spin-systems [25, 26] where they
found several intriguing dynamical phenom-
ena. There are ongoing experiments aiming to
observe the unusual dynamical behaviors re-
ported in these papers.

3.2 Novel approach to path integrals with spins
(V. Gritsev)

Recently the Gritsev group found a powerful
approach for studying dynamics of interacting
spin-systems. This approach uses a path inte-
gral formulation and a theory of Lie groups.
Its main step consists in a disentangling trans-
formation of the time-ordered exponent of ex-
pression which is linear in generators of a Lie
algebra. This idea leads them to a new tech-
nique which suggests various routes of further
studies. They have already demonstrated that
this method provides a non-trivial exact agree-
ment with dynamics of some exactly solvable
systems (e.g. many-body systems which can be
solved by the Bethe ansatz). They are going
to extend these ideas for many other systems.
They strongly hope that it can be a very useful
tool for either approximate or numerical treat-
ments of interacting quantum many-body sys-
tems, especially what concerns their dynamics.
One of the outcome of this approach for cur-
rent experiments in cold atoms is related to the
probe time-dependent correlation functions at
high temperatures (which are much larger than
the spin exchange coupling constant in current
experiments). It follows that in the long time
limit their approach predicts non-diffusive ex-
ponents for the spin-spin correlation functions.
It could be interesting to check these predic-

tions experimentally since this regime would
represent a simulator of dynamics of quantum
system at large temperatures.

3.3 Quantum systems in presence of an out of
equilibrium noise (T. Giamarchi)

Another direction for out of equilibrium
physics was pursued by the Giamarchi group.
They have studied quantum systems, such as
a noisy Josephson junction or a chain of ions
or dipolar molecules, which are subjected to a
1/ f noise. The question of quantum systems
in presence of an external bath is a very im-
portant question relevant for many experimen-
tal systems (see, e.g., work in that respect for
the MaNEP Projects 2 and 7). In that particu-
lar case, the important question to address is
whether such systems still retain the critical-
ity that is characteristic of quantum systems
at T = 0. In other words, is the noise sim-
ply acting as a temperature and heating the
system, taking it away from the T = 0 quan-
tum regime, or can a new regime exist? The
answer to this question is that quite surpris-
ingly the 1/ f noise leaves the system in a new
steady state regime which, although intrinsi-
cally out of equilibrium, retains critical states
and powerlaw decay of correlation functions.
Such a state can thus have the equivalent of
“quantum phase transitions” between differ-
ent quantum “phases”. However the system is
intrinsically out of equilibrium as can be seen
by measuring the response to an external per-
turbation, such as the one measured in Bragg
spectroscopy [27].

4 Collaborative efforts

Several collaborations exist between the differ-
ent groups in the project and across the MaNEP
projects.
Within the project, there were strong collabo-
rations between the Esslinger group and the
Troyer group in the comparison/analysis of the
experiments in the light of the numerical simu-
lations of the Hubbard model. There were also
interactions between the Esslinger group and
the Giamarchi group on the question of shak-
ing.
Across the MaNEP projects it is important to
notice that many of the concepts that were de-
veloped in the framework of this project can
be used potentially in the context of the other
projects. This is valid for the physics anal-
ysis, such as the results of the Mila or the
Blatter groups, but also in terms of the meth-
ods, both analytic, such as the ones of the
Gritsev group that can potentially be used for

111



MaNEP Research

other types of out of equilibrium situations,
but also on the numerical side. In addition
to the above-mentioned research works, sev-
eral reviews have been written. The first one
is a general course on basic interaction effects
in quantum systems and on low-dimensional
systems [28]. The second and third one are Re-
view of Modern Physics on the physics of (quasi-)
one dimensional systems [29], and on numer-
ical methods for impurity models [6], respec-
tively. These reviews have bearing both on the
cold atoms and condensed matter sides.
On that last point several developments that
occurred within the project are potentially use-
ful for other projects. In particular the Troyer
group has developed a diagrammatic quan-
tum Monte Carlo (DiagMC) algorithm for the
Hubbard model [30]. This algorithm sam-
ples connected Feynman diagrams instead of
the partition function and works successfully
in the correlated Fermi liquid regime of the
Hubbard model. They will use it in the fu-
ture to calculate phase diagrams and equations
of state of 2D and 3D fermionic gases (see
also report on Project 5, paragraph 8). They
have also improved on a proposal by Byczuk
and Vollhardt of a bosonic version of dynam-
ical mean field theory (B-DMFT) and devel-
oped a quantum Monte Carlo method to solve
the B-DMFT equations [31]. The algorithm is
very efficient and surprisingly it turns out that
the B-DMFT approximation can quantitatively
reproduce the phase diagram of a 3D Bose-
Hubbard model with errors of less than 2%,
making this an extremely good approximative
method.
The Troyer group has also developed and pub-
lished a major new version of the ALPS li-
braries and applications [32]. These develop-
ments are described in more details in Project 5,
paragraph 8.1.
There are also collaborations between the
Troyer, Mila, and Giamarchi groups in the
framework of the MAQUIS project to port the
standard numerical tools to massively parallel
architectures.
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[8]I T. A. Tóth, A. M. Läuchli, F. Mila, and K. Penc, Physi-
cal Review Letters 105, 265301 (2010).

[9] S. Schmidt and G. Blatter, Physical Review Letters
103, 086403 (2009).

[10]I S. Schmidt and G. Blatter, Physical Review Letters
104, 216402 (2010).

[11]I S. Schmidt, D. Gerace, A. A. Houck, G. Blatter, and
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[37] R. Jördens, N. Strohmaier, K. Günter, H. Moritz, and
T. Esslinger, Nature 455, 204 (2008).

[38] U. Schneider, L. Hackermüller, S. Will, T. Best,
I. Bloch, T. A. Costi, R. W. Helmes, D. Rasch, and
A. Rosch, Science 322, 1520 (2008).
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Techniques and know-how

Responsibles: Enrico Giannini (UniGE), Patrycja Paruch (UniGE), Andreas Schilling (UniZH), Ivan
Maggio-Aprile (UniGE), Christof Niedermayer (PSI), Philipp Aebi (UniFR), Urs Staub (PSI), Leonardo
Degiorgi (ETHZ), Matthias Troyer (ETHZ)

Summary: The nine techniques and know-how topics each represent a watch of techniques impor-
tant to MaNEP. Financial support for these activities is limited. Thus the proposed actions are mainly
carried out in a voluntary basis.

1 Crystal growth and bulk materials
processing

Responsible: Enrico Giannini (UniGE)

Following the rush for the Fe-based super-
conducting materials discovered in 2008, the
MaNEP crystal growth community has estab-
lished itself as a world reference in grow-
ing crystals of superconducting pnictides and
chalcogenides. In 2010, more than 25 publi-
cations from MaNEP members have profited
from single-crystalline samples of the various
pnictides and chalcogenides grown inside the
MaNEP laboratories (ETHZ, PSI and UniGE).
Most of these publications are the result of in-
tergroup collaborations among two or more
MaNEP institutions, confirming the strong col-
laborative work in this field of research. More-
over, dozens of publications from international
collaborations in general deal with materi-
als grown in MaNEP laboratories. An in-
tense research activity is still demanding crys-
talline materials to be grown with unique tech-
niques that are an asset of MaNEP laboratories,
namely the high-pressure growth (at ETHZ,
more than 15 related publications in 2010) and
the chemical vapor transport growth (at EPFL,
more than 25 related publications in 2010). On
the other hand, crystal growth via the travel-
ing solvent floating zone technique has estab-
lished itself as a highly versatile technique and
is nowadays mastered by three groups of three
MaNEP institutions (UniGE, PSI and Empa)
for growing crystals of an amazing variety of
materials: high-Tc cuprates (UniGe and PSI),
manganites (Empa and PSI), ferrites and cobal-
tates (PSI), Fe-chalcogenides (UniGe and PSI),
as well as the topological insulators Bi2Se3,
Bi2Te3, and Bi1−xSbx (UniGE). Nanostructured
materials for catalysis and gas-sensing have
been improved at the UniZH, thanks to the
progress achieved in the hydrothermal pro-
cessing technique. A new superconductor
(Cs0.8(FeSe0.98)2, Tc = 27 K) has been discov-

ered at PSI. The complementarity and the va-
riety of the techniques used and the materials
processed in the various laboratories allow to
meet the demand of the MaNEP community
and to promptly react to new discoveries and
new inputs.

New facilities

A Czochralski crystal pulling equipment is
being installed at UniGE. The home-made
furnace is designed to work under oxidiz-
ing atmosphere at very high temperature
(> 2200◦C), and the heating power is provided
by a 40 kW Stanelco HF generator. The fur-
nace is equipped with a high-precision com-
mercial pulling system (Cyberstar SA). This
new equipment will allow growing crystals of
various functional oxides, as well as dedicated
perovskite-based substrates for thin film de-
vices. The facilities existing at the UniZH for
the microwave-assisted hydrothermal (MW-
HT) synthesis of oxide nanomaterials have
been updated and further developed. A new
mirror furnace (CSI) is operating at Empa and
is mostly dedicated to high-temperature ther-
moelectric materials for environmental tech-
nologies.

New materials

The updated list of crystalline materials avail-
able within MaNEP can be find at the end of
this chapter, p. 120.

New actions

In fall 2010, MaNEP was represented by
K. Conder (PSI) at the “European Meeting
on Crystal Growth” organized by the Leibniz
Institute for Crystal Growth (IKZ) in Berlin.
With the aim of strengthening and boosting
the European activities and investments on
crystal growth, the following decisions were
taken. 1) The next European Conference on
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Crystal Growth (ECCG-4) will be organized
in Glasgow, 17–20 June 2012. The subse-
quent conferences are planned with period-
icity of 3 years (the previous ECCG-3 dated
from 1991). 2) A European Network of Crystal
Growth (ENCG) will be created as a precursor
of a future European Crystal Growth Associa-
tion. 3) ENCG will promote education in crys-
tal growth (schools, master courses). 4) Collab-
oration between science and industry should
be strengthened. The Swiss community of
crystal growers will be ready for these impor-
tant challenges.
Education on crystal growth techniques will
be one of the topics of the satellite tutorial
day accompanying the next Swiss Workshop
on Materials SWM 2011 (Les Diablerets, June
28, 2011). The course aims primarily at grad-
uate students and will specifically focus on
the technical aspects that are usually not de-
tailed in scientific presentations. Emphasis will
be placed on processing techniques used for
growing the most important materials treated
in the SWM 2011.

2 Thin film growth and characterization

Responsible: Patrycja Paruch (UniGE)

During the year 10 reporting period, thin films
have continued to play an important role in
MaNEP, with ongoing work on bilayers and
superlattice structures from many different
groups. A new thin film effort in chemical va-
por deposition of graphene was also initiated.
Although this fascinating material with signif-
icant application potential had excited great
international research interest, including No-
bel Prize recognition for the researchers who
first demonstrated and studied single-layer
graphene, it was not strongly represented in
MaNEP. To allow access to high-quality single-
layer graphene to different MaNEP groups,
and allow a rapid reaction to continued ad-
vances in this field, a one-time MaNEP tech-
niques and know-how post-doctoral fellow-
ship was awarded for 2 years to Dr. Christophe
Caillier, who has begun work in December
2010 on optimizing graphene growth on cop-
per crystals, and transfer onto target substrates
where its properties can be accessed.
We have also proposed a series of satellite tuto-
rials focused on different themes in techniques
and know-how, targeted primarily at gradu-
ate students, which will accompany the bien-
nial Swiss Workshop on Materials. The aim of
these courses is to present in depth the details
of specific experimental techniques useful in
modern physics and materials science, includ-

ing applications and advantages, problems or
artifacts, and possible routes to troubleshoot-
ing, allowing students to understand the tech-
nique, rather than focus on a specific set of re-
sults obtained with it, as in a standard scientific
presentation. The first set of three tutorials on
thin film deposition, crystal growth and scan-
ning probe microscopy will be offered on 28
June, 2011 at Les Diablerets in the frame of the
next Swiss Workshop on Materials SWM 2011.

4 Scanning local probes techniques

Responsible: Ivan Maggio-Aprile (UniGE)

In condensed matter physics, there is a grow-
ing interest in using local probes to investi-
gate, characterize or manipulate materials at
the nanometer scale. It is therefore becom-
ing quite common in conferences to hear about
measurements obtained with these techniques.
However in most cases, the audiences have
only a general idea of local probes, and do not
possess the required knowledge to catch up
what can be really achieved using these tech-
niques. This year, a one-day tutorial on ex-
perimental techniques will be provided as a
satellite of the Swiss Workshop on Materials
SWM 2011, on 28 June, 2011, at Les Diablerets.
One of these will focus on local probes, pro-
viding a broad overview of the different tech-
niques, focusing on technical aspects, their per-
formances and possible applicability, as well
as the problems associated with these sensitive
techniques and the possible artifacts encoun-
tered in the measurements. This tutorial is ded-
icated to graduate students.

5 Neutron scattering and muon spin reso-
nance

Responsible: Christof Niedermayer (PSI)

Neutron scattering developments

First successful tests for the development of a
neutron reflectometer optimized for measure-
ments of small thin film and multilayer sam-
ples with a surface area in the mm2 range have
been performed. A prototype set-up with a
2 m long elliptically focusing guide element
has been realized on the neutron reflectometer
AMOR at PSI and resulted in a gain factor of al-
most 10. This result demonstrates the potential
of focusing elements for future neutron scat-
tering instrumentation. The design and test of
novel neutron guide concepts can be realized
on the newly built flexible test beamline BOA.
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Substantial progress has been made in the
construction of the thermal triple axis instru-
ment EIGER. The primary spectrometer was
completed, including assembly and mechani-
cal testing of the monochromator shielding as
well as alignment and installation of the dou-
bly focusing monochromator. After comple-
tion of the secondary spectrometer the thermal
instrument will significantly extend the avail-
able energy range for inelastic neutron scatter-
ing experiments.

Muon spin spectroscopy (µSR) developments

A new spin rotator was designed and con-
structed for the low-energy µSR (LEM) beam-
line. With this new device the time evolu-
tion of the muon spin polarization in longitu-
dinal magnetic fields can be determined. Such
measurements will have a huge impact for the
study of dynamic magnetic processes in thin
films and multilayers.
Key components of the new high magnetic
field spectrometer have been developed and
tested. The superconducting 9.5 T magnet per-
forms according to its specifications (field ho-
mogeneity of a few ppm and a field drift of
less than 1 ppm/h). A cryogen free horizon-
tal dilution refrigerator extends the tempera-
ture range into the mK regime. Avalanche pho-
todiodes directly coupled to a fast plastic scin-
tillator were shown to be competitive to photo-
multipliers in terms of gain and photon detec-
tion efficiency, but are insensitive to magnetic
fields.
Novel research areas in condensed matter
physics and chemistry will become possible
with the commissioning of the high-field µSR
instrument. Examples are high-field stud-
ies of the flux line lattice in unconventional
superconductors, quantum critical behavior
in low-dimensional magnets and interplay of
magnetism and superconductivity in high-
temperature superconductors, including the
pnictides.

6 Electron spectroscopies

Responsible: Philipp Aebi (UniFR)

After the delivery of the endstation for the
soft X-ray ARPES experiment at the ADDRESS
beamline and extensive commissioning during
the last period, very recently now first experi-
ments have been performed with excellent re-
sults. It turns out that the beamline delivers 1
to 2 orders of magnitude better flux than other
existing soft X-ray beamlines. The photon en-
ergy range of this beamline allows for so-called

high-energy ARPES around 1 keV. It is more
bulk sensitive and therefore more adequate for
the determination of the 3D electronic struc-
ture. The first pilot experiments are scheduled
and full user operation will follow.
The other planned beamline, the PEARL beam-
line, has also progressed. PEARL stands
for PhotoEmission and Atomic Resolution
Laboratory and will be specialized for pho-
toelectron diffraction experiments combined
with STM/AFM on nanostructured surfaces of
novel materials. Here the frontend at the bend-
ing magnet has been installed and the endsta-
tion is close to be ordered. The perspective is
that first test experiments can start end of 2011.
Another positive development is the planned
upgrade of the ARPES laboratory at UniFR (P.
Aebi). Motivated by the transfer of the lab from
Neuchâtel to Fribourg, adequate funds have
been granted by the Faculty of Science, the
Adolphe Merkle Institute and R’Equip (SNF).
The new setup includes Laser ARPES and
a sample transfer system which is compati-
ble with the STM and pulsed laser deposition
(PLD) system at UniFR and the PEARL endsta-
tion.
ARPES experiments are very often interpreted
in terms of the one-particle spectral function
and the matrix elements are neglected simply
because there is no practical manner of evaluat-
ing them. Nevertheless, their knowledge may
be crucial. Now there is a density functional
theory based program package available, the
so-called Munich SPR-KKR program package,
which allows for one-step calculations (includ-
ing the matrix elements). Recently there was a
hands-on workshop on this, where members of
the Fribourg group participated. It is now eval-
uated how useful/userfriendly this package
is, in order to help spread it to other MaNEP
groups.
Finally, another edition of the international
workshop on ARPES and strong correlations,
CORPES11, is being prepared to be held in
Berkely this summer. It is organized with the
contribution of members of MaNEP and the
PSI. As for CORPES09, held at PSI, it brings to-
gether world leaders in photoemission and the-
orists working on correlated electron systems.

7 X-ray elastic and inelastic scattering

Responsible: Urs Staub (PSI)

For the technique of X-ray elastic and inelastic
scattering, a one day workshop was organized
at the Swiss Light Source (SLS), at PSI, by M.
Grioni (EPFL) and U. Staub (PSI). The purpose
of the workshop was to gather all interested
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groups and persons within MaNEP to discuss
resonant X-ray techniques and their possible
applications to the understanding of the prop-
erties of materials with novel electronic prop-
erties. It began with tutorials on X-ray absorp-
tion (XAS) (F. Nolting, SLS/PSI), resonant X-
ray diffraction (U. Staub) and inelastic resonant
X-ray scattering (RIXS) (M. Grioni) aimed at
young scientists, PhD students and postdocs.
After lunch, Pietro Gambardella (University
of Barcelona) gave an invited lecture on mag-
netic atoms, molecules, and nanostructures in-
vestigated by polarized X-ray absorption spec-
troscopy. This was followed by an overview
of the possibilities offered at the Swiss Light
Source. In this part, most of the beamlines
and experimental options offering resonant X-
ray techniques were presented by the repre-
senting beamline staff members. This included
techniques such as extended X-ray absorption
fine structure (EXAFS), microscopic XAS ap-
plications as well as several types of reso-
nant soft and hard X-ray scattering techniques.
There were then two short contributions by
participants on the applications of RIXS and
XAS to prototypical cuprates and magneto-
electric PZT/LSMO heterostructures, respec-
tively. The workshop was rounded up by a dis-
cussion on needs, questions and wishes. Af-
ter closing the workshop, a tour to the repre-
sented experiments around the SLS were given
for those who wanted to see the experiments
in real life. This event was a great success,
with approximately 30 participants, with ac-
tive questions and discussions, involving sev-
eral MaNEP groups from Geneva, Fribourg,
Lausanne, Zurich, Empa and the PSI. Most of
the participants were postdocs and PhD stu-
dents (Fig. 1). Due to the success and the
mostly young participants, it is foreseen to
organize a second small one day workshop
in early 2012, with a slightly different focus.
The idea is to shift the subject from more ab-
sorption based techniques to more scattering
techniques. This will include non-resonant
diffraction (which was intentionally excluded
in the previous workshop to keep a clear fo-
cus), which notably can be performed on the
newly refurnished materials science beamline
at the SLS.

8 Infrared spectroscopy

Responsible: Leonardo Degiorgi (ETHZ)

There is a broad know-how on optics within
the Swiss scientific community, particularly as
far as the infrared (IR) spectroscopy is con-
cerned. Three research groups at UniGE (D.

Figure 1: Attentive audience of MaNEP Workshop
on Resonant X-ray Techniques on November 2, 2010
at PSI

van der Marel), UniFR (Ch. Bernhard) and
ETHZ (L. Degiorgi) exploit a wealth of optical
techniques, like reflectivity and transmission
measurements, broadband ellipsometry, time
domain THz and Kerr-effect spectroscopy, as
well as IR-microscopy. These methods allow
covering a rather broad energy interval from
the THz up to the ultraviolet, which is the pre-
requisite for having access to all energy scales,
relevant to the nowadays modern problems in
condensed matter. It is also worthwhile to
emphasize the combination of those spectro-
scopies with externally tunable variables like
temperature, magnetic and electric field, and
also pressure. Several important progresses
were recently made in advancing the available
setups. Worth mentioning are the following
advancements:

• The ETH group successfully installed a
new generation spectrometer (Bruker Ver-
tex 80v) and is in the process to adapt the
sample holder in order to allow data col-
lection for sample under externally tun-
able moderate pressures. This latter set-
up plays an important role for the investi-
gation of pressure-induced single domain
(i.e. totally detwinned) iron-pnictide su-
perconductors.

• The Geneva group recently developed
two systems for magneto-optics: (i) The
first system is based on time-domain THz
magneto-optics. This system is equiped
with a superconducting magnet providing
fields up to 2.5 T at cryogenic tempera-
tures, and can be used routinely for mea-
surement of the Faraday rotation, elliptic-
ity and optical constants of right-handed
and left-handed photons in the frequency
range from 1 to 100 cm−1. (ii) The sec-
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ond one, using Fourier transform infrared
spectroscopy and a split-coil magnet, has
been equipped for magneto-optical Kerr
and Faraday effect in the frequency range
of 20 to 600 cm−1, fields up to 7 T, and tem-
peratures between 2.5 and 300 K. Accu-
racy was demonstrated to be sufficient for
detecting the Faraday rotation of mono-
layer graphene.

There is furthermore an ongoing effort to co-
ordinate and exploit all available synergies
and know-how among the three Swiss groups,
in order to optimize the employment of this
large variety of spectroscopic tools. In this
respect, a relevant role is played by the in-
frared (IR) beamline at the Swiss Light Source
(SLS) which is now in operation for more
than one year and where important progresses
were achieved. The IR microscope allows to
perform, with a diffraction limited spot size,
spectro-microscopy in transmission and reflec-
tion. Moreover, measurements with an ATR
objective are possible. This analytical tool
opens-up new perspectives in fields like con-
densed and soft matter physics, chemistry and
life science, to name just a few. Spectroscopy
experiments at higher pressure using the dia-
mond anvil cell have been conducted success-
fully. Equipment to perform spectroscopy at
lower temperature using the small spot size is
also available. The SLS facility attracts scien-
tists from different institutions and boosts the
collaboration within (but not only!) the groups
of the MaNEP network.
Finally it is worth mentioning that the 9th
conference on Low Energy Electrodynamics
of Solids (LEES) took place in July 2010 in
Switzerland. Experts on optical spectroscopy
from all over the world gathered at this meet-
ing. The know-how on optical spectroscopy in
Switzerland was involved through MaNEP sci-
entists acting as a conference chair, as local or-
ganizers and as program committee members.

9 Theoretical and numerical methods

Responsible: Matthias Troyer (ETHZ)

Software development

Software and algorithm developments are de-
scribed in the various research projects. For
clarity, these are all reported together hereafter.

a) High Performance and High Productivity Com-
puting (HP2C) With the start of MAQUIS
project (Modern Algorithms for QUantum In-
teractions Systems) the technology platform

on computational and theoretical methods
has been very active in the field of soft-
ware development for future numerical sim-
ulations. This collaboration between three
MaNEP groups (T. Giamarchi (UniGE), F. Mila
(EPFL) and M. Troyer (ETHZ)) had obtained a
grant of 1’200’000 Swiss Francs from the Swiss
High Performance and Productivity Comput-
ing (HP2C) initiative, to hire software engi-
neers for three years.
This year, all the software developers have
been hired and work has started on the devel-
opment of next-generation high-performance
simulation codes for quantum Monte Carlo
methods, the density matrix renormalization
group (DMRG) method, exact diagonalization,
series expansion and new tensor network algo-
rithm. After one year of this collaboration, the
codes are approaching production quality. Col-
laborative scientific projects within MaNEP us-
ing these codes are now being planned.

b) ALPS 2.0 We have developed and pub-
lished a major new version of the ALPS li-
braries and applications. ALPS 2.0 contains
new applications, such as dynamical mean
field theory solvers, and a code for time-
dependent DMRG simulations. Other major
changes in release 2.0 include the use of HDF5
for binary data, evaluation tools in Python,
support for the Windows operating system, the
use of CMake as build system and binary in-
stallation packages for Mac OS X and Win-
dows, and integration with the VisTrails work-
flow provenance tool.

Algorithmic developments

Algorithmic developments by MaNEP teams
have been discussed in this report already with
the individual MaNEP projects. Here we pro-
vide a short summary of those developments.
We have also written a review article about
the recently developed continuous time quan-
tum Monte Carlo algorithms for dynamical
mean field theory which are currently being
employed for simulating correlated materials
and ultracold atomic gases.

c) Tensor network methods We have im-
proved new two-dimensional generalizations
of the density matrix renormalization group
method, especially the infinite system PEPS
method. The main achievements of the last
year were the implementation of abelian sym-
metries in these algorithms, and the develop-
ment of tensor network algorithms for quan-
tum magnets built from non-Abelian anyons
instead of standard SU(2) spins.
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Another development was new tensor-
network algorithms for electronic structure
calculations. These are higher-dimensional
generalizations of the density matrix renor-
malization group method and our article is
the first development of such a method for the
electronic structure of molecules.

d) Quantum Monte Carlo methods We have
developed a diagrammatic quantum Monte
Carlo (DiagMC) algorithm for the Hubbard
model. This algorithm samples connected
Feynman diagrams instead of the partition
function and works successfully in the cor-
related Fermi liquid regime of the Hubbard
model. We will use it in the future to calcu-
late phase diagrams and equations of state of
2D and 3D Hubbard model in the moderately
correlated regime.
We have improved on a proposal by Byczuk
and Vollhardt of a bosonic version of dynami-
cal mean field theory (B-DMFT) and developed
a quantum Monte Carlo method to solve the

B-DMFT equations. The algorithm is very ef-
ficient and surprisingly it turns out that the
B-DMFT approximation can quantitatively re-
produce the phase diagram of a 3D Bose Hub-
bard model with errors of less than 2%, making
this an extremely good approximative method.

Summer school on numerical methods

In the framework of this technology platform
we have organized a summer school on nu-
merical methods, held at ETHZ from 13 to
18 September, 2010. Swiss participants were
funded by MaNEP and the school was cofi-
nanced by CECAM and the European Science
Foundation. Topics covered included Monte
Carlo methods, density matrix renormaliza-
tion group, series expansion, and dynamical
mean field theory. The theoretical lectures were
complemented by hands-on tutorials using the
ALPS software and lectures by experimental-
ists.
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3Knowledge and technology transfer

Technology transfer is a process that ensures that scientific and also technological tool developments
are accessible to a wider range of users and general public in general. To be effective, the technology
transfer process requires a dynamic approach, that should be both proactive and iterative. This is
particularly the case with industry, where the concrete exploitation of basic research and technology
into new products and applications depends on several factors. The KTT-related MaNEP activities
are therefore structured into three main directions which are: continuous contacts and discussions
with industry and general public, the establishment of joint projects, and the setting up of internal
and external activities for a sustainable technology transfer.

3.1 Contacts with industry

Sécheron

Sécheron is specialized in the design and fab-
rication of high-voltage switches and current
breakers for electric power applications in gen-
eral. The physics of electric arc interruption is
closely related to the electronic and metallur-
gical properties of alloys used in the electric
contacts. The metallurgy laboratory of Dr. En-
rico Giannini has been working together with
research engineers from Sécheron. This collab-
orative work has covered the preparation of
a CTI proposal (under way), and continuous
support and services in sample analysis and
characterization in general.

Caran d’Ache SA

Caran d’Ache SA is a renowned Swiss manu-
facturer of writing instruments and related ac-
cessories. New materials and coatings are of
particular interest for their products. MaNEP
has been invited for visits to their factory in
Geneva, and MaNEP activities and laboratory
equipment have also been presented to the
company. The process of gathering mutual
knowledge of skills was completed by selec-
tive, successful research support tasks. As a
consequence of these preliminary work, sev-
eral potential projects have been identified.
These projects cover both functional appli-
cations of thin film technology and micro-
metallurgy, as well as decorative applications.
A CTI project has been defined, and will be
submitted shortly.

LAC Engineering SA

LAC Engineering SA (Laboratory of Advanced
Coatings) is a small Swiss company specialized
in surface coatings based in Plan-les-Ouates,
near Geneva. LAC produces a range of dif-
ferent film types, namely alloys, high-purity
metals, nitrides and carbides, amorphous car-
bon, polymers, oxides, etc. These materials are
compatible with a variety of substrates: noble
metals, alloys, steels, ceramics, polymers, sap-
phires, diamonds, etc. In particular, LAC of-
fers physical vapor deposition (PVD) coatings
that are suitable for functional and/or decora-
tive applications. The ultra-thin layers are de-
posited in such a way as to retain the original
surface finish, e.g. satin, milled or mirror fin-
ish, and to achieve the tolerances required in,
for example, microtechnology assemblies. As
with Caran d’Ache SA, the potential of collabo-
rative work with MaNEP has successfully been
promoted. The established synergy with LAC
stems from the fact that the company offers
mostly customized solutions, in particular for
the watch industry. The changing nature of the
industry requirements demands increased flex-
ibility in the design of new coatings. MaNEP
has provided access to the analysis of the in-
tegrity of the coatings by AFM and SEM and
this has opened the door for new applications,
and also for new contacts with other industries.
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MaNEP Knowledge and technology transfer

Figure 1: Technology transfer: desktop X-Ray flu-
orescence analysis was introduced to the tool ma-
chine industry.

3.2 Projects

Cut-and-coat project with
AgieCharmilles

AgieCharmilles (a company of the +GF+
group) is a worldwide leader in electrical dis-
charge machining (EDM). EDM is a well devel-
oped technology that is used to cut and shape
a wide variety of conducting materials. The
present project, part of the SNF-supported eco-
nomic stimulus package “cut-and-coat process by
wire-EDM project”, aims at producing surface
and sub-surface alloys by combining EDM ma-
chining and new electrode materials. The pro-
duced surface alloys should improve mechani-
cal properties such as wear and friction behav-
ior, and also increase the corrosion resistance
of the machined parts. The main idea of the
project is to combine the possibilities of cut-
ting precise and complicated metal parts by
electrical discharge machining, together with
the ability to deposit functional coatings on the
surface of the machined parts. The research
work is focused on the exploration and fine-
tuning of new machining parameters, like the
peak current, to produce homogeneous surface
alloys. An important part of the research plan
concerns the chemical analysis of the surface of

Figure 2: 25 mm × 25 mm “checkerboard”
demonstration sample on stainless steel 316L. Dark
squares: surface alloy synthesized by the modified
EDM process.

Figure 3: Iterative approach with test samples to
create multiplier effects. Several companies are be-
ing approached, and the new process will be tested
on functional parts, for which the cut-and-coat pro-
cess can provide a clear commercial/technical ad-
vantage.

the machined parts.
In a real situation of technology transfer, this
was achieved by extensive use of a Roenalytic
ComPact eco X-ray fluorescence desktop ana-
lyzer. This instrument was installed close to the
laboratory at the AgieCharmilles plant to pro-
vide rapid feedback for the iterative tuning of
machine settings (Figs. 1 and 2, see also report
on Project 3, paragraph 5.2).

Multiplier effects in industry

In this project, test workpieces will be pro-
duced and tested under real conditions. The
results will be displayed to trigger interest
among potential customers of the technology.
This process is illustrated in the diagram of
Fig. 3.

Asulab

This project is a MaNEP contribution to the
“Clean car initiative” launched by the late
Nicolas Hayek. The partners are Asulab
(the R&D division of the Swatch Group) and
the Belenos Holding SA. Belenos is in charge
of designing and constructing an hydrogen-
powered car, with the support of Asulab. The
present project, which is carried out with the
support of the CTI, aims at developing tailored
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hydrogen sensing devices that are cheaper and
more selective than those currently available.
This objective is being achieved by using thin
film technology and novel materials under-
going H2-induced metal-insulator transitions.
This project benefits from both the experience
of Prof. Klaus Yvon’s group in the field of mate-
rials for hydrogen storage, and the cumulated
expertise in thin film growth of Prof. Øystein
Fischer’s team. Hydrogen fuel cells will cer-
tainly play a key role in future energy scenar-
ios. And mass markets such as H2 powered
vehicles and H2 production units for residen-
tial areas require H2 detectors and sensors on a
very large scale.

SwissNeutronics

Inside the SNF-supported economic stimulus
package “Neutron optical devices for small sam-
ples” project, we are working together with
SwissNeutronics on the focusing of neutrons
for tiny samples (the sample size will be in
the range of few mm3). The project covers
three main tasks: (1) multichannel focusing
guides/lenses; (2) adaptive focusing optics and
(3) the new reflectometer concept Selene.
At the beginning of the project we performed
extensive Monte Carlo simulations to figure
out the optimal design of prototypes for all
three main tasks. The proposed prototypes for
task (2) and (3) were built and tested success-
fully in 2010. The simulated prototype for a
multichannel neutron lens will be realized in
2011. The expected increase in neutron flux on
5× 5 mm2 sample area is around 10− 15 (cal-
culated for the BOA beamline at SINQ/PSI).
For the new reflectometer concept Selene we
have already demonstrated that a gain factor in
neutron intensity of almost 10 (in comparison
to the existing reflectometer AMOR at SINQ)
can be reached.
Now we are working on an improved version
where an additional gain factor of 10 is aimed.
The adaptive focusing optics — task (2) — is
also making good progress. The first proto-
type was tested in beginning of 2010 and it
guided us into a second fully-motorized pro-
totype which came into operation in Dezember
2010. Neutronic tests will be realized soon.
The results of the MC simulations were
presented on the neutron optics workshop
NOP2010 in Alpe d’Huez (France) and it is
planned to present the new results from 2010
on the European Neutron Scattering Confer-
ence in Prague (July 2011).

Glass micromachining

This is a new research and technology trans-
fer project launched in October 2010. The main
goal of the project is to develop a glass mi-
cromachining technology for microfluidics and
general engraving applications. A proposal
has been submitted to the Interreg authorities
of West Switzerland, together with the Claude
Bernard University from Lyon (Prof. Didier
Léonard), the French company EREO SAS from
Saint-Genis-Pouilly, and the genevan watch
manufacturer Vacheron Constantin. The pro-
posal has received full support and this two-
year project is moving forward at quick pace.
Technically, the glass machining method is
based on what is known today as spark as-
sisted chemical engraving (SACE). SACE is
an unconventional micromachining technol-
ogy based on electrochemical discharge phe-
nomena on insulating glass. The innovative
content of the project lies in the transposition
of STM-like axis control of the sparking dis-
tance, and the simultaneous use of spectro-
scopic measurements to characterize and mon-
itor the energy of the sparks (Fig. 4). The
project has thus the double objective of achiev-
ing improved accuracy and control but also to
gather a better understanding of the physical
process.

Oxygen sensor with higher resolution

This project aims to develop electrochemi-
cal sensors (O2, H2, O3) with higher resolu-
tion. It was initiated early in 2010 as part
of the SNF-supported economic stimulus pack-
age “electrochemical sensors with higher reso-
lution project”. The initial starting industrial
partner of the project, Nirva Industries, has
now ceased activities related to electrochemi-

Figure 4: Machining glass at the microscopic scale
using STM tools and expertise.

125



MaNEP Knowledge and technology transfer

cal sensors. MaNEP is thus in the process of
incorporating a new industrial partner into the
project. Technically, it has transferred MaNEP
STM electronics expertise to design a new am-
plifier setup for the oxygen sensor. Basically,
STM-approved ultra-low leakage current am-
plifiers (leakage current of 20 − 200 fA) have
been used to design a new measuring circuit
that is able to measure sensor currents five
times smaller than in the commercial electron-
ics. Still in analogy with STM instrumenta-
tion, to minimize noise and wiring effects, the
amplifier circuit has been miniaturized to be
placed in the head of the sensor, very close
to the current generation source. Minor me-
chanical modifications are under way to fin-
ish this milestone. A mechanical sampling sys-
tem is being designed to measure the oxygen
content in small packaging units (for exam-
ple the Nespresso capsules). The system will
use a microneedle to extract the gas from the
capsule, and the high resolution of the oxy-
gen sensor will help to determine trace levels
of air resulting from defective packaging. This
sampling system will serve for demonstration
purposes (multiplier effects) and collaborative
work with industries producing air-free pack-
aged products (food, cosmetics, pharmaceuti-
cals).

Marking technology for watch compo-
nents

This project is described in detail in chapter 2,
on Project 3. It is a particular case in technol-
ogy transfer. The marking technology devel-
oped so far can be used in several industrial ap-
plications, of which the high-end watch indus-
try is probably the most demanding in terms of
performance and quality of results. The joint
project with Vacheron Constantin is structured
in such a way to provide a two-way technology
transfer, in the sense that watchmaking skills
can be “learned” and implemented later on to
further develop peripheral devices required for
series production, for medical applications for
example.

3.3 Sustainability of technol-
ogy transfer

The applied superconductivity labora-
tory

Research on applied superconductivity at the
University of Geneva plays a key role for
the Department of Condensed Matter Physics

(DPMC) and the Applied Physics Group (GAP)
at the University of Geneva, as well as for
MaNEP. The study and the development of
new materials and their applications in super-
conductivity is a key objective for the DPMC.
Until August 2010, research on applied super-
conductivity has been conducted by Prof. René
Flükiger. He has established and developed
fruitful collaborative work both with indus-
try (for example Bruker-BioSpin) and interna-
tional research institutions (CERN). Among the
newest results, several “world records” of the
superconducting critical current density have
to be pointed out. These outstanding results
have been achieved with both “conventional”
and high-Tc superconductors. The expecta-
tions of industry and the general public about
superconductivity are very high. It has there-
fore been decided to further continue research
activities in applied superconductivity, after
Prof. Flükiger’s retirement, under the respon-
sibility of Prof. Alberto Morpurgo. Dr. Carmine
Senatore is taking the operational lead of these
activities. He is a young scientist with a very
good experience in applied superconductivity.
He has already deployed research activities in
the group of Prof. René Flükiger. This appoint-
ment should ensure a continued research activ-
ity in applied superconductivity at the Univer-
sity of Geneva, which is a renowned institution
in this field.

The development of high performance MgB2
wires is one of the main scientific and tech-
nological objectives for our collaboration with
Bruker-BioSpin. Bruker-BioSpin envisages the
use of MgB2 wires for economical NMR mag-
nets operating at 20 K (low field / low reso-
lution magnets) and also as a partial replace-
ment of the cost intensive Nb3Sn wires in the
high resolution systems operating at 4.2 K. In
the frame of the project “Development of MgB2
wires with high critical current densities for
economical NMR magnets at 4.2 and at 20 K”,
founded through the economic stimulus package,
a new processing method for the MgB2 wires,
the cold high pressure densification (CHPD),
was developed. Wires submitted to CHPD ex-
hibit a large enhancement of the critical cur-
rent at temperatures between 4.2 K and 30 K,
over the whole range of magnetic fields. De-
tails about the method are presented in chap-
ter 2, on Project 3. This technique opens new
way for the industrial processing of MgB2 and
offers new perspectives for a widespread use
of this material.

The use of thin films in superconducting fault
current limiters has been studied in Øystein
Fischers group. This activity is since the begin-
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Figure 5: The Geneva Creativity Center has started
activities in 2010 by promoting meetings and cre-
ative brainstorming.

ning of the third phase of MaNEP under the re-
sponsibility of Michel Decroux. This research is
now focusing on the use of coated conductors
for this application. Preliminary discussions
are presently conducted between Carmine Sen-
atore and Michel Decroux to develop synergies
and collaborations between the two groups.

The Geneva Creativity Center

The Geneva Creativity Center (GCC) was ini-
tially proposed by MaNEP, who developed the
first ideas towards this new structure. GCC
is now a collaborative approach between the
University of Geneva, the HES-SO in Geneva,
the Office de Promotion de l’Industrie et la Tech-
nologie (OPI) et the Union Industrielle Genevoise
(UIG) (Fig. 5). This organization is now being
implemented with the support of the Geneva
authorities. The vision of the GCC is to pro-
mote a closer interaction between scientists
and engineers from academia and the univer-
sity of applied sciences (HES-SO), and people
from industry, including engineers and man-
agers. The goal is to foster technology trans-
fer by creating the adequate space for prelim-
inary interactions that should help to identify
the most promising opportunities. The GCC is
also a bridge between the University and the
HES-SO, a bridge that should catalyze projects
where complementary skills and knowledge
can work together in synergy. Under the im-
pulsion of Dr. Carmine Senatore (appointed by
the University of Geneva) and Nicola Gian-
domenico (appointed by HES-SO), the first ac-
tivities of the GCC have started. Meetings and
brainstorming sessions have been already car-
ried out with a first round of industries, and a
programme of activities has been prepared for
2011.

The MaNEP Development Lab

The sustainability of technology transfer re-
quires developments and facilities that encom-
pass basic research activities. For example, a
key vector for a successful technology transfer
is the availability of working prototypes and
demonstrators (Fig. 6). In technology trans-
fer, prototypes play the same role as scien-
tific articles in basic and fundamental research.

Figure 6: Example: Bluetooth technology has been
implemented for measurements on electrochemical
sensors using a commercial mobile phone.

By displaying a new technology in a con-
crete way, prototypes and demonstration de-
vices create the necessary awareness to awake
interest among potential industrial partners.
However, this requires the availability of sup-
plementary laboratory space specifically dedi-
cated to industry-related work. In order to fa-
cilitate the design and construction of proto-
type devices, a dedicated laboratory space has
been created: the MaNEP Development Lab.
These new MaNEP laboratories are located in
the Centre de Technologies Nouvelles in a mod-
ern building of the industrial zone of Plan-les-
Ouates, near Geneva (Fig. 7).
These new facilities have started operations by
elaborating the required electronics and soft-
ware in the framework of the SNF-supported
economic stimulus package (cut-and-Coat and
electrochemical sensors). With an easy access
from the highway, and the availability of meet-
ing rooms, this modern space constitutes a new
asset for MaNEP activities related to technol-
ogy transfer.

Figure 7: The “Centre des Technologies Nouvelles”
building, where the MaNEP Development Lab has
been set up in 2010.
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4.1 Education and training

4.1.1 Doctoral School

PhD students: statistics for 2010

In 2010, the number of MaNEP Geneva PhD
students has increased slightly to 22, due to
five arrivals — three women and two men —
and only three departures. The majority of this
staff is constituted by international students, as
only 6 of the 22 have graduated from the Uni-
versity of Geneva. Interestingly, the full group
of PhD students presents an outstanding 32%
of women.

Teaching activities

The two first semesters of the course Applica-
tions of the Many-Body Formalism in Condensed-
Matter Physics took place as announced in
spring and autumn 2010, and will be followed
by a last semester in spring 2011. The latter
will focus on experimental techniques, starting
with a presentation of angle-resolved photoe-
mission by Dr Claude Monney from PSI. The
course is attended regularly by 11 PhD stu-
dents.

Conférence Universitaire de Suisse Occiden-
tale (CUSO) doctoral program in physics

The Doctoral Program in Physics, which is an
evolution of the 3ème Cycle de la Physique en Su-
isse Romande, was launched in January 2011
(see http://physics.cuso.ch). All MaNEP-
Geneva PhD students are registered to this pro-
gram, and gain access to a variety of activi-
ties. These include the usual series of high-
quality lectures that the 3ème Cycle has been
organizing since many years, as well as new
courses devoted to generic skills such as project
or career management, scientific writing, etc.
(see the program at http://competences.
cuso.ch/en/activities). The teaching of the
MaNEP doctoral program also becomes part of

the offer and is available to all students regis-
tered to the CUSO program.

4.1.2 PhysiScope Genève

Summary

The Physiscope has been running for a third
successful year. Attendance is still increasing.
Since its inauguration in 2008, over 5000 vis-
itors, school children and VIPs alike, enjoyed
a performance on physics. The PhysiScope
has participated in several events over the past
twelve months, such as the Science week with
nine shows presented at CERN’s Globe of Sci-
ence and Innovation and the Nuit de la Science.

A third successful year

The PhysiScope is a public science-theatre and
laboratory operated jointly by MaNEP and the
Physics Section since 2008 at the University of
Geneva. This endeavor strives to motivate the
younger generations to embrace a scientific ca-
reer and introduce the general public to some
of the current scientific challenges in physics.
To do so, the PhysiScope offers a close and per-
sonal encounter with physics through interac-
tive and entertaining shows.
Maintaining high standards and ensuring
a constant renewal of its presentations are
paramount to the long term durability of the
PhysiScope. Hence, special attention is de-
voted to developing new content to convey the
fascination of science in an attractive manner.
Two new shows dealing with colors, and with
waves and light have been prepared. A new
show about the scientific method has also been
added this year.
The PhysiScope relies on a team of 10 assis-
tants who develop the content and take turns
presenting the shows as part of their teaching
duties. With attendance peaking at four shows
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Figure 1: Screen shot of the new webpage. Graphic
design: J. Behar; web design: L. Prodon and N. Wolf.

per day during several weeks, this makes for
a busy schedule. As part of the consolidation
effort of MaNEP by the University of Geneva,
the PhysiScope obtained a new position for a
full time technician. His tasks include the safe
and effective operation of the PhysiScope, as
well as the development and construction of
new demonstrations in collaboration with sci-
entists.
The PhysiScope activities were featured in
a number of newspaper articles and sev-
eral publications, including the bulletin of
the Swiss Physical Society (SPG Mitteilun-
gen/Communications de la SSP) and the Clés de
l’Ecole, a magazine of the Geneva Department
for Public Education. In an effort to improve
our communication and visitor information,
the PhysiScope webpage (Fig. 1) and the on-
line reservation tool have been completely re-
designed (www.physiscope.ch).

Collaborations and outreach

Over the past twelve months, the PhysiScope
has taken part in a number of public outreach
events and developed new collaborations. In
summer 2010, the PhysiScope, MaNEP and the
Physics Section contributed to the Nuit de la
Science in Geneva. A range of new experiments
were presented to the public on a 100 m2

display, some broadcasted by the Télévision
Suisse Romande in the main evening news
(http://www.tsr.ch/video/info/journal-
19h30/2259448-geneve-la-nuit-de-la-
science-a-eu-lieu-ce-week-end.html).
During the summer holidays, the PhysiScope
has opened its doors for the first time to
the Passeport Vacances, with four groups of
25 children (10 – 13 and 13 – 15 years old)
spending an afternoon playing with physics.
The PhysiScope has also participated in an
open day for young children organized by the
University of Geneva in the frame of Futur en
tous genres.

Figure 2: Young visitor experimenting the state of
matter.

In October 2010, the PhysiScope performed
nine shows in CERN’s Globe of Science and In-
novation during the Science week for primary,
secondary, high school students and the gen-
eral public. These were the first performances
of the PhysiScope team outside the Physics Sec-
tion, with a record attendance of 180 people for
a single show.
From February to May 2011, the Physi-
Scope and the CERN communication office co-
organized an educational project called Dans la
peau d’un chercheur. Its aim is to introduce pri-
mary school children to the scientific procedure
at tackling a problem. It is a follow up to last
year’s Dessine-moi un physicien lead by CERN
which was a great success reported by several
local French and Swiss newspapers.

ChimiScope offspring and special guests

The PhysiScope has again been a very popular
stage for numerous VIP visits to the University
of Geneva and the Faculty of Science. We are
proud to report the Wilsdorf Foundation and
a delegation of the Geneva Rotary Club among
this year’s visitors. The whole of the Rectorat of
the University of Geneva and the CERN press
office did both celebrate their Christmas party
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with a show at the PhysiScope. Finally, the
PhysiScope hosted a school from Denmark and
a specialized class for children with high po-
tential from Geneva.
The PhysiScope has inspired a first offspring
within the Science Faculty of the University of
Geneva. 2011 is “Year of Chemistry”, and on
that occasion the chemistry department in col-
laboration with local industrial partners, has
initiated the setup of a ChimiScope. The Physi-
Scope team is sharing its experiences and pro-
vides advice for this endeavor whose opening
is expected for June 2011.

Acknoledgments

The PhysiScope thanks the foundations
H. Dudley Wright, Mark Birkigt and E. Bon-
inchi for their continued support. We further
acknowledge support from the University of
Geneva, the Faculty of Science and the Geneva
department of public education.

The PhysiScope team 2010/2011

Executive committee: Ch. Renner (presi-
dent), Ø. Fischer, M. Pohl, J.-G. Bosch,
O. Gaumer, A. Bonito Aleman. Model maker:
C. Corthay. Assistants and students: U. Can-
nella, N. Curtz, A. Erie, L. Favre-Quattropani,
A. Fête, S. Gariglio, F. Glass, S. Henin, D. Kam-
bly, C. Lichtensteiger, D. van Mechelen, M. Ri-
naldi, P. Sekatski. Teachers: R. Achimescu,
A. Bardiot, D. Boehm and B. Gisin.

4.1.3 Swiss Physical Society (SPS)
meeting

The general meeting of the Swiss Physical So-
ciety (SPS) was held on June 21–22, 2010 at
the University of Basel. As on previous re-
cent occasions, different NCCRs — including
the three NCCR in physics — were invited to
participate to the event. The NCCR MaNEP
contributed with a parallel session extending
through the entire duration of the meeting. A
total of 138 scientists, including 59 PhD stu-
dents, participated to this session, which con-
sisted in 22 oral presentations (6 invited and
16 selected among the submitted abstracts) and
in 100 poster presentations (thereby represent-
ing the largest among all parallel sessions that
have taken place at the meeting). In addition,
Professor Molenkamp from Wurzburg Univer-
sity — who recently received the EuroPhysics
prize for his work on topological insulators —
was invited to give a plenary talk, which was
attended by a large audience.

4.1.4 LEES 2010 — conference on
Low Energy Electrodynamics
in Solids

From July 5 to 10, 2010 more than hundred ex-
perts on low energy spectroscopies of solids
came from all corners of the world to les Dia-
blerets for the biannual conference on Low En-
ergy Electrodynamics in Solids (LEES).
Some 50 talks and 50 posters were presented
on the properties of graphene, superconduc-
tors, heavy fermions, metal-insulator transi-
tions and topological insulators. The meeting
took place with the precision of a Swiss watch
due to the fact that everyone showed up as
announced. The posters and talks were ex-
tremely well prepared, well attended, truly in-
teresting, and provoking many scientific dis-
cussions, which were conducted outside on the
lawns of Les Diablerets thanks to the excellent
weather.
One of the highlights was the attribution of the
Ludwig Genzel Prize to Alfred Leitenstorfer
for pushing the limits of ultrafast optical spec-
troscopy and applying it to fundamental prob-
lems in condensed matter physics.
LEES 2010 has benefited from financial sup-
port by MaNEP, the Department of Condensed
Matter Physics and the Sciences Faculty from
UniGE, The Swiss National Science Founda-
tion, Bruker, LOT, the Paul Scherrer Institute,
Andor, Quantum Design and Teraview.

4.1.5 Swiss Swedish Workshop

A workshop on the topic of “Quantum Mate-
rials and Quantum Circuits” between Swedish
and Swiss took place on January 7 to 9, 2011, at
Les Diablerets, Switzerland. The meeting was
organized by Øystein Fischer, MaNEP and Dag
Winkler, Chalmers, Sweden. 20 researchers
from each country were present and the meet-
ing focused on several topics of common scien-
tific interests to researchers from the two coun-
tries. The organization was largely carried out
by MaNEP and among the 20 Swiss partici-
pants a majority was members of MaNEP. Rep-
resentatives from the SNSF and VR in Swe-
den were present and informed the partici-
pants about possibilities for support for com-
mon projects.

4.1.6 MaNEP Winter School 2011

From 9 to 14 January 2011, the fourth MaNEP
school, the second in the winter after the suc-
cessful one in 2009, was organized in Saas-Fee.
The program of this school was set under the
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Figure 3: Participants to the fourth MaNEP Winter
School in Saas-Fee.

guidance of Professor B. Batlogg together with
Professors C. Bernhard, T. Giamarchi, L. Forró,
A. Morpurgo, M. Sigrist and A. Zheludev. 66
students, postdocs or professors attended this
school (Fig. 3).
The scope of this school was focused on the
physics of new peculiar states of electronic
phases. This is a very large scope, which cov-
ers almost all the scientific activities within
MaNEP. From the survey realized in 2009, the
participants emphasized that this event has to

Winter School 2011

Program

Basic lectures
Charge and spin response
Christian Bernhard
University of Fribourg

Electronic properties
Antoine Georges
CPHT, Ecole Polytechnique Paris

Quantum magnets
Andrey Zheludev
ETHZ

Specialized lectures
100 year of superconductivity
Hans-Rudolf Ott
ETHZ

Topological insulators
Ashvin Vishwanath
University of California, Berkeley

Pnictides
Mike Norman
Argonne National Laboratory

Ferroelectrics and multiferroics
Patrycja Paruch
University of Geneva

Molecular semiconductors
Yoshi Iwasa
Tohoku University

This winter school will introduce modern 

themes related to emergent states of 

electronic matter. 

A broad introduction will be given in three basic courses, 

covering the topics of electronic properties and basic 

phenomena, experimental studies of spin and charge 

responses and quantum magnetism. More specialized courses 

will cover topological insulators, molecular semiconductors, 

pnictide superconductors, multiferroics, and a century of 

superconductivity.

The school is for doctoral and young post-doctoral associates. 

A background in general solid-state physics is sufficient to 

participate. The courses will be taught in English.

Program Committee
Bertram Batlogg (Chair), Christian Bernhard, Laszlo Forró, 
Thierry Giamarchi, Alberto Morpurgo, Manfred Sigrist, and 
Andrey Zheludev.

Organization
Michel Decroux, Adriana Aleman, Marie Bagnoud, Christophe 
Berthod, Gregory Manfrini.

Applications should be made via the MaNEP web site

(http://www.manep.ch/en/events/saasfee11)

where further information can be obtained.

Closing date for applications is October 31, 2010.

4th MaNEP Winter School
9–14 January 2011 in Saas-Fee

Emergent States of
Electronic Matter

Figure 4: Poster announcing the fourth MaNEP
Winter School in Saas-Fee.

be a school, not a conference. For this edi-
tion we have carefully renewed the spirit of the
2009 edition where, for the first time, we have
proposed a program build around three basic
subjects. This edition was therefore organized
around three basic courses, each course having
three lectures of two hours. That made possible
to develop in detail the basic concepts required
to have a better understanding of the four dedi-
cated lectures. These three basics courses were
perfectly given by Professors C. Bernhard, A.
Georges and A. Zheludev. The three dedicated
lectures, which have the aim to present the
state of the art in this domain, were given by M.
Norman, P. Paruch and I. Iwasa (Fig. 4). Unfor-
tunately, A. Vishwanath was not able to attend
this school and his lecture was canceled.
Finally the forth dedicated lecture, dealing
with the centennial of the discovery of super-
conductivity in 1911, was magisterially given
by Prof. H.-R. Ott. This lecture was followed
by a special dinner (superconducting fondue or
raclette).
The survey realized at the end of this school
confirmed that all the participants had greatly
appreciated this school. Minors objections
were made about organization, accommoda-
tion, but a large majority found this winter
school fantastic.
The success of this edition is coming essentially
from the high level of the lectures given during
the week. Therefore we would like once again
to thank warmly all the lecturers for the quality
of the courses they presented.
In addition we would like to warmly thank
G. Cravotto and G. Manfrini for the work they
did by taking care of all the inherent problems
related to the organization of this event (mate-
rial aspect, printing, badges and coffee breaks).
M. Bagnoud at the beginning and P. Cugny for
the end of the school overtake the responsibil-
ity of the administrative organization of this
school and also share part of the work done
by G. Cravotto and G. Manfrini. Finally a spe-
cial thank to A. Bonito Aleman and C. Berthod
for their great help to set up the web site and
for disseminating the information all over the
MaNEP community.
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4.2 Advancement of women

4.2.1 Summer internships

For the seventh year, the MaNEP internship
program was organized for all the female stu-
dents working within the MaNEP network. In
2010, MaNEP supported ten candidates: 5 at
EPFL, 2 at UniFR, 1 at ETHZ, 1 at PSI and 1
at UniGE. All these internships were very suc-
cessful. For several female students, the in-
ternship has convinced both parties to continue
their collaboration at the PhD level. In addition
to that, two exchange programs were launch
for men students.
As it has been pointed out in the previous re-
port, we do not restrict these internships to
candidate interested to continue in domains re-
lated to MaNEP activities, but we offer this op-
portunity to all the female students whatever
is their interest for the future of their carer. By
this way, MaNEP is an important structure to
give a chance to a female student to be con-
fronted with the reality of research.
At the end of their internship, the candidates
were asked to write down a short text describ-
ing their personal experience during this stay,
about their ability to manage research, how
they improve their self-confidence and if this
internship modify their career strategy. We
give hereafter parts of these texts.

• [...] I had chosen to work with Prof. Sigrist
on superconductivity before I entered the
MaNEP program. However, the scope
provided by the internship as opposed to
a simple semester research project has sig-
nificantly influenced my experience. Be-
ing employed, for the duration of the
project, I had a seat in one of the offices
and was thus able to get to know the
group members through lunch, seminar
and other activities in a way I had never
experienced in previous research projects
that were part of the curriculum. I bene-
fited from this close contact in many ways:
I was able to discuss direct aspects of my
project as well as general questions on pro-
gramming calculations, I gained insight
into the projects of the others and also
learnt how a PhD at ETH works.

This experience did not change my career
strategy but rather confirmed my plans
and encouraged me to carry on this way.
It is nice to know that what you think you
like to do is actually working out.

• My internship took place at EPFL (short
for École Polytechnique Fédérale de Lau-
sanne) in July and August. During that
period, my job was to examine the ther-
mal conductivity properties of CNT (Car-
bon nanotube) samples prepared by a PhD
student at the institute. I did a lot of labo-
ratory work, which helped to improve my
practical skills a lot. [...] I can safely say
that I have become very familiar with the
laboratory in a few days thanks to my su-
pervisors, Richárd Gaál and Laszló Forró
and the PhD students working there. I
managed to improve my English, mostly
in the use of laboratory terminology. I
really got to experience the life of an ex-
perimental physicist, which helps me de-
cide how to go on with my studies. I
personally think that this internship was
a great step towards a successful career
in Physics. Last, but not least, I have
made a lot of relations and met people
who remained my dear friends even up
until now. I would recommend it to any-
one who is hard working ambitious.

• [...] Ich denke, dass ich in dem Monat
des Praktikums sehr viel gelernt habe. Vor
allem im selbstständigen Experimentieren
und im Umgang mit den Messinstru-
menten habe ich viel praktisches Wissen
gesammelt und Selbstvertrauen gewon-
nen. Da ich - was vielleicht ein wenig
typisch für Frauen ist - in meiner Kind-
heit und Jugend nicht sehr viel Kontakt
mit Technik hatte, habe ich hier noch
einen gewissen Nachholbedarf. Ich würde
sagen, dass mir das Praktikum ein paar
Berührungsängste mit Technik genommen
hat. [...]

Allgemein kann ich sagen, dass mein
”physikalisches Selbstvertrauen” durch
das Praktikum gewachsen ist. Ich
hatte vorher oft daran gezweifelt, ob
ich selbstständig eine Forschungsar-
beit durchführen könne, und hatte
eine gewisse Hemmung, einfach mal
an Geräten herumzuprobieren. Diese
Zweifel sind natürlich nicht komplett
verschwunden, denn ich habe während
des Praktikums ja auch gemerkt, dass
die Arbeit anspruchsvoll ist, dass es viele
Möglichkeiten gibt, Fehler zu machen
und dass man viel Wissen und Erfahrung
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braucht, um zu experimentieren. Im
Großen und Ganzen jedoch habe ich
während des Praktikums gelernt, mir
mehr zuzutrauen, bei Problemen einfach
zu fragen und auch, dass jeder einmal
Fehler macht. [...]

Finally, all the female students who have par-
ticipated to the internship 2010 received the
new Agenda 2011 des femmes/der Frauen to re-
mind them during 2011 that MaNEP did some-
thing specially dedicated for the women

4.2.2 New developments

As announced in the last report, together
with the Equality Office of the University of
Geneva, we prepared a survey that we sent at
the beginning of the summer 2010 to all the

women researchers in MaNEP. In this survey,
we prepared questions to evaluate the current
work and to see how to promote new activ-
ities devoted to the advancement of women
(AOW). We considered three important points
for the AOW program to follow and ori-
ented the questions of the survey consequently.
1. We should encourage more young women
to choose science, particularly physics. 2. We
should encourage women physics students to
continue their careers in research. 3. We should
consider the situation of women researchers
(PhD students and post-docs, in particular)
and help them combine professional and fam-
ily life.
19 questionnaire out of a total of 31 were re-
turned. These are in the process of being
treated and the results will be dealt with before
the end of year 10.
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The main event of 2011 will be the celebration the 100th anniversary of the discovery of that fascinat-
ing physics phenomenon — superconductivity. Certainly the preparation for the festivities marked
the year 2010. The development of a program, collaboration with partners, scientific validation and
experiments preparation, etc., the Communication staff is coordinating every aspect of this event.
The creation of special events for this centennial will certainly reinforce our links among MaNEP
members as well as with our academic and industrial partners and is a golden opportunity to reach
out to a wide audience of decision makers and the general public. Moreover, in 2010, MaNEP had
regular contact with the media thanks to graphene, as the scientists who discovered it received the
Nobel Prize for Physics. It was a great opportunity to highlight MaNEP’s research in this area. Other
important events were the Wright Colloquium on “Quantum Revolution” with brilliant speakers,
the Nuit de la Science in Geneva, as well as a special visit by a group of Swedish Scientists.

5.1 The superconductivity centennial

Figure 1: Logo (french and english versions) pro-
posed for the superconductivity centennial to all
Swiss partners.

In 2011, the centennial of the discovery of
superconductivity will be celebrated around
the world. MaNEP is launching a large pro-
gramme of collaboration with many different
partners and is playing a coordinating role in
Switzerland (Fig. 1). In 2010, a great deal of
time and effort was put into organizing these
festivities.
Vital collaboration is being carried out with the
University of Geneva (UniGE) and the Phy-
siScope, the Paul Scherrer Institute (PSI), the
Swiss Physical Society, CERN, Europhysics-
Fun (a cooperative project between European
physics shows, which work towards forming
a community of science shows), the Museum
of the History of Sciences in Geneva, the well
known Bâtie Festival in Geneva, as well as the
University of Paris XI. Moreover, MaNEP is
also working closely with Bruker Biospin AG
for one particular project. Collaboration is at all

levels including exchange of services, equip-
ment loans, common organization and techni-
cal support.
MaNEP and the PSI plan to celebrate the cen-
tennial of superconductivity for the Institute’s
open house day. Events for the general public
will be organized with an attractive and com-
prehensive programme that will be approved
soon.
In Geneva, MaNEP, the University of Geneva
and the PhysiScope are planning on organiz-
ing several special events in April as well as
in the autumn of 2011. They will be meant
for the general public (families), schools, deci-
sion makers and the media. The actual day of
the discovery of superconductivity is the 8th of
April and MaNEP will be active in April with
open days at the PhysiScope. A daily one hour
show on superconductivity will be offered to
the general public for a week. Moreover, a joint
press conference with CERN will be organized
for the media. This will be an excellent op-
portunity to promote research in our labs and
highlight many important results.
In September and October, Science and Art will
work hand in hand to highlight the “magic”
of superconductivity. This include an exhibi-
tion about superconductivity with a work of
art on display by the artist Etienne Krähenbühl
who will illustrate the phenomenon. In 2010,
collaboration between the artist, scientists and
technicians strongly evolved, always under the
watchful eye of the filmmaker (Fig. 2). More-
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Figure 2: Filming and discussion between scien-
tists, technicians and the artist in the Art-Science
project. A work of art incorporating the supercon-
ductivity will be inaugurated in autumn 2011.

over an artistic performance by the company
Exos where the phenomenon of levitation will
be shown will be proposed. A family day
with experiments, demonstrations, laboratory
visits, shows, and a grand conference for the
general public are also planned. Full details
will be announced in April. We would like
to emphasize the fact that we have launched
a fund raising campaign and the achievement
of these projects depends on whether we re-
ceive these funds. A communication coordi-
nator was hired to support the communication
officer with the organization of these events.

5.2 The secrets of graphene

The 2010 Nobel Prize for Physics was awarded
to Profs. Andre Geim and Konstantin
Novoselov of the University of Manch-
ester (UK) for their discovery of graphene.
Graphene is a new material, consisting of a
regular lattice of Carbon atoms, only one atom
thick. With less than 6 years passed from the
discovery, the unique properties of graphene
are at the focus of worldwide research in dis-
ciplines as diverse as biology, chemistry and
engineering, with great potential for future
applications. MaNEP scientists are involved
in research in graphene. Some MaNEP groups
were amongst the first to start working in
this direction after the original discovery of
graphene, and are actively collaborating with
the two Nobel Laureates. Indeed, this Nobel
Prize was a terrific opportunity for MaNEP to
communicate to the media about its activities.
Thus, in October 2010, there were reports on
MaNEP’s research in both the newspaper Le
Temps and the Télévision Suisse Romande. There
was also a broadcast on Euronews showing

films of MaNEP’s labs. This Nobel Prize gave
some of our scientists an excellent opportunity
to publicize their research with the Swiss
media and be personally introduced to media.
Graphene never ceases to surprise us. Thus,
in the autumn of 2010 physicists from UniGE
discovered a new optical effect at the heart
of the world’s thinnest material. This result
was published in the journal Nature Physics in
January 2011 and covered by a press release.
Against all odds, MaNEP researchers observed
the rotation of light of very large amplitude at
the heart of graphene, a rotation that makes
the material usable in new optical applications.
More details can be found in chapter 2, on
Project 2. This discovery was echoed in the
media, namely Frankfurter Allgemeine Zeitung,
la Tribune de Genève, Horizons/Horizonte, as
well as on www.physcicsworld.com, www.
myscience.ch, www.futura-sciences.com,
www.2physics.com, www.etudiant.ch or
www.enviescope.com web sites.

5.3 UniGE staff evening event

MaNEP continues its partnership with the
company Exos. In 2009, the troupe gave an ex-
tract of their work to a limited audience at the
ITU World Telecom and then to scientists of the
School of Physics at UniGE. On May 20, 2010,
no fewer than 2000 employees of the UniGE
strongly applauded part of their show during
the staff evening event (Fig. 3). Being closely
linked with the show, MaNEP was very vis-
ible during this event. Many people discov-
ered MaNEP and its research through the show
“La supraconductivité mise en scène”, but also
through various communications created for
the occasion, such as invitations, posters ad-
vertising the show (Fig. 4) and posters promot-
ing MaNEP and its activities. This partner-
ship continues and an artistic creation will be

Figure 3: Exos show on supercondctivity in part-
nership with MaNEP presented on May 20, 2010.
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Figure 4: Poster for the Exos show on supercondc-
tivity, in partnership with MaNEP, on May 20, 2010.

shown for the first time to the general pub-
lic as part of the superconductivity centen-
nial in partnership with the Bâtie Festival in
Geneva. The Exos Show may then go on tour
to MaNEP’s academic partners and theaters.

5.4 The sky was the limit for
physics during the Nuit de
la Science

The Nuit de la Science took place on 11 and 12
July in Geneva (Fig. 5) in which MaNEP, the

Figure 5: Exchanges, discoveries and discussions
were held during all the Nuit de la Science.

Figure 6: Young people discovering unusual de-
vices especially created for the Nuit de la Science.
Top: how to be weight on a string board? Cen-
ter: how do crystals grow? Bottom: how do inter-
faces move and propagate?

PhysiScope and the Physics section of UniGE
joined forces to create the booth of all records
(in term of size). It was a great success and
the public came out in force. Unusual devices
were provided for this event: sitting on a 5 me-
ter spring board and bouncing up and down
to find out your weight in order to understand
how to weigh very light elements (Fig. 6, top);
seeing crystals grow (Fig. 6, center); discover-
ing the laws of physics of interface by dipping
your drawing into colored water (Fig. 6, bot-
tom); making square soap bubbles; observing
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atoms with a scanning tunneling microscope;
and many other experiments that drew fasci-
nated crowds.
The media came out in force to report on our
activities, the Tribune de Genève had three arti-
cles on 2, 8, and 12 July 2010, Radio Suisse Ro-
mande on 9 July 2010, and on the evening news
of 11 July 2010 on the Télévision Suisse Romande.

5.5 2010 Wright Colloquium
“Quantum revolution”

MaNEP was actively involved in the organiza-
tion and promotion of the 2010 Wright Collo-
quium which was entitled “Quantum revolu-
tion” and took place from November 15 to 19
at the University of Geneva (Fig. 7). The sci-
entific director of this event was Thierry Gia-
marchi, a MaNEP professor. It was an oppor-
tunity for the general public to explore, in the
company of five internationally renowned spe-
cialists — Jochen Mannhart, Wolfgang Ketterle,
Alain Aspect, Rainer Blatt and David Gross,
two of whom were Nobel Prize Laureates —
some of the fascinating aspects of quantum
mechanics, which are also part of MaNEP’s
research. The Wright Colloquium welcomed
over than 800 people every night. After each
lecture, members of the audience were able to
participate at round table discussions by ask-
ing questions. Unfortunately many questions
from the public were unable to be answered at
these sessions through lack of time. However
the public were able to write down their ques-
tions which were then transferred to our scien-

Figure 7: Hydrogen eigenstate with spin. Illustra-
tion: B. Thaller and Etienne & Etienne used for the
Wright Colloquium poster.

Figure 8: Members of the Physics Class of the
Swedish Royal Academy of Sciences visiting labs
last November.

tists, answered and published on the web site
www.questionsur.ch from TSR Découverte.

5.6 Visit of the physics class
of the Swedish Royal
Academy of Sciences

MaNEP and the Physics section of UniGE wel-
comed the physics class of the Swedish Royal
Academy of Sciences, on 11 November 2010.
About fifty guests attended presentations by
professors from MaNEP and the physics sec-
tion, and visit labs (Fig. 8) and the PhysiScope.
Among them were members of the Physics No-
bel Prize Committee. The visit, led by the Di-
rector of MaNEP, was not only a unique oppor-
tunity to hold discussions and exchanges be-
tween scientists, but also a chance for internal
communication.

5.7 MaNEP in the media

MaNEP and superconductivity were in the
spotlight of the magazine ISO Focus+ in
November, as MaNEP director, Øystein Fis-
cher, was invited to give an interview. The
magazine generally interviews personalities
from around the world such as the Director
General of the ILO or of the WTO, or the CEO
of Royce Rolls, and is aimed at decision mak-
ers in governments and international organi-
zations. A great way to raise MaNEP’s and
superconductivity’s visibility with this impor-
tant audience! An excellent opportunity to
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demonstrate the importance of MaNEP’s re-
search is its regular presence in high profile
scientific magazines, as the Nature publica-
tions or Physical Review Letters. For example,
in January 2011, Nature Physics featured three
MaNEP/UniGE articles.

5.8 Several other outreach ac-
tivities in year 10

MaNEP experts were invited to give talks for
the general public, like Prof. Christoph Ren-
ner with “Atomes à portée de main, synthèse
et maı̂trise de la matière à l’échelle ato-
mique”, Culture&Rencontres, Collège de Saus-
sure, Geneva, in January 2011 and “La
matière à l’ère des nanotechnologies”, Collège
Rousseau, Geneva, in February 2011. Anke
Weidenkaff delivered a conference at the
Berner Chemische Gesellschaft entitled “Was
kann die Festkörperchemie für die Energi-

etechnik tun ?”, in November 2010.
Moreover, this year, we have made an at-
tractive new poster for high-school students,
which illustrates the University of Geneva’s
Department of Condensed Matter Physics and
MaNEP. It showcases the work of researchers
in this area with opportunities in industry. This
poster is displayed in physics classrooms of
secondary schools in Geneva and is thought-
provoking for teachers. It will also be used
in training courses for teachers. Moreover,
MaNEP is actively collaborating with commu-
nications officers from the Sciences Faculty of
UniGE, via a special “cell”. This not only en-
ables us to share information and coordinate
activities vis-à-vis the media, but also to dis-
cover new communication tools. We have also
created MaNEP notepads that are given to par-
ticipants at our conferences. The usual chan-
nels of communication work well. In 2010,
three issues of the e-newsletter were published
and the website has evolved dynamically ac-
cording to news and events.
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Whereas during the last 10 years we have considered MaNEP largely as one homogeneous research
team, the approach of the end of MaNEP and the question of a stabilization of its activities beyond
2013 has increasingly led the director and his team to follow two very different paths: the stabiliza-
tion of MaNEP Geneva which largely depends on the local authorities and the Geneva Grand Conseil,
on the one hand, and the stabilization of the network which can only depend on institutions at a
national level and for which at present no possible approach is offered to the NCCRs by the SNSF or
the federal authorities, on the other hand.

6.1 Stabilization of MaNEP Geneva

Following the strategic goals of the NCCR pro-
gram, the University of Geneva has since the
beginning of MaNEP started to reinforce the
research field represented by MaNEP. These ef-
forts have been reported yearly in the MaNEP
progress reports.
The approach to stabilization of MaNEP
Geneva has three distinct aspects: a) the finan-
cial one, providing an increased budget, b) the
human resources one, reorienting positions in
the scientific orientation of MaNEP, and c) the
institutional one, giving MaNEP the status of a
legal unit in the Geneva University system.

Financial aspects

Within the first years of MaNEP, MaNEP
Geneva received an important budget increase
through the University development plan.
This reinforcement of the budget was contin-
ued by the transfer of personnel and funds
for consumable. In 2009, the MaNEP direc-
tor took over the responsibility of the crystal-
lography laboratory and the budget was trans-
ferred to the MaNEP budget. The present
sum of these transfers amounts to a budget
of 1’980’000 CHF. Within the University Con-
vention d’objectifs (COB) with the Geneva Gov-
ernment (Conseil d’Etat) 2009 – 2011, an allo-
cation of a budget of 1’500’000 CHF was de-
cided. This is in the final phase of realization.
Finally, the new COB 2012 – 2015, not yet final-
ized, foresees an additional budget increase of
500’000 CHF.

Human ressourses, professor positions

Since the beginning of MaNEP, 5 new pro-
fessors have been appointed in the topic of
MaNEP, of which 2 were reorientations and
one new position was established. Further-
more, the open professor position for crystal-
lography has been reoriented in the direction
of MaNEP. As a part of this policy, Prof. An-
toine George (Collège de France) is about to be
appointed part time (20%) professor in Geneva.

Institutional stabilization of MaNEP

The present goal is to establish a new institute
at the University of Geneva which shall take
over the activities of MaNEP Geneva. The fact
that this will make a very strong and large con-
densed matter physics activity at the faculty
of sciences in Geneva, and the fact that within
Physics, Mathematics and Astronomy there are
other very strong scientific activities as well,
has led the MaNEP director and the Rectorat,
as well as the Physics section, the Mathemat-
ics section, the department of Astronomy and
the Faculty of Science to consider the stabiliza-
tion of MaNEP as the nucleus of a much larger
project. This project plans to rethink the scien-
tific projects of the various partners, to stimu-
late synergies between them and to regroup all
these activities in a new center, meaning a new
building.
We started to work on this larger project in
2007. The present situation is that we are work-
ing on elaborating a detailed project in which
we are working closely with architects, man-
dated to elaborate this project by a large Foun-
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dation in Geneva. The present elaboration is
based on a convention between, in particular,
the Canton of Geneva, the Foundation, and the
University. The preproject is planned to be
ready by August 2011.

Our plan is to discuss with all the partners in
this project the organizational structure dur-
ing the coming year and to establish formally
the new institute containing the continuation
of MaNEP during year 12 of MaNEP.

6.2 The MaNEP network

Another strategic goal strongly encouraged by
the SNSF has been to build networks between
researchers at different institutions in order to
reinforce the impact of Swiss research on a
world wide scale. We consider it as a ma-
jor success of MaNEP that a broad national
network has been established and that abroad
the name MaNEP is largely associated with
this success. MaNEP has practically become a
Swiss trademark.
Whereas the idea that the University of Geneva
takes over the high level of activity installed,
thanks to the NCCR, at the leading house
can be well planned, the responsibility for the
longer term structural efforts concerning the
network can only be decided at the national
level and the responsibility for this strategic
goal is clearly with the Swiss National Science
Foundation and with the State Secretariat of
Education and Research (SBF).
The question of the continuation of the MaNEP
network after 2013 was discussed during the
last year in the scientific committee and in the
MaNEP Forum. A first white paper was elabo-
rated by Thierry Giamarchi and other members
of the scientific committee and discussed at the
last Forum in January 2011.
Following this, the director took the initia-
tive to contact the director of one of the other
NCCRs, Thomas Stocker of the NCCR Climate.
In fact, only some NCCRs have a broad na-
tional network and therefore have the problem
we face in MaNEP. The NCCR Climate is one
that has a similar network situation.

On March 5, 2011 the NCCRs MaNEP and Cli-
mate sent in a common white paper to the
Swiss National Science Foundation to propose
that a new instrument be funded to support the
most successful national networks. The execu-
tive summary of this white paper reads:
The Swiss National Science Foundation’s program
of National Centres of Competence in Research
(NCCR) has established highly successful science
networks in Switzerland. They have demonstrated
long-term excellence in research. The foreseen clo-
sure of two NCCRs working in areas of strategic na-
tional priority puts these highly efficient networks
at serious risk, and hence the competitiveness of
Swiss research in these topics at the international
level is at stake. In response, this White Paper
proposes the establishment of a new instrument,
the Swiss Networks of Excellence in Research and
Teaching (NEXT). This new initiative would pre-
vent the fragmentation of research in Switzerland,
which would be caused by the closure of NCCRs in
science topics of strategic significance whose inter-
national competitiveness fundamentally depends on
inter-institutional cooperation. It is proposed that
NEXT will be established by the State Secretariat
of Education and Research (SBF) by 2013, and will
guarantee the next step in the development of Swiss
research and training networks in areas of strategic
national priority with a budget of 3 to 5 Mio CHF
per year and network.
At the moment of writing this report a
roundtable discussion on this proposal is being
planned by the SNSF.
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7.1 Activities

The MaNEP management has been active in all
the aspects of running MaNEP in year 10 on the
one hand, and has been increasingly involved
in the efforts to prepare the future of MaNEP
after 2013, on the other hand.

MaNEP in 2010

There were several new arrivals to the staff of
MaNEP this year. Marie Viry Obataya was
hired from March to July 2010 as a tempo-
rary secretary to help with the Progress Re-
port and to provide assistance in the secretariat
in anticipation of the accounting report year
9. During the summer, Edward Coutureau
joined the NCCR as the new administrative as-
sistant to closely assist the Director with the
preparation of MaNEP’s future projects after
2013. In December, Christophe Schwarz was
hired as the successor of Marie Viry Obataya
to complete the secretariat team. During this
same period, Daria Lopez Alegria and Julien
Pitton joined MaNEP as consultants to the di-
rector bringing with them their know-how in
strategic development as well as the realiza-
tion of multi-partner projects. David Parietti
was hired as a temporary communication coor-
dinator to support our communication officer,
Adriana Bonito Aleman, with the preparation
of the Superconductivity Centennial. Last but
not least we are currently looking for hiring a
KTT officer to replace Matthias Kuhn who left
MaNEP at the end of October 2009.
During the year, the MaNEP administrative
manager, Marie Bagnoud, has been increas-
ingly involved in the effort we are carrying out
to stabilize MaNEP Geneva after to 2013. The
fact that the MaNEP secretariat has taken over
the secretarial assistance of the laboratory for
crystallography has this year also led to an in-
creased work load of the management team.
As a result, Pascal Cugni and Elizabeth
Guéniat have taking more responsibility in

the financial aspects and the human resources
management respectively. In order to meet
the temporary increased work load the em-
ployment of Christophe Schwarz has been in-
creased from 50% to 80%. And the activity rate
of Pascal Cugni has been increased from 60%
to 80%.
On the administrative side, this year has been
characterized by an effort to complete the in-
formation contained in NIRA 2.0 concerning
the personnel and the finances, and especially
the relations between the two, requested by
the FNS data base system. The new scien-
tific structure of MaNEP in Phase III has re-
quested an important effort of the manage-
ment to adapt the administrative and account-
ing structures to this situation. This new ad-
ministrative structure is now in a steady state.

Implications of the management in
the effort to stabilize MaNEP after
2013

Following the recommendations of the Review
Panel members to continue MaNEP beyond
Phase III, the management has been increas-
ingly involved in MaNEP efforts to find ways
to maintain the NCCR activities after 2013.
On the financial side, the University of Geneva
is increasing the budget for MaNEP through
their Convention d’objectifs with the Canton of
Geneva. These funds are managed in a dif-
ferent process from the usual budget and this
leads to an increased complexity and work
load for the administration especially since the
control of these funds are not directly in the
hands of MaNEP. This situation also introduces
new complexity in this process. However we
would like to stress here that the collaboration
with the UniGE Rectorat is excellent and this
temporary difficulty will disappear in future
years. In any case the result of this process is
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a strong increase in the funds available for the
research in MaNEP making this extra adminis-
trative work load well worth the effort.
As it is explained in the structural aspects
in chapter 6, the structural stabilization of
MaNEP will take place within a more global
restructuring of the physical and mathematical
sciences at the University of Geneva. This more
global improvement is a result of the establish-
ment of MaNEP, and the NCCR has the lead
in this reorganization. MaNEP’s director has
been charged by the Rectorat of the University
to conduct this effort and to elaborate specific
plans for the realization of a new center. This
mission also concerns MaNEP’s management
through the direct involvement of MaNEP’s
administrator, Marie Bagnoud, and the em-
ployment of Edward Coutureau as a secretary
for the director. The finance and administra-
tion of these developments are carried out by
MaNEP’s management team. We stress here
that the financial effort for this part is compen-
sated by the University.
Presently, MaNEP has also taken the initia-
tive to propose a constructive way of how the
MaNEP network may continue after 2013. The
MaNEP network is a key achievement and
has clearly an important national value. The
MaNEP management is deeply involved in this
part which also implies its will to stimulate
and organize meetings of the network during
the year. We anticipate that, as this initiative
evolves, the MaNEP management will be in-
creasingly occupied in contributing to creating
a dynamic continuation of the network.

Events organized by MaNEP manage-
ment

The Scientific Committee met in Geneva on
April 14, 2010. The committee is composed
of the director, two deputy directors, the
project leaders plus two additional members
appointed by the director. The composi-
tion is as follows: Prof. Leonardo Degiorgi
(ETHZ), Prof. Øystein Fischer (UniGE), Direc-
tor, Prof. László Forró (EPFL), Prof. Thierry
Giamarchi (UniGE), Prof. Dirk van der Marel
(UniGE), Deputy Director, Prof. Frédéric Mila
(EPFL), Prof. Alberto Morpurgo (UniGE), Prof.
Christoph Renner (UniGE), Deputy Director,
Prof. Manfred Sigrist (ETHZ), Prof. Jean-Marc
Triscone (UniGE), Dr. Urs Staub (PSI), Prof.
Andrey Zheludev (ETHZ).
The meeting discussed the recommendations
by the Review Panel regarding the future
MaNEP network. Several options were pro-
posed to continue MaNEP and create a new

network beyond 2013.
It was decided to elaborate a white paper on
the necessity of a continued activity and financ-
ing of the MaNEP network. This white paper
was written by Thierry Giamarchi and subse-
quently discussed among the members of the
scientific committee and the MaNEP forum.
This document was the scientific basis for the
proposal NEXT, described in chapter 6, now in
the hands of the SNSF Research Council.
The MaNEP Forum met in Neuchâtel on Jan-
uary 17, 2011, with the participation of a large
number of MaNEP Forum members. In par-
ticular, the question of MaNEP’s future took a
good part of the meeting. Thierry Giamarchi
presented the white paper and several options
were discussed. A general consensus was that
it is of great importance to continue the MaNEP
network and that it is essential that this is fi-
nanced with sufficient funds in order to stimu-
late future activities within the network.
The MaNEP Internal Workshops took place in
Neuchâtel during the week on January 17-21,
2011. The eight MaNEP scientific projects were
discussed among the main participants of each
project. This resulted in vivid and stimulating
discussions over the whole week. These meet-
ings are the basis for the elaboration of the sci-
entific report and for each MaNEP member the
deadline for the report was one week after the
meeting.
The fourth MaNEP Winter School 2011 took
place in Saas-Fee on 9-14 January, 2011. This
school is for doctoral and young post-doctoral
students and introduces them to modern
themes related to emergent states of electronic
matter.
The MaNEP Management Committee meets
regularly once a month to discuss and mon-
itor the evolution of MaNEP’s daily activi-
ties: events, meetings, newsletters, accounting,
KTT, education, doctoral school, advancement
of women, communication, etc. These meet-
ings are essential to keep the different parts
of the large MaNEP organization mutually in-
formed and to coordinate these activities.

Events and meetings co-organized by
MaNEP management

The Swiss Physical Society (SPS) annual
meeting took place on June 21-22, 2010 in the
University of Basel. This year MaNEP was
present, as it is every second year, with a
special session and its own invited speakers.
Also this year MaNEP was present with the
large number of participants and posters. Dur-
ing this meeting, Erik van Heumen was pre-
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sented with a SPS Award for Condensed Mat-
ter Physics, sponsored by IBM for his research
on superconductivity. He gained his PhD the-
sis in the NCCR MaNEP and in the Department
of Condensed Matter Physics at the University
of Geneva. More good news for MaNEP, of
the five new persons appointed as honorary
members of the Swiss Physical Society four are
from MaNEP, Professors Hans Beck, Øystein
Fischer, T. Maurice Rice and Louis Schlapbach.
The LEES 2010 conference organized by the
University of Geneva and the support of
MaNEP management team was held from July
5 to 10, 2010 in Les Diablerets. This is the
9th conference in this biannual series of inter-
national conferences on low-energy electrody-
namics in solids. The chairman of the 2010 edi-
tion was Dirk van der Marel, MaNEP deputy
director.
The Nuit de la Science took place in Geneva
on 10-11 June, 2010. The event, organised by
the entire School of Physics, was a great suc-
cess with the public who came out in force.

MaNEP, the Section of Physics and the Physi-
Scope joined forces to develop this event and
enhance physics in Geneva.
The 2010 Wright Colloquium entitled ”Quan-
tum revolution” took place in the University
of Geneva on 15-19 November, 2010. MaNEP
was actively involved in its organization and
promotion, supervised by Prof. Thierry Gia-
marchi.
The visit of the physics class of the Swedish
Royal Academy of Sciences took place in
the Physics section of UniGE and MaNEP on
November 11, 2010. The visit was led by Prof.
Øystein Fischer, Director of MaNEP and the lo-
cal organization was held by the MaNEP man-
agement.
We are now preparing for the next Review
Panel Meeting which will take place in Geneva
on 30-31 May, 2011. The meeting will be or-
ganized by the Swiss National Science Foun-
dation in collaboration with the management
team of MaNEP.

7.2 Experiences, recommendations to the SNSF

As already noted last year, NIRA 2.0 is a won-
derfully complex and exciting tool for those
who are not concerned with keeping admin-
istration costs low. By creating links between
the different inputs and calculating everything
in a manner that cannot be easily controlled
by the user it represents a fabulous adminis-
trative labyrinth with no real exit between the
progress report and the financial report. There-
fore we had to reinforce our administrative

staff. Specifically Elizabeth Gueniat and Pascal
Cugni have been trained in order to join our
NIRA 2.0 team. And we employed a new sec-
retary, Christophe Schwarz.
In addition to this general statement, we have
encounter difficulties in using NIRA 2.0 be-
cause it is very slow to react and to register or
upload information which is hampering the ef-
ficiency of our administrative staff.
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8Reactions to the recommendations of the Review Panel

There was no meeting of the Review Panel last year.
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9 Lists

9.3 Publications over the last period

The following lists cover the period from April 1st, 2010 to March 31st, 2011:

1. Scientific articles in journals with peer review

2. Scientific articles in journals without peer review

3. Publications from lists 1 and 2 involving several groups

The fist two lists are sorted by the name of the group leaders. The most important publications are
outlined by a red mark.

9.3.1 Scientific articles in journals with peer review

Group of Ph. Aebi

I C. MONNEY, E. F. SCHWIER, M. G. GAR-
NIER, N. MARIOTTI, C. DIDIOT, H. CERCEL-
LIER, J. MARCUS, H. BERGER, A. N. TITOV,
H. BECK, AND P. AEBI

Probing the exciton condensate phase in 1T -
TiSe2 with photoemission

New Journal of Physics 12, 125019 (2010).
Group(s): Aebi, Forró / Project(s): 7

I C. MONNEY, E. F. SCHWIER, M. G. GAR-
NIER, C. BATTAGLIA, N. MARIOTTI, C. DID-
IOT, H. CERCELLIER, J. MARCUS, H. BERGER,
A. N. TITOV, H. BECK, AND P. AEBI

Dramatic effective mass reduction driven by a
strong potential of competing periodicity

Europhysics Letters 92, 47003 (2010).
Group(s): Aebi, Forró / Project(s): 7

C. BATTAGLIA, C. MONNEY, C. DIDIOT, E. F.
SCHWIER, N. MARIOTTI, M. G. GARNIER,
AND P. AEBI

Atomically precise Si(331)-(12x1) surfaces
AIP Conference Proceedings 1199, 5 (2010).

Group(s): Aebi / Project(s): 7

C. MONNEY, E. F. SCHWIER, M. G. GARNIER,
N. MARIOTTI, C. DIDIOT, H. BECK, P. AEBI,
H. CERCELLIER, J. MARCUS, C. BATTAGLIA,
H. BERGER, AND A. N. TITOV

Temperature-dependent photoemission on 1T-
TiSe2: Interpretation within the exciton con-
densate phase model

Physical Review B 81, 155104 (2010).
Group(s): Aebi, Forró / Project(s): 7

Group of D. Baeriswyl

D. BAERISWYL
Superconductivity in the repulsive Hubbard
model

Journal of Superconductivity and Novel Mag-
netism 24, 1157 (2011).

Group(s): Baeriswyl / Project(s): 4

Group of B. Batlogg

I P. J. W. MOLL, R. PUZNIAK, F. BALAKIREV,
K. ROGACKI, J. KARPINSKI, N. D. ZHIGADLO,
AND B. BATLOGG

High magnetic-field scales and critical currents
in SmFeAs(O, F) crystals

Nature Materials 9, 628 (2010).
Group(s): Batlogg, Karpinski / Project(s): 4

I N. D. ZHIGADLO, S. KATRYCH,
S. WEYENETH, R. PUZNIAK, P. J. W. MOLL,
Z. BUKOWSKI, J. KARPINSKI, H. KELLER, AND
B. BATLOGG
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Th-substituted SmFeAsO: Structural details
and superconductivity with Tc above 50 K

Physical Review B 82, 064517 (2010).
Group(s): Batlogg, Karpinski, Keller / Project(s): 4

W. L. KALB, S. HAAS, C. KRELLNER,
T. MATHIS, AND B. BATLOGG

Trap density of states in small-molecule organic
semiconductors: A quantitative comparison of
thin-film transistors with single crystals

Physical Review B 81, 155315 (2010).
Group(s): Batlogg / Project(s): 4

W. L. KALB AND B. BATLOGG
Calculating the trap density of states in organic
field-effect transistors from experiment: A com-
parison of different methods

Physical Review B 81, 035327 (2010).
Group(s): Batlogg / Project(s): 4

N. D. ZHIGADLO, S. KATRYCH, J. KARPINSKI,
B. BATLOGG, F. BERNARDINI, S. MASSIDDA,
AND R. PUZNIAK

Influence of Mg deficiency on crystal structure
and superconducting properties in MgB2 single
crystals

Physical Review B 81, 054520 (2010).
Group(s): Batlogg, Karpinski / Project(s): 4

A. BELOUSOV, J. KARPINSKI, AND B. BAT-
LOGG

Thermodynamics of the Al-Ga-N2 system
Journal of Crystal Growth 312, 2579 (2010).

Group(s): Batlogg, Karpinski / Project(s): 4

A. BELOUSOV, S. KATRYCH, K. HAMETNER,
D. GÜNTHER, J. KARPINSKI, AND B. BATLOGG

AlxGa1−xN bulk crystal growth: Crystallo-
graphic properties and p− T phase diagram

Journal of Crystal Growth 312, 2585 (2010).
Group(s): Batlogg, Karpinski / Project(s): 4

S. WEYENETH, P. J. W. MOLL, R. PUZNIAK,
K. NINIOS, F. F. BALAKIREV, R. D. MC-
DONALD, H. B. CHAN, N. D. ZHIGADLO,
S. KATRYCH, Z. BUKOWSKI, J. KARPINSKI,
H. KELLER, B. BATLOGG, AND L. BALICAS

Rearrangement of the antiferromagnetic order-
ing at high magnetic fields in SmFeAsO and
SmFeAsO0.9F0.1 single crystals

to be published in Physical Review B (2011).
Group(s): Batlogg, Karpinski, Keller / Project(s): 4

Z. SHERMADINI, J. KANTER, C. BAINES,
M. BENDELE, Z. BUKOWSKI, R. KHASANOV,
H.-H. KLAUSS, H. LUETKENS, H. MAETER,
G. PASCUA, B. BATLOGG, AND A. AMATO

Microscopic study of the superconducting state
of the iron pnictide RbFe2As2 via muon spin ro-
tation

Physical Review B 82, 144527 (2010).
Group(s): Batlogg, Karpinski, Keller / Project(s): 4

Group of Ch. Bernhard

I J. HOPPLER, H. FRITZSCHE, V. K. MALIK,
J. STAHN, G. CRISTIANI, H. U. HABERMEIER,
M. RÖSSLE, J. HONOLKA, A. ENDERS, AND
C. BERNHARD

Polarized neutron reflectometry study
of the magnetization reversal process in
YBa2Cu3O7/La2/3Ca1/3MnO3 superlattices
grown on SrTiO3 substrates

Physical Review B 82, 174439 (2010).
Group(s): Bernhard / Project(s): 1

I A. DUBROKA, M. RÖSSLE, K. W. KIM, V. K.
MALIK, D. MUNZAR, D. N. BASOV, A. A.
SCHAFGANS, S. J. MOON, C. T. LIN, D. HAUG,
V. HINKOV, B. KEIMER, T. WOLF, J. G.
STOREY, J. L. TALLON, AND C. BERNHARD

Evidence of a Precursor Superconducting
Phase at Temperatures as High as 180 K in
RBa2Cu3O7−δ (R = Y; Gd; Eu) Superconduct-
ing Crystals from Infrared Spectroscopy

Physical Review Letters 106, 047006 (2011).
Group(s): Bernhard / Project(s): 1

I A. DUBROKA, M. RÖSSLE, K. W. KIM, V. K.
MALIK, L. SCHULTZ, S. THIEL, C. W. SCHNEI-
DER, J. MANNHART, G. HERRANZ, C. O.,
M. BIBES, A. BARTHELEMY, AND C. BERN-
HARD

Dynamical Response and Confinement of the
Electrons at the LaAlO3/SrTiO3 Interface

Physical Review Letters 104, 156807 (2010).
Group(s): Bernhard / Project(s): 1

I A. PASHKIN, M. PORER, M. BEYER, K. W.
KIM, A. DUBROKA, C. BERNHARD, X. YAO,
Y. DAGAN, R. HACKL, A. ERB, J. DEMSAR,
R. HUBER, AND A. LEITENSTORFER

Femtosecond Response of Quasiparticles and
Phonons in Superconducting YBa2Cu3O7−δ

Studied by Wideband Terahertz Spectroscopy
Physical Review Letters 105, 067001 (2010).

Group(s): Bernhard / Project(s): 1

I L. SCHULZ, L. NUCCIO, M. WILLIS, P. DE-
SAI, P. SHAKYA, T. KREOUZIS, V. K. MA-
LIK, C. BERNHARD, F. L. PRATT, N. A.
MORLEY, A. SUTER, G. J. NIEUWENHUYS,
T. PROKSCHA, E. MORENZONI, W. P. GILLIN,
AND A. J. DREW

Engineering spin propagation across a hybrid
organic/inorganic interface using a polar layer

Nature Materials 10, 39 (2011).
Group(s): Bernhard, Morenzoni / Project(s): 1
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I P. MARSIK, K. W. KIM, A. DUBROKA,
M. RÖSSLE, V. K. MALIK, L. SCHULZ,
C. N. WANG, C. NIEDERMAYER, A. J. DREW,
M. WILLIS, T. WOLF, AND C. BERNHARD

Coexistence and Competition of Magnetism and
Superconductivity on the Nanometer Scale in
Underdoped BaFe1.89Co0.11As2

Physical Review Letters 105, 057001 (2010).
Group(s): Bernhard, Niedermayer / Project(s): 1, 4

A. DUBROKA, L. YU, D. MUNZAR, K. W.
KIM, M. RÖSSLE, V. K. MALIK, C. T. LIN,
B. KEIMER, T. WOLF, AND C. BERNHARD

Pseudogap and precursor superconductivity in
underdoped cuprate high temperature super-
conductors: A far-infrared ellipsometry study

The European Physical Journal – Special Topics
188, 73 (2010).

Group(s): Bernhard / Project(s): 1

K. W. KIM, M. RÖSSLE, A. DUBROKA, V. K.
MALIK, T. WOLF, AND C. BERNHARD

Evidence for multiple superconducting gaps
in optimally doped BaFe1.87Co0.13As2 from in-
frared spectroscopy

Physical Review B 81, 214508 (2010).
Group(s): Bernhard / Project(s): 1

Group of G. Blatter

I V. S. DOTSENKO, V. B. GESHKENBEIN, D. A.
GOROKHOV, AND G. BLATTER

Free-energy distribution functions for the ran-
domly forced directed polymer

Physical Review B 82, 174201 (2010).
Group(s): Blatter / Project(s): 5

I S. SCHMIDT AND G. BLATTER
Excitations of Strongly Correlated Lattice Po-
laritons

Physical Review Letters 104, 216402 (2010).
Group(s): Blatter / Project(s): 8

I S. SCHMIDT, D. GERACE, A. A. HOUCK,
G. BLATTER, AND H. E. TÜRECI

Nonequilibrium delocalization-localization
transition of photons in circuit quantum
electrodynamics

Physical Review B 82, 100507(R) (2010).
Group(s): Blatter / Project(s): 8

I F. HASSLER, A. RÜEGG, M. SIGRIST, AND
G. BLATTER

Dynamical Unbinding Transition in a Periodi-
cally Driven Mott Insulator

Physical Review Letters 104, 220402 (2010).
Group(s): Blatter, Sigrist / Project(s): 8

A. V. LEBEDEV, G. B. LESOVIK, AND G. BLAT-
TER

Statistics of radiation emitted from a quantum
point contact

Physical Review B 81, 155421 (2010).
Group(s): Blatter / Project(s): 2

G. B. LESOVIK, M. V. SUSLOV, AND G. BLAT-
TER

Quantum counting algorithm and its applica-
tion in mesoscopic physics

Physical Review A 82, 012316 (2010).
Group(s): Blatter / Project(s): 2

B. SURER, A. GLATZ, H. G. KATZGRABER,
G. T. ZIMANYI, B. A. ALLGOOD, AND
G. BLATTER

Surer et al. Reply:
Physical Review Letters 105, 039702 (2010).

Group(s): Blatter / Project(s): 5

Group of M. Büttiker

I J. LI, I. MARTIN, M. BÜTTIKER, AND A. F.
MORPURGO

Topological origin of subgap conductance in in-
sulating bilayer graphene

Nature Physics 7, 38 (2011).
Group(s): Büttiker, Morpurgo / Project(s): 2

I J. LI, A. F. MORPURGO, M. BÜTTIKER, AND
I. MARTIN

Marginality of bulk-edge correspondence for
single-valley Hamiltonians

Physical Review B 82, 245404 (2010).
Group(s): Büttiker, Morpurgo / Project(s): 2

Group of M. Decroux

I L. ANTOGNAZZA, M. DECROUX,
M. THERASSE, AND M. ABPLANALP

Heat Propagation Velocities in Coated Conduc-
tors for Fault Current Limiter Applications

IEEE Transactions on Applied Superconduc-
tivity (2011), doi:10.1109/TASC.2010.2100351.

Group(s): Abplanalp, Decroux / Project(s): 3

I A. P. PETROVIĆ, R. LORTZ, G. SANTI,
C. BERTHOD, C. DUBOIS, M. DECROUX,
A. DEMUER, A. B. ANTUNES, A. PARÉ,
D. SALLOUM, P. GOUGEON, M. POTEL, AND
Ø. FISCHER

Multi-band Superconductivity in the Chevrel
Phases SnMo6S8 and PbMo6S8

Physical Review Letters 106, 017003 (2011).
Group(s): Decroux, Fischer, Giamarchi / Project(s): 4
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N. CURTZ, E. KOLLER, H. ZBINDEN, M. DE-
CROUX, L. ANTOGNAZZA, Ø. FISCHER, AND
N. GISIN

Patterning of ultrathin YBCO nanowires using
a new focused-ion-beam process

Superconductor Science & Technology 23,
45015 (2010).

Group(s): Decroux, Fischer / Project(s): 3

Group of L. Degiorgi

I F. PFUNER, P. LERCH, J.-H. CHU, H.-H. KUO,
I. R. FISHER, AND L. DEGIORGI

Temperature dependence of the excitation spec-
trum in the charge-density-wave ErTe3 and
HoTe3 systems

Physical Review B 81, 195110 (2010).
Group(s): Degiorgi / Project(s): 7

I A. LUCARELLI, A. DUSZA, F. PFUNER,
P. LERCH, J. G. ANALYTIS, J.-H. CHU, I. R.
FISHER, AND L. DEGIORGI

Charge dynamics of Co-doped BaFe2As2

New Journal of Physics 12, 073036 (2010).
Group(s): Degiorgi / Project(s): 4

M. LAVAGNINI, H.-M. EITER, L. TASSINI,
B. MUSCHLER, R. HACKL, R. MONNIER, J.-H.
CHU, I. R. FISHER, AND L. DEGIORGI

Raman scattering evidence for a cascade evolu-
tion of the charge-density-wave collective am-
plitude mode

Physical Review B 81, 081101(R) (2010).
Group(s): Degiorgi / Project(s): 7

A. SANNA, F. BERNARDINI, G. PROFETA,
S. SHARMA, J. K. DEWHURST, A. LUCARELLI,
L. DEGIORGI, E. K. U. GROSS, AND S. MAS-
SIDDA

Theoretical investigation of optical conductivity
in Ba(Fe1−xCox)2As2

Physical Review B 83, 054502 (2011).
Group(s): Degiorgi / Project(s): 4

Group of T. Esslinger

I R. JÖRDENS, L. TARRUELL, D. GREIF,
T. UEHLINGER, N. STROHMAIER, H. MORITZ,
T. ESSLINGER, L. DE LEO, C. KOLLATH,
A. GEORGES, V. SCAROLA, L. POLLET,
E. BUROVSKI, E. KOZIK, AND M. TROYER

Quantitative Determination of Temperature in
the Approach to Magnetic Order of Ultracold
Fermions in an Optical Lattice

Physical Review Letters 104, 180401 (2010).
Group(s): Esslinger, Troyer / Project(s): 8

Group of Ø. Fischer

I A. PIRIOU, N. JENKINS, C. BERTHOD,
I. MAGGIO-APRILE, AND Ø. FISCHER

First direct observation of the Van Hove singu-
larity in the tunneling spectra of cuprates

Nature Communications 2, 221 (2011).
Group(s): Fischer, Giamarchi / Project(s): 4

I A. P. PETROVIĆ, R. LORTZ, G. SANTI,
C. BERTHOD, C. DUBOIS, M. DECROUX,
A. DEMUER, A. B. ANTUNES, A. PARÉ,
D. SALLOUM, P. GOUGEON, M. POTEL, AND
Ø. FISCHER

Multi-band Superconductivity in the Chevrel
Phases SnMo6S8 and PbMo6S8

Physical Review Letters 106, 017003 (2011).
Group(s): Decroux, Fischer, Giamarchi / Project(s): 4

I Y. FASANO, I. MAGGIO-APRILE, N. D. ZHI-
GADLO, S. KATRYCH, J. KARPINSKI, AND
Ø. FISCHER

Local Quasiparticle Density of States of Super-
conducting SmFeAsO1−xFx Single Crystals:
Evidence for Spin-Mediated Pairing

Physical Review Letters 105, 167005 (2010).
Group(s): Fischer, Karpinski / Project(s): 4

I C. M. SCHLEPÜTZ, M. BJÖRCK, E. KOLLER,
S. A. PAULI, D. MARTOCCIA, Ø. FISCHER,
AND P. R. WILLMOTT

Structure of ultrathin heteroepitaxial supercon-
ducting YBa2Cu3O7−x films

Physical Review B 81, 174520 (2010).
Group(s): Fischer, Willmott / Project(s): 1

N. CURTZ, E. KOLLER, H. ZBINDEN, M. DE-
CROUX, L. ANTOGNAZZA, Ø. FISCHER, AND
N. GISIN

Patterning of ultrathin YBCO nanowires using
a new focused-ion-beam process

Superconductor Science & Technology 23,
45015 (2010).

Group(s): Decroux, Fischer / Project(s): 3

C. BERTHOD
Tunneling spectra of strongly coupled super-
conductors: Role of dimensionality

Physical Review B 82, 024504 (2010).
Group(s): Fischer, Giamarchi / Project(s): 4

A. PIRIOU, E. GIANNINI, Y. FASANO, C. SEN-
ATORE, AND Ø. FISCHER

Vortex phase diagram and temperature-
dependent second-peak effect in overdoped
Bi2Sr2CuO6+δ crystals

Physical Review B 81, 144517 (2010).
Group(s): Fischer, Flükiger, Giannini / Project(s): 4

G. LEVY DE CASTRO, C. BERTHOD, A. PIRIOU,
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E. GIANNINI, AND Ø. FISCHER
Reply to Comment on “Preeminent Role of the
Van Hove Singularity in the Strong-Coupling
Analysis of Scanning Tunneling Spectroscopy
for Two-Dimensional Cuprate Superconduc-
tors”

Physical Review Letters 105, 099702 (2010).
Group(s): Fischer, Giamarchi, Giannini / Project(s): 4

Group of R. Flükiger

I B. SEEBER, A. FERREIRA, G. MONDONICO,
F. BUTA, C. SENATORE, R. FLÜKIGER, AND
T. TAKEUCHI

Critical current of a rapid-quenched Nb3Al con-
ductor under transverse compressive and axial
tensile stress

Superconductor Science & Technology 24,
035011 (2011).

Group(s): Flükiger / Project(s): 3

I R. FLÜKIGER, M. S. A. HOSSAIN, C. SENA-
TORE, F. BUTA, AND M. RINDFLEISCH

A new generation of in situ MgB2 wires with
improved Jc and Birr values obtained by Cold
Densification (CHPD)

to be published in IEEE Transactions on Applied
Superconductivity (2011).

Group(s): Flükiger / Project(s): 3

I C. SENATORE, M. S. A. HOSSAIN, AND
R. FLÜKIGER

Enhanced Connectivity and Percolation in Bi-
nary and Doped in situ MgB2 Wires after Cold
High Pressure Densification

to be published in IEEE Transactions on Applied
Superconductivity (2011).

Group(s): Flükiger / Project(s): 3

G. MONDONICO, B. SEEBER, C. SENATORE,
R. FLÜKIGER, V. CORATO, G. DE MARZI, AND
L. MUZZI

Improvement of electromechanical properties of
an ITER internal tin Nb3Sn wire

Journal of Applied Physics 108, 093906 (2010).
Group(s): Flükiger / Project(s): 3

C. SCHEUERLEIN, I. PONG, C. SENATORE,
M. DI MICHIEL, L. THILLY, A. GERARDIN,
B. REHMER, L. OBERLI, G. WILLERING, AND
L. BOTTURA

Temperature induced degradation of Nb-Ti/Cu
composite superconductors

Journal of Physics: Conference Series 234,
022031 (2010).

Group(s): Flükiger / Project(s): 3

C. SCHEUERLEIN, M. DI MICHIEL, L. THILLY,
F. BUTA, X. PENG, E. GREGORY, J. A. PAR-

RELL, I. PONG, B. BORDINI, AND M. CANTONI
Phase transformations during the reaction heat
treatment of Nb3Sn superconductors

Journal of Physics: Conference Series 234,
022032 (2010).

Group(s): Flükiger / Project(s): 3

I. PONG, C. SCHEUERLEIN, C. SENATORE,
L. THILLY, M. DI MICHIEL, A. GERARDIN,
S. C. HOPKINS, L.-R. OBERLI, G. GEANDIER,
B. A. GLOWACKI, AND L. BOTTURA

Cu-Ti Formation in Nb-Ti/Cu Superconducting
Strand Monitored by in situ Techniques

Defect and Diffusion Forum 297-301, 695
(2010).

Group(s): Flükiger / Project(s): 3

A. UBALDINI, E. GIANNINI, C. SENATORE,
AND D. VAN DER MAREL

BiOCuS: A new superconducting compound
with oxypnictide-related structure

Physica C 470, S356 (2010).
Group(s): Flükiger, Giannini, van der Marel / Project(s): 4

B. SEEBER, A. FERREIRA, G. MONDONICO,
F. BUTA, C. SENATORE, R. FLÜKIGER, AND
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Group(s): Forró / Project(s): 7

Y. LAKHDAR, C. MÉZIÈRE, L. ZORINA,
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M. ZVONAREV, B. THIELEMANN, C. RÜEGG,
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D. GÜNTHER, J. KARPINSKI, AND B. BATLOGG

AlxGa1−xN bulk crystal growth: Crystallo-
graphic properties and p− T phase diagram

Journal of Crystal Growth 312, 2585 (2010).
Group(s): Batlogg, Karpinski / Project(s): 4

M. MATUSIAK, K. ROGACKI, N. D. ZHI-
GADLO, AND J. KARPINSKI

Influence of carbon on intraband scattering in
Mg(B1−xCx)2

Europhysics Letters 90, 27009 (2010).
Group(s): Karpinski / Project(s): 4

S. WEYENETH, P. J. W. MOLL, R. PUZNIAK,
K. NINIOS, F. F. BALAKIREV, R. D. MC-
DONALD, H. B. CHAN, N. D. ZHIGADLO,
S. KATRYCH, Z. BUKOWSKI, J. KARPINSKI,
H. KELLER, B. BATLOGG, AND L. BALICAS

Rearrangement of the antiferromagnetic order-
ing at high magnetic fields in SmFeAsO and
SmFeAsO0.9F0.1 single crystals

to be published in Physical Review B (2011).
Group(s): Batlogg, Karpinski, Keller / Project(s): 4

T. MERTELJ, P. KUSAR, L. STOJCHEVSKA, V. V.

158



MaNEPPublications

KABANOV, N. D. ZHIGADLO, S. KATRYCH,
J. KARPINSKI, AND D. MIHAILOVIC

Doping Dependent Quasiparticle Relaxation
Dynamics in SmFeAsO1−xFx Single Crystals:
Comparison of Spin-Density Wave and Super-
conducting States

Journal of Superconductivity and Novel Mag-
netism (2010).

Group(s): Karpinski / Project(s): 4

T. NISHIO, R. B. G. KRAMER, V. H. DAO, L. F.
CHIBOTARU, N. D. ZHIGADLO, J. KARPINSKI,
K. KADOWAKI, AND V. V. MOSHCHALKOV

Inhomogeneity of initial flux penetration in
MgB2 single crystals

Physica C 470, S932 (2010).
Group(s): Karpinski / Project(s): 4

A. RICCI, N. POCCIA, B. JOSEPH, L. BARBA,
G. ARRIGHETTI, G. CIASCA, J.-Q. YAN, R. W.
MCCALLUM, T. A. LOGRASSO, N. D. ZHI-
GADLO, J. KARPINSKI, AND A. BIANCONI

Structural phase transition and superlattice
misfit strain of RFeAsO (R=La, Pr, Nd, Sm)

Physical Review B 82, 144507 (2010).
Group(s): Karpinski / Project(s): 4

M. EISTERER, M. ZEHETMAYER, H. W. WE-
BER, J. JIANG, J. D. WEISS, A. YAMAMOTO,
E. E. HELLSTROM, D. C. LARBALESTIER, N. D.
ZHIGADLO, AND J. KARPINSKI

Disorder effects and current percolation in
FeAs-based superconductors

Superconductor Science & Technology 23,
054006 (2010).

Group(s): Karpinski / Project(s): 4

M. LE TACON, T. R. FORREST, C. RÜEGG,
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S. PAILHÉS, J. MESOT, J. SCHMALIAN,
H. KELLER, AND A. KAMINSKI

Anomalies in the Fermi Surface and Band
Dispersion of Quasi-One-Dimensional CuO
Chains in the High-Temperature Superconduc-
tor YBa2 Cu4O8

Physical Review Letters 105, 267003 (2010).
Group(s): Karpinski, Keller / Project(s): 4

I M. BENDELE, S. WEYENETH, R. PUZ-
NIAK, A. MAISURADZE, E. POMJAKUSHINA,
K. CONDER, V. POMJAKUSHIN, H. LUETKENS,
S. KATRYCH, A. WISNIEWSKI, R. KHASANOV,
AND H. KELLER

Anisotropic superconducting properties of
single-crystalline FeSe0.5Te0.5

Physical Review B 81, 224520 (2010).
Group(s): Karpinski, Keller, Kenzelmann / Project(s): 4

I M. BENDELE, P. BABKEVICH, S. KATRYCH,
S. N. GVASALIYA, E. POMJAKUSHINA,
K. CONDER, B. ROESSLI, A. T. BOOTHROYD,
R. KHASANOV, AND H. KELLER

Tuning the superconducting and magnetic
properties of FeySe0.25Te0.75 by varying the iron
content

Physical Review B 82, 212504 (2010).
Group(s): Karpinski, Keller, Kenzelmann / Project(s): 4

I R. KHASANOV, M. BENDELE, K. CONDER,
H. KELLER, E. POMJAKUSHINA, AND V. POM-
JAKUSHIN

Iron isotope effect on the superconducting tran-
sition temperature and the crystal structure of
FeSe1−x

New Journal of Physics 12, 073024 (2010).

Group(s): Keller / Project(s): 4

I R. KHASANOV, M. BENDELE, A. AMATO,
K. CONDER, H. KELLER, H.-H. KLAUSS,
H. LUETKENS, AND E. POMJAKUSHINA

Evolution of Two-Gap Behavior of the Super-
conductor FeSe1−x

Physical Review Letters 104, 087004 (2010).
Group(s): Keller / Project(s): 4

I R. KHASANOV, M. BENDELE, A. BUSSMANN-
HOLDER, AND H. KELLER

Intrinsic and structural isotope effects in iron-
based superconductors

Physical Review B 82, 212505 (2010).
Group(s): Keller / Project(s): 4

I A. BUSSMANN-HOLDER, A. SIMON,
H. KELLER, AND A. R. BISHOP

Identifying the Pairing Mechanism in Fe-As
Based Superconductors: Gaps and Isotope Ef-
fects

Journal of Superconductivity and Novel Mag-
netism (2010), doi:10.1007/s10948-010-0864-z.

Group(s): Keller / Project(s): 4

I A. BUSSMANN-HOLDER, H. KELLER, J. MUS-
TRE DE LEON, A. SIMON, A. BISHOP, AND
K. A. MÜLLER
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Group(s): Troyer / Project(s): 8

I L. POLLET, J. D. PICON, H. P. BÜCHLER, AND
M. TROYER

Supersolid Phase with Cold Polar Molecules on
a Triangular Lattice

Physical Review Letters 104, 125302 (2010).
Group(s): Troyer / Project(s): 8

I R. JÖRDENS, L. TARRUELL, D. GREIF,
T. UEHLINGER, N. STROHMAIER, H. MORITZ,
T. ESSLINGER, L. DE LEO, C. KOLLATH,
A. GEORGES, V. SCAROLA, L. POLLET,
E. BUROVSKI, E. KOZIK, AND M. TROYER

Quantitative Determination of Temperature in
the Approach to Magnetic Order of Ultracold
Fermions in an Optical Lattice

Physical Review Letters 104, 180401 (2010).
Group(s): Esslinger, Troyer / Project(s): 8

I E. KOZIK, K. VAN HOUCKE, E. GULL, L. POL-
LET, N. PROKOF’EV, B. SVISTUNOV, AND
M. TROYER

Diagrammatic Monte Carlo for correlated
fermions

Europhysics Letters 90, 10004 (2010).
Group(s): Troyer / Project(s): 5,8

I E. GULL, A. J. MILLIS, A. I. LICHTENSTEIN,
A. N. RUBTSOV, M. TROYER, AND P. WERNER

Continuous-time Monte Carlo methods for
quantum impurity models

to be published in Reviews of Modern Physics
(2011).

Group(s): Troyer / Project(s): 5

I B. BAUER, P. CORBOZ, R. ORÚS, AND
M. TROYER

Implementing global Abelian symmetries in
projected entangled-pair state algorithms

Physical Review B 83, 125106 (2011).
Group(s): Troyer / Project(s): 6

I S. TROTZKY, L. POLLET, F. GERBIER,
U. SCHNORRBERGER, I. BLOCH, N. V.
PROKOF’EV, B. SVISTUNOV, AND M. TROYER

Suppression of the critical temperature for su-
perfluidity near the Mott transition

Nature Physics 6, 998 (2010).
Group(s): Troyer / Project(s): 8

E. ARDONNE, J. GUKELBERGER, A. W. W.
LUDWIG, S. TREBST, AND M. TROYER

Microscopic models of interacting Yang-Lee
anyons

to be published in New Journal of Physics
(2011).

Group(s): Troyer / Project(s): 5

S. PILATI, S. GIORGINI, M. MODUGNO, AND
N. PROKOF’EV

Dilute Bose gas with correlated disorder: a path
integral Monte Carlo study

New Journal of Physics 12, 073003 (2010).
Group(s): Troyer / Project(s): 8

B. CAPOGROSSO-SANSONE, S. GIORGINI,
S. PILATI, L. POLLET, N. PROKOF’EV, B. SVIS-
TUNOV, AND M. TROYER

The Beliaev technique for a weakly interacting
Bose gas

New Journal of Physics 12, 043010 (2010).
Group(s): Troyer / Project(s): 8

P. N. MA, L. POLLET, AND M. TROYER
Measuring the equation of state of trapped ul-
tracold bosonic systems in an optical lattice
with in situ density imaging

Physical Review A 82, 033627 (2010).
Group(s): Troyer / Project(s): 8

R. N. C. PFEIFER, P. CORBOZ, O. BUER-
SCHAPER, M. AGUADO, M. TROYER, AND
G. VIDAL

Simulation of anyons with tensor network algo-
rithms

Physical Review B 82, 115126 (2010).
Group(s): Troyer / Project(s): 5

K. H. MARTI, B. BAUER, M. REIHER,
M. TROYER, AND F. VERSTRAETE

Complete-graph tensor network states: a new
fermionic wave function ansatz for molecules

New Journal of Physics 12, 103008 (2010).
Group(s): Troyer / Project(s): 5

E. GULL, P. WERNER, S. FUCHS, B. SURER,
T. PRUSCHKE, AND M. TROYER

Continuous-time quantum Monte Carlo impu-
rity solvers

Computer Physics Communications 182, 1078
(2011).

Group(s): Troyer / Project(s): 5, 8

Group of A. Weidenkaff

M. H. AGUIRRE, A. SHKABKO, AND A. WEI-
DENKAFF
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Microwave Plasma Nitridation of SrTiO3:
A Quantitative EELS, TEM, and STEM-
HAADF Analysis of the SrTiO3−xNy Growth
and the Structural Evolution

Crystal Growth and Design 10, 3562 (2010).
Group(s): Weidenkaff / Project(s): 3

J. BARTH, G. H. FECHER, B. BALKE,
S. OUARDI, T. GRAF, C. FELSER, A. SHK-
ABKO, A. WEIDENKAFF, P. KLAER, H. J.
ELMERS, H. YOSHIKAWA, S. UEDA, AND
K. KOBAYASHI

Itinerant half-metallic ferromagnets Co2TiZ (Z
= Si, Ge, Sn): Ab initio calculations and mea-
surement of the electronic structure and trans-
port properties

Physical Review B 81, 064404 (2010).
Group(s): Weidenkaff / Project(s): 3

T. GRAF, J. BARTH, B. BALKE, S. POPULOH,
A. WEIDENKAFF, AND C. FELSER

Tuning the carrier concentration for thermo-
electrical application in the quaternary Heusler
compound Co2TiAl(1−x)Six

Scripta Materalia 63, 925 (2010).
Group(s): Weidenkaff / Project(s): 3

D. LOGVINOVICH, A. ARAKCHEEVA, P. PAT-
TISON, S. ELISEEVA, P. TOMEŠ, I. MAROZAU,
AND G. CHAPUIS

Crystal Structure and Optical and Magnetic
Properties of Pr2(MoO4)3

Inorganic Chemistry 49, 1587 (2010).
Group(s): Weidenkaff / Project(s): 3

D. LOGVINOVICH, S. G. EBBINGHAUS,
A. RELLER, I. MAROZAU, D. FERRI, AND
A. WEIDENKAFF

Synthesis, Crystal Structure and Optical Prop-
erties of LaNbON2

Zeitschrift für Anorganische und Allgemeine
Chemie 636, 905 (2010).

Group(s): Weidenkaff / Project(s): 3

R. ROBERT, D. LOGVINOVICH, M. H.
AGUIRRE, S. G. EBBINGHAUS, L. BOCHER,
P. TOMEŠ, AND A. WEIDENKAFF

Crystal structure, morphology and physical
properties of LaCo1−xTixO3±δ perovskites pre-
pared by a citric acid assisted soft chemistry
synthesis

Acta Materialia 58, 680 (2010).
Group(s): Weidenkaff / Project(s): 3

C. SUTER, P. TOMĔS, A. WEIDENKAFF, AND
A. STEINFELD

Heat Transfer and Geometrical Analysis of
Thermoelectric Converters Driven by Concen-
trated Solar Radiation

Materials 3, 2735 (2010).
Group(s): Weidenkaff / Project(s): 3

P. TOMEŠ, K. KNÍŽEK, A. WEIDENKAFF, AND
J. HEJTMÁNEK

On the physical properties of Sr1−xNaxRuO3
(x = 0− 0.19)

Solid State Sciences 12, 1112 (2010).
Group(s): Weidenkaff / Project(s): 3

P. TOMEŠ, R. ROBERT, M. TROTTMANN,
L. BOCHER, M. AGUIRRE, A. BITSCHI,
J. HEJTMÁNEK, AND A. WEIDENKAFF

Synthesis and Characterization of New Ceramic
Thermoelectrics Implemented in a Thermoelec-
tric Oxide Module

Journal of Electronic Materials 39, 1696 (2010).
Group(s): Weidenkaff / Project(s): 3

P. TOMEŠ, M. TROTTMANN, C. SUTER, M. H.
AGUIRRE, A. STEINFELD, P. HAUETER, AND
A. WEIDENKAFF

Thermoelectric Oxide Modules (TOMs) for the
Direct Conversion of Simulated Solar Radiation
into Electrical Energy

Materials 3, 2801 (2010).
Group(s): Weidenkaff / Project(s): 3

A. WEIDENKAFF, M. H. AGUIRRE,
L. BOCHER, M. TROTTMANN, P. TOMES,
AND R. ROBERT

Development of perovskite-type cobaltates and
manganates for thermoelectric oxide modules

Journal of the Korean Ceramic Society 47, 47
(2010).

Group(s): Weidenkaff / Project(s): 3

Group of Ph. Willmott

I C. M. SCHLEPÜTZ, M. BJÖRCK, E. KOLLER,
S. A. PAULI, D. MARTOCCIA, Ø. FISCHER,
AND P. R. WILLMOTT

Structure of ultrathin heteroepitaxial supercon-
ducting YBa2Cu3O7−x films

Physical Review B 81, 174520 (2010).
Group(s): Fischer, Willmott / Project(s): 1

I S. A. PAULI, S. J. LEAKE, B. DELLEY,
M. BJÖRCK, C. W. SCHNEIDER, C. M.
SCHLEPÜTZ, D. MARTOCCIA, S. PAETEL,
J. MANNHART, AND P. R. WILLMOTT

Evolution of the Interfacial Structure of LaAlO3
on SrTiO3

Physical Review Letters 106, 036101 (2011).
Group(s): Willmott / Project(s): 1

D. MARTOCCIA, M. BJÖRCK, C. M.
SCHLEPÜTZ, T. BRUGGER, S. A. PAULI,
B. D. PATTERSON, T. GREBER, AND P. R.
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WILLMOTT
Graphene on Ru(0001): a corrugated and chiral
structure

New Journal of Physics 12, 043028 (2010).
Group(s): Willmott / Project(s): 1

D. MARTOCCIA, S. A. PAULI, T. BRUGGER,
T. GREBER, B. D. PATTERSON, AND P. R.
WILLMOTT

h-BN on Rh(111): Persistence of a commensu-
rate 13-on-12 superstructure up to high temper-
atures

Surface Science 604, L9 (2010).
Group(s): Willmott / Project(s): 1

D. MARTOCCIA, T. BRUGGER, M. BJÖRCK,
C. M. SCHLEPÜTZ, S. A. PAULI, T. GREBER,
B. D. PATTERSON, AND P. R. WILLMOTT

h-BN/Ru(0001) nanomesh: A 14-on-13 super-
structure with 3.5 nm periodicity

Surface Science 604, L16 (2010).
Group(s): Willmott / Project(s): 1

Group of A. Zheludev

I V. N. GLAZKOV, G. DHALENNE,
A. REVCOLEVSCHI, AND A. ZHELUDEV

Multiple spin-flop phase diagram of
BaCu2Si2O7

Journal of Physics: Condensed Matter 23,
086003 (2011).

Group(s): Zheludev / Project(s): 6

I V. N. GLAZKOV, A. I. SMIRNOV, A. ZHE-
LUDEV, AND B. SALES

Modes of magnetic resonance of the S=1 dimer
chain compound NTENP

Physical Review B 82, 184406 (2010).
Group(s): Zheludev / Project(s): 6

I T. HONG, S. N. GVASALIYA, S. HERRINGER,
M. M. TURNBULL, C. P. LANDEE, L.-P. REG-
NAULT, M. BOEHM, AND A. ZHELUDEV

Dynamics of the two-dimensional S=1/2 dimer
system (C5H6N2F)2CuCl4

Physical Review B 83, 052401 (2011).
Group(s): Zheludev / Project(s): 6

I T. HONG, A. ZHELUDEV, H. MANAKA, AND
L.-P. REGNAULT

Evidence for a magnetic Bose glass in
(CH3)2CHNH3Cu(Cl{0.95}Br{0.05})3 from
neutron diffraction

Physical Review B 81, 060410(R) (2010).
Group(s): Zheludev / Project(s): 6
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9.3.2 Scientific articles in journals without peer review

Group of B. Batlogg

S. WEYENETH, P. J. W. MOLL, R. PUZNIAK,
K. NINIOS, F. F. BALAKIREV, R. D. MC-
DONALD, H. B. CHAN, N. D. ZHIGADLO,
S. KATRYCH, Z. BUKOWSKI, J. KARPINSKI,
H. KELLER, B. BATLOGG, AND L. BALICAS

Rearrangement of the antiferromagnetic order-
ing at high magnetic fields in SmFeAsO and
SmFeAsO0.9F0.1 single crystals

arXiv:1102.3312v1 (2011).
Group(s): Batlogg, Karpinski, Keller / Project(s): 4

Group of T. Esslinger

I D. GREIF, L. TARRUELL, T. UEHLINGER,
R. JÖRDENS, AND T. ESSLINGER

Probing nearest-neighbor correlations of ultra-
cold fermions in an optical lattice

arXiv:1012.0845 (2010).
Group(s): Esslinger / Project(s): 8

I T. ESSLINGER
Fermi-Hubbard Physics with Atoms in an Op-
tical Lattice

Annual Review of Condensed Matter Physics
1, 129 (2010).

Group(s): Esslinger / Project(s): 8

I B. ZIMMERMANN, T. MÜLLER, J. MEINEKE,
T. ESSLINGER, AND H. MORITZ

High-resolution imaging and manipulation of
ultracold fermions

arXiv:1011.1004 (2010).
Group(s): Esslinger / Project(s): 8

Group of Ø. Fischer

I I. MAGGIO-APRILE, C. BERTHOD, N. JENK-
INS, Y. FASANO, A. PIRIOU, AND Ø. FISCHER

Scanning Tunneling Spectroscopy of High Tc
Cuprates

in Nanoscience and Engineering in Superconduc-
tivity, V. MOSHCHALKOV, R. WOERDENWE-
BER, AND W. LANG, eds. (Springer-Verlag,
Berlin, 2010), Springer Series in Nanoscience
and Technology, chap. 9, p. 231.

Group(s): Fischer, Giamarchi / Project(s): 4

Group of T. Giamarchi

T. GIAMARCHI
Quantum Phase Transitions in quasi-one di-
mensional systems

in Understanding Quantum Phase Transitions,
L. D. CARR, ed. (CRC Press; Taylor and Fran-
cis, 2010).

Group(s): Giamarchi / Project(s): 7

I A. TOKUNO AND T. GIAMARCHI
Spectroscopy for cold atom gases in periodically
phase-modulating optical lattices

arXiv:1101.2469 (2011).
Group(s): Giamarchi / Project(s): 8

T. GIAMARCHI

Interactions in Quantum Fluids
in Ultracold Gases and Quantum Information,
C. MINIATURA, ed. (Oxford University Press,
2011).

Group(s): Giamarchi / Project(s): 8

M. A. CAZALILLA, R. CITRO, T. GIAMARCHI,
E. ORIGNAC, AND M. RIGOL

One dimensional Bosons: From Condensed
Matter Systems to Ultracold Gases

arXiv:1101.5337v1 (2011).
Group(s): Giamarchi / Project(s): 8

I I. MAGGIO-APRILE, C. BERTHOD, N. JENK-
INS, Y. FASANO, A. PIRIOU, AND Ø. FISCHER

Scanning Tunneling Spectroscopy of High Tc
Cuprates

in Nanoscience and Engineering in Superconduc-
tivity, V. MOSHCHALKOV, R. WOERDENWE-
BER, AND W. LANG, eds. (Springer-Verlag,
Berlin, 2010), Springer Series in Nanoscience
and Technology, chap. 9, p. 231.

Group(s): Fischer, Giamarchi / Project(s): 4

Group of E. Giannini

B. SACÉPÉ, J. B. OOSTINGA, J. LI, A. UBAL-
DINI, N. J. G. COUTO, E. GIANNINI, AND A. F.
MORPURGO

Gate-tuned normal and superconducting trans-
port at the surface of a topological insulator

arXiv:1101.2352 (2011).
Group(s): Giannini, Morpurgo / Project(s): 2

Group of V. Gritsev

I A. POLKOVNIKOV AND V. GRITSEV
Universal Dynamics Near Quantum Critical
Points

in Understanding Quantum Phase Transitions,
L. D. CARR, ed. (CRC Press, Taylor & Fran-
cis Group, Boca Raton, 2011), p. 59.

Group(s): Gritsev / Project(s): 8
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Group of J. Karpinski

Z. GUGUCHIA, J. ROOS, A. SHENGELAYA,
S. KATRYCH, Z. BUKOWSKI, S. WEYENETH,
F. MURÁNYI, S. STRÄSSLE, A. MAISURADZE,
J. KARPINSKI, AND H. KELLER

Magnetic and structural properties of Co-
substituted single crystal EuFe1.9Co0.1As2

arXiv:1010.5948 (2010).
Group(s): Karpinski, Keller / Project(s): 4

S. WEYENETH, P. J. W. MOLL, R. PUZNIAK,
K. NINIOS, F. F. BALAKIREV, R. D. MC-
DONALD, H. B. CHAN, N. D. ZHIGADLO,
S. KATRYCH, Z. BUKOWSKI, J. KARPINSKI,
H. KELLER, B. BATLOGG, AND L. BALICAS

Rearrangement of the antiferromagnetic order-
ing at high magnetic fields in SmFeAsO and
SmFeAsO0.9F0.1 single crystals

arXiv:1102.3312v1 (2011).
Group(s): Batlogg, Karpinski, Keller / Project(s): 4

Group of H. Keller

Z. GUGUCHIA, J. ROOS, A. SHENGELAYA,
S. KATRYCH, Z. BUKOWSKI, S. WEYENETH,
F. MURÁNYI, S. STRÄSSLE, A. MAISURADZE,
J. KARPINSKI, AND H. KELLER

Magnetic and structural properties of Co-
substituted single crystal EuFe1.9Co0.1As2

arXiv:1010.5948 (2010).
Group(s): Karpinski, Keller / Project(s): 4

S. WEYENETH, P. J. W. MOLL, R. PUZNIAK,
K. NINIOS, F. F. BALAKIREV, R. D. MC-
DONALD, H. B. CHAN, N. D. ZHIGADLO,
S. KATRYCH, Z. BUKOWSKI, J. KARPINSKI,
H. KELLER, B. BATLOGG, AND L. BALICAS

Rearrangement of the antiferromagnetic order-
ing at high magnetic fields in SmFeAsO and
SmFeAsO0.9F0.1 single crystals

arXiv:1102.3312v1 (2011).
Group(s): Batlogg, Karpinski, Keller / Project(s): 4

Group of D. van der Marel

D. VAN DER MAREL

Superconductivity: Beware of the pseudogap
Nature Physics 7, 10 (2011).

Group(s): van der Marel / Project(s): 4

Group of J. Mesot

I T. SHIROKA, F. CASOLA, V. GLAZKOV,
A. ZHELUDEV, K. PRŠA, H.-R. OTT, AND
J. MESOT

Distribution of NMR relaxations in a random
Heisenberg chain

arXiv:1012.0731 (2011).
Group(s): Mesot, Ott, Zheludev / Project(s): 6

Group of A. Morpurgo

B. SACÉPÉ, J. B. OOSTINGA, J. LI, A. UBAL-
DINI, N. J. G. COUTO, E. GIANNINI, AND A. F.
MORPURGO

Gate-tuned normal and superconducting trans-
port at the surface of a topological insulator

arXiv:1101.2352 (2011).
Group(s): Giannini, Morpurgo / Project(s): 2

Group of H.-R. Ott

I T. SHIROKA, F. CASOLA, V. GLAZKOV,
A. ZHELUDEV, K. PRŠA, H.-R. OTT, AND
J. MESOT

Distribution of NMR relaxations in a random
Heisenberg chain

arXiv:1012.0731 (2011).
Group(s): Mesot, Ott, Zheludev / Project(s): 6

Group of T. M. Rice

M. KHODAS, H. B. YANG, J. RAMEAU, P. D.
JOHNSON, A. M. TSVELIK, AND T. M. RICE

Analysis of the Quasiparticle Spectral Function
in the Underdoped Cuprates

arXiv:1007.4837 (2010).
Group(s): Rice, Sigrist / Project(s): 4

K.-Y. YANG, Y. YAMASHITA, A. M. LÄUCHLI,
M. SIGRIST, AND T. M. RICE

Microscopic model for the semiconductor-to-
ferromagnetic-metal transition in FeSi1−xGex
Alloys

arXiv:1102.1190 (2011).
Group(s): Rice, Sigrist / Project(s): 5

Group of M. Sigrist

M. KHODAS, H. B. YANG, J. RAMEAU, P. D.
JOHNSON, A. M. TSVELIK, AND T. M. RICE

Analysis of the Quasiparticle Spectral Function
in the Underdoped Cuprates

arXiv:1007.4837 (2010).
Group(s): Rice, Sigrist / Project(s): 4

K.-Y. YANG, Y. YAMASHITA, A. M. LÄUCHLI,
M. SIGRIST, AND T. M. RICE

Microscopic model for the semiconductor-to-
ferromagnetic-metal transition in FeSi1−xGex
Alloys

arXiv:1102.1190 (2011).
Group(s): Rice, Sigrist / Project(s): 5
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Group of J.-M. Triscone

S. GARIGLIO, M. GABAY, AND J.-M. TRISCONE

Oxide Materials: Superconductivity on the
other side

Nature Nanotechnology 5, 13 (2010).
Group(s): Triscone (JM) / Project(s): 1

Group of M. Troyer

I B. BAUER, L. D. CARR, A. FEIGUIN,
J. FREIRE, S. FUCHS, L. GAMPER, J. GUKEL-
BERGER, E. GULL, S. GUERTLER, A. HEHN,
R. IGARASHI, S. V. ISAKOV, D. KOOP,
P. N. MA, P. MATES, H. MATSUO, O. PAR-
COLLET, G. PAWLOWSKI, J. D. PICON,
L. POLLET, E. SANTOS, V. W. SCAROLA,
U. SCHOLLWÖCK, C. SILVA, B. SURER,
S. TODO, S. TREBST, M. TROYER, M. L.
WALL, P. WERNER, AND S. WESSEL

The ALPS project release 2.0: Open source soft-
ware for strongly correlated systems

arxiv:1101.2646 (2011).
Group(s): Troyer / Project(s): 5, 6, 8

Group of A. Weidenkaff

N. SCHAEUBLE AND Y. ROMANYUK
Aluminium-substituted Zinc Oxide thin films:
thermoelectric properties and characterization

in 8th European Conference on Thermoelectrics
(Como, Italy, 2010).

Group(s): Weidenkaff / Project(s): 3

M. AGUIRRE, P. TOMĔS, AND R. ROBERT
Transport properties and crystal structure of
PrCo1−xNixO3 mixed valence oxides.

in 8th European Conference on Thermoelectrics
(Italy, Como, 2010).

Group(s): Weidenkaff / Project(s): 3

P. TOMES AND A. WEIDENKAFF
Construction and modelling of a thermoelec-
tric oxide module (TOM) as a demonstrator:
Schlussbericht. BFE-Vertrags- und Projekt-
nummer 152820 / 101356, 2010, 26 pp.

Tech. rep. (2010).
Group(s): Weidenkaff / Project(s): 3

Group of A. Zheludev

B. NÁFRÁDI, T. KELLER, H. MANAKA,
A. ZHELUDEV, AND B. KEIMER

Low Temperature Dynamics of Magnons in a
Spin-1/2 Ladder Compound

arXiv:1102.0214 (2011).
Group(s): Zheludev / Project(s): 6

I T. SHIROKA, F. CASOLA, V. GLAZKOV,
A. ZHELUDEV, K. PRŠA, H.-R. OTT, AND
J. MESOT

Distribution of NMR relaxations in a random
Heisenberg chain

arXiv:1012.0731 (2011).
Group(s): Mesot, Ott, Zheludev / Project(s): 6
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9.3.3 Publications involving several groups

I C. MONNEY, E. F. SCHWIER, M. G. GAR-
NIER, N. MARIOTTI, C. DIDIOT, H. CERCEL-
LIER, J. MARCUS, H. BERGER, A. N. TITOV,
H. BECK, AND P. AEBI

Probing the exciton condensate phase in 1T -
TiSe2 with photoemission

New Journal of Physics 12, 125019 (2010).
Group(s): Aebi, Forró / Project(s): 7

I C. MONNEY, E. F. SCHWIER, M. G. GAR-
NIER, C. BATTAGLIA, N. MARIOTTI, C. DID-
IOT, H. CERCELLIER, J. MARCUS, H. BERGER,
A. N. TITOV, H. BECK, AND P. AEBI

Dramatic effective mass reduction driven by a
strong potential of competing periodicity

Europhysics Letters 92, 47003 (2010).
Group(s): Aebi, Forró / Project(s): 7

I L. ANTOGNAZZA, M. DECROUX,
M. THERASSE, AND M. ABPLANALP

Heat Propagation Velocities in Coated Conduc-
tors for Fault Current Limiter Applications

IEEE Transactions on Applied Superconduc-
tivity (2011), doi:10.1109/TASC.2010.2100351.

Group(s): Abplanalp, Decroux / Project(s): 3

I A. PIRIOU, N. JENKINS, C. BERTHOD,
I. MAGGIO-APRILE, AND Ø. FISCHER

First direct observation of the Van Hove singu-
larity in the tunneling spectra of cuprates

Nature Communications 2, 221 (2011).
Group(s): Fischer, Giamarchi / Project(s): 4

I A. P. PETROVIĆ, R. LORTZ, G. SANTI,
C. BERTHOD, C. DUBOIS, M. DECROUX,
A. DEMUER, A. B. ANTUNES, A. PARÉ,
D. SALLOUM, P. GOUGEON, M. POTEL, AND
Ø. FISCHER

Multi-band Superconductivity in the Chevrel
Phases SnMo6S8 and PbMo6S8

Physical Review Letters 106, 017003 (2011).
Group(s): Decroux, Fischer, Giamarchi / Project(s): 4

I P. J. W. MOLL, R. PUZNIAK, F. BALAKIREV,
K. ROGACKI, J. KARPINSKI, N. D. ZHIGADLO,
AND B. BATLOGG

High magnetic-field scales and critical currents
in SmFeAs(O, F) crystals

Nature Materials 9, 628 (2010).
Group(s): Batlogg, Karpinski / Project(s): 4

I Y. FASANO, I. MAGGIO-APRILE, N. D. ZHI-
GADLO, S. KATRYCH, J. KARPINSKI, AND
Ø. FISCHER

Local Quasiparticle Density of States of Super-
conducting SmFeAsO1−xFx Single Crystals:
Evidence for Spin-Mediated Pairing

Physical Review Letters 105, 167005 (2010).
Group(s): Fischer, Karpinski / Project(s): 4

I S. WEYENETH, M. BENDELE, R. PUZ-
NIAK, F. MURÁNYI, A. BUSSMANN-
HOLDER, N. D. ZHIGADLO, S. KATRYCH,
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Group(s): Forró, Grioni, Rønnow, van der Marel /

Project(s): 6, 7

I P. XU, J. O. PIATEK, P.-H. LIN, B. SIPOS,
H. BERGER, L. FORRÓ, H. M. RØNNOW, AND
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MaNEPFinance

11.5 Comments on finances

Referring to our comments last year, we have
been able to catch up on the use of NIRA 2.0,
thanks to an intense effort by our management
team. We confirm that NIRA 2.0 has increased
the workload for our management. With re-
spect to third party funding, the amounts intro-
duced for the moment in NIRA 2.0 correspond
only to persons working at the university and
paid by the industry. The rest of the third party
funding will be introduced in the accounting
report due in September. The same comment
is true for some of the home institution self-
funding, especially the equipment.

Explanations to the reserve

The “reserve” which appears in the NIRA sum-
mary is CHF 3’676’534. This is composed of
two parts: about CHF 2’975’000 which is not
a real reserve but is composed of funds which
have been allocated differently to the initial
allocation at the beginning of Phase III; and
about CHF 700’000 which we consider as a re-
serve which has not yet been allocated but for
which we have definitive plans.

Allocated expenses which appear as an appar-
ent, but not real, reserve

In the financial plan for the 8 large MaNEP re-
search projects, we allowed the groups to plan
their expenses concentrated on the three first
years in the Phase III. The reason for this was
that this would allow each group to employ
the equivalent of one doctoral student for the
three first years, but with no funding for the
fourth year. The reality, which was expected,
is that most groups took a delay in starting
using these funds, so that some of the fund-
ing is shifted de facto to the fourth year and
this shall allow the groups to have some funds
also for the fourth year. Thus there is a shift
in the planned financing of up to one year.
This may in the end correspond to the fund-
ing of one doctoral student per group for the
fourth year. This would amount to approxi-
mately CHF 2’100’000, an amount which will
appear in year 10 and year 11 as an appar-
ent reserve in NIRA. On March 31, 2011 there
remains about CHF 1’600’000 for the 8 main
projects. We expect that about CHF 1’200’000
will be transferred to year 11 in the sense as ex-
plained above. This will appear as an apparent
reserve in NIRA and is equivalent to covering

about half a doctoral student per group during
year 12.
We allocated, as announced, CHF 715’000 to
new collaborative projects after the beginning
of Phase III. These funds were taken from the
“Balance Phase II”. These projects will run for
another one and a half to two years and the
funds put aside to cover the corresponding ex-
penses appear as a part of the apparent “re-
serve”. This amounts to about CHF 500’000.
The economic stimulus packages were an excel-
lent initiative to boost the applied part of our
activity. The still to be used funds in the next
six months of approximately CHF 375’000 ap-
pears also as a part of the apparent reserve.
The total funds allotted for equipment in
Geneva (funds from the University and the
SNSF) during the two first years of Phase III
amount to CHF 1’094’754. We have so far
spent about CHF 666’000 and equipments for
several CHF 100’000 have been ordered and
will be paid during 2011 – 2012. To cover
these expenses, we have at present put aside
CHF 400’000. This amount, which appears as
an apparent reserve, is planned to be paid dur-
ing 2011 and 2012.
For the techniques and know-how activity, we
planned to use CHF 100’000 in year 9 and
CHF 100’000 in year 10. We have now em-
ployed a researcher for two years, which will
use this amount. This expense is however de-
layed compared to the initial budget and thus
about CHF 150’000 will appear as an apparent
reserve in NIRA.
In education and advancement of women, we
have set aside funds for employing an expert to
boost the advancement of women. This is now
planned for the two last years and accounts for
about CHF 150’000 of the apparent reserve.
We have this year an ambitious program in
communication with the events for the centen-
nial of the discovery of superconductivity. This
implies several activities of open house with
the elaboration of new demonstration equip-
ment, two projects of art and science, an ex-
hibition on superconductivity and other activi-
ties. The total amount for this program is about
CHF 700’000. The University of Geneva will
participate with an important amount, directly
or through the Physics Section and the Depart-
ment of Condensed Matter Physics. We are at
present searching for sponsors to cover another
large part of this amount. To this end, we have
received CHF 350’000 from the Wright Foun-
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dation. We have put aside CHF 200’000 in the
apparent reserve to cover additional expenses
for these events and other activities for the re-
maining two and a half years of Phase III.

Reserves not yet firmly allocated

Our knowledge and technology transfer activ-
ities have been developing during the last year
and we have, in agreement with the request
of the review panel, put aside funds from the
“Balance Phase II” to support these activities
in the last part of MaNEP Phase III.

Two new senior scientists have started their ac-
tivities in the field of MaNEP in Switzerland re-
cently. We plan to use some of our reserve to
support these groups during the two last years
of MaNEP.
Following the same reasoning, as exposed
above for the fourth year, we expect that some
groups will have financial difficulties to cover
a full activity during year 12, thus we plan to
use part of the real reserve to contribute to-
wards maintaining a full activity until the end
of MaNEP.
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12Appendix: milestones of the MaNEP projects

The tables of milestones allow one to follow the time evolution of MaNEP scientific activities. The
tables below are drawn from the situation at the end of the previous reporting period (year 9) and
displays the changes for year 10.

Color code

Milestones unchanged since the Proposal

Milestones added this year

Milestones suppressed this year

Project 1: Novel phenomena at interfaces and in superlattices

Milestones Year 9 Year 10 Year 11 Year 12

1. Conducting interfaces

Growth and characterization of oxide interfaces
(LaAlO3/SrTiO3)
[Triscone, Willmott, Niedermayer]

Study of the electronic properties of conducting ox-
ide interface systems (transport properties)
[Jaccard, Triscone, van der Marel]

Structure of LAO/STO interface
[Aebi, Willmott]

Control of interface mobility using field effect
[Triscone, Willmott]

Fabrication of novel 2D electron gases not based on
SrTiO3
[Triscone, Willmott]

Structural studies using SXRD on the SC interface
between under- and overdoped LSCO
[Willmott]

Optical probes of metallic interface states in oxide
heterostructures
[Bernhard, van der Marel]
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Milestones (Project 1, continued) Year 9 Year 10 Year 11 Year 12

Oxygen diffusion studies in thin films
[Niedermayer]

Electronic properties of 18O exchanged interfaces
[Niedermayer]

Resistivity and Hall effect of the LAO/STO interface
in pressurized liquid
[Jaccard, Triscone]

Multi-probe investigation of the LAO/STO interface
in various pressure media
[Jaccard, Triscone]

Aspects of mechanisms
[Sigrist]

Aspects of non-centrosymmetricity
[Sigrist]

Investigate the atomic environment at surfaces and
interfaces close to the surface
[Aebi, Triscone]

PES/ARPES of oxide films and oxide interfaces
[Aebi, Triscone]

RIX of interfaces and superlattices
[Triscone]

Spectroscopic studies (Raman, optical studies)
[Niedermayer]

Magneto-transmission in the THz range
[van der Marel, Triscone]

2. Coupling of instabilities at insulating interfaces

Growth and characterization of oxide interfaces
(PbTiO3/SrTiO3 and novel systems)
[Aebi, Paruch Triscone]

Structural studies using SXRD of improper FE lat-
tices
[Triscone, Willmott]

XPD measurement of tetragonality in ultra-thin PTO
films as a function of temperature
[Aebi, Triscone]

Investigate the atomic environment at surfaces and
interfaces close to the surface
[Aebi, Triscone]

Study of the electronic properties of insulating oxide
systems (dielectric, ferroelectric, multiferroic)
[Paruch, Triscone]
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Milestones (Project 1, continued) Year 9 Year 10 Year 11 Year 12

3. Magnetic/superconducting interfaces

µSR and optical experiments on Y123/Pr123
[Fischer, Morenzoni, Bernhard, Keller]

µSR experiments in 214 superlattices (Interface su-
perconductivity and magnetism)
[Morenzoni, Keller, Bernhard]

Experiments on LSCO tri- and bilayers (study of
proximity effects in UD and OD layers)
[Morenzoni, Keller, Bernhard]

Magnetic interface states in oxide heterostructures
from paramagnetic materials
[Bernhard]

Spectroscopic studies (Raman, optical studies)
[Niedermayer, Bernhard]

Study electronic properties at mag-
netic/superconducting interfaces close to the
surface
[Aebi, Bernhard]

Superconductivity induced changes in magnetic
states of high-Tc-manganite multilayers
[Bernhard, Niedermayer]

4. Electronic properties of organic charge transfer interfaces

Identification of new materials for charge-transfer
interfaces
[Morpurgo]

Magneto-transmission in the THz range
[Morpurgo, van der Marel]

Low-temperature transport through metallic charge
transfer interfaces
[Morpurgo]

5. Domain walls in ferroelectrics/multiferroics: a model interface system

Domains with internal degrees of freedom
[Giamarchi, Paruch]

Response to oscillatory fields
[Giamarchi, Paruch]

AFM studies of magnetoelectric coupling in
nanocomposite multiferroic materials
[Paruch, Triscone]

Nanoscale variable temperature studies of ferroelec-
tric domain walls in PbZr0.2Ti0.8O3
[Paruch, Triscone]
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Milestones (Project 1, continued) Year 9 Year 10 Year 11 Year 12

Nanoscale variable temperature studies of ferroelec-
tric domain walls in BiFeO3
[Paruch]

Effects of atmosphere and surface chemical modifi-
cation on ferroelectric polarization
[Aebi, Paruch]

6. Crystal growth of new substrates with tuned structural and physical properties

Preliminary growth experiments of SrTiO3 crystals
with the existing equipment
[Giannini]

Growth of various oxide substrates with the im-
proved Czocharlski technique
[Giannini]

Development of new substrates with tuned struc-
tural and electronic properties
[Giannini]

Project 2: Materials for future electronics

Milestones Year 9 Year 10 Year 11 Year 12

1. Oxide heterostructures

Nano-patterned top gates on LaAlO3/SrTiO3 het-
erostructures
[Triscone, Morpurgo]

Electrostatically controlled Josephson junctions
[Triscone, Morpurgo]

Interplay of superconductivity and confinement in
LaAlO3/SrTiO3 heterostructures
[Triscone, Morpurgo]

Nanostructures for the investigation of spin-orbit in-
teraction
[Triscone, Morpurgo]

Atomic force microscopy writing of nanostructures
at the LaAlO3/SrTiO3 interface
[Paruch, Triscone]

Atomic force microscopy reading (conducting
AFM and capacitive) of nanostructures at the
LaAlO3/SrTiO3 interface
[Paruch, Triscone]
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Milestones (Project 2, continued) Year 9 Year 10 Year 11 Year 12

Transport properties of AFM written nanostructures
at the LaAlO3/SrTiO3 interface at room temperature
[Paruch, Triscone]

Low temperature invesigations of AFM written
nanostructures at the LaAlO3/SrTiO3 interface
[Paruch, Triscone]

2. Carbon based materials

2.1 Graphene

Optimization of sample preparation and atomic
scale imaging of single layer and bilayer graphene
[Renner]

Implementation of combined AFM/STM imag-
ing/spectroscopy on graphene
[Renner]

Structural and spectroscopic characterisation of few-
layer graphene
[Renner]

Spectroscopy on doped/intercalated few-layer
graphene devices
[Renner]

Edge-state tunneling spectroscopy of single layer
graphene
[Renner]

Spin dependent tunneling spectroscopy of graphene
[Renner]

Nature of transport gap in graphene nano-ribbons
[Morpurgo]

Magnetoresistance of graphene nano-ribbons
[Morpurgo]

Comparison of transport in few-layer graphene of
different thickness
[Morpurgo]

Transport through suspended graphene
[Morpurgo]

Magnetotransport in high-mobility graphene
[Morpurgo]

Transport through graphene on high-k dielectrics or
ferroelectric substrates
[Paruch, Morpurgo, Triscone]

Gate-dependent spectroscopy of bi-layer graphene
[van der Marel]
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Milestones (Project 2, continued) Year 9 Year 10 Year 11 Year 12

Spectroscopy of few-layer graphene in different di-
electric environments
[van der Marel]

Magneto-optical spectroscopy of epitaxial graphene
[van der Marel]

ESR on exfoliated graphene
[Forró]

2.2 Carbon Nanotubes

Ferroelectric field-effect modulation of carbon nan-
otube resistivity
[Paruch]

Controlled manipulation of carbon nanotubes on fer-
roelectric substrates
[Paruch]

Non-destructive AFM measurements of polarization
around carbon nanotubes
[Paruch]

Mechanism of domain switching and growth using
carbon nanotubes
[Paruch]

2.3 Organic semiconductors

New molecular materials for the study of intrinsic
transport
[Morpurgo]

Mechanisms of threshold voltage shift and drift
[Morpurgo]

Low-temperature transport measurements
[Morpurgo]

Comparison of intrinsic transport properties in dif-
ferent organic semiconductors
[Morpurgo]

Infrared spectroscopy of organic semiconductor in-
terfaces
[van der Marel]

3. Theory

Aharonov-Bohm effect in topological insulators
[Büttiker]

Edge conductance in gapped bilayer graphene
[Büttiker]

Topological properties of gapped bilayer graphene
[Büttiker]
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Milestones (Project 2, continued) Year 9 Year 10 Year 11 Year 12

Shot-noise and pre-formed pairs: High-Tc-normal
junction
[Büttiker]

Shot-noise and pre-formed pairs: Analysis of shot
noise
[Büttiker]

Effect of electron-phonon coupling on transport
through graphene nano-ribbons
[Sigrist]

Ordered phases in heterostructures of correlated
electrons
[Sigrist]

Transport properties of heterostructures of corre-
lated electrons
[Sigrist]

Exploring new directions in heterostructures of cor-
related electrons
[Sigrist]

Luttinger liquids with an external bath
[Giamarchi]

Project 3: Electronic materials for energy systems and other applications

Milestones Year 9 Year 10 Year 11 Year 12

1. Applied superconductivity

Development of a new method to fabricate MgB2
wires with higher critical current
[Flükiger]

Development of long lengths of MgB2 wires
[Flükiger]

Investigation of relaxation in inhomogenous YBCO
[Flükiger]

Study of contact resistance between coated conduc-
tors and other superconductors
[Flükiger, Bruker]

Development and calibration of an experimental
setup for the measurement of thermal conductivity
of coated conductors
[Decroux]

Study of the influence of the substrate thickness on
the thermal behavior of coated conductors
[Decroux]
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Milestones (Project 3, continued) Year 9 Year 10 Year 11 Year 12

Thermal conductance of interfaces in coated
conductors
[Decroux]

Measurement of propagation velocities on coated
conductors
[Decroux]

2. Oxides for energy harvesting

Optimization and full characterization of ultra-thin
SrTiO3 epitaxial buffer layers on silicon
[J.-M. Triscone, G. Triscone]

Growth of epitaxial Pb(Zr,Ti)O3, 50/50, with high
piezoelectric coefficient on silicon with metallic ox-
ide electrodes
[J.-M. Triscone, G. Triscone]

Growth of epitaxial PMN-PT on silicon with giant
piezoelectric response
[J.-M. Triscone, G. Triscone]

Realization and mechanical and electrical character-
ization of membranes based on fully epitaxial oxide
materials
[J.-M. Triscone, de Rooij]

Realization and characterization of nano-beams
based on fully epitaxial oxide materials
[J.-M. Triscone, de Rooij]

Realization of an energy harvesting demonstrator
based on piezoelectric materials
[J.-M. Triscone, de Rooij]

Investigation of the thermoelectric properties of the
2-DEG electron gas at the LaAlO3/SrTiO3 interface
[J.-M. Triscone]

Investigation of the thermoelectric properties of
LaAlO3/SrTiO3 superlattices
[J.-M. Triscone]

Investigation of the thermoelectric properties of thin
doped SrTiO3 layers on silicon
[J.-M. Triscone, Weidenkaff ]

Identification of new promising thermoelectric ox-
ides and synthesis of performing polycrystalline
thermoelectric materials of a new generation
[Weidenkaff ]

Modeling of energy conversion based on data from
the material specification
[Weidenkaff ]

Synthesis of single crystalline materials
[Weidenkaff]
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Milestones (Project 3, continued) Year 9 Year 10 Year 11 Year 12

Evaluation of candidate materials and decision
about which to use for the p and n type legs of a
ceramic converter
[Weidenkaff ]

Assembling of a first generation oxide thermoelec-
tric converter based on the news materials
[Weidenkaff ]

Second generation thermoelectric convertor as
demonstrator
[Weidenkaff ]

3. Application of artificial superlattices

Investigation of the growth process of Ni/Ti layers
to achieve lower roughness as well as an improved
homogeneity of the layers
[Kenzelmann]

Systematic characterization of various substrate ma-
terials in order to find a tool for selecting substrates
experiencing the required surface quality
[Kenzelmann]

Developing polishing processes to manufacture
metal substrates with a very low roughness
[Kenzelmann]

Improvement of polarizing supermirrors, i.e. ex-
tending the critical angle of reflection
[Kenzelmann]

Develop Co-free, remanent magnetic layers for po-
larizing supermirrors
[Kenzelmann]

Development of adaptive neutron optics
[Kenzelmann]

4. Hydrogen detectors and other sensors

Setup of experimental tools for conductance mea-
surements in H2 atmosphere
[Yvon, Fischer/Cors]

Identification of hydrogen sensitive intermetallic
compounds, fabrication of thin films
[Yvon, Fischer/Cors]

Performance validation
[Asulab, Yvon, Fischer/Cors]

Design of the resistive detector electronics layout
and fabrication of first prototype devices
[Asulab, Yvon, Fischer/Cors]

199



MaNEP Appendix

Milestones (Project 3, continued) Year 9 Year 10 Year 11 Year 12

Benchmarking against the performance of commer-
cial devices
[Asulab, Yvon, Fischer/Cors]

Fine tuning of device design
[Asulab]

Fabrication of a large number of devices and test-
ing/homologisation at sensor performance facility
(NL)
[Asulab, Yvon, Fischer/Cors]

Study and optimization of cantilever surface passi-
vation for optimal piezo-resistive effect. Functional
cantilever using piezo-resistive deflection readout
for AFM
[Renner]

Deflection and torsion mode AFM cantilever using
non-optical readout
[Renner]

Development and optimization of one-step hy-
drothermal approaches to functionalized oxidic
nanorods and nanowires for sensor applications:
W/Mo-oxide nanorods and Bi2O3/SnO2 composite
nanowires as major preparative targets
[Patzke]

Setup of gas sensor construction
[Patzke, Phasis, Fischer/Cors]

Preparative exploration of advanced ternary and
higher oxide systems with sensor activity, e.g.
ZnGa2O4-based spinel nanorods and targeted mod-
ification of MoO3 nanowires
[Patzke, Phasis, Fischer/Cors]

Fabrication of portable gas-sensors based on oxidic
nanomaterials for KTI applications
[Patzke, Phasis, Fischer/Cors]

Development of market-ready gas phase sensors
with special emphasis on new portable devices for
environmental applications and industrial process
control
[Patzke, Phasis, Fischer/Cors]

Industrial implementation and marketing optimiza-
tion of the gas sensor devices
[Patzke, Phasis, Fischer/Cors]
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Milestones (Project 3, continued) Year 9 Year 10 Year 11 Year 12

5. New surface treatments for microcomponents

Experimental investigation of compounds suitable
for chemical marking on stainless steel, brass, gold
and platinum
[Fischer/Cors, Phasis, Vacheron Constantin]

Definition of the identification tools for reliable iden-
tification of the microscopic marks
[Fischer/Cors, Phasis, Vacheron Constantin]

Design and construction of an automatic marking
prototype
[Fischer/Cors, Phasis, Vacheron Constantin]

Experimental validation of the ability to mark 20’000
parts/year
[Fischer/Cors, Phasis, Vacheron Constantin]

Research of visually attractive surface effects using
the marking technology at a macroscopic scale
[Fischer/Cors, Phasis]

Selective coating of watch cases and other parts with
transition metal carbides and nitrides.
[Fischer/Cors, Phasis]

Implementation and measurement of tribological
nanomaterial-based coatings on selected substrates
[Fischer/Cors, Phasis]

Project 4: Electronic properties of oxide superconductors and related materials

Milestones Year 9 Year 10 Year 11 Year 12

1. Optical conductivity, ARPES, RIXS, STM, muons, neutrons studies of cuprate supercon-
ductors

1.1 What is the nature of the pseudo-gap?

ARPES studies of SC and pseudo-gaps in
(La,Nd)2−xSrxCuO4
[Mesot]

Muon spectroscopy and influence of isotope substi-
tution on the gap in cuprate high-Tc
[Keller]
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Milestones (Project 4, continued) Year 9 Year 10 Year 11 Year 12

1.2 How does the spectrum of collective spin excita-
tions evolve from anti-ferromagnetic state to the
high-Tc phase?

STM studies of strongly overdoped Bi2201
[Fischer]

STM studies of strongly overdoped Bi2212 and
Bi2223
[Fischer]

STM studies of tunneling asymmetry in
Y1−xPrxBa2Cu3O7
[Fischer]

Resonant inelastic soft X-ray scattering (RIXS) at the
SLS
[Grioni]

1.3 What is the mechanism of superconductivity pair-
ing in the cuprates: is there a pairing glue?

Calculation of spin susceptibility from ARPES spec-
tral function
[Mesot]

The interplay between superconductivity and
magnetism
[Mesot]

Electron-boson scattering in optical- and single par-
ticle spectral functions
[van der Marel]

2. New materials and crystal growth

2.1 Iron pnictide high-Tc superconductors

STM studies of iron-pnictides
[Fischer]

Processing and crystal growth of Sb-based ternary
and quaternary pnictides
[Giannini]

Crystal growth of superconducting Fe-
chalchogenides and related materials
[Giannini]

Processing and growth of new binary pnictides with
a tetrahedral structure
[Giannini]

Crystal growth of LnFeAsO and A(Me)As2Fe2
[Karpinski]

Substitutions in LnFeAsO and A(Me)As2Fe2
[Karpinski]
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Milestones (Project 4, continued) Year 9 Year 10 Year 11 Year 12

Muon spectroscopy of the multiple-gap behavior in
pnictide superconductors
[Morenzoni, Keller]

Optical investigations of pnictides
[van der Marel]

Study of the coexistence and competition of
antiferromagnetism and superconductivity in
Ba(Fe1−xCox)2As2
[Niedermayer]

2.2 Other non-cuprate high-Tc superconductors

Development of hydrothermal growth technique
and application to the Sr2VO4 system
[Giannini]

Searching for new superconductors
[Karpinski]

Optical investigations of Sr2VO4
[van der Marel]

2.3 Cuprate high-Tc superconductors

Growth of Tl-based cuprates
[Giannini]

Cuprates with reduced lattice parameter
[Jaccard]

investigations on the 122 FeAs compounds
[Degiorgi]

Interaction of localized f electrons with supercon-
ductivity
[Morenzoni]

3. Microscopic theories for cuprate superconductivity and novel superconductors

3.1 Variational many-body wavefunctions

Coexistence of hot spots and superconductivity
[Baeriswyl]

Superconductivity and ferromagnetism (multilay-
ers), superfluid density
[Baeriswyl]

Broken symmetry and long-range order
[Baeriswyl]
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Milestones (Project 4, continued) Year 9 Year 10 Year 11 Year 12

3.2 The chiral p-wave (spin triplet) state of Sr2RuO4

study of the 3K phase in Sr2RuO4
[Sigrist]

study of Josephson effect in Sr2RuO4
[Sigrist]

study of Sr2RuO4 in magnetic field
[Sigrist]

study of exotic vortices in Sr2RuO4
[Sigrist]

Project 5: Novel electronic phases in strongly correlated electron systems

Milestones Year 9 Year 10 Year 11 Year 12

1. Unconventional superconductivity in heavy fermion metals

1.1 Superconductivity and magnetism

Study of influence of FFLO phase of CeCoIn5 on flux
lattice of fields along c-axis
[Kenzelmann]

Symmetry of flux lattice in CeCoIn5 for fields in
basal plane (in Q-phase)
[Kenzelmann]

Form factor of flux lattice in CeCoIn5 for fields in the
basal plane
[Kenzelmann]

Microscopic measurements of magnetism in super-
conducting phase
[Kenzelmann]

Temperature dependence of the flux lattice in
CeCoIn5 for fields in the basal plane
[Kenzelmann]

Theoretical discussion of Q-phase of CeCoIn5
[Sigrist]

Investigation of CeRhIn5
[Jaccard, Morenzoni]

1.2 Superconductivity and valence fluctuations

Hall and Nernst effect in CeCu2Si2
[Jaccard]

Investigation of CeNi2Ge2
[Jaccard]
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Milestones (Project 5, continued) Year 9 Year 10 Year 11 Year 12

1.3 Non-centrosymmetric superconductors

Phenomenology and microscopic theory
[Sigrist]

Processing of polycrystal and crystal growth of
CeCo(Ge,Si)3
[Giannini]

1.4 Vortex matter in superconductors

Study of pinning-depinning transition
[Blatter]

Geometric barriers in superconductors with
complex shape
[Blatter]

2. Novel quantum phases and phase transitions in 4 f - and 5 f -electron systems

NMR under pressure and at low temperatures on Ce
intermetallics
[Ott]

Optical studies of (Eu,Ba)Si
[Degiorgi]

Optical studies on the hidden phase of URu2Si2
[van der Marel]

3. Magnetic, optical and transport properties in TM Si/Ge and Bi

Optical studies of Co-doped FeSb2
[Degiorgi]

Growth of 3d- and 4d-TM silicides
[Giannini]

High-pressure synthesis of TM germanides
[Giannini]

Optical and transport studies of TM silicides
[van der Marel]

Optical studies of TM germanides
[van der Marel]

Theoretical discussion of transition metal sili-
cides/germanides
[Sigrist]

Sb-tuning in Bi1−xSbx crystals and related materials
[Giannini]

Optical studies of topological band-edge insulators
[van der Marel]
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Milestones (Project 5, continued) Year 9 Year 10 Year 11 Year 12

4. Theoretical and computational developments for strongly correlated electrons

Characterization of crossover phenomena
[Baeriswyl]

Competition between (positional) disorder and
(electron-electron) interaction
[Baeriswyl]

Development of new QMC algorithms
[Troyer]

Project 6: Magnetism and competing interactions in bulk materials

Milestones Year 9 Year 10 Year 11 Year 12

1. Spin chains and ladders

Excitations experimental
[Rønnow, Mesot, Ott, Zheludev]

NMR/NQR on low-dimensional systems
[Mesot, Ott]

Theoretical
[Giamarchi, Troyer]

Quenched disorder
[Zheludev]

µSR
[Morenzoni, Zheludev]

1D spin chains (KTi(SO4)H2O, NaV2O4)
[Degiorgi, Rønnow]

2. Spin-dimer physics

Exotic phases in Shastry-Sutherland model
[Mila, Troyer]

High-pressure studies of SrCu2(BO3)2
[Rønnow]

Frustration effects in Han Purple
[Mila, Rønnow]

3. Spin-liquids

Quadrupolar order in NiGaS4
[Mila]

Kagome spin-1/2 theory
[Mila]
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Milestones (Project 6, continued) Year 9 Year 10 Year 11 Year 12

Kagome spin-1/2 experimental realizations
[Rønnow]

4. Multiferroics and helimagnets

Resonant X-ray diffraction
[Staub]

Magnetic structures in multiferroic and magneto-
electric model materials
[Kenzelmann,Staub, Zheludev]

Topological phases in helimagnets
[Zheludev]

5. Magneto-resistive materials

STM on perovskite manganites
[Fischer]

Spin-polarized STM on bi-layer manganites
[Renner]

6. Resonant inelastic X-ray scattering

Theory of light scattering in frustrated magnets
[Mila]

Experiments on collective excitations
[Rønnow, Schmitt]

Project 7: Electronic materials with reduced dimensionality

Milestones Year 9 Year 10 Year 11 Year 12

1. Investigation of the electronic properties of TiSe2 and related dichalcogenides

T dependence of ARPES in TiSe2
[Aebi]

ARPES study of intercalated TiSe2
[Aebi]

High pressure study of TiSe2 and related compounds
[Forró]
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Milestones (Project 7, continued) Year 9 Year 10 Year 11 Year 12

2. Spectroscopic and structural investigation of RTe3

Optical spectroscopy of RTe3
[Degiorgi]

X-ray and neutron scattering measurements of rare-
earth tritellurides
[Rønnow]

3. ESR, ARPES and transport study of organic charge transfer salts

ESR and transport study of ET-based salts
[Forró, Giamarchi, Grioni, Mila]

4. Study of quasi-1D vanadates

ARPES and RIXS of BaVS3
[Grioni]

Magnetic measurements of BaVS3
[Forró, Ott]

5. Study of other low-dimensional materials

ESR study of quasi 1-D organic conductors
[Forró, Giamarchi]

Transport and STM study of Chevrel phases
[Fischer]

Spin and charge degrees of freedom in Sr14Cu24O41
[ Rønnow, Mila, Giannini, Degiorgi, Conder]

Project 8: Cold atomic gases as novel quantum simulators for condensed matter

Milestones Year 9 Year 10 Year 11 Year 12

1. Model Systems and novel phases

Strongly correlated quantum states of cold atoms
and light
[Gritsev]

Phase diagram of two-dimensional dipolar gases on
a square- lattice substrate potential
[Blatter]

Observation of anti-ferromagnetic order in an opti-
cal lattice
[Esslinger]
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Milestones (Project 8, continued) Year 9 Year 10 Year 11 Year 12

Quantitative comparison between experiment and
theory on spin ordering
[Esslinger]

Study of the two-dimensional Hubbard model in the
low entropy regime
[Esslinger]

Numerical simulations of cold atomic systems
[Troyer]

Equation of state of 3D Fermi gases
[Troyer]

Equation of state of 2D Fermi gases
[Troyer]

Density functional theory for cold gases
[Troyer]

Mott transition and antiferromagnetism in cold
atomic gases
[Giamarchi]

Bose mixture
[Giamarchi]

2. Probe and Thermometry

Validation of cold atomic systems
[Troyer, Esslinger]

Spectroscopy
[Giamarchi]

3. Dynamics and novel Phases

Nonequilibrium dynamics
[Gritsev]

Dynamics and strong correlation of condensates for
precision measurements
[Gritsev]

Quantum phase transition and non-equilibrium dy-
namics of polaritons in an array of coupled QED cav-
ities
[Blatter]

Non-equilibrium physics in the Mott-insulating
phase
[Esslinger]

Disordered Bosonic and Fermionic systems
[Giamarchi]
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