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1Executive summary

MaNEP is approaching its final year and will end on June 30, 2013. In addition to working intensely
on MaNEP’s various activities, management is also entering into the final stages for the preparation
of what will happen afterwards. The MaNEP scientific committee is elaborating a plan to establish
a Swiss association to continue its network. We are also preparing a detailed proposal to integrate
MaNEP Geneva into the University.
Below is a summary of the year’s main research results as well as other MaNEP projects.

Research

Project 1. In a collaboration between PSI and
UniGE, the fundamental predictions of the po-
lar catastrophe scenario were tested, conclu-
sively identifying the polar catastrophe model
as being the intrinsic origin of doping at the
LAO/STO interface. In LaNiO3/LaMnO3 su-
perlattices, it has been discovered that an ex-
change bias phenomenon takes place for short
wavelength superlattices. This observation
shows that a magnetic structure is induced in
ultrathin films of otherwise (bulk) paramag-
netic LaNiO3, a result identified as an inter-
facial effect. It has been shown that electrical
conduction takes place at ferroelectric domain
walls in PZT thin films demonstrating that con-
duction at ferroelectric domain walls is not re-
stricted to multiferroic BiFeO3.

Project 2. Last year’s activity resulted in
considerable progress in improving the qual-
ity of the electronic systems investigated in
this project. LaAlO3/SrTiO3 heterostructures
with carrier mobility close to 10’000 cm2/Vs
can now be reproducibly fabricated, enabling
the systematic investigation of Shubnikov-de
Haas oscillations and the patterning of de-
vice structures in the submicron regime. Sus-
pended graphene devices with very high mo-
bility have been realized, and their investi-
gation at temperatures below 1 K is ongo-
ing; optical spectroscopy on graphene based
systems has reached unprecedented accuracy.
Theoretical work on systems with large spin-
orbit interactions, where topological effects can
emerge, has led to the prediction of new phe-
nomena in combination with superconductiv-
ity, such as the experimental manifestation of a
possible unconventional superconducting state

in LaAlO3/SrTiO3 and the study of Majorana
fermions.

Project 3. This project, which is dedicated to
applied research that in several cases is car-
ried out in close collaboration with industry,
is steadily growing. This year our report cov-
ers twelve different subprojects on topics as
varied as applied superconductivity, hydro-
gen sensors, supermirrors for neutron beams
and marking technology for watches. Seven
companies are collaborating with MaNEP
presently. Among the highlights this year, we
would like to mention the progress made in
mechanical energy harvesters combining the
knowledge on epitaxial ferroelectric films in
Geneva and the knowledge on Si membranes
developed in Neuchâtel.

Project 4. The three principle tasks of con-
densed matter research are (i) to develop new
materials, either exhibiting entirely novel be-
havior, or with improved functional properties,
(ii) to explore these properties by experimen-
tal means, and (iii) to provide theoretical un-
derstanding of the properties of these materi-
als. The present project covers all these dif-
ferent aspects. In particular two main classes
of materials have been targeted: the transi-
tion metal oxides, and the iron-pnictides and
chalcogenides. This year, the MaNEP collab-
oration has made successful advances in the
three aforementioned principle tasks. The ap-
pointment of Prof. Antoine Georges at UniGE
will strengthen research in the field of strong
correlations in transition metal oxides, improv-
ing the impact on the experimental studies of
complex phase diagrams and intriguing prop-
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MaNEP Executive summary

erties of this class of materials.

Project 5. In the field of heavy fermion super-
conductivity, research has focussed on the Q-
phase of CeCoIn5, the role of valence fluctua-
tion for the pairing mechanism, and the influ-
ence of non-centrosymmetricity on supercon-
ducting properties. A pseudogap phase has
been discovered in URu2Si2 above the onset
of the hidden order phase. Topological insu-
lators have been a further important topic, on
side of material synthesis as well as the ex-
perimental study of their transport and high
magnetic field properties. Topological phases
have also been a subject of theory and compu-
tational simulation, such as the chiral super-
conducting phase and the creation of specific
models incorporating topological features.

Project 6. Both traditional and novel exper-
imental techniques, as well as a variety of
theoretical methods, were applied to study-
ing correlations and phase transitions in quan-
tum magnetic materials. Several important
breakthroughs relied on tight collaborations
between different groups, providing unique
samples for experiments, complementary data,
and theoretical tools for a new level of anal-
ysis and interpretation. These breakthroughs
were spawned by a sustained buildup of effort
and refinements over the previous few years,
particularly in sample synthesis and technique
development. The study of disorder in quan-
tum magnets has evolved from a tentative sub-
ject to a rapidly maturing field. At the same
time, there is a clear emphasis on the impor-
tance of dynamics and the study of excitations
(as opposed to only static properties) in quan-
tum materials.

Project 7. The subject 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 experimental approach consists
of tuning the interactions between different
ground states by temperature, chemical means
(doping), or/and by applying external pres-
sure. The major techniques are spectroscopic
(optical, ARPES, STM) and electrical transport
measurements. The theoretical modeling deals
with the excitonic interactions and Luttinger
liquid behavior in the low-dimensional sys-
tems studied experimentally.

Project 8. Cold atomic systems are constantly
increasing their interconnection with the con-
densed matter community. As a particularly
interesting result, lattices similar to those of
graphene have been realized, paving the way

for the study of interplay between Dirac points
and interactions in these systems. Concerning
the Hubbard model on square lattice, the hunt
for antiferromagnetism is getting closer with
improved probes. On the theoretical level, the
very controlled realization of cold atomic gases
forces us to sharpen our theoretical tools, both
at the level of traditional methods such as den-
sity functional theory — with possible applica-
tions to other systems — but also with the per-
spective to understand more complex phenom-
ena, such as some out of equilibrium physics
effects.

Other aspects

Knowledge and technology transfer The last
year saw an increase in our technology trans-
fer activity. Collaboration with companies who
were present from the beginning of Phase III
are giving excellent results and we have de-
veloped new contacts with a number of other
companies. The Geneva Creativity Center,
a technology transfer structure initiated by
MaNEP, has officially started its activity.

Education, training and advancement of women
Our key activities, the doctoral school, the
MaNEP winter school, the internship for fe-
male students, continued with great success.
The PhysiScope initiated by MaNEP and run
in collaboration with the Physics Section at
UniGE continues its success with an atten-
dance of 4’200 in 2011.

Communication The SUPRA100 events, cele-
brating 100 year’s of superconductivity, were
a major project in 2011. Attendance was high
and the public showed enormous interest. All
events were well covered by the media. The
Swiss artist, Etienne Krähenbühl, inaugurated
the world première of his work of art, featuring
superconducting levitation

The future of MaNEP

This year preparations are on-going to en-
sure the future of MaNEP. The University of
Geneva has set aside the necessary funds to
continue these activities. Plans for a new Cen-
ter for astronomical, physical and mathemati-
cal sciences, where MaNEP Geneva will be lo-
cated, were presented to the cantonal authori-
ties. Progress has been made regarding the fu-
ture of the MaNEP network with the view of
establishing an association, which will be a fo-
rum for Swiss researchers in this field.
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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
• Swatch Group R&D SA, Division Asulab,

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
• Radovan Černý, UniGE
• Michel Decroux, UniGE
• Leonardo Degiorgi, ETHZ
• Daniel Eckert, Bruker BioSpin
• Tilman Esslinger, ETHZ
• Manfred Fiebig, ETHZ
• Øystein Fischer, UniGE
• René Flükiger, UniGE
• László Forró, EPFL
• Antoine Georges, UniGE
• Thierry Giamarchi, UniGE
• Enrico Giannini, UniGE
• Marco Grioni, EPFL
• Didier Jaccard, UniGE
• Janusz Karpinski, ETHZ
• Hugo Keller, UniZH
• Michel Kenzelmann, PSI
• Corinna Kollath, UniGE
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MaNEP Research

• Dirk van der Marel, UniGE
• Joël Mesot, PSI and ETHZ
• Frédéric Mila, EPFL
• Elvezio Morenzoni, PSI
• 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
• Christian Rüegg, PSI
• Manfred Sigrist, ETHZ
• Nicola Spaldin, ETHZ
• Urs Staub, PSI
• Gilles Triscone, Hepia
• Jean-Marc Triscone, UniGE
• Matthias Troyer, ETHZ
• Anke Weidenkaff, Empa and UniBE
• Philipp Werner, UniFR
• 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
• Carmine Senatore, UniGE
• Oksana Zaharko, PSI

Advisory Board

• Dave Blank, University of Twente, Nether-
lands

• Robert J. Cava, Princeton University, USA
• 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, scientific manager,

education and training
• Adriana Bonito Aleman, communication
• Jorge Cors, ad interim, knowledge and

technology transfer
• Pascal Cugni, administrative assistant
• Lidia Favre-Quattropani, scientific man-

ager, advancement of women
• Elizabeth Gueniat, executive assistant
• Mehregan Joseph, communication coordi-

nator
• Ivan Maggio-Aprile, computer and inter-

net resources
• Greg Manfrini, technical organization
• 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)
• T. Giamarchi (UniGE)
• D. van der Marel (UniGE)
• A. Morpurgo (UniGE)
• P. Paruch (UniGE)
• M. Sigrist (ETHZ)
• J.-M. Triscone (UniGE)

6



MaNEPStructure of the NCCR and status of integration

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 (UniGE)

• J. Hulliger (UniBE)

• M. Kenzelmann (PSI)

• G. Patzke (UniZH)

• C. Renner (UniGE)

• N. de Rooij (EPFL)

• C. Senatore (UniGE)

• G. Triscone (Hepia)

• J.-M. Triscone (UniGE)

• A. Weidenkaff (Empa and UniBE)

• K. Yvon (UniGE)

• This project is carried out with
seven 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)
• A. Georges (UniGE)
• T. Giamarchi (UniGE)
• E. Giannini (UniGE)
• J. Karpinski (ETHZ)
• H. Keller (UniZH)
• D. van der Marel (UniGE)
• J. Mesot (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)
• L. Forró (EPFL)
• 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)
• M. Kenzelmann (PSI)
• C. Kollath (UniGE)
• J. Mesot (PSI and ETHZ)
• F. Mila (EPFL)
• E. Morenzoni (PSI)
• H.-R. Ott (ETHZ)
• H. M. Rønnow (EPFL)
• C. Rüegg (PSI)
• 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)
• C. Renner (UniGE)
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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)
• C. Kollath (UniGE)
• F. Mila (EPFL)
• M. Troyer (ETHZ)

2.1.2 Status of integration

At the beginning of the third phase, MaNEP
had the choice between reducing the number
of its members, give each an important finan-
cial support, and thus have a small but exclu-
sive and outstanding network, or to reinforce
its network by integrating a larger number of
members who would necessarily then get less
support each. The idea that prevailed was that
in view of the long-term future, the integration
of new and younger professors and researchers
is crucial to the field. We thus opted for a broad
network. The third phase thus began with a
large number of full members (43) and since
then we have added 7 new full members and 1
new associate member. MaNEP has thus been
able to integrate young new professors and in
this way to transmit the knowledge and en-
thusiasm from the senior to the younger gen-
eration. We judge that this approach has been
successful and that MaNEP today represents,
even more than before, a true national and in-

tegrated effort in the field of electronic materi-
als.
During the last year, we have continued the
various activities stimulating integration: in-
ternal workshops, Forum meeting with short
scientific communications, topical meeting, the
Swiss Workshop on Materials with Novel Elec-
tronic Properties (SWM 2011) in les Diablerets,
summer internships, collaborative projects,
outreach and technology transfer.
As described in chapter 6, we are now work-
ing on the plan to establish an association to
continue this large network, allowing a long-
term integration of the scientific activities in
this field.
In Geneva, the planned establishment of a new
Center for astronomical, physical and mathe-
matical sciences is strongly inspired by MaNEP
and this effort represents a strong integration
of MaNEP in the University of Geneva.
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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 2011 to March 31st 2012.

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: The study of interface phenomena in oxide and novel compounds heterostructures is
developing worldwide at an impressive pace. The hope is to achieve novel and complex function-
alities in these artificial materials allowing possibly novel routes to design advanced devices. Our
program has for goals to study interface systems and their fascinating properties.

Summary and highlights

In this short section, we describe in a few lines
last year achievements in our studies of inter-
face physics including studies of cuprate mul-
tilayers, conducting oxide interfaces, nickelate
films, organic heterostructures, and domain
walls in ferroelectric films and superlattices.
• Using polarised neutron reflectometry and

resonant X-ray absorption and reflection
techniques, we have obtained evidence
that the magnetic proximity effect in
cuprate/manganite superlattices is intrin-
sic in nature and controlled by the elec-
tronic (orbital) state of the manganite lay-
ers. We have also participated in low-
energy muon-spin rotation experiments
on LaNiO3/LaAlO3 superlattices which
revealed a dimensionality controlled para-
magnetic metal to antiferromagnetic insu-
lator transition (C. Bernhard).

• We report results of a search for sponta-
neous magnetization in the superconduct-
ing state of (110)-oriented YBa2Cu3O7−δ

(YBCO) films due to time reversal symme-
try breaking currents that are theoretically
predicted to develop in this geometry near
the surface. We have studied optimally
doped films near the surface using the
low-energy muon-spin rotation technique.
Zero field and weak transverse field mea-
surements at depths from 5 to 120 nm in
YBCO showed no apparent spontaneous
magnetic fields below the superconduct-

ing temperature down to 2.9 K. Our re-
sults give an upper limit of 0.01 mT for the
spontaneous internal field in these films
(E. Morenzoni).

• The complex magnetic structure of
LuMnO3 thin films was studied using
polarized neutron reflectometry and
neutron diffraction. Magnetic reflec-
tions at (0 0.48 1) and (1 ± 0.52 1) rule
out the bulk E-type antiferromagnetic
ground state observed in bulk samples
but indicate the formation of an incom-
mensurate spin spiral in strained thin
films (C. Niedermayer).

• The predictions of the polar catastrophe
scenario were tested on thin films of
the solid solution (LaAlO3)x(SrTiO3)1−x
(LASTO:x) grown on (001) SrTiO3 sub-
strates. The films change from being in-
sulating to exhibiting a constant conduc-
tance above a critical thickness tc, which
is shown to scale with the strength of the
internal electric field, thereby conclusively
identifying the polar catastrophe model as
being the intrinsic origin of doping at the
LaAlO3/SrTiO3 interface (Ph. Willmott).

• We have investigated the transport prop-
erties of LaAlO3/SrTiO3 interfaces grown
at different temperatures. We observe a
change of the electron mobility and carrier
density, which we relate to the band struc-
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ture and confinement of the electron gas
(J.-M. Triscone).

• During the course of the project period, we
studied the temperature dependent elec-
tronic structure close to the Fermi level of
NdNiO3 thin films. We found both a tem-
perature hysteresis in the gap intensity as
well as a temperature dependent gap size
in the insulating phase (Ph. Aebi).

• In LaNiO3/LaMnO3 superlattices, we
have shown that an exchange bias phe-
nomenon takes place for short wavelength
superlattices. This observation shows that
a magnetic structure is induced in ultra-
thin films of otherwise (bulk) paramag-
netic LaNiO3. This amazing result is un-
derstood as an interfacial effect that arises
in such artificial structures (J.-M. Triscone).

• We have realized Schottky-gated organic
charge transfer interfaces based on single-
crystals of rubrene and PDIF-CN2, and
investigated the transport properties of
the conducting layer that spontaneously
forms at these interfaces as a function of
gate voltage and temperature. We find
that the conduction is mediated by elec-
trons, whose mobility exhibits a band-like
temperature dependence between room

temperature and ' 100 − 150 K, remain-
ing as high as 1 cm2/Vs at 30 K in the
best devices. The density of charge carri-
ers shows an unexpected linear decrease
with lowering temperature, that we can
understand quantitatively in terms of the
device band diagram (A. Morpurgo).

• We have shown electrical conduction at
ferroelectric domain walls in PZT thin
films, and explored their geometrical fluc-
tuations and thermal quench behavior in
the framework of elastic disordered sys-
tems. We have also mapped out the phase
diagram of BiFeO3/LaFeO3 superlattices
(P. Paruch).

• We have shown that controlling the de-
polarizing field in SrTiO3/PbTiO3/SrTiO3
structures allows intrinsic ferroelectric do-
mains to be imaged in thin PbTiO3 lay-
ers. This approach allows several pa-
rameters to be individually controlled (J.-
M. Triscone).

• We have studied the effects of temper-
ature on the roughness of an interface
and shown the evidence of two different
roughness regimes for the interface (T. Gi-
amarchi).

1 Magnetic proximity effect and dimensionality driven metal to insulator transitions in oxide
multilayers (C. Bernhard)

1.1 Cuprate/manganite multilayers

We have grown high-quality YBa2Cu3O7/
La1−xCaxMnO3 superlattices on substrates
different from SrTiO3, like NdGaO3 and
Sr0.7La0.3Al0.65Ta0.35O3 (LSAT), which provide
a better lattice matching and do not undergo
complicated structural phase transitions that
strongly influence the physical properties of
the film on top. Their high structural quality
has been confirmed with various techniques as
described in [1]. By changing the Ca concentra-
tion, we have also varied the electronic state of
the manganite layers.
Subsequently, we investigated these super-
lattices with polarized neutron reflectometry
(PNR) and magnetic resonant X-ray absorption
and diffraction techniques. These studies pro-
vided detailed insight into the magnetic depth
profiles of these superconductor/ferromagnet
superlattices. They revealed that the magnetic
proximity effect (MPE) which was previously
identified [2, 3, 4] depends very strongly on
the electronic (orbital) state of the ferromag-

netic manganite layers [5]. For a superlattice
with metallic, ferromagnetic La2/3Ca1/3MnO3
(LCMO) layers, the MPE is very pronounced,
whereas, for a corresponding superlattice with
insulating, ferromagnetic LaMnO3+δ (LMO)
layers, the MPE is nearly absent. This can be
seen in Fig. 1 which shows the PNR curves
and the obtained profiles of the magnetic po-
tentials.

With X-ray magnetic circular dichroism
(XMCD) measurements, we have also inves-
tigated the ferromagnetic moments which are
induced on the Cu ions. With additional X-ray
resonant magnetic reflectometry (XRMR)
measurements, we were able to show that
these ferromagnetic Cu moments originate
from the YBCO layers, i.e. they do not arise
from Cu ions that are (unintentionally) in-
corporated in the manganite layers. Fig. 2
shows the corresponding XRMR data of the
YBCO/LCMO superlattices which establish
that the proximity-induced ferromagnetic
Cu ions are periodically arranged and reside
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Figure 1: Polarized neutron reflectromety curves
for spin-up |+〉 and spin-down |−〉 polariza-
tion of (a) [YBCO(10 nm)/LCMO(10 nm)]10 and
(c) [YBCO(10 nm)/LMO(10 nm)]10 superlattices.
Also shown are unpolarized curves at 300 K. The
curves are vertically shifted for clarity. (b) and
(d) Depth profiles of the nuclear (green) and mag-
netic (red) potentials obtained from fitting the data
in (a) and (c).

within the YBCO layers.
Our new studies establish that the magnetic
proximity effect in these cuprate/manganite
superlattices is intrinsic in nature. They also
suggest that the depleted layer remains mag-
netic and hosts some kind of oscillatory mag-
netic order that persists well into the YBCO lay-
ers.

1.2 Nickelate/aluminate multilayers

In collaboration with the group of
B. Keimer at the Max-Planck-Institut für
Festkörperforschung in Stuttgart, we have also
performed combined infrared ellipsometry
and low-energy muon-spin rotation measure-
ments on LaNiO3/LaAlO3 multilayers. Here
we observed an unexpected transition from a
paramagnetic metal to an antiferromagnetic
insulator when the thickness of the individual
LaNiO3 layers was decreased below 4 unit
cells [6]. This kind of dimensionality control of
the electromagnetic properties might be very
useful for the design of future oxide based
sensors and devices and thus has obtained a
great deal of attention.

Figure 2: (a) Resonant X-ray reflectometry curve at
the Cu L3 edge of YBCO/LCMO at 300 K. (b) Dif-
ference curve between positive and negative helicity
at 40 K containing the information about the depth
profile of the ferromagnetic Cu moments. The sim-
ulations have been performed for the cases where
the Cu moments reside in the YBCO (red) and the
LCMO layers (green), respectively.

2 Search for spontaneous magnetism near
the surface of (110)-oriented YBCO films
(E. Morenzoni)

In unconventional superconductors, in addi-
tion to gauge symmetry, other symmetries may
be broken. A widely debated scenario is bro-
ken time reversal symmetry (BTRS) with spon-
taneous magnetism as a signature [28]. Ev-
idence of bulk spontaneous magnetism has
been detected by zero field muon-spin relax-
ation (ZF-µSR) in very few systems such as
UPt3, Sr2RuO4, PrOs4Sb12, and LaNiC2 [29,
30, 31, 32]. In cuprates, there are no evidence
of bulk BTRS [33, 34]; but it has been sug-
gested to occur at surfaces or interfaces where
the shielding against magnetism is weaker [28].
In d-wave superconductors, scattering of the
Cooper pairs from interfaces perpendicular to
the CuO2 planes such as (110) frustrates the
bulk dx2−y2 -wave order parameter (OP) within
a few coherence lengths from the interface
[35]. This is predicted to lead to a BTRS com-
plex order parameter such as dx2−y2+ is or
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dx2−y2+ idxy [35, 36]. Signatures of BTRS were
detected in some tunneling junction experi-
ments (below 10 K), while others did not [37].
The low-energy muon-spin rotation (LE-µSR)
technique, in which low-energy spin polarized
muons are stopped few nm near the surface,
is very sensitive to small static fields and thus
is ideally suitable to study directly BTRS near
YBCO-(110) surface. In this experiment, we
performed zero field and weak transverse field
measurements on YBCO-(110) films. We find
no evidence of static magnetic fields at depths
from 5 to 120 nm, the region where BTRS due
to surface scattering is expected in (110) films.
We estimate an upper limit of 0.01 mT of the
time reversal symmetry breaking fields.
The measurements were performed at the
Swiss Muon Source on the µE4 beamline, at the
Paul Scherrer Institute. The LE-µSR measure-
ments were performed in a temperature range
from 2.9 to 150 K, in zero field or small mag-
netic fields applied perpendicular to both the
initial muon-spin polarization and beam direc-
tion, but parallel to the face of the substrates.
The measurements presented here were carried
out on (110) YBCO films grown by pulsed laser
deposition on (110) SrTiO3 (STO) single-crystal
substrates measuring 5 × 5 mm2. The YBCO
films were grown on a 50 nm PrBa2Cu3O7−x
buffer layer, and are optimally doped with a
transition temperature of 88.5 (1.0) K. The (110)
orientation of the films was confirmed by XRD
measurements. The films have a typical rms
surface roughness of less than 3 nm, and thick-
ness ∼ 180 nm.
Typical asymmetry in the Meissner state in a
magnetic field of ∼ 4.6 mT parallel to the sur-
face is plotted in the inset of Fig. 3. The preces-
sion signal at a frequency of ω = γµB, where
the gyromagnetic ratio γµ = 0.85 µs−1mT−1 is
a measure of the mean internal field which is
equal to the applied field in the normal state.
Upon cooling below Tc, we see a significant re-
duction in the precession frequency, i.e. inter-
nal field, as expected in the Meissner state. The
mean internal field as a function of the beam
energy at 5 K is plotted in Fig. 3 for an external
field applied parallel to the c-axis. A fit of the
data using a cosine hyperbolic function (valid
for films) gives an estimate of λab ∼ 155(7) nm.
In a field perpendicular to the c-axis, we find
λc ∼ 455(20) nm. The temperature dependence
of the internal field (not given) is consistent
with a single d-wave order parameter near the
surface.
Typical zero field asymmetries in YBCO are
presented in the inset of Fig. 4. The asymme-
try is weakly dependent on temperature, and
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plied field of 4.66 mT as measured in the normal
state at 100 K (dashed line), is applied parallel to the
c-axis direction of YBCO films. Inset: asymmetry in
14.2 keV at 100 and 5 K.

decays with a small relaxation rate Λ. From
single exponential fits with e−Λt of the asym-
metry, one extracts the relaxation rate which is
proportional to the local magnetic field width,
Λ = γµ∆Bloc. The temperature variation of Λ
at energies of 2 and 4 keV is plotted in Fig. 4.
The damping rate in pure silver at 2 keV is
also presented, as about half the muons stop in
the Ag-covered backing plate. The measured
relaxation is due to temperature-independent
nuclear moments in YBCO+Ag. There is no
noticeable increase of the relaxation rate be-
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low Tc or at very low temperature, as expected
from onset of spontaneous magnetism in ZF-
µSR [30].
From these results, we rule out the appear-
ance of spontaneous magnetization below Tc
down to 2.9 K, and at depths ranging from
few nm below the surface up to 120 nm. From
the average scatter of the data in Fig. 4, one
can draw an upper limit of 0.008 µs−1, corre-
sponding to ∼ 0.01 mT of spontaneous mag-
netic fields. This upper limit is clearly much
weaker than the one found by tunneling exper-
iments in which much stronger magnetic fields
are needed to cause the splitting of zero bias
conductance peak [38].

3 Magnetic properties of RMnO3 thin films
(C. Niedermayer)

Single-crystalline orthorhombic (110) RMnO3
films (R = rare earth element) on (110) YAlO3
were grown by pulsed laser deposition. Due to
the mismatch between the film and substrate
unit cells, strain and lattice distortion can be
induced in the epitaxial films. X-ray reciprocal
mapping confirms that with increasing thick-
ness the film lattice parameters relax towards
bulk values [7]. This is consistent with the re-
sults of low-energy muon-spin relaxation mea-
surements, which had shown that the film is
magnetic throughout its volume, but that the
magnetic properties change as a function of
distance from the film substrate interface.
In 2011, the magnetic properties of a 5× 8 mm2

50 nm thin orthorhombic (110) LuMnO3 film
on (110) YAlO3 were investigated using spin
polarized neutron reflectometry (PNR) and
neutron diffraction. While the PNR measure-
ments are sensitive to the magnetization pro-
file at the film substrate interface, the neutron
diffraction experiments allow for the determi-
nation of the magnetic structure of the film.

3.1 Polarized neutron reflectometry

The PNR measurements were performed at the
Paul Scherrer Institut at the time of flight re-
flectometer AMOR. A clear splitting of the re-
flectivity curves for spin-up and down neu-
trons is observed at low temperatures (10 K,
4 T, Fig. 5a). At approximately 40 K, the split-
ting is starting to close and above 100 K no dif-
ference in the q dependence between the two
spin orientations can be observed (Fig. 5c). The
data can successfully be described by a model,
in which the difference in the two spin states
arises from a 10 nm thin ferromagnetic phase at
the substrate/film interface with an exponen-
tial magnetization profile (Fig. 5b). An homo-

Figure 5: (a) Neutron reflectivity for spin-up/down
at 10 K, 4 T. (b) Simulated profile of the magnetic
scattering potential. (c) Temperature dependence of
the spin-up/down ratio at two distinct q positions.

geneous magnetization throughout the entire
film volume or a ferromagnetic surface layer is
not in agreement with the data. The data anal-
ysis matches well the assumption that a highly
epitaxially and strained film has been grown
over the first few nm. A subsequent strain
relaxation is leading to a strong decay in the
ferromagnetic properties. The observed fer-
romagnetism is consistent with magnetization
measurements where a closing of the magnetic
hysteresis loop takes place at around 100 K.

3.2 Neutron diffraction

Magnetic neutron diffraction measurement at
the cold triple axis spectrometer RITA II at PSI
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Figure 6: (a) Magnetic Bragg peak at (0 0.48 1) mea-
sured at 1.6 K. A second peak might be present at
(0 0.52 1). (b) Temperature dependence of the first
peak between 1 and 60 K.

of a single-crystalline orthorhombic 90 nm thin
(110) LuMnO3 film on (110) YAlO3 revealed
a magnetic Bragg peak at (0 0.5 ± δ 1) with
δ = 0.02 (Fig. 6a). The position of the magnetic
structure peak indicates a helical or cycloidal
incommensurate structure. The second peak at
(0 0.5 + δ 1) is considerably smaller leading to
the assumption of differently populated mag-
netic domains. The suppression of the peak
might be a result of anisotropic effects due
to the growth-induced strain. The magnetic
Bragg peak at (0 0.5± δ 1) with δ = 0.02 has
been confirmed at the thermal diffractometer
D10 at the ILL. In addition, five other magnetic
structure peaks have been identified including
(1 ± qk 1), a peak position which is unique
for spin spiral and therefore excludes the ex-
pected bulk E-type antiferromagnetic ground
state in strained thin films. In a second step
a full temperature scan of the magnetic struc-
ture was performed showing a decrease of the
intensity in the range of 20− 40 K, with a com-
plete disappearance above 40 K (Fig. 6b).

4 The intrinsic origin of the conducting
interface between LaAlO3 and SrTiO3
(Ph. Willmott, J.-M. Triscone)

Although the conductivity at the
LaAlO3/SrTiO3 (LAO/STO) interface was
originally explained by the intrinsic polar
catastrophe scenario, in which the presence of
an electric field within the LAO [8, 9] caused
by the polar discontinuity at the interface
produces a Zener breakdown above a critical
film thickness [39, 40, 41], models explain-
ing the conductivity in terms of extrinsic
effects caused by oxygen vacancies [42], or
interfacial intermixing [10][43] have been sug-
gested. By growing films of the solid solution
(LaAlO3)x(SrTiO3)1−x (LASTO:x), both the
polar catastrophe and intermixing could be
tested in the same system, and their electrical
responses are predicted to be quite distinct
from each other.
The intrinsic polar model can be elegantly for-
mulated in the framework of the theory of po-
larization, such that the critical thickness tc is
proportional to ε f ilm, the dielectric constant of
the polar film material, and inversely propor-
tional to P0

f ilm, the formal polarization of the
film unit cell. It can be simply shown that
for LASTO:x films, P0

LASTO:x = xP0
LAO. First-

principles calculations on bulk compounds of
different LASTO compositions show that the
dielectric constant of LASTO:x remains essen-
tially constant between x = 1 and 0.5. This
initially surprising result is explained by the
fact that the large dielectric constant of pure
STO, mainly produced by a low-frequency and
highly polar phonon mode, is effectively sup-
pressed by the atomic disorder of the solid so-
lution. Hence, varying x allows one to tune
the film’s formal polarization while keeping all
other quantities constant, that is,

tLASTO:x
c = tLAO

c /x. (2.1)

On the other hand, if interfacial intermix-
ing were responsible for the conductivity, one
would expect a film composed of this inter-
mixed material to be conducting throughout its
bulk, the film to be conducting at the surface
and not just at the interface, and the conduc-
tance to increase with film thickness.
Sets of films for x = 0.5, 0.75, and 1 (pure LAO,
to test reproducibility) were grown both at PSI
and UniGE, and their conductances measured
(Fig. 7) the central result of this study. The step
in conductance for x = 1.0 is observed at 4 unit
cells, as first observed by Thiel et al. [41] and
reproduced by several groups. For x = 0.75
and 0.50, the data unambiguously demonstrate
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Figure 7: Room temperature conductance of
LASTO:x films for x = 1, 0.75 and 0.50. The dashed
vertical lines for x = 1.0 and 0.75 indicate the ex-
perimentally determined threshold thicknesses tc,
which, for x = 0.5, is represented by a band for
the more gradual transition. All values were ob-
tained after ensuring that the samples had remained
in dark conditions for a sufficiently long time to
avoid any photoelectric contributions.

that the critical thickness increases with STO-
content in the solid solution, with tLASTO:0.75

c
close to 5 unit cells, and tLASTO:0.5

c between 6
and 7 unit cells. This striking result demon-
strates that the critical thickness depends on x,
increasing as the formal polarization decreases.
Although the critical thicknesses obtained from
the experimental data are marginally smaller
than predicted by theory, this can easily be
attributed to the uncertainty in the dielectric
constants of the solid solutions. The overall
agreement, however, with the polar catastro-
phe model described by Eq. (2.1) is remarkable.
In conclusion, we have shown that in het-
erostructures of ultrathin films of the solid
solution (LaAlO3)x(SrTiO3)1−x grown on
(001) SrTiO3, the critical thickness at which
conductivity is observed scales with the
strength of the built-in electric field of the
polar material. These results test the funda-
mental predictions of the polar catastrophe
scenario and convincingly demonstrate the
intrinsic origin of the doping at the LAO/STO
interface [11].

5 High electron mobility at the
LaAlO3/SrTiO3 interface (J.-M. Triscone)

Following recent ab initio calculations of the
electronic band structure of the electron gas
present at the LaAlO3/SrTiO3 (LAO/STO) in-
terface [45], we have analyzed in detail the
transport properties of this system. In het-
erostructures grown at 800◦C, we observe, at
low temperatures, carrier mobilities of 500-
1000 cm2/Vs (Fig. 8) and a two-dimensional
carrier density of 2− 5 · 1013 cm−2. The mag-
netic field dependence of the longitudinal and
Hall resistance suggests a multi-channel con-
duction mechanism that we attribute to the fact
that the Fermi level crosses electronic bands
with different symmetries and different effec-
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Figure 8: Top: Hall mobility as a function of tem-
perature for samples grown at 900◦C (brown trian-
gles), 800◦C (gold dots) and 650◦C (blue squares).
The dashed line shows a fit assuming µ ∝ Tα

with α = −2.8. This temperature dependence is
also observed in bulk doped STO. Bottom: compari-
son of LaAlO3/SrTiO3 interfaces and doped SrTiO3
(green dots) showing the dependence of the low-
temperature mobility on the carrier density (mea-
sured at 260 K) assuming a uniform gas thickness
of 10 nm. The same color code is used in the top
and bottom panels. Data for bulk STO are taken
from [44].
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tive masses. Reducing the growth tempera-
ture to 650◦C, we succeeded in producing sam-
ples with mobilities exceeding 5000 cm2/Vs, as
shown in Fig. 8. In these interfaces, the carrier
density drops by about one order of magnitude
reaching a few 1012 cm−2. In magnetic fields,
the magneto-resistance of such high-mobility
samples displays 2D quantum oscillations. The
evolution of the mobility with the carrier den-
sity of the interfaces shown in Fig. 8 resembles
the behavior of bulk doped SrTiO3, if we as-
sume that the electron gas is confined within
10 nm from the interface.

6 NdNiO3 thin films: a photoemission study
(Ph. Aebi)

Nickel based rare earth (R) perovskite oxides
RNiO3 are a model system to study temper-
ature driven metal to insulator phase transi-
tions (MIT). In the case of NdNiO3, multiple
experiments tried to determine the nature and
the width of the band gap in the insulating
state. However optical and transport measure-
ments lead to different results [46, 47, 48]. Ul-
traviolet photoelectron spectroscopy (UPS) is
an ideal tool to probe the gap opening across
the MIT and thereby paints a detailed pic-
ture of the evolution of the gap. An epitax-
ial 10 nm NdNiO3 thin film was grown on
an LaAlO3 substrate following the procedure
given in [12]. The ex situ transferred film was
cleaned from adsorbates by applying an oxy-
gen plasma to its surface. The surface clean-
liness was checked using X-ray photoelectron
spectroscopy of the O 1s and the C 1s core
levels. UPS spectra were recorded using s-
polarized monochromatic photons from the He
Iα line (hν = 21.2 eV) of a helium discharge
lamp.
UPS measurement on NdNiO3 [49] report a
loss of spectral weight not only close to the
Fermi level, but over a broad binding energy
range, once the system is cooled below TMIT .
This effect hinders a determination of the size
and evolution of the gap. To circumvent this,
we symmetrized our temperature dependent
spectra with respect to the Fermi level. This
not only made the presence of the gap evident
(Fig. 9, inset), but also allowed us to subtract
the above mentioned spectral loss. We then fit-
ted the residuum using a gaussian profile.
The intensity of this gaussian is plotted in
Fig. 9, top, as a function of sample temperature.
It exhibits a temperature hysteresis with onsets
comparable to the transition temperatures de-
rived from transport data. This suggests that
the gaussian profile describes the gap opening
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Figure 9: Top: the intensity of the gap as a function
of temperature. Bottom: the gap size as a function of
temperature. Inset: two symmetrized spectra with
the polynomial fit used as background for the deter-
mination of the gap.

well and in turn validates the assumption that
the width of the gaussian is directly correlated
with the gap width.
In Fig. 9, bottom, the gap size is plotted as
a function of temperature. At the transi-
tion temperatures, the gap size has a value of
EG(TMIT ∼ 150 K) = (55± 10) meV and it in-
creases to EG(35 K) = (102 ± 5) meV at low
temperatures. It is interesting to note that the
gap reaches around 80% of its 35 K limit in less
than 20 K below the MIT. A similar behavior
was found in the magnetic moments of the Ni
atom in NdNiO3 [49]. There it was attributed
to the suppression of the magnetic transition
due to the itinerant nature of the charge car-
riers above TMIT . The similarity between both
parameters suggests either that a coupling be-
tween the magnetic moment and the electronic
gap size exists or that the MIT is suppressed in
a similar way by an unknown order parameter
as itself suppresses the magnetic transition.

7 Exchange bias in LaNiO3/LaMnO3 super-
lattices (J.-M. Triscone)

The wide spectrum of exotic properties exhib-
ited by transition-metal oxides arises from the
interplay between the spin, charge, orbital and
lattice degrees of freedom [50]. In this con-
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Figure 10: (a) X-ray diffraction reciprocal space
map and corresponding reciprocal space line-scan
for a (5/5)20 superlattice around the (1 1 2) reflec-
tion. (b) X-ray diffractograms for a (5/5)20 (up)
and (7/7)15 (down) superlattices. Background: cor-
responding atomic force microscopy images show-
ing the superlattices’ topography.

text, interface engineering in complex oxide
heterostructures enables not only further tun-
ing of the exceptional properties of these ma-
terials, but also gives access to hidden phases
and emergent physical phenomena [13]. Fol-
lowing our previous work on nickelate-based
heterostructures, we have shown that (111)-
oriented LaNiO3/LaMnO3 (LNO/LMO) su-
perlattices exhibit unexpected magnetic prop-
erties [14].
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Figure 11: Magnetization field loops at 5 K for
a (7/7)15 superlattice after field cooling from room
temperature in +0.4 T (green circles) and in −0.4 T
(red diamonds).

Epitaxial (n(LNO)/n(LMO))x superlattices
have been grown by off-axis rf magnetron
sputtering. As substrates, we use (111)-
oriented SrTiO3 single-crystals. The result-
ing superlattices grow coherently strained
(Fig. 10a), with atomic force microscopy re-
vealing that the surface preserves the step-like
morphology of the substrate (background of
Fig. 10b). The X-ray diffraction patterns of the
artificially layered structure indicate excellent
sample quality and good agreement with the
designed layering (Fig. 10b).
LNO is the only member of the perovskite
nickelate family lacking any magnetic order in
its bulk form, whereas LMO is ferromagnetic
when grown as a thin film. The temperature-
dependence of the magnetization of the (111)-
superlattices clearly resembles that of (111)-
LMO thin films, suggesting that the overall
magnetization is dominated by the inner fer-
romagnetic LMO layers. However, the low-
temperature field-dependence of the magneti-
zation in the (111)-heterostructures has been
found to be strikingly different from that
of the LMO films. After field-cooling from
room temperature in the presence of a +0.4 T
(−0.4 T) field, a shift of the centre of the
magnetization-field loop along the magnetic
field axis is observed toward negative (posi-
tive) fields, as illustrated in Fig. 11. This behav-
ior reveals the surprising presence of exchange
bias (EB) in (111)-oriented LNO/LMO super-
lattices at low temperatures, with the bias-field
shift being a classic signature of unidirectional
anisotropy [51]. The unexpected observation of
EB provides key information about the mag-
netic properties and interactions within the
heterostructure. First, the interfacial nature of
EB effects implies a strong coupling between
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LNO and LMO layers at the interface. Sec-
ond, biasing effects hint at the development of
magnetic order within the nominally param-
agnetic material (LNO). First-principle calcula-
tions carried out for these specific heterostruc-
tures indicate that this interfacial interaction
may give rise to an unusual spin order re-
sembling a spin-density wave within the LNO
layers, though development of antiferromag-
netism or a spin glass behavior in the LNO lay-
ers cannot be excluded at present.
The observation of the EB phenomenon at the
interface between a paramagnet and a ferro-
magnet highlights once more the potential of
interface engineering for tailoring the prop-
erties of complex oxides and extending their
functionalities towards new technological ap-
plications.

8 Electronic properties of organic charge
transfer interfaces probed using Schottky-
gated heterostructures (A. Morpurgo)

Organic semiconductors commonly have
band-gaps in excess of 2 eV and — when
undoped — are essentially insulators. Often,
however, interfaces of two such materials
exhibit high electrical conductivities, orders
of magnitude larger than the bulk ones. Pos-
sibly the most striking example is provided
by interfaces between crystals of TTF and
TCNQ, where square resistances as low as a
few kOhms have been observed down to low
temperature [15]. There is consensus that the
conductivity of organic-organic interfaces orig-
inates from charge transfer from the surface
of one material to that of the other. However,
the microscopic details of the process, as well
as the nature of the charge carriers, are not
known. The interpretation of experiments on
organic interfaces realized using thin films of
organic semiconductors — which have been
carried out on gated devices — is complex,
because the “bulk” of the films themselves
have non-negligible conductance. Devices
based on single-crystals do not suffer from this
non-ideality, but only a few experiments have
been performed so far, in no case on devices
equipped with a gate electrode [15, 16]. In
this project, we have studied the transport
properties of organic charge transfer interfaces
based on laminating together a rubrene and a
PDIF-CN2 crystal, the two organic molecules
that give the highest carrier mobility values
in organic single-crystal transistors (rubrene
for holes and PDIF-CN2 for electrons [17]).
These charge transfer interfaces were assem-
bled on Cr films (in contact with the rubrene

Figure 12: Optical microscope image of a Schottky-
gated rubrene-PDIF-CN2 charge transfer interface
used in our experiments.

crystal), acting as Schottky gates enabling
the electrostatic modulation of the interfacial
conductivity (Fig. 12). We have performed
systematic investigations of gate-dependent
conductivity in the temperature range between
300 and 30 K on many different devices and
found that the charge carriers are electrons
at the surface of PDIF-CN2. The mobility of
the carriers ranges between 1 and 3 cm2/Vs
at room temperature and it increases upon
lowering temperature down to approximately
150 K, below which temperature it starts
decreasing. In the best devices, however, the
electron mobility remains as high as 1 cm2/Vs
at T = 30 K, which is orders of magnitude
larger than in the best n-type organic transistor
realized so far. The density of electrons is
found to reproducibly decrease linearly with
lowering temperature. This is an unexpected
result, different from what has been found in
other organic charge transfer interfaces where
the carrier density is constant (e.g. in TTF-
TCNQ exhibiting metallic conduction, due
to a large overlap between the valence band
of TTF and the conduction band of TCNQ)
or decreases exponentially with lowering T,
indicating the presence of an energy gap for
interfacial charge transfer (which is the case
for TMTSF-TCNQ interfaces) [15, 16]. The
linear decrease of the carrier density indicates
that the top of the valence band of rubrene
is nearly perfectly aligned with the bottom
of the conduction band of PDIF-CN2, before
charge transfer occurs. After charge transfer,
an effective gap opens, entirely due to the
electrostatic potential generated by the trans-
ferred charge itself. Taking this into account,
we successfully reproduced the linear temper-
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ature dependence of the electron density, and
explained quantitatively the slope observed in
the experiments.

9 Nanoscale PFM imaging of intrinsic
domains in PbTiO3 ultrathin films
(J.-M. Triscone)

In ferroelectric ultrathin films, the depolariza-
tion field arising from bound charges on the
surface of the film and at the interface with
the substrate can be partially screened by free
charges from metallic electrodes, ions from the
atmosphere, or mobile charges from within
the semiconducting ferroelectric itself. Even
in structurally perfect metallic electrodes, the
screening charges will spread over a small but
finite length, giving rise to a non-zero effec-
tive screening length that will dramatically al-
ter the properties of an ultrathin film. In the
absence of sufficient free charges, a ferroelec-
tric has several ways of minimizing its energy
while preserving its polar state, e.g. by form-
ing domains of opposite polarization, or rotat-
ing the polarization into the plane of the thin
ferroelectric slab [18].
Using piezoresponse force microscopy (PFM),
we investigated the intrinsic nanodomain pat-
tern of PbTiO3 ultrathin films at room tempera-
ture, focusing on the effect of the film thickness
and the effective screening length. We clearly
observe a decrease of the intrinsic domains size
as the film thickness is reduced, in agreement
with the Landau-Kittel law [52, 53, 54]. In-
terestingly, we also observe an evolution in
the shape of the domains from nanodots for
the thicker films to nanostripes for the thinner
films. This may be the result of the competi-
tion between the elastic behavior of the domain
walls and their pinning in a disorder potential.
Our work also focuses on the study of domain
wall motion and relaxation after the applica-
tion of an electric field [19].

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

10.1 Conduction at ferroelectric domain walls

Domain walls are naturally-occurring, intrinsi-
cally nanoscale interfaces separating different
orientations of spontaneous electric polariza-
tion, magnetization, or strain. They can present
radically different properties from their par-
ent materials, opening an alternative route to-
wards unusual functionalities with enormous
application potential [20]. Following the re-
cent discovery of conduction at ferroelectric
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Figure 13: Domain wall conduction in PZT. (a) To-
pography showing a rms roughness of 0.4 nm.
(b) PFM phase and (c) amplitude images of a square
domain written with a positive tip bias. (d) c-AFM
measurement at −1.5 V tip bias, showing a 25 pA
average current at the domain walls. (e) Line pro-
files of c-AFM current and inverse PFM amplitude
averaged over the left domain wall, as indicated by
the dashed lines in (c) and (d).

domain walls in insulating BiFeO3 [55], differ-
ent microscopic mechanisms were proposed,
including band gap lowering [56], polarization
discontinuity attracting charged defects [57], or
dynamic conduction due to irreversible micro-
scopic motion of the domain walls [58].
We found that 180◦ domain walls in in-
sulating epitaxial Pb(Zr0.2Ti0.8)O3 (PZT) thin
films also present a current signal in conduc-
tive atomic force microscopy (c-AFM) mea-
surements. At high voltages, dynamic dis-
placement currents related to irreversible do-
main wall motion and polarization switching
are observed, as demonstrated by concurrent
piezoresponse force microscopy (PFM) imag-
ing. However, at low voltages, small but sta-
ble static conductive currents with no changes
in the domain configuration are observed, as
shown in Fig. 13. The domain wall conduction
is highly non-linear, with asymmetric current-
voltage characteristics, and strong temperature
dependence at higher temperatures. For more
details, see [21].

10.2 Thermally quenched domain walls

Ferroic domain walls also provide an excel-
lent model system for studying the static and
dynamic behavior of elastic interfaces in dis-
ordered media [22]. Theoretically and ex-
perimentally, although equilibrium properties
of such systems are relatively well under-
stood, much less is know about their out-of-
equilibrium behavior. A major challenge is un-
derstanding the non-steady slow dynamics as-

19



MaNEP Research

Figure 14: (a) PFM phase map (1.2× 4.8 µm2) of two domain walls. When the complete domain walls are
considered (green boxes), the corresponding normalized correlation functions at different orders show either
(b) collapse (Gaussian, self-affine behavior) or (c) fanning (non-Gaussian multi-affine behavior). Eliminating
strong disorder fluctuations to consider only the upper part of the second wall (red box), however, returns to
self-affine behavior.

sociated with aging [59]. A specially interest-
ing realization of such out-of-equilibrium phe-
nomena is provided by quenches, in which a
parameter is abruptly varied.
Using PFM, we measured the evolution of do-
main wall roughness in PZT thin films during
heat-quench cycles up to 735◦C, with the effec-
tive roughness exponent ζ changing from 0.25
to 0.5. Two possible mechanisms for the ob-
served ζ increase can be considered: a quench
from a thermal one-dimensional configuration,
and from a locally-equilibrated pinned con-
figuration with a crossover from a two- to
one-dimensional regime. We find that the
post-quench spatial structure of the metastable
states, qualitatively consistent with the exis-
tence of a growing dynamical length scale
whose ultraslow evolution is primarily con-
trolled by the defect configuration and heating
process parameters, makes the second scenario
more plausible. This interpretation suggests
that pinning is relevant in a wide range of tem-
peratures. We also demonstrated the crucial ef-
fects of oxygen vacancies in stabilizing domain
structures. For more details, see [23]

10.3 Multiscaling analysis of domain walls

A wealth of additional information about
the static configuration of an elastic inter-
face pinned by disorder can be obtained by
a more complex multiscaling analysis inves-
tigating the higher moments of the probabil-
ity distribution function (PDF) of the relative
displacement from an elastically optimal flat
configuration [22]. We carried parallel stud-
ies of these geometrical fluctuations in nu-
merical one-dimensional interfaces pinned by
random-bond disorder, and in ferroelectric do-
main walls in PZT thin films, allowing us to

compare an ideal elastic line under weak col-
lective pinning with a system in which com-
plex local variation of disorder are observed
[60, 61]. Following the multiscaling analysis
developed in [62], we first showed that the nu-
merical interfaces display Gaussian PDF be-
havior, as expected for a self-affine system,
with slight deviations related to finite size ef-
fects at very small and very large length scales.
Moreover, we observed an intrinsic spread of
the roughness exponent between individual in-
terfaces. On the ferroelectric domain walls,
we showed that the multiscaling analysis is
strongly sensitive to local disorder variations,
displaying either self-affine or multi-affine be-
havior, as shown in Fig. 14. Using this analysis
as a criterion to classify domain wall segments,
we finally extracted the roughness exponent
statistics for 30 self-affine domain walls, with
an average value of 0.58± 0.05. For more de-
tails see [24].

11 Interfaces in disordered systems
(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 some spintronic mate-
rials in which domain walls can be manipu-
lated by either an external magnetic field or
an electrical current. The resulting competi-
tion between elasticity and disorder, blurred
by thermal fluctuations at finite temperature,
gives rise to metastability and glassy proper-
ties.
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11.1 Thermal effects on the roughness of an in-
terface

In a collaboration with V. Lecomte (LPMA,
France) and S. Bustingorry (Centro Atomico
Bariloche, Argentina), we focussed on the fluc-
tuations of 1D interfaces. We had shown in [25]
using a Gaussian variational method (GVM)
approximation and complementary scaling ar-
guments, the existence of two regimes in tem-
perature: at high temperatures the thermal
fluctuations define a thermal width ξth which
completely erases the existence of the natural
width of the interface ξ > 0, whereas at low
temperatures the microscopic width ξ matters
even for the macroscopic interface’s geometri-
cal fluctuations. We have pursued this analy-
sis [22]. Exploiting the exact mapping between
the static 1D interface and the directed poly-
mer in random media (DPRM), we have ex-
tended analytical arguments and predictions
known for ξ = 0 to the more general case with
ξ > 0. Moreover, performing a numerical in-
tegration of the differential equations given by
[63], we have measured the geometrical and
free-energy fluctuations of the DPRM with a fi-
nite disorder correlation length ξ and at finite
temperature. Investigating numerically the re-
lation predicted analytically at large length-
scales between the amplitude of the geometri-
cal fluctuations (one of the quantities accessible
in experiments) and the effective strength of
disorder D̃∞, we have successfully pointed out
the existence of the two temperature regimes
predicted analytically (Fig. 15), supporting in
particular that an experimental temperature-
dependent measurement of the amplitude of
an interface’s roughness provides a way to
determine quantitatively Tc(ξ) and the mi-
croscopic disorder strength of its underlying
medium.
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Figure 15: Measured disorder correlator at large
lengthscales, with increasing temperature from blue
to red curves. Its amplitude D̃∞ decreases at high
temperatures in ∝ 1/T, and tends to saturate below
Tc.

11.2 Interfaces with internal degrees of freedom

To address the question of spintronic materi-
als, in which it is important to take into ac-
count the internal degrees of freedom of the
domain wall, we have pursued, in collabora-
tion with S. Barnes (Florida University, USA),
J. P. Eckmann (UniGE) and V. Lecomte (LPMA,
France), our analysis of domain walls with
such internal degrees of freedom. In a previ-
ous report we had pointed out that such sys-
tems have depinning properties totally differ-
ent than the normal walls. In a more theoret-
ical approach we have developed the analysis
of the properties of such systems and showed
that they have interesting topological transi-
tions [26].

11.3 Domain walls in ferroelectrics

In an ongoing collaboration with P. Paruch, we
are investigating the roughness and more gen-
erally the distribution of the relative displace-
ment of Pb(Zr,Ti)O3 thin films domains walls,
performing a multiscaling analysis of those
measurements and comparing them to numer-
ical simulations of 1D interfaces by S. Bustin-
gorry.

11.4 Reviews for BKT transition

In addition to the above-mentioned research
works, we have written, in collaboration with
L. Benfatto and C. Castellani (Rome Univer-
sity, Italy), a mini-review of the Beresinskii-
Kosterlitz-Thouless (BKT) transition and the
effects of disorder, with special applications to
superconducting films [27]. This review is part
of a book on the 40 year anniversary of the BKT
transition.

12 Collaborative efforts

This year, one can cite in particular the
Willmott-Triscone collaboration on the testing
of the fundamental prediction of the polar
catastrophe scenario in the LAO/STO system,
the Aebi-Triscone collaboration on the study of
nickelate films, and the Paruch-Giamarchi on-
going collaboration on the study of the static
and dynamic properties of ferrolectric domain
walls.
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Participating members: M. Büttiker (UniGE), T. Giamarchi (UniGE), D. van der Marel (UniGE), A.
Morpurgo (UniGE), P. Paruch (UniGE), M. Sigrist (ETHZ), J.-M. Triscone (UniGE)

Summary and highlights: Significant progress has been made in improving the quality of many
of the electronic systems investigated in this project, and investigations of new systems have also
started. The realization of LaAlO3/SrTiO3 heterostructures that reproducibly exhibit large mobility
values (' 10′000 cm2/Vs) is enabling systematic investigations of Shubnikov-de Haas conductance
oscillations as a function of gate voltage, as well as the study of nanopatterned devices in which
effects due to the quantum coherence of electrons become visible. For graphene, the technology for
realizing suspended devices has been established, resulting in a substantial decrease of the amount of
disorder present: these devices are now enabling systematic studies of graphene close to the charge
neutrality point, in the sub-Kelvin temperature range. The analysis of optical spectroscopy data on
graphene and graphite has reached an unprecedented accuracy. The optical and transport properties
of new systems — mainly based on thin layers of metal dichalcogenides, prepared using strategies
developed for graphene — have also started to be investigated. Theoretical work has mainly concen-
trated on systems possessing large spin-orbit interaction and/or not trivial topological properties,
focusing on the interplay with superconductivity, which leads to the emergence of new physical
phenomena.

1 Devices based on oxide materials

Progress has been made in improving the qual-
ity of LaAlO3/SrTiO3 interfaces and devel-
oping new nanopatterning techniques. The
higher carrier mobility values are now en-
abling a detailed investigation of Shubnikov-
de Haas conductance oscillations as a func-
tion of gate voltage, which is essential to de-
termine the low-energy band-structure of the
interfacial electron gas present in these sys-
tems. Developments on nanopatterning show
that small constrictions, with lateral dimen-
sions of only a few hundreds nanometers,
can be fabricated reliably without affecting
the properties of the two-dimensional electron
gas. In these devices, mesoscopic effects, such
as universal conductance fluctuations, are ob-
served in low-temperature transport measure-
ments. Finally, considerable improvements
in the fabrication of carbon nanotube tips for
the nanoscale investigation of oxide structures
have been made.

1.1 Gate-dependent Shubnikov-de Haas conduc-
tance oscillations at SrTiO3/LaAlO3 inter-
faces (J.-M. Triscone)

The electron gas discovered at the inter-
face between SrTiO3 and LaAlO3 — two-
band insulators — displays a variety of in-
teresting electronic phenomena. We have re-

cently succeeded in boosting the electron mo-
bility µ by reducing the growth temperature
of the LaAlO3 layer, reaching µ values of
∼ 5′000 cm2/Vs and enabling the obser-
vation of oscillatory effects in the magneto-
resistance [1]. The study of the oscillations as a
function of temperature and magnetic field ori-
entation provides an estimate of the effective
mass (m∗ ∼ 1.5me) of the interfacial carriers, as
well as the first experimental confirmation of
the two-dimensional character of the electronic
states. In a series of recent experiments, we fo-
cused on the evolution of the oscillations upon
modulation of the carrier density. For this pur-
pose, we have realized field effect devices with
samples exhibiting high mobility. Fig. 1 dis-
plays the evolution of the magneto-resistance
measured at 30 mK for different gate voltages
Vg. The analysis of the low-field data reveals
that increasing the gate voltage increases the
density of carriers and their mobility. For the
state with the highest mobility and the largest
carrier density that we could achieve during
the experiment (Vg = 107 V), we clearly ob-
serve the presence of high and low-frequency
oscillations in the magneto-resistance. When
the temperature is raised to 800 mK, the high-
frequency contribution is lost. As the gate volt-
age is lowered, hence reducing the doping and
the charge mobility, we observe an evolution
of the oscillation spectrum, with a progressive
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Figure 1: Magneto-resistance of a LaAlO3/SrTiO3
interface modulated by an electric field. The data
are acquired at 30 mK for gate voltages ranging from
80 V (blue curve) to 107 V (red curve). The curves are
vertically displaced for clarity. We observe a com-
plex Shubnikov-de Haas oscillation pattern which
evolves as the mobility and carrier density are tuned
by the gate voltage.

loss of the high-frequency component. De-
tailed modeling of the oscillation amplitude to
elucidate the possible effects of Zeeman and
Rashba spin-orbit interactions on the formation
of Landau levels is ongoing.

1.2 Phase coherent effects in LaAlO3/SrTiO3
mesoscopic devices (J.-M. Triscone,
A. Morpurgo)

The two-dimensional electron gas (2DEG)
present at LaAlO3/SrTiO3 interface is emerg-
ing as a unique system in the panorama of
oxide electronics for the variety of electronic
states therein observed [2]. The possibility to
tune its transport properties from supercon-
ductivity to weak localization using field ef-
fect makes this system particularly interest-
ing for the investigation of quantum effects in
transport devices. With the aim of studying
mesoscopic phenomena in field effect devices,
we have set up a nanofabrication procedure
based on electron-beam lithography (EBL). Af-
ter spinning a PMMA resist, we deposit a thin
Cu layer to avoid charging effects at the insu-
lating SrTiO3 surface. Using EBL to define our
patterns, we realize constrictions in the 100 nm
range as shown in the inset of Fig. 2. An amor-
phous SrTiO3 layer is deposited outside the
conducting channel before the growth of the
epitaxial LaAlO3 layer. As a result a 2DEG
is present only in the region where LaAlO3 is
directly in contact with the crystalline SrTiO3
substrate, enabling the realization of later-
ally confined structures. Fig. 2 displays the
magneto-conductance of a 2 µm× 1 µm bridge
measured as a function of temperature. For
small magnetic fields, we observe a peak in
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Figure 2: Magneto-conductance of a 2 µm × 1 µm
bridge as a function of the temperature, obtained ap-
plying a back-gate voltage Vg = 26 V. In the inset,
the device is revealed by a topography scan realized
using an atomic force microscope.

the conductance — a signature of weak anti-
localization effects. At higher fields, fluctua-
tions of the conductance are visible, whose am-
plitude decreases as the temperature is raised.
We relate these fluctuations to phase coherent
transport in a channel with dimensions com-
parable to (albeit still larger than) the phase
coherence length. Analyzing these magneto-
conductance fluctuations within the theory of
the universal conductance fluctuations, we es-
timate a phase coherence length Lϕ ∼ 130 nm,
in good agreement with the value calculated
from the fit of the magneto-conductance curve
using the weak localization theory in the pres-
ence of spin-orbit interaction.
These results provide clear evidence of the lat-
eral confinement of the electron gas in our
bridges exhibiting quantum coherent trans-
port.

1.3 Atomic force microscopy tips based on car-
bon nanotubes (P. Paruch)

Nanoscale studies of (multi)ferroic thin films
rely heavily on atomic force microscopy (AFM)
techniques. These techniques are based on the
varying interaction between the sample and
the tip, whose geometry and material proper-
ties determine the performance and resolution
of the instrument. A key challenge is there-
fore to improve the tip characteristics, and the
outstanding mechanical and electrical proper-
ties of carbon nanotubes (CNT) allow them
to be considered as ideal AFM topographical
probes [9]. Further modification of the CNT
can extend the areas of possible application.
For instance, magnetic functionalization [10],
or SiO2-rigidification [11, 12] are important for
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Figure 3: MFM micrographs of multiferroic
BiFeO3/CoFe2O4 nanocomposites acquired with
(a) commercial or (b) magnetically-coated CNT-
AFM probes. Comparing such probes fabricated
with different deposition parameters, using mag-
netic storage tape as a standard test medium, we can
see that commercial MESP tips (c) show the high-
est signal levels, but the lowest resolution (f). All
magnetically-coated CNT-AFM tips (d, e) show in-
creased resolution (g, h), with better signal to noise
ratios given by a thicker magnetic coating (indicated
directly on the figures).

magnetic (MFM) and piezoresponse force mi-
croscopy (PFM) measurements, respectively.
The goal of our work is the fabrication of mul-
tifunctional CNT tips allowing high-resolution
piezoelectric, magnetic and current imaging
for the full spectrum of measurements, on fer-
roelectric and multiferroic thin films.
The tips are fabricated by chemical vapor de-
position growth of 2 − 3 µm long CNT pro-
jecting vertically from the AFM tip. Chemical
vapor deposition uses an Fe-hydroxy polymer
catalyst or an organic Mo and Fe salt based cat-
alyst, electrophoretically deposited on the apex
of standard doped Si probes. After the long
CNT are shortened to 100− 200 nm by electri-
cal etching, they show improved topographical
resolution compared to standard AFM probes,
with the ability to image small and deep struc-
tures due to their high aspect ratio. However,
these simple CNT-AFM tips are the least stable
in electrical measurements, as strong electro-
static effects lead to CNT vibration. For both
electrostatic and magnetic measurements, the
tips are therefore coated by a thin metal layer
(Au, Al, Cr, Ti by e-beam at UniGE, Co and
permalloy in collaboration with Jakoba Heidler
and Mathias Klaui by molecular beam epitaxy
at PSI), which increases the mass of the system,
significantly improving its noise response. The
tips show significantly better resolution than
commercial magnetic (MESP) probes (Fig. 3).

For additional protection against oxidation, a
further Al or Au coating is applied. For contact
measurements, e-beam evaporation of SiO2 is
used to rigidify the tip structure.

2 Carbon based electronics

The investigation of graphene has progressed
in different directions. The fabrication of top
quality devices, in which graphene is sus-
pended on top of a gate electrode, has been
demonstrated. These devices are now used
for the investigation of transport in the so
far unexplored regime of temperatures below
1 K. Optical spectroscopy studies have fo-
cused on large area materials, such as graphite
— where agreement of unprecedented qual-
ity with band-structure calculations has been
achieved — and on epitaxial graphene grown
on SiC wafers. Large graphene layers have
been grown using chemical vapor deposition
techniques. With carbon nanotubes, devices
with ferroelectric gates have been used both to
investigate transport and to control the ferro-
electric polarization on a scale of ' 10 nm. Fi-
nally, a new direction that has emerged is the
investigation of the optical and transport prop-
erties of nanolayers exfoliated from different
metal dichalcogenides, which are particularly
suitable to be used in combination with ionic
liquid gating techniques.

2.1 Suspended graphene devices (A. Morpurgo)

The electronic properties of graphene are
strongly affected by the presence of the sup-
porting substrate, which introduces electro-
static potential fluctuations in the material with
a magnitude of several tens of meV. The pres-
ence of this substrate-induced disorder pre-
vents accessing the physics of electrons at very
low energy, close to the charge neutrality point,
that is possibly the most interesting regime in
graphene for the occurrence of new physical
phenomena. Experiments reported over the
past two-three years [13, 14, 15] have shown
that it is possible to realize graphene devices,
in which a graphene layer is suspended from
the source and drain electrodes on top of
a gate, without being in direct contact with
any insulating material. In these suspended
graphene devices, disorder is decreased sub-
stantially and the carrier mobility increased by
over one order of magnitude (reaching values
well above 100’000 cm2/Vs).
During the last year, we have developed the
technique to realize suspended graphene struc-
tures, and characterized the high quality of the
resulting devices. Contrary to most previous
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Figure 4: Resistance of a suspended graphene de-
vice versus carrier density, measured at T = 2 K
(green line) and at T = 0.24 K (blue line). The width
of the peak is approximately 1010 carriers/cm2, as
can be found by plotting the resistance as a function
of log(n). The inset shows a scanning electron mi-
crograph of a suspended graphene device.

reports, which employed HF to remove a SiO2
sacrificial layer, we have employed a technique
based on polymeric layers, adapting a process
developed at the University of Groningen [16].
In this technique, a graphene layer is placed
on an electron sensitive resist (LOR), which
can be lithographically patterned and devel-
oped away to achieve suspension. This pro-
cess offers important advantages. First, the sol-
vent used to remove LOR has a much lower
surface tension than HF, so that graphene sus-
pension does not require the use of a critical
point drier (which is instead necessary when
working with HF). Second, while HF rapidly
etches many inorganic materials and prevents
the use of most metal as contacts, the LOR
developer is chemically inert and is compat-
ible with all metal contacts. This is particu-
larly important, for example, to realize sus-
pended devices with superconducting or fer-
romagnetic electrodes. To achieve high-quality
characteristics, the as fabricated devices are
normally annealed by passing a large current
at low temperature, inside the cryogenic in-
sert used for their measurement (annealing
removes residues adsorbed on the graphene
surface). After this annealing step, the high
quality is demonstrated by electrical measure-
ments. A first indication is the narrow width
of the resistance peaks around the charge neu-
trality point (“Dirac peak”, Fig. 4), usually
corresponding to 1010 carriers/cm−2 or better
(nearly two orders of magnitude better than for
graphene-on-SiO2 devices). From these data,
we can extract a carrier mobility well above
100’000 cm2/Vs in our devices. Another indi-

Figure 5: Fan diagram of Landau level ob-
tained by measuring the conductance of a sus-
pended graphene device as a function of carrier den-
sity (i.e. gate voltage) and magnetic field (data taken
at 240 mK).

cation is the observation of quantum Hall effect
at magnetic field values as low as B = 0.2 T,
which is limited by the physical dimensions of
the graphene layer studied (normally the con-
tact separation is 1 µm or smaller, to avoid
bending of the suspended graphene layer). The
high quality of the quantum Hall effect behav-
ior is illustrated in Fig. 5, that shows a so-called
fan diagram of the conductance measured in a
two-terminal configuration. We are currently
extending the fabrication techniques to real-
ize disorder-free suspended graphene devices
in combination with local electrostatic gates.
In the future, these techniques will be applied
also to graphene bilayers.

2.2 Magneto-conductance hysteresis in sus-
pended graphene (A. Morpurgo)

Suspended single-layer graphene devices in-
vestigated in the course of the last two-three
years have led to the observation of ballis-
tic transport [13, 14], fractional quantum Hall
effect at rather high temperature (' 10 K)
[17, 18], and conductance quantization [19]. So
far, the lowest temperature reached in these
studies is 1.5 K, and the behavior at temper-
atures well below 1 K — readily reached us-
ing conventional dilution refrigerators or 3He
cryostats — remains unknown: the explo-
ration of the transport properties of suspended
graphene in this temperature range has been
started in this project, using the devices dis-
cussed in the previous section. We found
that, in a large fraction of the devices studied
(' 70%), a clear hysteresis in the magneto-
conductance appears below ' 1 K (Fig. 6),
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Figure 6: Hysteresis in the magneto-conductance of
a suspended graphene device, measured at 240 mK.
The blue line is the result of the measurements per-
formed while sweeping the magnetic field from neg-
ative to positive values; for the green line, the mag-
netic field is swept in the opposite direction.

whose generic behavior (response to tempera-
ture, magnetic field, bias and gate voltage) is
very reproducible whenever the phenomenon
is observed. Specifically, the amplitude of the
hysteresis ranges from 0.5 to about 1 e2/h at
T = 240 mK (depending on the sample), has a
maximum at B ' 0.1 T and decays for larger
magnetic fields. The hysteresis disappears
above 1 K or when a bias of approximately
70 µeV (corresponding to an electron energy
of 1 K) is applied, and it is nearly gate voltage
independent, exhibiting a small suppression in
the vicinity of the charge neutrality point. In all
cases the hysteresis is time dependent, exhibit-
ing an exponential decay with a very long time
constant τ: τ ' 2 minutes at 240 mK, increas-
ing to τ ≈ 10 minutes at 30 mK). The presence
of the hysteresis is accompanied by a suppres-
sion of the differential conductance at zero bias
(≈ 4 e2/h at 240 mK, Fig. 7) that occurs on a
small bias scale (' 200− 300 µeV, depending
on the sample), and that remains unaltered in
the entire gate voltage range investigated (cor-
responding to values of carrier density extend-
ing up to 2 · 1011 cm−2).
Although we have not yet reached a full, de-
tailed microscopic understanding of the phe-
nomena observed, it seems that a most likely
explanation — which captures the correct or-
ders of magnitude observed — is related to
the presence of rather large spin impurities
(S ' 5 − 10) at edges. These spin-full im-
purities at the edge are theoretically predicted
to form at sequences of zigzag bonds (approx-
imately 3 zigzag bonds lead to a S = 1/2
edge spin, according to theory) [20, 21]. To
account for the hysteresis, we need to con-

Figure 7: Low-bias suppression of the differential
conductance of suspended graphene devices mea-
sured at T = 240 mK, for different gate voltages.

sider that these edge impurities have a mag-
netic anisotropy due to the intrinsic spin-orbit
interaction of graphene (whose magnitude is
now theoretically agreed to be 20 − 40 µeV
[22]) that provides an energy barrier for spin-
reversal upon inverting the applied magnetic
field. This mechanism is similar in spirit to
what happens in molecular magnets and the
magnitude of the spin-orbit interaction is com-
patible with the characteristic energy scale of
the phenomenon (< 1 K). Charge carriers are
affected by the long-range exchange field gen-
erated by each of these edge magnetic impuri-
ties. The characteristic magnitude of exchange
interaction for ≈ 1 µm samples is theoretically
estimated to be ≈ 500 µeV [23]. At charge neu-
trality, this exchange interaction opens a gap,
thereby lowering the conductance. We believe
that at the carrier density in our experiments,
exchange interaction would have a similar ef-
fect, thereby explaining the low-bias conduc-
tance suppression that we observe in the exper-
iments (with the correct order of magnitude for
the bias scale).

2.3 Magneto-optical conductivity of multilayer
epitaxial graphene (D. van der Marel)

We extracted the diagonal and ac Hall conduc-
tivities of multilayer epitaxial graphene on the
carbon terminated side of SiC from Faraday ro-
tation and transmission spectra measured in
magnetic fields up to 7 T [3]. Optical tran-
sitions between individual Landau levels in
weakly doped graphene layers and, simultane-
ously, quasi-classical cyclotron resonance orig-
inating from highly doped layers close to the
SiC substrate are observed. The Landau level
transitions show the expected square root de-
pendence on magnetic field, characteristic for
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isolated monolayer graphene, while the quasi-
classical cyclotron resonance reveals a linear
dependence on B. The ac Hall conductivity ad-
ditionally probes the sign of the charge carriers,
delivering important information, such as the
coexistence of electron and hole like charge car-
riers in weakly doped layers, which have dif-
ferent Fermi velocities. Different contributions
to the magneto-optical conductivity are dis-
entangled and analyzed using a phenomeno-
logical multi-component cyclotron resonance
model revealing an unexpected broad optical
absorption background. However, we found
that the spectral weights of the Landau level
transitions are several times smaller than pre-
dicted by theory. The existence of the unex-
pected optical absorption background is possi-
bly related to this spectral weight anomaly.

2.4 Magneto-optical Kerr rotation spectroscopy
in graphite (D. van der Marel)

Graphite attracts much attention nowadays as
a reference 3D material for graphene. De-
spite numerous studies appeared after the
first observation of the cyclotron effect more
than fifty years ago [24], the line shapes and
the intensities of the magneto-optical spec-
trum of graphite are not yet satisfactorily ex-
plained. We performed a specific magneto-
optical study of graphite, consisting in measur-
ing the infrared magneto-optical Kerr rotation
and reflectivity spectra in graphite up to 7 T.
This study allows the discrimination of tran-
sitions of different electron/hole symmetry.
A classical scheme, based on a tight-binding
Slonczewski-Weiss-McClure (SWMcC) band
model of graphite [25, 26], describes accurately
the cyclotron spectra in graphite in a broad
range of magnetic fields. Our study reveals the
importance to take rigorously into account the
c-axis band dispersion and the trigonal warp-
ing, which describes the interplane next near-
est neighbor hopping. Most importantly, it
appears that the second- and the forth-order
cyclotron harmonics are optically almost as
strong as the fundamental cyclotron resonance
even at high fields. This work suggests that
same effects are expected to strongly influence
the magneto-optical spectra of Bernal stacked
multilayer graphene and therefore play a ma-
jor role in the respective applications.

2.5 Chemical vapor deposition of graphene
(A. Morpurgo and P. Paruch)

In the course of the past year, in a collabora-
tion between the groups of A. Morpurgo and

P. Paruch, we have developed a chemical va-
por deposition (CVD) process to grow large
graphene single-layers, and to transfer them
onto substrates. The technique relies on the
decomposition of methane at high tempera-
ture on a copper foil substrate acting as a cat-
alyst. After optimization, uniform single-layer
graphene can be grown over the entire copper
substrate (which currently have a dimension
of approximately 1 cm2). The graphene layer
can be transferred onto a substrate by using
rather simple techniques involving a polymer
support layer and chemical etching of the cop-
per foil. This technique enables the transport
properties to be measured to check the quality
of the graphene layer. The mobility measured
over large areas on devices with SiO2 as gate
insulator was found to reach 500 cm2/Vs in
the best devices (although values between 200
and 300 cm2/Vs are more commonly found).
These values are much smaller than what is
seen in small area exfoliated graphene, but cor-
respond to what is reported in the literature for
CVD grown graphene of correspondingly large
size (large values can be measured in some
cases etching the layers to fabricate ' 1 µm de-
vices). First results indicate that, using Cytop
as a gate insulator, significant improvement in
the large area mobility can be achieved, with
values exceeding 1000 cm2/Vs. Optimization
of the graphene growth and of the device fab-
rication process is ongoing.

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

Combining ferroelectric thin films with carbon
nanotubes (CNT) in a field-effect-transistor-
like geometry allows both the control of fer-
roelectric polarization by the application of
highly local electric fields via the CNT, and
the modulation of the CNT electronic proper-
ties via the ferroelectric field effect [4]. CNT-
ferroelectric devices are realized by dispersion
of single-walled CNT from suspension in aque-
ous solution onto Pb(Zr0.2Ti0.8)O3 thin films
patterned with source and drain electrodes.
The films are epitaxially grown on (001) ori-
ented SrTiO3, with SrRuO3 as a back (gate)
electrode. In these devices, concentrating on
the nanoscale control of polarization switch-
ing, we measure domain growth as a func-
tion of voltage pulse duration in three different
switching geometries, with the source/drain,
the CNT, and the metallic AFM tip as elec-
tric field sources. The electric fields applied
in each case are modeled using Comsol Multi-
physics, showing an enhanced field intensity at
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Figure 8: (a) In devices combining CNT with epi-
taxial PZT thin films, transconductance measure-
ments with source-drain current ISD as a function
of VG sweeps show clockwise hysteresis. (b) Mea-
surements of source-drain current at zero gate volt-
age after an applied switching pulse show clear ON
and OFF state in the device, controlled by the polar-
ization direction. (c) The out-of-plane component of
the electric field, modeled in Comsol Multiphysics,
for 10 V applied to the AFM tip (in red, opening an-
gle: 40◦, radius of apex: 50 nm, tip length: 20 µm),
the CNT (in blue, diameter: 2 nm) and the patterned
electrode (in red, height: 50 nm), each in contact
with a 270 nm thick insulating film with a dielec-
tric constant of 100, on top of a grounded metal elec-
trode. (d) Comparison of domain size as a function
of writing time for the three different electric field
configurations.

short distances for the CNT, with a rapid de-
crease, so that for distances > 50 nm field in-
tensities for the macroscopic electrodes and the
AFM tip are higher (Fig. 8c). The observed
growth of domains in the three cases shows
good agreement with the modeled electric field
(Fig. 8d). Importantly, the smallest stable do-
mains observed to switch in the electrical fields
applied via an overlying CNT, ∼ 20 nm wide
in a 270 nm thick PZT film, are significantly
smaller than minimum size predicted for sta-
ble domains in such films [12]. However, these
predictions do not take into account the effects
of microscopic disorder, which we have pre-
viously shown to pin domain walls, and thus
stabilize domain structures in ferroelectric thin
films [5].
We also carried out transconductance measure-
ments clearly showing the clockwise hysteresis
of the source-drain current as a function of the
applied gate voltage (Fig. 8a). The width of the
hysteresis window, and its onset in both direc-
tions, agree well with polarization-electric field
hysteresis measurements in the same films.
Additionally, quasi-static measurements of the
source-drain current with zero gate voltage af-
ter a switching pulse of alternating polarity
show the high remanence of the ON and OFF

states of the device, in room temperature mea-
surements (Fig. 8b).

2.7 Electric field effect on gated 2D crystals
(D. van der Marel)

The rise of graphene precipitated a grow-
ing interest in two-dimensional or quasi-two-
dimensional crystals. The possibility to gate
such devices is also of major interest for tech-
nological application. The aim of this work is
the investigation of exfoliated dichalcogenides
and topological insulators by means of trans-
port and optical spectroscopy, as a function
of an applied external electric field. Dichalco-
genides — such as NbSe2, TaS2 or WS2 — are
exfoliated using adhesive tape. The resulting
flakes are then transferred to a silicon substrate
with 300 nm SiO2 layer on top. Our calcula-
tions in Fig. 9, left, show that even a monolayer
has a sufficient contrast to be identified under
an optical microscope. With standard electron-
beam lithography techniques, gold contacts are
written on the few layered sample and finally
mounted on a chip carrier for resistivity and
optical images. An example of a gated NbSe2
quasi-2D crystal is shown in Fig. 9, right.
The main difficulty in the investigation of such
kind of samples with infrared spectroscopy
techniques is the diffraction limit imposed by
light. Samples can be analyzed with help of a
FTIR-spectrometer associated with an infrared
microscope. Still, the challenge is to iden-
tify flakes which are thin enough to be sensi-
ble to a gate voltage and has a surface of at
least 100 µm2 to be measured at wave num-
bers down to 1000 cm−1 and carry gold con-
tacts. An example of such a device is shown on
Fig. 9, right, which presents one of the smallest
measurable samples with this technique.
For transport, a particularly interesting direc-
tion that is being pursued is the use of ionic
liquid gating techniques, which enable the ac-
cumulation of very large density of charge car-
riers at the surface of these materials. In WS2
devices, for instance, we succeeded to observe

Figure 9: Left: optical contrast calculations of
NbSe2 on a silicon/300 nm SiO2 substrate over a
spectral range. Right: few layered and gated NbSe2
crystal.
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virtually ideal ambipolar transport characteris-
tics, with the ionic liquid gate permitting shift-
ing the position of the Fermi level from deep
in the valence band to deep in the conduc-
tion gap. In these transistor devices, the ex-
cellent electrostatic coupling of the gate to the
channel is manifested by the observation of
the intrinsic value of the subthreshold slope
(' 80 mV/decade, close to the ideal limit of
66 mV/decade at room temperature). As a re-
sult of this excellent coupling — and of the very
high quality of the crystal used — we find that
the shift in gate voltage that is necessary to
bring the chemical potential from the top of the
valence band to the bottom of the conduction
band corresponds to the theoretically expected
band-gap of the material with a 5% precision.

3 Theory

A new direction that has emerged — closely re-
lated to the work on topological insulators that
was started earlier in this project — is the in-
vestigation of Majorana fermions. These are
elusive particles whose properties have been
investigated already long ago in the context
of high-energy physics. Although no experi-
mental evidence for the existence of Majorana
fermions has been found so far in that con-
text, there are now proposals for their realiza-
tion in nanoelectronic devices based on super-
conductors combined with “spin-active” ma-
terial systems. Also the effect of strong spin-
orbit interaction on the superconducting state
of two-dimensional superconductors has been
investigated in some detail, leading to the pre-
diction of new phenomena in devices where
the strength of the spin-orbit interaction can
be tuned locally. Finally, the role of dissipa-
tive effects on low-dimensional superconduc-
tors — which is particularly relevant for ex-
periments — has been investigated in different
regimes.

3.1 Scattering theory of chiral Majorana fermion
interferometry (M. Büttiker)

Majorana fermions are their own antiparti-
cles. They have been the subject of theories
for more than seven decades without an ex-
perimental signature. However recently it has
been suggested that these exotic particles can
be discovered in condensed matters systems,
in particular in topological superconductors
[27, 28]. Topological superconductors are su-
perconducting systems that admit exceptional
boundary states — owing to nontrivial topol-
ogy associated with bulk spectra — inside the

Figure 10: Schematic picture of a typical chiral Ma-
jorana fermion interferometer composed of a chiral
Majorana mode (χMM) coupled to one or several
normal metal leads. The chiral Majorana mode lives
at the edge of the underlying topological supercon-
ductor (TSC), which may accommodate a number of
vortices in its interior. Majorana fermions traveling
in the chiral Majorana mode pick up a phase that
encodes (the parity of) the number of vortices, then
scatter into normal leads. To generate charge current
and noise, Majorana fermions interfere pairwise (af-
ter [6]).

quasiparticle excitation gaps. These excep-
tional boundary states are coherent superpo-
sitions of electrons (particles) and holes (anti-
particles) which, upon proper compositions,
represent realizations of Majorana states. As
one example of topological superconductors,
two-dimensional chiral p-wave superconduc-
tors [29] are hosts for chiral Majorana modes,
which are gapless, charge-neutral edge exci-
tations. Chiral Majorana modes can serve as
coherent transmission channels for Majorana
fermions, and hence are ideal ingredients for
building Majorana fermion interferometers [30,
31, 32, 33].
In order to detect Majorana fermions, to un-
derstand how they manifest themselves in lab-
oratories, especially through transport, is a
prior task. This question is particularly in-
teresting, besides being important, in view
of the peculiar nature of Majorana fermions
as particles carrying zero energy and zero
charge. In our recent paper [6], we address
such a question by investigating the general
features of charge transport with (chiral) Ma-
jorana fermions based on scattering theory. In
particular, we focus on interferometers com-
posed of chiral Majorana fermion modes cou-
pled to normal metal leads (see, e.g., Fig. 10).
By employing consistently the Majorana ba-
sis in the scattering problem, which treats the
electron-hole modes in the normal leads as
equivalent (up to a change of basis) Majorana
modes, we find that the scattering of Majorana
modes appears to be pairwise: only one lead
Majorana mode couples to the intrinsic chi-
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Figure 11: Illustrations of the scattering at a junc-
tion between a multi-mode normal lead and a chi-
ral Majorana mode, in the electron-hole basis for the
normal lead (a), and in the properly-chosen Majo-
rana basis (b). In the latter basis, only one Majorana
mode in the normal lead is coupled to the chiral Ma-
jorana mode, the others are reflected in pairs and
one is reflected with amplitude 1 (after [6]).

ral Majorana mode, while the remaining lead
Majorana modes are completely reflected but
in general mix pairwise (Fig. 11). We further
demonstrate that charge current can also be ex-
pressed in terms of interference between pairs
of Majorana modes. We show through several
examples that the above two basic facts lead to
elegant treatments and in-depth understand-
ing of current and noise signatures of chiral
Majorana fermion interferometry.
Our work [6] emphasizes a scattering approach
using a global Majorana basis. As a conse-
quence, from a purely technical particle scat-
tering point of view, Majorana scattering prob-
lems are rather similar to scattering problems
in normal mesoscopic structures. However,
Majorana modes are neutral and carry neither
charge nor (electric) current. In contrast to nor-
mal scattering problems, the charge and cur-
rent operators are not diagonal in the Majorana
scattering states. Therefore, unlike in normal
systems, current is not determined by trans-
mission probabilities of Majorana fermions.
We have shown that charge and current appear
due to interference of pairs of Majorana modes.
For averages of single-particle quantities, like
charge and current, to be non-vanishing, inter-
fering Majorana modes must necessarily have
originated in the same contact. In contrast, in
two-particle quantities, like the current noise,
two-particle exchange permits interference of
two Majorana particles even if they originate
from different leads. The physics of neutral ex-
citations is certainly an important field of fu-
ture research. It can be expected that the theory
of Majorana particles represents an instructive
example of this development.
We have also worked in a wider area of meso-
scopic physics, and especially renewed our
work on the edge states of graphene systems.
We have published a review paper on this topic

in the Proceedings of the 2010 Nobel Sympo-
sium on Graphene and Quantum Matter [7].

3.2 Superconductor-insulator transition in the
presence of a dissipative bath (T. Giamarchi)

Quantum phase transitions (QPT) and critical
phenomena are at the heart of present research
in condensed matter physics. One paradig-
matic example of a QPT is the superconductor-
to-insulator transition (SIT), observed in su-
perconducting films, wires and Josephson-
junction arrays, upon the increase of a pa-
rameter encoding charging or dissipative ef-
fects [34]. Although it has been the focus of
intense investigations for more than 25 years,
its complete theoretical understanding is still
an open subject. In this research project we
focus on the SIT occurring in one-dimensional
Josephson arrays (1DJJA) [35, 36], and study
the interplay between quantum fluctuations,
originated in the effective low-dimensionality
of the array, and quantum dissipation effects,
which arise as a result of the capacitive cou-
pling with a proximate two-dimensional dif-
fusive electron gas (2DDEG) [8]. Physically,
the presence of the 2DDEG modifies the elec-
tromagnetic environment of the 1DJJA, affect-
ing the properties of the array and introducing
dissipation in the dynamics of Cooper pairs.
We clarify the role of dissipation in connec-
tion with the SIT, and predict a dissipation-
tuned SIT, controlled by tuning the electronic
density in the 2DDEG (i.e. through applied
gate voltages). Interestingly, this idea has been
recently confirmed experimentally [37]. Our
work could also shed light on the understand-
ing of other 1D superconducting systems (i.e.
ultrathin superconducting wires) which have
been recently shown to undergo a similar SIT
[38].

3.3 Helical superconducting phase on
LaAlO3/SrTiO3 interfaces (M. Sigrist)

LaAlO3/SrTiO3 interfaces provide non-
centrosymmetric two-dimensional electron
gases whose superconductivity can be tuned
by an electric field. It has been shown that also
spin-orbit coupling might be strongly field
dependent. We model this system as a non-
centrosymmetric superconductor including
Rashba-type of spin-orbit coupling in order
to elucidate the effect of in-plane magnetic
fields on the superconducting phase. For such
an in-plane magnetic field, superconductivity
is limited through paramagnetic depairing
as orbital depairing is suppressed by the
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Figure 12: Flux pattern at the boundary be-
tween two half-planes of different spin-orbit cou-
pling strengths for a magnetic field along the x-
direction. Positive flux lines compensate the nega-
tive magnetic flux on the boundary.

two-dimensional confinement. The super-
conducting phase can, however, reduces the
paramagnetic depairing effects considerably
by escaping into a helical phase, similar to a
Fulde-Ferrel state. We show that this leads to
inhomogeneous nucleation of superconductiv-
ity in an in-plane magnetic field, if the strength
of Rashba spin-orbit coupling is spatially mod-
ulated. Moreover, such modulations would
generate phase frustration effects through
inhomogeneous helical phase. One way to
reduce frustration is to introduce a magnetic
flux pattern inducing fields perpendicular to
the applied in-plane field. However, for suf-
ficiently large fields or low temperatures this
flux pattern can be “screened” by introducing
vortices of opposite field direction as depicted
in Fig. 12. It is proposed that such kind of
flux pattern might be observed for interfaces
with specially designed inhomogeneity in
the spin-orbit coupling. A publication of this
study is in preparation.

4 Collaborative efforts

Many different collaborative efforts are on-
going. For example, J.-M. Triscone and
A. Morpurgo work together to realize nan-
odevices based on LaAlO3/SrTiO3 heterostruc-
tures; A. Morpurgo and A. Kuzmenko (in van
der Marel’s group) are jointly developing new
activities in the area of ionic liquid gated metal
dichalcogenides; P. Paruch and A. Morpurgo
have a common project on the chemical vapor
deposition of graphene. Many other examples
can be easily found. Next to these activities,
work on systems with non-trivial topological
electronic properties is continuing (the project
is carried out by M. Sigrist, D. van der Marel,
and A. Morpurgo). In this context, M. Sigrist

has developed new theoretical concepts that
are relevant for the experimental studies of
LaAlO3/SrTiO3 heterostructures carried out in
the group of J.-M. Triscone.
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[33] G. Strübi, W. Belzig, M. Choi, and C. Bruder, Physical
Review Letters 107, 136403 (2011).

[34] D. B. Haviland, Y. Liu, and A. M. Goldman, Physical
Review Letters 62, 2180 (1989).

[35] E. Chow, P. Delsing, and D. B. Haviland, Physical Re-
view Letters 81, 204 (1998).

[36] Y. Takahide, R. Yagi, A. Kanda, Y. Ootuka, and S.-i.
Kobayashi, Physical Review Letters 85, 1974 (2000).

[37] I. L. Ho, W. Kuo, S. D. Lin, C. P. Lee, C. T. Liang, C. S.
Wu, and C. D. Chen, Europhysics Letters 96, 47004
(2001).

[38] A. Bezryadin, Journal of Physics: Condensed Matter
20, 043202 (2008).

34



MaNEPResults — Project 3

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 (UniGE), J. Hulliger (UniBE), M.
Kenzelmann (PSI), G. Patzke (UniZH), C. Renner (UniGE), N. de Rooij (EPFL), C. Senatore (UniGE), G.
Triscone (Hepia), J.-M. Triscone (UniGE), A. Weidenkaff (Empa and UniBE), K. Yvon (UniGE)

Introduction: The long term vision of MaNEP is that research in this field shall have a key im-
pact on the technological development in the 21st century. Because of the long-term view, most
of MaNEP’s research is of basic nature, but certain applications can already be developed. Over the
years MaNEP’s portfolio of applied projects has grown and Project 3 represents a broad approach to
this end with twelve different subprojects and with the participation of seven companies.

Summary and highlights

Five areas are covered by this project.

1. Applied superconductivity

On a first side, in a collaboration with CERN
and the company Bruker BioSpin, the group of
R. Flükiger and C. Senatore (UniGE) is inves-
tigating superconducting materials and wires
for high magnetic field applications. On an-
other side, the group of M. Decroux (UniGE)
has continued their collaboration with the com-
pany ABB in view of improving the perfor-
mances of thin film coated conductors for su-
perconducting fault current limiters.

Powder in tube (PIT) Nb3Sn wires for high-field
(> 15 T) accelerator magnets Further devel-
opments of high-performance Nb3Sn wires re-
quire a deep understanding of the interplay be-
tween heat treatment conditions and supercon-
ducting parameters (Tc, Bc2). To this purpose
we determined the calorimetric Tc and Bc2 dis-
tributions for PIT wires submitted to different
heat treatments and related the results to the
grain morphology of the Nb-Sn layer. Another
subject of interest is the investigation of the
electromechanical properties for PIT wires, in
view of application to accelerator magnets. To
this end we developed a new probe for mea-
suring the critical current as a function of the
transverse force, the objective being the simu-
lation of the mechanical loads for wires operat-
ing in a Rutherford cable.

Densification of industrial lengths of in situ
MgB2 wires and enhancement of Jc The pro-
cess for the densification of industrial lengths
of MgB2 wires was successfully implemented.
Presently, up to 300 m can be densified in a day,

but rates of > 1 km/day appear as possible.
Densification was also applied to multifilamen-
tary MgB2 wires, leading again to a strong en-
hancement of the transport Jc.

Vortex dynamics in FeTe0.7Se0.3 An extensive
investigation of the vortex dynamics in single-
crystals of FeTe0.7Se0.3 has been performed. We
obtained new insights into the mechanisms
behind the second peak in the magnetization
curve (see Project 4).

Superconducting fault current limiters (SFCL)
A new technique able to measure the ther-
mal conductance of the superconducting
layer/substrate interface in coated conductors
has been set up. In this method a line is
heated by an ac current and its temperature
is measured as a function of the frequency.
A theoretical model has been developed to
simulate the experimental data. The data are
very well fitted by the model with an interface
thermal conductance of 280 W/Kcm2. We
have also developed a modeling of the quench
propagation in coated conductors by an hybrid
numerical and analytical approach.

2. Oxides for energy harvesting

In this subproject we follow two different
routes. Part 1: mechanical energy transformed
by piezoelectric devices (collaboration between
the groups of N. de Rooij (EPFL) and J.-
M. Triscone (UniGE)), and part 2: thermal
energy harvested by thermoelectric materials
(group of A. Weidenkaff, Empa, in collabo-
ration with Ph. Aebi (UniFR) and J. Hulliger
(UniBE)).

In the first part, the development of energy
autonomous systems powered by piezoelectric
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MEMS energy harvesters is in progress. Here
we report on the advances made in implement-
ing both resonant- and impact-type piezoelec-
tric harvesters into system demonstrators.

In the second part, we have investigated tran-
sition metal oxides and half-Heusler inter-
metallics. This is of great importance in or-
der to design improved thermoelectric materi-
als. Tuning the band structure of EuTiO3 by 2%
Nb substitution at Ti site increased the density
of states at the Fermi level. The maximum fig-
ure of merit obtained is ZT ≈ 0.4 at 1040 K for
EuTi0.98Nb0.02O3. Fermi level band-structure
and thermoelectric transport properties of lay-
ered cobaltites are strongly influenced by the
oxygen excess in the lattice. A higher oxy-
gen content significantly improves the electri-
cal conductivity σ. Half-Heusler compounds
are promising thermoelectrics. Investigations
on TiNiSn-based materials show good results
for Hf0.26Zr0.37Ti0.37NiSn with a ZT value of 1.0
at 700 K.

3. Applications of artificial superlattices

In this subproject we have worked on two
different areas this year. On the one hand
we have continued the collaboration between
M. Kenzelmann (PSI) and the company Swiss-
Neutronics to develop supermirrors and focus-
ing devices for neutron beams. On the sec-
ond hand we have been active is the one of
ferroelectric superlattices, in the group of J.-
M. Triscone.

Neutron focusing devices have been further de-
veloped in our research this year. The pur-
pose of such devices is to focus intense neutron
beams onto small areas, allowing the study of
small samples using neutron scattering. We
identified the most promising technology for
this development and determined the preci-
sion requirements for the design of test devices
which will be used in real experiments in the
near future.

Ferroelectric materials have already numerous
applications and they have the potential for
much more. The basic idea of this project is
to develop a method to tune the properties by
making artificial multilayer. This is achieved
by precise control of the thickness of the indi-
vidual layers. We have demonstrated that in
PbTiO3/SrTiO3 system a large range of permit-
tivities can be obtained simply by changing the
individual thicknesses of the ferroelectric and
the paraelectric layers by a few unit cells. Such

materials may find applications as variable ca-
pacitors, in voltage-controlled oscillators or in
rf filters.

4. Hydrogen detectors and other sensors

We have here followed four different routes to
develop new sensors based on materials with
special properties: (a) selective hydrogen de-
tectors based on the metal insulator transition
occurring in intermetallic hydrides in a col-
laboration between Swatch Group R&D SA,
Division Asulab and the groups of K. Yvon,
J. Cors and Ø. Fischer (UniGE); (b) new Bi-
and Mo- based sensor materials in the group
of G. Patzke (UniZH); (c) electrochemical sen-
sors in the group of J. Cors and Ø. Fischer
(UniGE); (d) piezoresistive strain transducers
in the group of Ch. Renner (UniGE).

The aim is to develop a cheap and selective hydro-
gen detector based on the hydrogen-induced
metal insulator transition in the LaMg2PdHx
system. Thin films of intermetallic LaMg2Pd
were deposited by sputtering and investigated
with respect to their electric resistance re-
sponse during exposure to hydrogen and other
gases. The response of the films to hydrogen is
relatively rapid, the reproducibility of the sig-
nal is good, and the drift is relatively small.
The film’s sensitivity to hydrogen meets the
0.5% target for detecting hydrogen. At higher
hydrogen concentrations, both in oxygen and
air, the resistance response is proportional to
the partial hydrogen pressure, thus opening
the way to a hydrogen sensor.

New Bi- and Mo-based sensor materials have
been further investigated. We continued
our structure-activity investigations into hy-
drothermally synthesized gas and humidity
sensors. The promising ammonia sensing
properties of a series of channel-based hexag-
onal molybdates with alkali cations incor-
porated as stabilizers are discussed for the
K+-containing representative, which excels
through good operating temperature and high
ammonia sensitivity in comparison with other
reducing gases. Concerning humidity sensor
development, we extended our investigations
on Bi-based materials into the Bi/P/O-system.
This brought forward the structurally flexible
cubic sillenite-type of bismuth phosphate as a
new and tuneable humidity sensor prototype.

Electrochemical sensors for the measurement
of the oxygen content in liquids have been
further improved and a record resolution of
0.2 ppb of oxygen partial pressure has been
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achieved. A prototype sensor has been con-
structed. Tests are planned in brewing indus-
try (liquids) and in a helium purification sta-
tion (gas phase measurements).

Piezoresistive strain transducers have been
thoroughly investigated. This project is aim-
ing at developing a MEMS compatible piezore-
sistive strain transducer, capable of monitoring
minute silicon cantilever bending as observed,
for example, in atomic force microscopy. Our
efforts have led to unexpected insight into the
transport properties of strained silicon. We
have not yet succeeded in building a MEMS
compatible strain gauge, but will discuss an-
other idea to obtain a strain transducer with
sufficient sensitivity for MEMS applications.

5. New surface treatments for microcomponents

The basic idea of the research in this subproject
is to exploit our technical knowledge in scan-
ning tunneling microscopy and thin films to

develop two new transfer projects: (a) mark-
ing technology for watch components as a
collaboration between the watch manufactur-
ers Vacheron Constantin, the start-up Phasis
and the groups of J. Cors, Ø. Fischer and J.-
M. Triscone (UniGE) and (b) Cut-and-coat pro-
cess by wire-EDM as a collaboration between
the company AGIECharmilles +GF+ and the
group of J. Cors and Ø. Fischer (UniGE).

The marking technology is presently pursued,
the precision of the marking process has been
improved, and the team is presently devel-
oping a technique for an improved marking
of the “Hallmark of Geneva” for high-quality
watches.

The aim of the Cut-and-coat project is to pro-
vide AGIECharmilles with a technology to al-
low the company to enter the market for coated
metal parts. Reliable coating technologies
have been elaborated and target applications in
the current AGIECharmilles market have been
identified.

1 Applied superconductivity

1.1 High-performance Nb3Sn for the next gen-
eration of accelerator magnets (R. Flükiger,
C. Senatore, D. Eckert; Bruker BioSpin)

a) Calorimetric Tc distribution High-perfor-
mance powder in tube (PIT) Nb3Sn wires are
among the most promising candidates for the
next generation of high-field accelerator mag-
nets at CERN. We have investigated the influ-
ence of the heat treatment conditions on the su-
perconducting properties of these wires, focus-
ing on the commonly used reaction schedule
(675◦C/84 h) and on an optimized heat treat-
ment (625◦C/320 h), which leads to a critical
current increase of∼ 10% [1]. The reaction pro-
cess determines the morphology of the Nb3Sn
layer in PIT conductors, leading to a layer of
large (∼ 1 µm in size) Nb-Sn grains enclosed
in a layer of fine (150 − 200 nm in size) Nb-
Sn grains. From the field dependence of the Tc
distribution we concluded that the competition
between reaction kinetics and thermodynamic
equilibrium induces marked differences in Tc
and Bc2 between the fine grain and the large
grain regions. In particular, we showed that
the wire reacted at 625◦C/320 h exhibits two
separated contributions in the Tc distribution
directly related to the grain morphology of the
Nb-Sn layer: a narrow peak, determined by the
large grains, with a higher onset Tc and a broad
peak due to the fine grains (Fig. 1) [2]. The two

peaks tend to merge as the external magnetic
field is increased. This indicates that a higher
Bc2 is achieved in the fine grain region, despite
the lower average Tc.

b) Critical current response under transverse
stress Modern high-performance Nb3Sn
wires are characterized by extremely high
critical current Ic but also by reduced strain
tolerance. In particular it is known that the
critical current of PIT Nb3Sn conductors shows
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Figure 1: Distribution of Tc for a PIT wire, after re-
action at 675◦C for 84 h (squares) and at 625◦C for
320 h (circles). Two peaks are present in the Tc dis-
tribution of the wire reacted at 625◦C/320 h.
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Figure 2: Critical current as a function of the trans-
verse stress for a PIT Nb3Sn wire in the case of com-
pression between two parallel plates (squares) and
compression in a U-shaped anvil (circles).

a dramatically decrease when a transverse
compressive force is applied. In the past years
we have developed a transverse compression
probe that allows the measurement of Ic under
a force perpendicular to the wire. In this
probe, the sample is mounted between two
parallel stainless steel plates and is free to
move perpendicularly to the applied force.
This condition is relatively far from reality in a
superconducting cable, as it represents the ex-
treme case of crossing wires (contact pressure)
with no impregnation. In the meantime, we
have developed a new measurement head: in
the new geometry the wire fits into a groove
and cannot move perpendicularly to the
applied force (U-shaped anvil), the objective
being to simulate the configuration of a wire in
a Rutherford cable, geometrically confined by
the neighboring wires. A comparison between
the two different freedoms of deformation was
performed for a multifilamentary PIT wire,
developed by Bruker-EAS within the frame of
the FP7 EuCARD project. The critical current
was measured as a function of the transverse
compressive force (up to 20 kN, ∼ 130 MPa)
with an applied magnetic field of 19 T at 4.2 K.
As shown in Fig. 2, the stress dependence
of Ic is less pronounced when transverse
compression is applied in a U-shaped anvil. In
addition a higher limit for the irreversible Ic
degradation is observed.

1.2 Densification of industrial lengths of in
situ MgB2 wires (R. Flükiger, C. Senatore,
D. Eckert; Bruker BioSpin)

A new route for enhancing the mass density
in the filaments of in situ MgB2 wires has been
developed during the last years at UniGE: the

cold high pressure densification (CHPD). The
CHPD technique has led to a strong improve-
ment of the in-field critical current density (Jc),
by a factor of > 2 at 4.2 K and by > 4 at
20 K. The enhancement at 20 K is of partic-
ular importance, since there is a market for
cryogen-free applications at 20 K. Examples
of such applications are a growing number of
MRI systems, the link project for LHC upgrade
at CERN, and possibly even eolic generators.
The ultimate goal of the present project was
the densification of industrial lengths of MgB2
wires. This objective was achieved thanks to
a new machine for sequential densification,
which was built in collaboration with the com-
pany Heftec in Oberurnen. Presently, up to
300 m can be densified in a day, but rates of
more than 1 km/day appear as possible. The
positive effect of densification on Jc was also
observed in multifilamentary MgB2 wires [3].
It is remarkable that the filaments are still well
separated from each other after densification,
which is the most important requirement for
the industrial use. This project was especially
supported by the SNSF economic stimulus pack-
ages.

1.3 Vortex dynamics in FeTe0.7Se0.3
(R. Flükiger, C. Senatore, D. Eckert;
Bruker BioSpin)

We explored the vortex phase diagram of
FeTe0.7Se0.3 crystals prepared in the group of
E. Giannini, with the purpose of investigating
the basic physics of the vortex matter as well as
for evaluating the perspectives of this new ma-
terial for practical applications. Details about
the results are presented in Project 4.

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

a) Measurement of the interface thermal con-
ductance To be able to simulate the quench
propagation in coated conductors (CC) it is im-
portant to measure its thermal behavior. To
measure the interface thermal conductance, we
have developed a new technique in which a re-
sistive line is heated by an ac current. The os-
cillation of the temperature, deduced from its
resistance, is measured as a function of the fre-
quency of the current. To fit the frequency de-
pendence of this temperature, we have devel-
oped a theoretical model in which the CC is
represented by three elements. The first ele-
ment is the heater (heated by the ac current).
The second is the part of the substrate which
is penetrated by the heat. The third element
is the unheated part of the substrate which is
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Figure 3: Simulation of P/∆T versus the heat fre-
quency. P is the power generated in the resistive
line.

considered as a thermal bath. All the elements
are connected by a thermal conductance K. The
simulation of the temperature of the resistive
line for different values of the interface thermal
conductance is presented in Fig. 3.
Our simple theoretical model predicts that at
low and high frequencies the temperature os-
cillation is related to the heat capacity Cs of
the substrate and of the superconducting line
C, respectively. However at intermediate fre-
quencies a plateau is predicted which is related
to the thermal conductance K of the supercon-
ducting/substrate interface. To measure the
frequency dependence of the heater tempera-
ture we have built a dedicated probe. It allows
measuring sample in vacuum from T = 77 K
to room temperature. The experimental results
and their simulation are shown on Fig. 4 [4].
The simulated curve fits very well the experi-
mental data down to 130 Hz with the thermal
conductance as the only free parameter. The
best fit is obtained for K = 280 W/Kcm2. This
is the first report of the interface conductance
in coated conductors. Below 130 Hz the ex-

Figure 4: P/∆T versus the heat frequency.

Figure 5: Simulation and experimental data of the
propagation velocities of the normal zone in coated
conductors versus the current density.

perimental data follow Csω. Indeed at these
frequencies the thermal penetration depth is
longer than the whole thickness of the sub-
strate and the temperature of the heater is re-
lated to the heat capacity Cs of the Hastelloy.

b) Modeling of the quench propagation in coated
conductors We have developed a modeling of
the quench propagation velocities in CC us-
ing our experimental values of the thermal
conductance as an input parameter [5]. The
calculations are performed by an hybrid nu-
merical and analytical approach. A finite ele-
ment method program is calculating the ther-
mal behavior of the layers while an analytical
function evaluates the local heat dissipation.
Fig. 5 shows that the simulated quench propa-
gation velocities versus the current density are
in good agreement with the experimental data
without using any adjustable parameter.
The better understanding of the CC behavior,
based on our extensive characterization and
modeling work, will lead to set up an adapted
CC architecture for fault current limiter appli-
cations.

2 Oxides for energy harvesting

2.1 Realization of an energy harvesting demon-
strator based on piezoelectric materials
(N. de Rooij, J.-M. Triscone, G. Triscone)

a) Autonomous wireless sensor node powered by
piezoelectric energy harvesting Within this re-
port we demonstrate an autonomous wireless
sensor system that is powered by piezoelec-
tric energy harvesting. The wireless sensor
node proposed in this work has been imple-
mented by EPFL-ESPLAB to demonstrate the
feasibility of UWB-IR technology applied to in-
door positioning. It consists of three modules:
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Figure 6: System flow diagram of an autonomous
wireless sensor node.

a power management unit (PMU), a micro-
controller unit (MCU) and an ultrawide band
transmitter (UWB-Tx). To create an energy au-
tonomous system, the piezoelectric harvester is
directly connected to the sensor node through
the PMU (Fig. 6) which is used to convert the ac
input voltage from the piezoelectric transducer
into a regulated dc voltage capable of power-
ing both the MCU and the UWB-Tx module.
To reach the minimum power requirement of
the PMU, an output voltage of 5.3 Vrms needs
to be generated by the piezoelectric harvester.
Our initial prototype of the piezoelectric har-
vester produced an open circuit voltage of
5.5 Vrms when excited at 4.4 ms−2 (0.45 g). A
peak power of 54 µW was measured across an
optimal load of 218 kΩ at 160 Hz. Our results
demonstrate that the power generated from the
piezoelectric harvester is sufficient to enable
periodic transmission of the UWB transmitter.

b) Proof of concept of an impact-type piezo-
electric harvester in watches The concept of
the proposed system in this work consists of a
piezoelectric harvester positioned above a gear
driven by an inertial mass system in order to
keep the system as compact as possible. The
piezoelectric harvester is coupled to the gear
through a point at the free end of the cantilever
as shown in Fig. 7 (AFM-like design). The fea-
sibility of this concept has been demonstrated
using an electric motor in place of the iner-
tial mass. As the gear rotates, the piezoelectric
harvester is set into motion by the impact be-
tween the gear teeth and the tip of cantilever.
Consequently, a portion of kinetic energy of
the rotating gear is converted to electrical en-
ergy through the impact with the piezoelectric
structure as demonstrated in [6].

Figure 7: Left: optical images of a PZT/Silicon can-
tilever. Right: SEM image obtained from the silicon
tip (height of 240 µm.

Further design and optimization of the MEMS
harvester and system architecture are cur-
rently being investigated to increase the out-
put power and reliability of the device, while
optimizing its compactness. The next step will
be to the implementation of this concept in an
adapted watch mechanism with an oscillating
mass-gear system in order to demonstrate a
complete system.

2.2 Development and characterization of uncon-
ventional thermoelectric materials (A. Wei-
denkaff, Ph. Aebi, J. Hulliger)

The most extensively studied thermoelectric
materials have been the chalcogenides due to
their high power factor. However, there is
a need of finding new families of materials
which are naturally abundant, cheap and sta-
ble at high temperatures. Our interest has
been focused on perovskite-type titanium ox-
ides, layered cobalt oxides and half-Heusler in-
termetallics.

a) Layered cobalt oxides Among the
transition-metal oxide materials, layered cobalt
oxides (p-type) present unconventionally high
values of thermoelectric power (Seebeck)
coefficient S as compared to their electrical
resistivity ρ. Typical values for the thermo-
electric figure of merit (ZT = (S2T)/(ρκ)),
with κ the thermal conductivity, range within
0.1 < ZT < 0.4 [7]. However, some materials
prepared with a high crystal alignment have
been reported even with ZT approaching
0.9 [17] at high temperatures (T > 1000 K).
The main reason for the high thermoelectric
performance is understood as due to a “boost”
in the charge-carrier entropy as a consequence
of an elevated spin entropy, provided by a
formally four-valent cobalt species embedded
among essentially two-dimensional matrix of
trivalent cobalt species [18].
The strong influence of the oxygen content
on the thermoelectric properties of layered
cobalt oxides was observed through a series
of Ca3−xBixCo4O9+δ (0 < x < 0.20) sam-
ples, synthesized and post-annealed at 973 K
in air and Ar atmospheres [8]. The anneal-
ing temperature was adjusted to be the high-
est where Ca3−xBixCo4O9+δ under Ar atmo-
sphere still maintained it’s original crystal
phase. Oxygen-content analysis pointed out
that the Ar-annealed samples contained less
oxygen, and, unlike the air-annealed samples,
showed a systematically decreasing total oxy-
gen content with increasing x.
The thermoelectric properties were determined
under the respective annealing atmospheres in
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Figure 8: (a) Electrical conductivity (b) Seebeck co-
efficient of Ca3−xBixCo4O9+δ samples pre-annealed
and measured in argon atmosphere.

order to discriminate between the influences
of the Bi substitution and the oxygen content
on the S (Fig. 8b) and the electrical conduc-
tivity σ (Fig. 8a). While no systematic evo-
lution in the transport properties with substi-
tution was observed with air-annealed sam-
ples, clear trends for both σ and S were found
for the Ar-annealed samples. Oxygen has a
strong influence on σ, which is strongly low-
ered by oxygen depletion. Bi-substitution re-
duces σ but also provides a semiconductor to
metal transition into the σ(T) behavior. The
lowest values of ZT were obtained for x =
0, which showed no significant difference be-
tween the two preparation atmospheres, reach-
ing ZT870 K = 0.12, whereas the Bi-substituted
samples exhibit a pronounced dependence on
the atmosphere throughout the measured tem-
perature range. For x = 0.20 a ZT870 K = 0.19
(air) and ZT870 K = 0.15 (Ar) were obtained.

b) EuTiO3 The study of highly porous poly-
crystalline EuTiO3 (n-type) has shown good
thermoelectric performance with one of the
highest power factors known for oxides
(10−4 W/K2m at 1000 K) and a low thermal
conductivity κ. The valence band X-ray photo-
electron (XPS) spectrum shows that the shape
of the electron density of states is favorable for
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Figure 9: XPS valence band spectra of EuTiO3 and
EuTi0.98Nb0.02O3.

a high S (Fig. 9) [19].
Substituting 2% Nb at Ti site introduces defect
states at the Fermi level (Fig. 9) leading to a de-
crease in the ρ from ρ(EuTiO3) = 2.778 Ωm to
ρ(EuTi0.98Nb0.02O3) = 0.084 Ωm, at room tem-
perature. The calculated figure of merit for
EuTi0.98Nb0.02O3 is ZT ≈ 0.4 at 1040 K, and
ZT ≈ 0.3 for EuTiO3.
The study of a 100% dense sample, grown by
floating zone method, has been performed for
comparison and for a deeper understanding
of the influence of porosity on the transport
mechanism.

c) Oxynitrides Oxynitrides have a reduced
band gap in comparison with the correspond-
ing oxides. The N 2p levels are energetically
higher than the O 2p levels, leading to a mod-
ified electronic structure at the valence band,
with a decreased band gap [20]. The thermo-
electric properties of polycrystalline EuTiOxNy
and EuTi0.98Nb0.02OxNy have been investi-
gated.

d) Sample preparation for photoemission spec-
troscopy studies Experimental data regarding
the electronic band structures close to the
Fermi level and their influence to the trans-
port properties is desirable, in order to un-
derstand and improve the feasible properties.
Photoemission spectroscopy (PES) is a tech-
nique of choice. With a probing depth of just
few angstroms PES observation is highly sur-
face sensitive. Therefore in order to retrieve
bulk-related information, freshly cleaved and
adsorbate-clean surfaces are required.
The as grown oxide crystals have appeared
to suffer from carbonaceous surface contam-
ination. Effective cleaning procedures are
needed in order to produce surfaces for PES
observations. By using O+ plasma exposures,
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the amorphous carbonaceous residual on the
surface of the Ca3Co4O9 crystal grown in a
KCl/K2CO3-flux may be cleaned off to the
point where the hexagonal atomic ordering
of the sample surface is revealed. Further-
more, as was stated in our last year report, it
turned out, that the band-structure near the
Fermi level on the crystal surface may be re-
versibly shifted through subsequent O+ and
H+ plasma exposures. This is in good correla-
tion with our recent results on polycrystalline
Ca1−xBixCo4O9+δ bulk materials [8].
Additionally, oxygen annealing has been tested
for cleaning the surfaces of the KCl/K2CO3-
flux-grown K0.5CoO2 [21] and traveling float
zone grown EuTiO3 [22] crystals. In the lat-
ter case a combination of sputtering with an-
nealing was tried. Independent of the growth
technique, both crystal surfaces appear to be
heavily carbon contaminated. Few-hour treat-
ments under several annealing pressures and
temperatures were applied. It turned out that
the carbon-free surface of an as annealed sam-
ple no more possesses a proper long-range or-
der. Recently, we have also initiated experi-
ments with carbon cleaning procedure based
on O3 (ozone) application.

e) Half-Heusler intermetallics as thermoelectrics
Half-Heusler compounds are ternary inter-
metallic materials with 1:1:1 stoichiometry.
Their crystal structure resembles the non-
centrosymmetric MnCu2Al (L21) type cu-
bic Heusler structure with half of the Cu-
site atoms missing. Heusler materials have
drawn a huge attention due to their di-
verse properties and applications, namely half-
metallic ferromagnetism, magneto-optic and
magneto-mechanic applications, superconduc-
tivity, semiconductivity, heavy fermion behav-
ior and topological insulator. Among these
properties, half-Heusler semiconductors have
been found to be good thermoelectric materi-
als. To predict semiconductivity the 18-electron
rule can be applied [23].
Typical values of S ≈ 300 µV/K and
ρ ≈ 10−4 Ωm. The only drawback
is the relatively high thermal conductivity
(κ ≈ 10 W/Km) [24].
The thermoelectric properties of n-type semi-
conductors based on TiNiSn have been stud-
ied. The phonon mean free path has
been decreased by substitutions of Zr and
Hf at the Ti position (Hf0.5Zr0.5NiSn and
Hf0.26Zr0.37Ti0.37NiSn). The highest values for
the Seebeck coefficient (Smax ≈ − 300 µV/K)
were found between 400 K and 500 K for
Hf0.26Zr0.37Ti0.37NiSn corresponding to a ZT
value of 1.0 at 700 K.

1 

Figure 10: SEM element mapping of
Hf0.26Zr0.37Ti0.37NiSn shows the phase segre-
gations.

The thermal stability at temperatures higher
than 700 K is critical and it has to be studied.
The complex microstructure and demixing of
phases of half-Heusler influence the transport
properties; therefore a micro and nanostruc-
tural characterization has been performed by
scanning electron microscopy (SEM) (Fig. 10)
and transmission electron microscopy (TEM),
and has been related to the electrical proper-
ties.

3 Applications of artificial superlattices

3.1 Development of adaptive focusing optics
(M. Kenzelmann; SwissNeutronics)

Based on the preliminary earlier work on adap-
tive optics for neutrons, we developed three
different concepts to realize an adaptive device
using parabolic geometries. The testing of sev-
eral different prototypes was crucial to identify
the most promising technology for neutron op-
tical focusing devices, and allowed us to gain
important experience with this new technology
and the determination of the precision require-
ments.

a) Three prototypes of neutron focusing devices
Prototype I: the neutron mirror is clamped at
one end and a force is applied at the other
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a)

b)

c)

Figure 11: (a) Prototype I, (b) prototype II and
(c) prototype III. All prototypes are of the length of
500 mm.

end with an actuator. To produce the correct
parabolic curvature, the thickness t(x) of the
substrate is machined in an appropriate way.
Prototype II: the basic idea of this concept is to
fix five actuators on the back side of a uniform
neutron mirror. To approximate the aimed
parabolic geometry of the mirror, the actuators
have to be activated accordingly. Prototype III:
the profile of a 2 mm thick glass substrate is
determined by an aluminium frame. The force
is applied at the front edges of the glass-beam
via two plastic cylinders. The aluminium unit
is machined in such a way that the ten support-
ing points (lines) force the neutron mirror to at-
tain a parabolic geometry. Pictures of the three
prototypes are show in Fig. 11.
All prototypes were characterized by theodo-

# p f n w g
I 0.2780 250 8.63 3.4 5.8
II 0.4464 200 11.64 8.6 5.5
III 0.4464 200 11.64 2.1 7.8

Table 2.1: Summary of the performance experi-
ments of the different prototypes. # indicates the
number of the prototype, p is the geometry y2 =
2p(x0 − x) parabola constant, f is the focal distance
in mm, n is the projection in beam direction in mm,
w is the waviness rms value in 1E−4 rad and g is the
neutron gain factor (at focus point).

Figure 12: (a) Results from theodolite measure-
ments on prototype III. (b) Results of the neutron
experiments with prototype III (first measurement
series). (c-d) Raw data of the neutron measurements
at BOA (top: direct beam, bottom: focused beam).

lite and neutron measurements (Fig. 12). The
rms value of the waviness extracted from the
deflection angle measurements of the theodo-
lite experiments expresses the quality of the
achieved parabolic approximation. The neu-
tron measurements were performed at the cold
beamline BOA at SINQ at PSI (max. flux at 3.5
Å). In a first measurement series all three proto-
types were measured to compare their perfor-
mances. In a second experiment, the influence
of the beam properties on the focal point prop-
erties were studied for prototype III. The beam
properties were adjusted by choosing different
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AS Bd I IN g ss
0.8 · 0.8 ± 0.012 0.23 0.74 3.3 0.17
2.0 · 2.0 ± 0.030 0.40 2.83 7.0 0.22
5.5 · 5.0 ± 0.074 0.96 9.81 10.2 0.41
10 · 10 ± 0.148 1.88 17.66 9.4 0.74

Table 2.2: Influence of the beam properties on the
spot size at the focal point (prototype III). AS is the
aperature setting in mm, Bd is the calculated beam
divergence in degrees, I is the normalized intensi-
ties direct beam in arbitrary units (a.u.), IN is the
normalized intensity with optics in a.u. g is the neu-
tron gain factor (at focal point), and ss is the spot size
at focal point (FWHM) in mm.

apertures. The results of all experiments are
shown in Tables 2.1 and 2.2. In addition first
tests of a focusing-defocusing geometry were
performed at the BOA beamline. The results of
this experiments are promising for future ap-
plications and allow to extract requirements to
the adjustment of further devices.
The investigations of the three prototypes
showed that the concept of prototype III pro-
vides the highest precision to form a parabolic
shape. Therefore prototype III shows the best
performance and was used for the extended
investigation and experiments. From the
focusing-defocusing experiments the follow-
ing requirements for further experiments and
technological developments were extracted:
(1) the translation accuracy (∆x&∆y) has to
be smaller than 0.1 mm; (2) the angle of im-
pact needs to be adjustable with an accuracy
of 0.01 degree; (3) the supporting points of pro-
totype III need to be machined with a precision
of < 0.01 mm; (4) for the focusing-defocusing
concept the angular accuracy for the second
optic needs to be in the order of 0.001 degree.
In summary, using the developed adaptive fo-
cusing devices for neutrons it is possible to op-
timize the focal spot on small samples. We
characterized three different prototype designs
for neutron optical focusing devices, and iden-
tified the most promising technology. As a
main result, we determined precision require-
ments for the key components of the device.
With this knowledge, we will now plan to
build a neutron focusing device for a test exper-
iment. This project was especially supported
by the SNSF economic stimulus packages.

3.2 Ferroelectric superlattices: tailored dielectric
properties (J.-M. Triscone)

The functional properties of ferroelectric mate-
rials are intimately linked to the morphology
and mobility of ferroelectric domains. These

domains can emerge naturally in response to
the presence of depolarizing fields that arise
from the incomplete screening of the sponta-
neous polarization. Although such fields are
generally detrimental to the stability of ferro-
electric thin film memory devices, the accom-
panying domain formation can lead to signifi-
cant enhancement of the dielectric permittivity
that can be useful for other applications. Super-
lattices composed of alternating ultrathin fer-
roelectric and paraelectric layers offer a unique
opportunity for engineering domain structures
and hence tailoring the dielectric properties of
these artificially layered materials.
Our studies on PbTiO3/SrTiO3 superlattices
have shown that, by changing the thickness
of the paraelectric SrTiO3 layers, the degree
of electrostatic coupling between the ferroelec-
tric layers can be controlled. For SrTiO3 layers
thicker that about 3 unit cells (uc), the PbTiO3
layers interact weakly and adopt a polydo-
main configuration. The regular ferroelectric
domains in this regime are extremely small,
with periods of just a few nanometers and scal-
ing with the thickness of the PbTiO3 layers ac-
cording to the well known Kittel law. Due to
the very large domain wall densities, even tiny
displacements of domain walls under applied
electric fields give rise to large changes in po-
larization and hence to very large and highly
tunable dielectric responses [9]. The domain
wall motion is also highly reversible, resulting
in low dissipation.
Fig. 13 shows the field dependence of the di-
electric permittivity for a series of superlattices
with the same PbTiO3 volume fraction (50%)
but different periods. A very broad range of
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Figure 13: Field dependent dielectric permittivities
for a series of (nP|nS)m superlattices with nP uc of
PbTiO3 and nS uc of SrTiO3 repeated m times.
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permittivities and tunability profiles is thus
accessible by simply changing the individual
thicknesses of the ferroelectric and paraelectric
layers in the system. Moreover, by carefully
choosing the superlattice composition, the tem-
perature profile of the dielectric response can
also be tailored. Such materials may thus find
application as variable capacitors (varactors) in
voltage controlled oscillators or rf filters, where
the low-voltage operation of the superlattices
may give them an advantage over existing de-
vices. High frequency characterization is un-
derway to assess the performance of the super-
lattice varactors in the GHz frequency domain.

4 Hydrogen detectors and other sensors

4.1 Progress towards a resistive thin-film hydro-
gen detector (K. Yvon, J. Cors, Ø. Fischer;
Swatch Group R&D SA, Division Asulab)

Hydrogen fuel cells play a key role in future
energy scenarios. Mass markets such as hydro-
gen powered vehicles and hydrogen produc-
tion units for residential areas require hydro-
gen detectors and sensors on a very large scale.
The devices must be cheap, sensitive and se-
lective, and allow to detect hydrogen in vari-
ous gases (e.g. oxygen) in the entire concentra-
tion range (1.5− 100% H2). This project aims
at developing tailored sensing devices that are
cheaper and more selective than those cur-
rently available, by using thin films and novel
materials undergoing hydrogen-induced metal
insulator transitions.
The intermetallic compound LaMg2Pd has
been identified as a suitable candidate for de-
tecting and sensing hydrogen. Measurements
on the bulk have shown that a hydrogen-
induced metal insulator transition occurs near
room temperature and at relatively low hy-
drogen pressures between a partially charged
phase of composition LaMg2PdH∼3 and a fully
charged phase of composition LaMg2PdH7.
Thus thin films were deposited by sputtering
by using a single-target of LaMg2Pd and a
SrTiO3 substrate that was heated above 200◦C
under partial pressure of argon. No further
annealing was necessary. X-ray diffraction
confirmed the presence of the active phase
LaMg2Pd and some lanthanum oxide La2O3.
As shown in the previous reporting period, the
films were precharged with hydrogen and sub-
jected to cycling experiments in pure hydro-
gen at room temperature in a self-made in situ
chamber. The resistance of the films was moni-
tored by using the four-point method while fill-
ing the chamber with 1 bar hydrogen during
two minutes and subsequent pumping during

two minutes. The resistance of the film in-
creased by 1.5% during absorption and de-
creased by nearly the same amount during des-
orption. At room temperature the response
was relatively rapid, the reproducibility of the
signal was good, and the drift was relatively
small. Most importantly, the film remained in-
tact during cycling.
Next, various concentrations of hydrogen
(0.5%, 1.5% and 3%) were added to 1 bar of
argon. Interestingly, the lowest hydrogen con-
centration (0.5%) showed already a useful sig-
nal, thus meeting the 0.5% target for detecting
hydrogen. The kinetics was relatively rapid
and the changes in resistance scaled with par-
tial hydrogen pressure. No significant degra-
dation of the signal occurred during extended
cycling experiments. Thus the device showed
also promise for use as a hydrogen sensor.
Compared to the previous reporting period,
the films were exposed to higher hydrogen
concentrations in various H/Ar mixtures at
room temperature (from 100 to 300 mbar H2).
The results showed that the resistance response
was proportional to the partial pressure hydro-
gen, thus confirming the film’s potential as hy-
drogen sensor. The resistance response was
also measured in the presence of other gases
such as oxygen and air. After a fixed exposure
time (e.g. 30 s) the resistance response at con-
stant hydrogen pressure was found to be prac-
tically independent of the admixture of these
gases, thus proving the quasi-absence of cross-
sensitivity to these gases. A patent application
has been filed.
On a more fundamental side, attempts were
made to understand better the effects of hydro-
gen insertion into a metallic matrix by a first
principle study of the solid solution of hydro-
gen in metallic lanthanum [10]. If was found
that the hydrogen atom distribution was not
random but tended to aggregate into –H–La–
H–La–H– chains.
In conclusion, thin films of intermetallic
LaMg2Pd have been investigated with respect
to their resistance response during exposure
to hydrogen at various concentrations and in
various gases. The sensitivity in pure hydro-
gen, and hydrogen/oxygen and hydrogen/air
mixtures was sufficient for detecting 0.5% hy-
drogen, thus meeting the criterion for a hy-
drogen detection device. The resistance re-
sponse was proportional to the partial hydro-
gen pressure in a large concentration interval,
thus opening the way for sensing applications.
Future work will concentrate on investigating
the film’s properties in potentially corrosive
gases such as water vapor, sulphur or carbon
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containing gases, and on finding low-cost sub-
strates. In order to obtain a better understand-
ing of the mechanism leading to the hydrogen-
induced resistance changes, in situ synchrotron
diffraction experiments will be performed.

4.2 Development of new Bi- and Mo-based sen-
sor materials (G. Patzke)

a) Mo-based gas sensors Our research activi-
ties on the formation of new sensor materials
are focused on structure-morphology-activity
relationships among oxide-derived sensor ma-
terials with special emphasis on low-cost ele-
ments and tuneable syntheses.
Over the past years, we have garnered expe-
rience in the synthesis and analysis of hexag-
onal W- and Mo-oxides with a flexible chan-
nel structure motif [11]. We have now hy-
drothermally synthesized and characterized
(e.g. powder X-Ray diffraction and electron mi-
croscopy) an isostructural series of hexagonal
alkali molybdates with alkali cations (Na+–
Cs+) as structural stabilizers within the chan-
nels. All members of the series are phase pure
and exhibit a high degree of crystallinity af-
ter hydrothermal treatment. Gas sensing tests
on these compounds were carried out on inter-
digitated Au electrodes using our in-house gas
sensing facility in order to evaluate the influ-
ence of alkali cations on the gas sensing proper-
ties. The operating temperature was stepwise
varied between 150 and 275◦C.
The alkali cations were found to exert a sig-
nificant effect on the sensing properties of
the hexagonal molybdates, and representa-
tive results for the sensitivity of K+-containing
hexagonal molybdates towards ammonia [11]
are shown in Fig. 14. Results are displayed for
an optimized operating temperature of 225◦C
with maximum sensitivity towards NH3.
Ammonia concentrations were gradually in-
creased from 2 ppm to 100 ppm, and the re-
sponse/recovery curves indicate a stable and
reliable sensing behavior (Fig. 14a). A lin-
ear relationship between concentration and re-
sistance could be clearly assigned. More-
over, we investigated the selectivity of K+-
stabilized hexagonal molybdate sensors to-
wards other reducing gases (H2, isopropanol,
ethanol, methanol, acetone and CO) at the se-
lected operating temperature to exclude inter-
ference effects (Fig. 14b). Concentrations of H2
and CO were maintained at 100 ppm, those
of isopropanol and ethanol at 500 ppm, and
of methanol and aceton at 1000 ppm. The
sensitivity S of the hexagonal molybdate to-
wards 100 ppm ammonia gas was up to 130-

Figure 14: (a) Sensitivity of K+-containing hexago-
nal molybdate towards 2− 100 ppm NH3. (b) High
selectivity towards NH3 in comparison with other
reducing gases.

fold higher than sensitivity values towards the
other test gases (S = (R0 − R)/R).
Whereas previous works pointed out the sen-
sitivity of molybdenum oxides with Ti-based
overlayers towards NH3 [25], we open up a
most direct one-step hydrothermal pathway to
molybdenum oxide sensors with no need for
doping, coating or other post-treatments.

b) Bi-based humidity sensors Following up
on our structure-properties studies on Bi-
containing humidity sensor materials [12,
13], we newly explored the Bi/P/O-system.
Whereas our previous strategies were focused
on the influence of W/Mo-substitution on the
humidity sensing properties of the isostruc-
tural Aurivillius-type Bi2MO6 (M = W, Mo)
phases, we now investigate the role of the
structural motif whilst keeping the involved el-
ements constant [14].
For this purpose, we hydrothermally synthe-
sized monoclinic BiPO4 (Fig. 15b) and sillenite-
type cubic bismuth phosphate (Fig. 15a). The
latter has a lower P content than BiPO4, be-
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Figure 15: SEM images of (a) cubic bismuth phos-
phate and (b) monoclinic BiPO4. (c) Stable response
and recovery curves for various RH for cubic and
monoclinic bismuth phosphates.

longing to the BixPOδ (13 6 x 6 16; δ ∼
17− 20) compound series. In addition, the 10-
fold lower surface area of cubic bismuth phos-
phate suggests less favorable humidity sensing
properties at first glance.
However, capacitance measurements over the
entire range of relative humidity (RH) val-
ues clearly showed that cubic bismuth phos-
phate displays higher sensitivity than mono-
clinic BiPO4. Additionally, the sillenite-type
cubic form excels through a linear relationship
between sensitivity and RH in combination
with better response and recovery characteris-
tics, especially at lower RH values (Fig. 15c).
This renders the performance of cubic bismuth
phosphate promising and comparable to our
preceding results on Bi2WO6 [12]. Accordingly,
we could assign a transition between “non-
Debye” and “ion-transport” sensing mecha-
nisms for cubic bismuth phosphate around
33% RH, i.e. at lower RH values than for mon-
oclinic BiPO4.
The favorable sensing properties of the Bi-rich
phase point to a high degree of polarizabil-
ity of the Bi3+ cations in the characteristic cu-
bic framework of the sillenite structure type,
which is the basis for a large family of mixed
compounds derived from cubic Bi2O3. We
thus opened up a new class of bismuth ma-
terials for humidity sensing which (a) leave
plenty of room for sensitivity tuning with el-

Figure 16: Configuration of the developed elec-
trochemical sensor. It consist of a stack of precise
machined mechanical parts. Overall diameter of the
sensor is 28 mm.

ements other than P, and (b) thus pave the
way to novel humidity sensor design via new
structure-activity relationships. According in-
vestigations are now in progress.

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

This applied research project started in 2010 as
part of the SNSF-supported economic stimulus
packages. The goal of this project is the develop-
ment of an electrochemical oxygen sensor with
higher resolution than existing commercial de-
vices. The sensing mechanism is based on the
reduction of oxygen molecules on a gold sur-
face (Clark cell). The idea is to adjust the sur-
face properties of the gold electrode improv-
ing the transducing properties to obtain an en-
hanced signal. The main achievements in this
project have been:

• a new concept of the sensor was devel-
oped, including better thermometry and
modular design (Fig. 16);

• gold surfaces have been microstructured
using different techniques, achieving posi-
tive effects on both sensing signal and elec-
trolyte flow (life of the sensor) (Fig. 17);

• improvement of trace-level electronic sig-
nals based on STM current amplification
design;

Figure 17: Structured sensing gold surface.
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• a resolution of 0.2 ppb of oxygen par-
tial pressure (trace level range) has been
achieved; this level of detection is not
achieved by the best commercial devices;

• two complete demonstration prototypes
have been constructed; the systems are
ready for field-testing.

Test are planned in both the brewing industry
(for dissolved oxygen), and in a helium purifi-
cation station (for gas phase measurements).

4.4 Piezoresistive strain transducer (C. Renner)

A host of applications exploiting the bend-
ing of tiny cantilevers, including atomic force
microscopy (AFM) and biomechanical assays,
are in need of an efficient, MEMS compatible,
strain transducer. Existing schemes capable of
detecting minute cantilever bending all suffer
from severe loss of signal strength upon can-
tilever size reduction, with the exception of
piezoresistive detection. The challenge with
piezoresistive transducers is to design a detec-
tion scheme with sufficient accuracy and high
sensitivity.
The key to piezoresistive monitoring of minute
strain is to engineer a device with a gauge fac-
tor (GF) as large as possible. GF is defined as
the relative change in resistance per unit strain
GF = ∆R

R0
/ ∆`

`0
. We have designed and tested

different promising realizations over the past
years. Unfortunately, they all turned out to be
inadequate for the anticipated micromechani-
cal applications.
Silicon nanowires had been reported to show
extraordinarily large and non-linear piezore-
sistance [26]. In agreement with these findings,
initial experiments we did indeed showed a
very large resistance increase in a thin silicon
slab subject to compressive strain. But upon
closer inspection, this promising result turned
out to be an experimental artefact [15], ques-
tioning the original results obtained by He and
Yang [26]. In an earlier attempt [16], we had ex-
plored custom designed metal-semiconductor
hybrid structures showing very large GF. Un-
fortunately, their fantastic gauge factor relied
upon a four-terminal configuration with an in-
trinsic poor signal to noise ratio, rendering the
device ineffective.
Both negative results above in terms of strain
gauge applications have resulted in novel in-
sight into the transport properties of silicon.
They have also prompted us to search for
other silicon based alternatives to achieve large
gauge factors, with yet even more surprising
findings about its electronic properties.

Figure 18: (a) Selected model predictions of pres-
sure dependent conductance of Silicon and Germa-
nium. (b) Measured increase in relative conductance
for p-type silicon compressed along 〈110〉, showing
a nearly linear increase. Note the absence of satu-
ration, in contradiction with theoretical predictions
(manuscript in preparation).

In a previous report, we had noted the pos-
sibility to exploit metal-semiconductor hybrid
structures as a two terminal piezoresistive
device, provided it would be heavily pre-
strained. Following up on this idea, we set
out to measure the change in conductance of
silicon under large uniaxial strain. We man-
aged to measure the silicon conductance up to
3 GPa applied pressure. These experiments
gave the unexpected result that the conduc-
tance, instead of saturating as predicted by ex-
isting models, keeps increasing (Fig. 18). This
finding is again not going to help us design-
ing a MEMS compatible strain transducer. But
it offers the interesting collateral result that
the information technology road map might
be pursued for a little longer using the good
old silicon technology by exploiting this en-
hanced mobility beyond the currently antici-
pated limit.
In parallel to the high-pressure conductance
measurements of silicon, we have explored al-
ternative routes to achieving large piezoresis-
tive response to strain. One promising ap-
proach is the so-called stress concentration re-
gions (SCR). It consists in a specific structuring

Figure 19: Schematics of the stress concentration
region (SCR) principle. The deformation of a beam
forced to elongate by a length ∆L will concentrate on
its weakest section, thereby enhancing the response
to minute strain (unpublished).

48



MaNEPResults — Project 3

Figure 20: Schematics of an AFM force sensor ex-
ploiting a stress concentration region for an all elec-
tric readout of the cantilever bending (unpublished).

of a beam such as to concentrate the strain into
a weakened region (Fig. 19). The idea is that
upon applying stress, the weak section of the
beam L1 will deform more easily than the rest
of the beam. The relative increase in the length
of the SCR (L1 + ∆L)/L1 becomes larger as its
absolute length L1 decreases compared to L.
Conversely, the contribution of the SCR to the
overall resistance decreases as L1 decreases. It
is thus possible to design an optimal length for
a desired amplification of the piezoresistance
effect.
Stress concentration is a well known and doc-
umented method, and therefore cannot be the
subject of a new patent. However, SCR has not
been applied to MEMS and NEMS configura-
tions to the best of our knowledge. We are in
the process of fabricating a first AFM cantilever
with a SCR micromachined onto the surface of
the cantilever beam (Fig. 20). If successful, this
method holds promise to replace all function-
alities of current optical detection schemes, in-
cluding torsional motion of the cantilever. A
feat that has so far eluded other non-optical
cantilever motion detection schemes.

5 New surface treatments for microcompo-
nents

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

The aim of this project is the implementation of
security and decorative features in watch com-
ponents. Patterns of microscopic structures
made of various surface alloys are “written”
on the surface of metal parts. Such structures
are produced by a STM-inspired device, com-
prising XYZ micromotors driven by a SERVO
control, and power electronics1. This project

1International Patent Application WO 2008/010044 A3

Figure 21: Desktop marking system for watch com-
ponents and other small mechanical parts.

is supported by Vacheron Constantin in the
framework of a regular CTI grant2.The main
achievements of the last twelve months are the
following:

• the development of a versatile desktop
marking machine (Fig. 21); the device sup-
ports automatic operation;

• deep-engraving of characters in fine brass
parts; the process parameters related to
the plasma power have been optimized
to minimize wear of the electrode tip
(Fig. 22);

• achieving the required surface condition
on brass parts (roughness and integrity);

• improved accuracy in XY translation re-
lated to the design of specific patterns;

2CTI Project N◦ 10281.2

Figure 22: Deep-engraved characters (75 µm deep)
made by the marking process. The substrate is a dec-
orated, rhodium-coated brass watch part.
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Figure 23: Patterns written with surface alloys on
medical steel (left) and silver (right).

• feasibility tests for the “Hallmark of
Geneva”;

• synthesis of surface alloys on other sub-
strates, as medical alloys and precious
metals (Fig. 23).

The flexibility of the technology opens the door
to applications in other fields, where the phys-
ical properties of the synthesized alloys give a
clear advantage over the state-of-the-art. First
successful tests have been performed on med-
ical alloys, where the implementation of anti-
corrosion marks has attracted considerable in-
terest from industry.

5.2 Cut-and-coat process by wire-EDM (J. Cors,
Ø. Fischer; AgieCharmilles +GF+)

This applied research project started also in
2010 as part of the SNSF-supported economic
stimulus packages. The objective of the present
project was to provide AGIECharmilles with
the technology to enter the growing market of
coated metal parts. The idea was to modify
the traditional spark erosion setup. By chang-
ing the energy distribution of the machining
sparks [27], and the metallurgical composition

Figure 24: Iterative approach machining-
analyzing.

Figure 25: Increased hardness at the surface.

of the tool electrode, it has been possible to
tune the process creating coatings with tailored
properties. An iterative approach using X-ray
fluorescence as analytic tool was implemented
to optimize the coating process (Fig. 24). Main
achievements have been:

• reliable, coating technologies have been
elaborated, namely generator settings for
a given couple of workpiece material and
electrode alloy;

• elaboration of sets of coated parts, with
full characterization of mechanical proper-
ties and added technical value (Fig. 25);

• identification of target applications in the
current AGIECharmilles markets (Fig. 26);

• identification of a new application related
to surface thermal shielding for parts sub-
mited to thermal stress.

6 Collaborative efforts

As explained in the previous report, this
project is characterized by several close collab-
orations between researchers of MaNEP and
our industry partners, and these collaborations
have largely continued as last year. Below you
find last year report slightly adapted to the sit-
uation today.
On superconductivity there is a long-standing
collaboration between Bruker BioSpin and

Figure 26: Application of the technology: surface-
engineered abrasion-resistant injection molds for in-
tegrated circuits (IC).
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Prof. René Flukiger. This collaboration is now
taken over by Dr. Carmine Senatore on the
MaNEP side. There is in addition a grow-
ing collaboration between MaNEP and CERN
on the development for new superconducting
wires for the future upgrade of LHC. As an ex-
tension of the work on new materials for appli-
cations, a collaboration between Carmine Sen-
atore and Enrico Giannini has been established
as a common effort between Projects 3 and 4
to measure the properties of FeTe0.7Se0.3. The
collaboration between ABB and MaNEP on su-
perconducting thin film fault current limiters
has led to a proposal to develop a new type of
superconducting tapes.
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). The collaboration between
Philipp Aebi (UniFR), Jürg Hulliger (UniBE)
and Anke Weidenkaff (Empa and UniBE) has
continued in order to synthesize and character-
ize 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 Swatch Group R&D SA, Division
Asulab. In particular we have combined the
competence on hydrides of Klaus Yvon with
the thin film synthesis competence in Øystein
Fischer’s group as well as Jorge Cors knowl-
edge 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 surface treatments consists of
two close collaborations between the groups
of Øystein Fischer and Jorge Cors on the one
hand and two companies on the other hand,
Vacheron Constantin and AgieCharmilles. In
both these projects, we are now building a close
collaboration between MaNEP and these com-
panies. The MaNEP start-up Phasis is also part
of these projects.
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[7] L. Karvonen, Tomeš, and A. Weidenkaff, Material
Matters 6, 92 (2011).

[8] D. Moser, L. Karvonen, S. Populoh, M. Trottmann,
and A. Weidenkaff, Solid State Sciences 13, 2160
(2011).

[9] P. Zubko, N. Stucki, C. Lichtensteiger, and J.-M.
Triscone, Physical Review Letters 104, 187601 (2010).
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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), A. Georges (UniGE), T. Giamarchi (UniGE), E. Giannini (UniGE), J. Karpinski (ETHZ), H.
Keller (UniZH), D. van der Marel (UniGE), J. Mesot (PSI and ETHZ), T. M. Rice (ETHZ), M. Sigrist
(ETHZ)

Summary and highlights: The physics of oxide superconductors presents an arena of rich and excit-
ing phenomena. It was shown hat the Hund’s rule coupling leads to strong correlations in materials
which are not close to a metal-to-Mott-insulator transition (such as oxides of the 4d transition met-
als), and a general physical view of these “Hund’s coupled materials” was elaborated. Experimental
indications were obtained that doped SrTiO3 constitutes a Fermi liquid formed by polarons instead
of conventional electrons. In the context of the Yang-Rice-Zhang theory of high-Tc superconduc-
tors, a theoretical framework has been developed for “hourglass” dispersion of the spin-fluctuations
at the antiferromagnetic wave vector, a feature known to be common to high-Tc superconductors.
A hitherto unknown pseudogap has been identified along the nodal directions in strongly under-
doped La2CuO4 using angle-resolved photoemission spectroscopy (ARPES), at temperatures below
100 K. A new analysis of atomic resolution scanning tunneling microscopy (STM) spectra allows
mapping out the spatial variation of the parameters describing the local band structure, showing
striking correlation between particular features in the band structure (the second neighbor copper-
copper hopping) and Tc. Using nuclear quadrupole resonance the local symmetry at the Ba-sites in
YBa2Cu3O7 was studied, allowing to establish that orbital currents are either absent or extremely
weak in the ground state of this compound. Important advances have been made in the preparation
of iron pnictides and iron selenides, for example LnFePnO, and the arsenic-free KFe2Se2. Optical
studies of Co-doped BaFe2As2 has revealed pronounced pressure-induced anisotropy in the elec-
tronic structure of this material. Using advanced focussed ion etching techniques, microdevices of
SmFeAsO were prepared, allowing the measurement and control of vortex pinning by defects within
the FeAs layers, thus providing a pathway to improve the technological aspect of superconductivity
in the Fe pnictides.

1 Electronic properties and high-Tc super-
conductivity in transition metal oxides

1.1 Strong correlations due to Hund’s rule cou-
pling (A. Georges)

In single-band metals, strong electronic cor-
relations emerge close to the Mott-insulating
state. Building on previous work [1][31], we
have shown that in multiband metals the cor-
relations are strongly affected by Hund’s rule
coupling [2]. The quasi-particle coherence and
the proximity to a Mott-insulator are influ-
enced distinctly and, away from single- and
half-filling, in opposite ways. A strongly corre-
lated bad metal far from a Mott-phase is found
there. The Hund’s rule coupling accounts for
important material trends and we have pro-
posed [2] a concise classification of 3d and 4d
transition-metal oxides based on this obser-
vation (Fig. 1). In particular, the ubiquitous
occurrence of strong correlations in Ru- and
Cr-based oxides, as well as the recently ob-

served [32] high Néel temperature in Tc-based
perovskites are naturally explained [3].
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Figure 1: Intensity plot of the quasi-particle
weight for a three-orbital model with Hund’s cou-
pling. Darker regions correspond to good metals
and lighter regions to bad metals. The black bars
signal the Mott-insulating phases. Specific materials
are schematically placed on the diagram (from [2]).
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1.2 Strong correlations induced by charge order-
ing in highly doped cobaltates (A. Georges)

Surprisingly, layered cobaltates (such as
NaxCoO2) display spectral and transport
properties suggestive of strong correlations
close to the band-insulator limit (i.e for x close
to unity). We have proposed an explanation
for this [4], which relies on the key effect
of charge ordering. Blocking a significant
fraction of the lattice sites deeply modifies
the electronic structure in a way which we
found to be quantitatively consistent with
photoemission experiments. It also makes
the system highly sensitive to interactions
(especially to intersite ones), hence accounting
for the strong correlation effects observed in
this regime, such as the high-effective mass
and quasi-particle scattering rate. These con-
clusions are supported by a theoretical study
of an extended Hubbard model with a realistic
band structure on an effective kagome lattice.

1.3 Electronic structure and photoemission spec-
trum of LaNiO3 (A. Georges)

Recent angular-resolved photoemission exper-
iments on LaNiO3 reported a renormalization
of the Fermi velocity of eg quasi-particles, a
kink in their dispersion at ∼ −0.2 eV and a
large broadening and weakened dispersion of
the occupied t2g states [33]. We have shown
that all these features result from electronic
correlations and are quantitatively reproduced
by calculations combining density-functional
theory and dynamical mean-field theory [5].
Furthermore, we proposed a general expla-
nation of the observed broadening of filled
bands as due to interorbital interactions induc-
ing electron-hole excitations in the partially-
filled bands when the photoemission hole is
created.

1.4 Common Fermi liquid origin of T2 resistiv-
ity and superconductivity in n-type SrTiO3
(D. van der Marel)

SrTiO3 is a semiconductor which, when doped
with a low density of electrons, becomes a
good conductor with relatively high mobil-
ity and strong temperature dependence of the
electrical resistivity and the infrared optical
conductivity. At low temperatures the mate-
rial becomes superconducting [34] with a max-
imum reported Tc of 1.2 K [35], although super-
conductivity is usually reported below 0.7 K
with a dome-shaped doping dependence of
Tc [36, 37]. Superconductivity is also observed
below 0.3 K in the two-dimensional electron

gas formed at the interface between SrTiO3
and LaAlO3 [6] where the carrier-concentration
dependence of Tc has also a dome shape [7].
The dc resistivity below 100 K has a T2

temperature dependence, which has been at-
tributed to electron-electron scattering by some
groups [38, 39, 40].
By comparing the density of states (DOS) ob-
tained from the optical free carrier spectral
weight, from the linear term in the specific heat
and from angle-resolved photoemission spec-
troscopy (ARPES) data to state-of-the-art local
density approximation (LDA) ab initio values,
we have determined the quasi-particle effec-
tive mass as a function of doping [8], shown
in Fig. 2. The verdict is clear: there is a fac-
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Figure 2: Top panel: doping dependence of the den-
sity of states (DOS) at the Fermi energy. The solid
curve corresponds to the WIEN2k band structure.
Squares [41], circles (this work [8]), pentagon [42]:
density of states obtained from the linear term in the
specific heat. Middle panel: doping dependence of
the Drude spectral weight, ω2

p. The solid curve cor-
responds to the band structure results. Diamonds
are the experimental values [9]. Bottom panel: (i) ra-
tio of experimental DOS over band structure DOS
(experimental and theoretical values taken from top
panel, the meaning of the symbols is the same).
(ii) Ratio of band structure over experimental ω2

p
(values taken from middle panel). (iii) Ratio of bare
and experimental (dressed) Fermi-velocity, vF,b/vF,e
(triangle, data from Ref. [10]). The grey curve is a
smooth interpolation.
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tor of 2 to 3 mass enhancement with a ten-
dency to become smaller for higher doping.
Electron-phonon coupling is the only plausi-
ble suspect for the enhancement. Indeed, re-
cent calculations confirm this [11]: based on
the Fröhlich interaction, the essential charac-
teristics of the observed optical conductivity
spectra of SrTi1−xNbxO3, in particular inten-
sity, lineshape and energy of a peak at 130 meV,
was explained without any adjustment of ma-
terial parameters. The electron-phonon cou-
pling constant was found to be of intermediate
strength.
We carried out a detailed analysis of the T2

term in the resistivity, using Fermi liquid the-
ory for the T2 term in the resistivity of common
metals, and combined this with expressions
for Tc and with the Brinkman-Platzman-Rice
(BPR) sum-rule [43] to obtain Landau param-
eters of n-type SrTiO3. These parameters are
comparable to those of liquid 3He, indicating
interesting parallels between these Fermi liq-
uids despite the differences between the com-
posite fermions from which they are formed.

1.5 Phenomenological approach to the anoma-
lous pseudogap phase (T. M. Rice)

The pseudogap phase that appears in the un-
derdoped cuprates has long been considered
a key to the understanding of the physics of
these high-temperature superconductors. Al-
though there has been continued progress
in refining the experimental characterization,
progress on a comprehensive theory has been
slow. Some years ago, we have put forward
a phenomenological theory which described
the pseudogap phase as a precursor to the
Mott-insulating phase at stoichiometry with lo-
cal singlet pairing as in the Anderson’s RVB
model. The key step in this approach is a
simple but novel ansatz for the single-particle
propagator which partially truncates the Fermi
surface by an insulating gap in the antinodal
regions. Considerable progress has been made
in explaining a series of the anomalous proper-
ties in a consistent way in this theory. We have
now written a detailed review describing the
successes of this phenomenological approach
in tying together the puzzling anomalies that
characterize the pseudogap phase [12].

1.6 Magnetic response in the underdoped
cuprates (T. M. Rice)

The magnetic spectrum of the underdoped
cuprate superconductors measured in numer-
ous neutron scattering experiments takes an
unusual form, generally referred to as the
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Figure 3: Hourglass dispersion of the resonance
near (π, π). The thick black line is the position of the
maximum intensity peak after integrating the nu-
merical data over a strip of width 2π/25 along the
parallel direction, averaged over sections of length
2π/33. Experimental data are taken from various
groups (see [13]).

“hourglass” spectrum centered around the
(π, π)-point in the Brillouin zone. Recently
we showed that this hourglass form can be
obtained in a RPA analysis of the spin spec-
trum within the Yang-Rice-Zhang (YRZ) phe-
nomenological theory (Fig. 3) [13]. The low-
energy incommensurate legs of the hourglass
spectrum arise through particle-hole transi-
tions between the nodal pockets and the waist
is a resonance at (π, π) which comes from tran-
sitions between the antinodal gapped regions.
The loss of spectral weight in the low-energy
legs at the transition from normal to supercon-
ducting phase appears naturally in these calcu-
lation.

1.7 Adiabatic continuity of Gutzwiller-type wave
functions (D. Baeriswyl)

In a first step, we have chosen a reference state
|Ψ0〉 without broken symmetry. Any indica-
tion of order should then appear in the long-
distance behavior of certain correlation func-
tions. We did not find any evidence for long-
range order, even for antiferromagnetism at
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Figure 4: ARPES spectra for underdoped superconducting LSCO samples (x = 0.08, Tc = 20 K and x = 0.145,
Tc = 33 K). (a-c) Intensities along zone diagonal cut marked with the arrow in (g) at T = 137 K, 88 K and
10 K for LSCO (x = 0.08). The spectra were obtained by deconvolution Fermi function division method. (d-
f) The energy distribution curves (EDC) from (a-c) in the vicinity of kF. (g) The first quarter of Brillouin zone.
The red curve is the Fermi surface (FS) of LSCO (x = 0.08) obtained from tight-binding fits to experimental
data. The arrow indicates the cut along which the ARPES data were taken. (h-i) The same as (a-c) but for
LSCO (x = 0.145) at T = 40 K and 12 K. (j-k) EDC from (h-i) in the vicinity of kF. (L) The schematic phase
diagram of LSCO. The lines are the superconducting transition temperature (Tc), the pseudogap temperature
(T∗), the Néel temperature (TN) and the temperatures at which a node appears (Tnode). SC (PG, SG, AF) stands
for superconducting (pseudogap, spin glass, antiferromagnetic) phase.

half-filling and for lattice sizes up to 60 × 60.
This somewhat disappointing result can be
traced back to the “adiabatic continuity” of
Gutzwiller-type wave functions. In fact, for a
simple soluble model, the anisotropic quantum
XY chain, it can be shown explicitly that a vari-
ational ground state à la Gutzwiller is perfectly
smooth at the critical point where long-range
order appears in the exact ground state [14].
Nevertheless these calculations gave useful in-
sight for the origin of an effective electron-
electron attraction.

1.8 Trial state with broken symmetry
(D. Baeriswyl)

The failure of our attempt to produce long-
range order without including it in the refer-
ence state of our variational ansatz indicates
that possible broken symmetries should be ex-
plicitly admitted. Therefore we have turned
our attention to the trial state

|Ψ〉 = e−hĤ0 e−gD̂|Ψ0〉 , (2.1)

where Ĥ0 is a mean-field Hamiltonian includ-
ing both antiferromagnetic and superconduct-
ing order parameters, |Ψ0〉 is the ground state
of Ĥ0 and g, h are variational parameters. With
this form the expectation value of the energy,
E[Ψ] = 〈Ψ|Ĥ|Ψ〉/〈Ψ|Ψ〉, can be expanded in
powers of g using the linked-cluster theorem.
We have calculated the lowest-order terms an-
alytically and are currently attacking the min-
imization with respect to the four variational
parameters (g, h as well as the two symmetry-
breaking fields).

1.9 The gap profile in the electronic excita-
tion spectra of underdoped La2−xSrxCuO4
(LSCO) (J. Mesot)

Using high-resolution angle-resolved photoe-
mission spectroscopy (ARPES), we performed
a systematic study of electronic excitations of
underdoped La2−xSrxCuO4 (LSCO) as a func-
tion of temperature and doping [15]. The main
experimental findings are: (1) for highly under-
doped superconducting LSCO (x = 0.08), in
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the superconducting state, the electronic exci-
tations are gaped along the entire underlying
Fermi surface (FS), and the gap function devi-
ates from the pure dx2−y2 -wave form, (2) the
gap structure persists into the normal state ei-
ther by increasing temperature or by reducing
the hole-concentration all the way to a non-
superconducting LSCO (x = 0.03) sample,
(3) while the antinodal gap remains constant
in the temperature range up to 150 K, the di-
agonal gap is temperature-dependent (Fig. 4a-
f), it closes at different temperatures (Tnode)
for superconducting and non-superconducting
samples (Fig. 4L), but both temperatures are
well below the pseudogap temperature (T∗),
(4) when the gap at kF on the zone diagonal
decreases to zero a pure dx2−y2 -wave form of
energy gap appears, beyond this temperature
a Fermi arc occurs and its length increases with
temperature.

1.10 Analysis of the tunneling spectra of
Bi2Sr2CuO6+δ (Ø. Fischer)

We have continued the analysis of the tun-
neling spectra of Bi2Sr2CuO6+δ. We showed
in 2010 that the tunneling spectra unambigu-
ously exhibit the signature of a strong Van
Hove singularity (VHS) [16]. Taking advan-
tage of the intrinsic inhomogeneities of the
cuprate’s high-Tc superconductors (HTS), we
could spatially map the local superconduct-
ing gap (Fig. 5a) and correlate its values with
other relevant parameters like the VHS posi-
tion. Since it is routinely admitted that the
local doping level controls both the position
of the VHS and the opening of the super-
conducting gap, the correlation at the local
scale between these two parameters is thus
of great interest. In most of the area where
the VHS is measured at negative energies, the
VHS shifts towards higher energies when the
gap magnitude decreases. This trend is in
agreement with an increase of the local dop-
ing level (overdoping), well seen in Fig. 5b,
where the spectra have been sorted according
to the VHS position. However, this classifica-
tion strikingly reveals that the gap opens again
when the VHS approaches the Fermi level. A
more quantitative analysis was achieved by
fitting all the 17000 spectra acquired in the
map (14 × 14 nm2) with a numerical model
which includes a d-wave BCS spectral function
and a realistic three-orders tight binding-based
band structure (in Bi2Sr2CuO6+δ the coupling
of the quasi-particle with the spin fluctuations
is weak and can be neglected, see [16]). With
such an analysis, the spatial maps for each

Figure 5: Analysis of scanning tunneling mi-
croscopy (STM) data acquired in Bi2Sr2CuO6+δ

(Tc = 11 K). (a) Map of the gap magnitude (b) Tun-
neling spectra sorted according to the VHS position.
(c) Maps of the various parameters extracted from
the BCS fit of the spectra [16]: BCS gap value, VHS
position, tight-binding parameter t3 and scattering
rate Γ.

of the fitted parameters can be reconstructed
(Fig. 5c). Similarly to the gap map (Fig. 5a), all
the parameters are locally correlated with the
superstructure of the material. We also find the
expected correlation of the gap with the scat-
tering parameter Γ, as reported in [16]. More-
over we observe an interesting correlation be-
tween the gap and the tight-binding parame-
ter t3 maps. Since t3 is relevant of the sec-
ond neighbor along the a/b-axis in the Copper
planes, this could provide crucial keys to argue
that it plays an unexpected role in the opening
of the gap and thus in how superconductiv-
ity appears in cuprates. All our observations
show that local doping variations only are not
sufficient to explain the evolution of the whole
body of tunneling spectra observed on the sur-
face of Bi-based cuprates.
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1.11 Revealing the high-energy electronic ex-
citations underlying the onset of high-
temperature superconductivity in cuprates
(D. van der Marel)

In strongly correlated systems the electronic
properties at the Fermi energy EF are inter-
twined with those at high-energy scales. One
of the pivotal challenges in the field of high-
temperature superconductivity (HTS) is to un-
derstand whether and how the high-energy
scale physics associated with Mott-like excita-
tions (|E− EF| > 1 eV) is involved in the con-
densate formation. We have investigated the
interplay between the many-body high-energy
CuO2 excitations at 1.5 and 2 eV, and the on-
set of HTS. This is revealed by a novel optical
pump-supercontinuum probe technique that
provides access to the dynamics of the dielec-
tric function in Bi2Sr2Ca0.92Y0.08Cu2O8 over an
extended energy range, after the photoinduced
suppression of the superconducting pairing.
These results unveil an unconventional mecha-
nism at the base of HTS both below and above
the optimal hole concentration required to at-
tain the maximum Tc. Our results [17] indicate
that most of the superconductivity-induced
modifications of the excitation spectrum and
optical properties at the low-energy scale are
compensated by a variation of the in-plane
electronic excitations at 1.5 and 2 eV, demon-
strating that these excitations are at the base
of an unconventional superconductive mecha-
nism both in the underdoped and overdoped
sides of the superconducting dome. When
moving from below to above the optimal hole
doping, the spectral weight variation of these
features entirely accounts for a crossover from
a superconductivity-induced gain to a BCS-like
loss of the carrier kinetic energy [18, 19][44].
Superconductivity-induced changes of the op-
tical properties at high-energy scales seem to
be a universal feature of high-temperature su-
perconductors, indicating that the comprehen-
sion of the interplay between low-energy exci-
tations and the high-energy scale physics, as-
sociated with Mott-like excitations, will be de-
cisive in understanding high-temperature su-
perconductivity.

1.12 Electronically driven disordering of the vor-
tex lattice in La2−xSrxCuO4 (J. Mesot)

A commonality across the cuprates, heavy
fermion and organic superconductors, and
ferro-pnictides is the coexistence of magnetism
and superconductivity. The corresponding or-
der parameters typically compete and often a
small perturbation is sufficient to tip the bal-
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Figure 6: Phase diagram of (a) the (T < 3 K)
vortex lattice structure and (b) the magnetism in
La2−xSrxCuO4, both revealed by neutron diffrac-
tion. Circular points are defined by the onset of a
square VL coordination. The field – doping plane
in (b), adapted from [20], shows schematically the
ordered spin-density wave (SDW) moment normal-
ized to that at the 1/8-doping. The temperature –
doping plane shows the superconducting dome to-
gether with the onset of static incommensurate SDW
order TSDW as seen by neutron diffraction [20][45].
The dashed lines indicate the samples studied [21].

ance between the two. Magnetic field-induced
vortices may, for example, permit enhanced
magnetic correlations in the core regions where
the superconducting order parameter is sup-
pressed [46]. This idea was proposed to explain
field-induced and -enhanced magnetic correla-
tions observed in the cuprate superconductor
La2−xSrxCuO4 (LSCO) [47].
Little is known, however, about the reverse
connection: how does the presence of mag-
netic correlations affect the arrangement of vor-
tices? When magnetism and superconduc-
tivity coexist there are at least three relevant
length scales: the vortex core size ξ, the vor-
tex spacing a0, and the magnetic correlation
length ζ. Using small angle neutron scattering
(SANS) we have studied two different regimes
(Fig. 6): (i) far away from the magnetic order-
ing where ξ, ζ � a0 and (ii) entering the mag-
netic phase where ζ ∼ a0. In the first regime,
where static magnetism is absent, the vortex
lattice (VL) structure and core size are under-
stood from pure fermiological considerations.
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In the second regime with static long-range
magnetism, the vortex arrangement exhibits
increasing disorder. We find these regimes
to be well-described within the topical “Bragg
glass” paradigm [48]. Disordering of the vortex
lattice is usually driven by effects extrinsic to
superconductivity such as sample impurities,
crystalline defects or rare earth magnetism. In
contrast, magnetic and superconducting (SC)
order parameters are intertwined in LSCO; we
show that this provides a novel and tunable
source of VL disorder.
As shown in Fig. 6, the appearance of mag-
netism is, in essence, concomitant with the sup-
pression of SANS intensity with field and un-
derdoping. Drawing upon results from the lit-
erature and new observations (see Ref. [21]),
we are able to plot the vortex lattice structure
at low temperature T versus magnetic field H
and doping x.

1.13 Identification of subgap features in
the tunneling spectra of YBa2Cu3O7−δ

(Ø. Fischer)

Contrary to the easy-cleavable Bi-based
cuprates, YBa2Cu3O7−δ (YBCO) has been less
intensively studied by scanning tunneling
spectroscopy (STS). In early STS studies, one
of the most striking and still unexplained ob-
servation is the existence of finite-energy states
in the center of the vortex cores in YBCO [49].
These states were also detected in the vortex
cores of Bi-2212 compounds, and appeared
to be energy-scaled with the superconducting
gap [50]. Subgap features in the same energy
ranges were observed outside the vortex cores,
and even in zero magnetic field. In recent STS
investigations on as grown YBCO surfaces,
spectroscopic maps acquired in a 7 T magnetic
field revealed a distribution of tunneling
spectra with very different characteristics
(Fig. 7a), indicating doping inhomogeneities
attributed to sample aging. All spectra show a
feature located in the 5− 6 meV range. Some
of the spectra exhibit sharp coherence peaks at
15− 20 meV with faint subgap kinks, reminis-
cent of the spectra acquired outside the cores.
Although a direct imaging of individual flux
lines was hampered by the inhomogeneities of
the spectral features, some other spectra reveal
the very sharp low-energy peaks reported
earlier, and a broad pseudogap-like feature
emerging at energies slightly higher than the
superconducting gap.
Tunneling spectra acquired over a similar area
in zero field reveal only low-energy kinks and
no sharp peaks. We also acquired zero-field

Figure 7: Distribution of tunneling spectra in
YBa2Cu3O7−δ (Tc = 91 K) (a) in a 7 T field, revealing
the core finite-energy states, (b) on a cleaved single-
crystal in zero-field.

spectroscopic maps on crystals fractured in air
(Fig. 7b); while most of the spectra exhibit
subgap kinks and quite developed coherence
peaks, we also detect spectra exhibiting very
sharp low-energy peaks (with broad kinks at
higher energy), similar to the ones observed in
the vortex cores. All these observations raise
the question of the origin and of the links be-
tween these subgap features. The fact that
sharp peaks appear in the vortex cores and
are flanked by broad high-energy kinks sug-
gests that these states are somewhat associ-
ated with the pseudogap. On the other hand,
YBCO-specific structural features (like the CuO
chains) might also play a role in the evanes-
cence of these states, and the identification of
the mechanisms behind these peculiar spectro-
scopic signatures is the challenging goal of our
investigations.
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1.14 Search for orbital currents in YBa2Cu4O8
(H. Keller)

The concept of orbital currents (OC) was pro-
posed to explain the pseudogap of the cuprate
superconductors [51]. However, the present
state of knowledge about OC is contradictory
both in theory and experiment. No evidence
for local fields was found, i.e. in a Yttrium nu-
clear magnetic resonance (NMR) investigation
by our group [22].
Recently, Zeeman perturbed nuclear
quadrupole resonance was applied to evaluate
weak magnetic fields in the context of OC in
cuprate superconductors [23]. The magnetic
environment of the Barium atom in c-axis
oriented powder samples of YBa2Cu4O8 was
investigated in the pseudogap phase at 90 K.
The Ba atom is of particular interest since it is
situated outside, but close to the copper oxide
bilayer, at a position where the combined
fields from the two neighboring layers would
be enhanced because of the suggested ferro-
magnetic order within the bilayer. Zeeman
perturbed nuclear resonance utilizes the fact
that the Ba atom has both a quadrupolar and
a nuclear magnetic moment. This technique
is a rarely implemented variant of nuclear
quadrupole resonance (NQR), which utilizes
the local electric field gradient to lift the
nuclear degeneracy. The Zeeman perturbation
is introduced by means of an external coil as a
weak static magnetic field (of the order of mT).
For a typical 137Ba NQR resonance line of a
few hundred kHz width (inset of Fig. 8), the
resonance line split caused by a field of the
order of mT would not be directly observable.
The principle of the measurement is to detect
a weak local magnetic field through a beat
oscillation superposed on the Gaussian shaped
decay of the spin echo intensity, caused by
homonuclear dipolar fields (Fig. 8). In order to
demonstrate the sensitivity of the technique for
weak local magnetic fields, the Ba nucleus was
studied at 300 K, where no OC are expected.
The result of this measurement is presented
in Fig. 8, revealing the expected dominating
Gaussian decay of the spin echo intensity with
pulse separation time τ. This curve is our
zero-field reference. The measurement pro-
cedure was calibrated using applied Zeeman
fields of known strength. Fields calculated
from the response were found to deviate less
than 0.07 mT from the Zeeman fields actually
applied with the calibrated external coil. In
all experiments, background contributions, in-
cluding Earth’s magnetic field, were shielded.
In conclusion, the NQR results [23] do not
indicate the presence of local fields at the Ba
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Figure 8: Dependence of the normalized 137Ba spin
echo intensity as a function of the pulse separation
time τ at 300 K for Bext parallel to the c-axis of
YBa2Cu4O8. Results are shown for Bext = 0 T and
Bext = 0.23 mT. The inset shows the 137Ba resonance
line at 300 K in zero external field.

site in the pseudogap phase of c-axis oriented
YBa2Cu4O8. The detection limit of our method
excludes static or dynamic field larger than
0.07 mT and 0.7 mT, respectively [23].

1.15 µSR studies of novel superconductors under
pressure (H. Keller)

One of the most unique techniques for study-
ing magnetic and superconducting properties
of solid is muon-spin rotation (µSR). Recent
studies showed that most of the novel su-
perconductors (e.g. iron-based, heavy fermion,
cuprates) exhibit quite a strong and interest-
ing evolution of the superconducting and mag-
netic properties with pressure. In order to
use µSR also in high transverse fields for mag-
netic materials, the µSR data analysis methods
should be refined to account for the fields in-
duced by the sample in the pressure cell vol-
ume.
We studied this problem experimentally for
the case of YBa2Cu3Ox [24]. Modeling of the
field distribution induced by a homogeneously
magnetized sample showed that there is in-
deed a substantial induced magnetic field at
the muon stopping sites (Fig. 9). This leads to
additional contribution to the pressure cell re-
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Figure 9: (a) Contour plot of the field distribution
Bz(y, z) along the sample. (b) Contour plot of the
muon stopping distribution in the pressure cell. The
dashed line indicates the cylindrical sample space
(radius R = 2.5 mm and height H = 15 mm). (c) Plot
of the field distribution Bz(y, z) across the sample.

laxation rate proportional to the magnetization
of the sample. The simulated µSR response of
the pressure cell is in good agreement with that
obtained experimentally [24].

1.16 Band structure and properties of cuprates,
oxides and metallic systems (T. Giamarchi)

First-principle density functional calculations
on Nd2CuO4 were carried out by T. Jarlborg
(UniGE), showing that the f -band is partially
occupied at the Fermi energy. From excited
state calculations, with an electron removed
from an occupied band and put into an itiner-
ant state at high energy, it is possible to sim-
ulate the photoemission process. The relax-
ation energy for excitations from the f -state is
negative and larger than from itinerant states.
The effect is opposite in the inverse process.
Calculation for the wide Cu-d band is such
that the band seems to be narrower than the
true ground state because of excitation relax-
ation. The method is applied to elementary
hcp and bcc rare earth elements where local
density approximation (LDA) f -levels also can
be fully occupied and below the Fermi en-
ergy. The electronic heat capacities are con-
sistent with the positions of the f -levels and
the excitation relaxations go in the same di-
rections as in Nd2CuO4, but with varying am-
plitudes. In Ce-doped Nd2CuO4, it is possi-

ble to interpret photoemission from very weak
electron doping. Signatures of f -bands at the
Fermi surface are deduced from Compton pro-
files. Results from calculations on La2CuO4−δ

and Ba2CuO4−δ with oxygen vacancies within
CuO planes or within apical positions are very
different. The latter acts as electron dopants in
the Cu-d band, so that apical O-vacancies in
the SrCuO system will approach the situation
of strongly hole-doped LaCuO.
It is shown that observations of coexisting
Fermi surface arcs and closed Fermi surface
pockets in ARPES in hole-doped La2CuO4 are
consistent with modulated spin fluctuations of
varying wave lengths. This result makes a link
to what is seen from neutron scattering and
suggests that spin-phonon coupling is an im-
portant mechanism in the cuprates.

2 Electronic properties and high-Tc super-
conductivity in iron chalcogenides and iron
pnictides

2.1 Improved crystal growth Ln1111
(J. Karpinski)

The LnFePnO (Ln1111. Ln: lanthanide, Pn:
pnicogen) crystals up to 300 µm and Tc ≈ 53 K
were reproducibly obtained from NaCl/KCl
flux. Using NaAs and KAs fluxes crystal size
has been increased up to 1 mm, but phase for-
mation and F doping control are more diffi-
cult (Fig. 10).

2.2 Pressure-induced superconductivity in
SmFeAs1−xPxO1−y (J. Karpinski)

Single-crystals of SmFeAs1−xPxO1−y with var-
ious Tc have been grown under high pres-
sure, and their structural and superconduct-
ing properties were investigated. The upper
critical field deduced from resistance measure-
ments is anisotropic with slopes of ∼ 5.7 T/K
(H ‖ ab-plane) and ∼ 1.3 T/K (H ‖ c-axis)
sufficiently far below Tc [25].

2.3 Magnetism and superconductivity in
LaFeAsO0.945F0.055 (J. Karpinski)

We show that the application of hydrostatic
pressure on LaFeAsO0.945F0.055, which is at the

 

Figure 10: Single-crystals of Ln1111.
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border to the superconducting state but still
magnetic, leads to a substantial decrease of TN
and a reduction of the magnetic phase volume
and, at the same time, to a strong increase of Tc
and the diamagnetic susceptibility. From mag-
netic history dependent zero field muon-spin
relaxation (ZF-µSR) measurements it can be
concluded that superconductivity most prob-
ably develops in the areas of the sample that
are non-magnetic down to the lowest tempera-
tures. This shows that in LaFeAsO1−xFx mag-
netism and superconductivity are competing
order parameters [26].

2.4 Specific heat measurements on
SmFeAsO1−xFx single-crystals
(J. Karpinski)

In zero-field, a clear cusp-like anomaly in C/T
with a height of ∆C/Tc = 24 mJ/mole K2 ap-
pears at Tc = 49.5 K. In magnetic fields ap-
plied along the c-axis, pronounced supercon-
ducting fluctuations induce strong broadening
and suppression of the specific heat anomaly

 

Figure 11: Temperature dependence of the su-
perconducting specific heat plotted as Cs/T in vari-
ous magnetic fields applied (a) along the c-axis and
(b) along the ab-planes. The inset in (a) shows the
total specific heat with the solid line indicating the
linear background. The inset in (b) shows the peak
temperature of Cs/T plotted versus H2/3.

(Fig. 11). Upper critical field slope is 3.5 T/K
and anisotropy Γ = 8. The small value of
∆C/Tc implies a modest value of the Sommer-
feld coefficient γ ∼ 8 mJ/mole K2 indicating
that SmFeAsO1−xFx is characterized by a mod-
est density of states and a strong coupling [27].

2.5 Structure modifications due to substitution
of P for As (J. Karpinski)

We have investigated the structural response
to P substitution after ambient (AP) and high-
pressure (HP) treatment. After HP treat-
ment SmFeAs1−xPxO1−y samples are O defi-
cient which moves the Sm-O layer closer to the
As-Fe-As block and facilitates electron trans-
fer, while P substitution in AP samples (with-
out O deficiency) is a pure geometrical lattice
effect without charge carrier transfer. Oxygen
deficiency make more electrons available for
transfer to the Fe-As/P layer, modifying the
bonding geometry in Fe(As,P)4 and shifting the
Fermi level to higher energies [25].

2.6 KxFe2−ySe2 (E. Giannini)

Alkali-intercalated superconducting chalco-
genides were thought to be isostructural to
the “122” ferropnictides, but actually exhibit a
large amount of vacancies that form an ordered
pattern in the crystal structure. The vacancy
sublattice is likely to play a key role in the su-
perconductivity of this system [52], which is re-
ported to occur below 33 K. We have grown
crystals of KxFe2−ySe2 by the self-flux in a vac-
uum sealed quartz reactor, starting from a stoi-
chiometric admixture of alkaline elements, Fe
and Se, instead of pre-forming FeSe as com-
monly reported. As grown samples are not
single-phase and crystals of various composi-
tions around the nominal one are cleaved out.
A record Tc,onset of ∼ 42 K has been observed
both in transport and magnetic measurements
in a sample made from a nominal atomic ratio
0.55:1.65:2. In contrast, no superconductivity
is obtained when Te substitutes for Se; this is
likely to alter the ordered vacancy pattern, and
element segregation and phase separation are
observed.

2.7 Fe-tuning in Fe1+xTe1−ySey (E. Giannini,
H. Rønnow)

In superconducting Fe-based pnictides and
chalcogenides, an antiferromagnetic (AF) or-
der is suppressed either by chemical substitu-
tion or pressure, while the material enters a su-
perconducting state. In superconducting Fe-
chalcogenides Fe1+xTe1−ySey, we have shown
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Figure 12: Magnetic susceptibility at low field
(10 Oe) at three different nominal Fe contents. Val-
ues of the Fe formula units 1 (green) and 1.1 (blue)
are enhanced by a factor 20 to be shown on the same
scale as Fe = 0.9 (red).

that both the Fe excess and the Se substitutions
modify the FeCh4 tetrahedron and tune the
magnetic and electronic properties, thus draw-
ing a 3D phase diagram T versus (x, y) [28].
We have prepared crystals of Fe1+xTe1−ySey in
the composition range x ∈ (0, 0.1) and y ∈
(0.1, 0.3), which corresponds to the intermedi-
ate region of the phase diagram in which ei-
ther non-bulk superconductivity or coexistence
of superconductivity and magnetic order are
often invoked. Magnetic susceptibility clearly
shows the strong effect of Fe excess on the su-
perconducting state (Fig. 12): lowering the oc-
cupation of the additional Fe site enhances su-
perconductivity.
The ability of growing sizeable crystal with
a controlled composition and tuned electronic
properties has allowed us to carry out various
experiments that prove the interplay between
spin fluctuations and superconductivity. The
most striking result has been obtained in an in-
elastic neutron scattering study conducted in
collaboration with the group of H. Rønnow at
EPFL (see Project 6). It has been proven that
“hourglass” dispersing (π, π) spin fluctuations
are a necessary condition for superconductiv-
ity, in a mechanism that is reminiscent of what
is observed in YBa2Cu3O7−δ.

2.8 Fe-tuning in Fe1+xTe1−ySey (E. Giannini,
L. Forró)

We have performed a systematic study of
transport properties as a function of pressure
(6 2.3 GPa) and Fe content (x = 0.2, 0.5
and y = 0, 0.2, 0.3). Structural effects can
be induced in Fe1+xTe [29] either by apply-
ing mechanical pressure or by Se substitution.
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Figure 13: χac(T) of Fe1.05Te0.73Se0.27 at three dif-
ferent frequencies. The maximum shifts following
the ν-dependence expected for metallic spin glass
systems (inset).

We have also demonstrated that pressure is
a clean control parameter to drive the sys-
tem with high Fe-excess through the metal-
insulator (MI) transition, in analogy with in-
creasing the Se-doping or reducing the Fe-
excess. Pressure is found to suppress the low-
T magnetic contributions to the resistivity and
thermopower, due to Fe-excess. Below a criti-
cal pressure Pc = 0.8 GPa, the observed behav-
ior is compatible with a Kondo-like scenario
due to diluted magnetic impurities. The exis-
tence of disordered magnetic moments or clus-
ters, ascribable to compositional fluctuations
and phase separation in the region between the
AF and SC states, is responsible for a spin glass
behavior observed above Tc and marked by the
frequency dependence of the χac(T) (Fig. 13).

2.9 Vortex dynamics in Fe1+xTe1−ySey
(E. Giannini, C. Senatore)

We have investigated the magnetic properties
of Fe1+xTe1−ySey in the superconducting state.
Field-, temperature-, and time-dependence
of the magnetization in Fe1.02Te0.7Se0.3 have
shown that a weak collective pinning acts
in this material, originating from spatial
variations of the charge carrier mean free
path (δl-pinning). Our results are compati-
ble with a 10 nm-scale phase separation re-
ported by direct scanning transmission elec-
tron microscopy (STEM) and electron energy-
loss spectroscopy (EELS) observations [53],
which would act as pinning centers. This
leaves the question about intrinsic coexistence
of magnetism and superconductivity in Fe-
chalcogenides still controversial. Vortices are
found to move in the single-vortex regime up
to fields as high as 8 T in Fe(Te,Se) materials,
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in agreement with what is found in other Fe-
pnictides. A temperature- and time-dependent
second peak effect is observed, which is rem-
iniscent of the behavior of YBCO high-Tc su-
perconductor. Our findings point to a unique
vortex configuration, at the origin of the peak
effect, determined by T independent vortex-
vortex and vortex-defect interactions over a
wide range of T. Such an unexpected finding
deserves further investigations in other super-
conductors.

2.10 Anisotropic in-plane optical conduc-
tivity in detwinned Ba(Fe1−xCox)2As2
(L. Degiorgi)

We studied the anisotropic in-plane optical
conductivity of detwinned Ba(Fe1−xCox)2As2
single-crystals for x = 0, 2.5% and 4.5%
in a broad energy range (3 meV – 5 eV)
across their structural and magnetic transi-
tions. Detwinned, single-domain specimens
were achieved with the crystal held under uni-
axial pressure. Fig. 14 shows the real part
σ1(ω) of the optical conductivity of detwinned
Ba(Fe1−xCox)2As2 for different temperatures
along both polarization directions. In the vis-
ible and UV energy interval σ1(ω) is charac-
terized by polarization independent broad ab-
sorption bands which overlap with a domi-
nant near-infrared (NIR) contribution peaked
at about 5000 cm−1. The temperature and dop-
ing dependent optical anisotropy in σ1(ω) is
mainly evident in the far-infrared (FIR) and
mid-infrared (MIR) regions. In the FIR re-
gion, there is a strong polarization dependence
of the itinerant charge carriers contribution to
σ1(ω). Along the a-axis σ1(ω) shows a more
pronounced metallic behavior which gets en-
hanced below the magnetic phase transition at
TN (≤ Ts), leading to the stripe-like spin or-
der pointed out above. Along the b-axis σ1(ω)
below TN is depleted due to the formation of
a pseudogap, prior to displaying a metallic-
like upturn for ω → 0. The strong absorption
peak dominating σ1(ω) at about 5000 cm−1

develops into a pronounced shoulder on its
MIR frequency tail at about 1500 cm−1. This
latter MIR-band in σ1(ω) shows a strong po-
larization and doping dependence, as high-
lighted in Fig. 14 (bottom panels). Interestingly
enough, for increasing doping the maximum
of the MIR-band shifts to lower frequencies in-
dicating that the MIR-band is significantly af-
fected by the doping.
It is especially interesting to compare the tem-
perature dependence of the dc (∆ρ) and opti-
cal (∆σ1(ω)) anisotropy. Two characteristic fre-
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Figure 14: Temperature dependence of the opti-
cal conductivity of Ba(Fe1−xCox)2As2 (x = 0.045) in
the whole measured spectral range for two polariza-
tions, parallel to the a-axis direction (E ‖ a, red solid
line) or perpendicular to it (E ‖ b, blue dashed line).
The black arrow indicates σ1(ω) at the temperature
close to the structural phase transition at Ts, while
the red arrow (bottom panels) indicates the center of
the MIR-band close to TN . The dashed-dotted and
dashed double-dotted lines (top panel) mark the fre-
quency ω1 and ω2 (see text).

quencies, identifying the position of the peaks
in σ1(ω) (Fig. 14), are selected in order to fol-
low the temperature dependence of ∆σ1(ω);
namely, ω1 = 1320 cm−1 and ω2 = 5740 cm−1

for x = 0.025. It is remarkable that the tem-
perature dependence of ∆σ1(ω) at ω1 and ω2

follows the temperature dependence of ∆ρ
ρ in

all compounds, extracted from the dc prop-
erties and from the metallic contribution in
σ1(ω), saturates at constant values well above
Ts and then displays a variation for T < 2Ts
(Fig. 15). We underscore that the rather pro-
nounced optical anisotropy, extending up to
temperatures higher than Ts for the stressed
crystals, clearly implies an important pressure-
induced anisotropy in the electronic structure,
which is also revealed by ARPES measure-
ments.
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Figure 15: Temperature dependence of the dichro-
ism ∆σ1(ω) of Ba(Fe1−xCox)2As2 (x = 0.045) at
ω1 and ω2 (Fig. 14) compared to ∆ρ

ρ obtained from
the dc transport data, as well as from the metal-
lic (Drude) contribution in σ1(ω) (∆ρopt/ρ). The
vertical dotted-dashed, dotted and double-dotted-
dashed lines mark the structural, magnetic and su-
perconducting phase transitions at Ts, TN and Tc, re-
spectively.

2.11 The electronic structure of LaRu2P2
(J. Mesot)

LaRu2P2 is a stoichiometric pnictide with
a superconducting transition temperature
Tc ∼ 4 K [54]. It is isostructural to “122”
high-temperature Fe-pnictide superconduc-
tors (e.g. doped BaFe2As2) [55]. Using the
newly developed soft X-ray angle-resolved
photoemission spectroscopy (SX-ARPES) at
ADRESS beamline of SLS at PSI, we revealed
the electronic structure of LaRu2P2 in the
normal state. The observed Fermi surface
(FS) is highly three-dimensional (Fig. 16), and
is very different from the quasi-2D FS cylin-
ders of high-temperature superconducting
Fe-pnictides. The mapped Fermi surface is
in good agreement with density functional
theory (DFT) calculations. We also found that,
in contrast to Fe-pnictide superconductors for
which their bandwidths are renormalized by
a factor of 2 − 3, the measured dispersions of
LaRu2P2 can be reproduced by DFT calcula-
tion without notable renormalization (Fig. 16).
By comparing with ultraviolet(UV)-ARPES
spectra, we illustrate that the increased prob-
ing depth of SX-ARPES is essential for the
determination of bulk electronic structure in
our experiments [30].
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Figure 16: ARPES spectra for LaRu2P2. (a) Fermi
surface (FS) map in (kx, ky, 22π/c)- plane, taken
with hν = 615 eV. (b) FS map in (kx, 0, kz)- plane,
taken with hν = 300 − 550 eV in steps of 5 eV.
The maps in (a) and (b) are obtained by integrat-
ing ARPES spectral weight in an energy window of
EF± 50 meV. The superimposed dashed lines are the
FS from DFT calculation. (c) ARPES spectrum along
M− Γ direction (cut 1 in (a)) taken with hν = 615 eV.
(d) The second derivative of momentum distribu-
tion curves (MDC) of the ARPES data in (c). (e) UV-
ARPES spectrum along M − Γ direction taken with
hν = 74 eV. The superimposed dashed lines are the
band structure from DFT calculation.

2.12 Critical currents and geometrical vortex
transition in Fe-pnictide superconductors
(B. Batlogg)

Fe-pnictide superconductors pose conceptual
challenges, particularly concerning the pairing
interaction and symmetry, and they are also
of interest for potential applications because of
the extremely high critical fields and high crit-
ical current densities. The FeAs layers host
the essential electrons for high-temperature su-
perconductivity, and these layers may be sepa-
rated by various structural blocks resulting in
a large family of layered superconductors.
To gain insight into the rich vortex physics on a
microscopic scale and to further improve jc, it
is highly desirable to locate the pinning sites.
To this end we create a particular vortex ar-
rangement by aligning the magnetic field along
the superconducting planes in SmFeAs(O,F)
with Tc ∼ 50 − 48 K, and passing the cur-
rent perpendicular to them. The single-crystal
bars are microcut with a focused ion beam into
samples with various geometries and contact
arrangements (Fig. 17a, b).
An overview of the dissipation as a func-
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Figure 17: (a), (b) SEM images of sample in four-
point and in two-point contact design to measure
the c-axis resistivity. The crystal (purple) was cut
into shape by three-dimensional cutting and electri-
cally contacted (blue) using a focused ion beam tech-
nique. The resistivity anisotropy at Tc is around 15,
thus homogenizing the current profile in the two-
point sample. (c) Dissipation as a function of an-
gle between the magnetic field (H = 12 T) and the
crystallographic ab-plane for several temperatures.
Starting at high temperatures, the typical V-shaped
angle dependence originating from the electronic
anisotropy turns into a more camel-toe like feature
exhibiting a broad peak when the field lies exactly
parallel to the FeAs planes. Upon further cooling
below T∗ ∼ 41 K, the feature sharpens significantly
and increases in height. The FWHM of the peaks
is below 0.3◦ at low temperatures. T∗ is identified
as the crossover temperature separating larger from
smaller, completely locked-in vortices.

tion of angle between applied field (12 T) and
FeAs layers at various temperatures is shown
in Fig. 17c. We have discovered a distinct
vortex matter transition upon cooling below
T∗ ∼ 41 K into a unique configuration of
highly mobile vortices. Below T∗, in agreement
with ξc(T∗) ∼ c/2, the vortex core is con-
fined in-between two adjacent FeAs planes by
the periodic modulations along c of the super-
conducting order parameter, but are nearly free
to slide between adjacent planes. This motion
parallel to the FeAs layers is even more pro-
nounced at lowest temperatures, well below Tc
and Hc2, as the vortex cores avoid the highly
effective pinning sites located in the FeAs lay-
ers. For fields slightly out-of-plane (< 0.3◦) the
vortices are again completely immobile as they
cross the planes and hence are strongly pinned
by defects within the FeAs layers. Our results
indicate a strong and highly effective pinning

mechanism localized in the FeAs layers, thus
suggest a pathway to improve the technolog-
ical prospect of the Fe pnictides superconduc-
tors.

3 Collaborative efforts

Collaborative efforts are of essential impor-
tance for the success of Project 4. Numerous
collaborations between all crystal growers and
other experimental groups have taken place:
the cuprates, transition metal oxides, iron pnic-
tides and iron selenides that were grown in
the laboratories at ETHZ, EPFL, UniGE and
PSI have been analyzed by at least two other
groups at different institutions. Theory groups
at the ETHZ, UniGE, UniFR have modeled
the results obtained with ARPES, STM, optical
spectroscopy, inelastic neutron scattering(INS),
and provide theoretical feedback and ideas for
further materials development as well as novel
experiments. Experimental groups at EPFL,
UniGE, ETHZ have ongoing projects with ex-
periments carried out jointly at the three com-
plementary probes of synchrotron X-rays, neu-
trons and muons at PSI.
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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), L. Forró (EPFL), E. Giannini (UniGE),
D. Jaccard (UniGE), M. Kenzelmann (PSI), D. van der Marel (UniGE), M. Sigrist (ETHZ), M. Troyer
(ETHZ)

Summary and highlights: We report progress in the field of heavy fermion superconductors, cover-
ing the Q-phase of CeCoIn5 and the properties of superlattices of (Ce/Yb)CoIn5, the role of valence
fluctuations in CeCu2Si2 and aspects non-centrosymmetric superconductors. A pseudogap feature
has been discovered for URu2Si2 which sets in above the transition to the hidden order phase. In the
field of vortex matter dynamical properties of strong flux line pinning have been further examined.
Various topological insulators, in particular, in the Pn2Ch3 class have been synthesized and exper-
imentally investigated. We also report progress in the theoretical discussion of various topological
phases.

1 Heavy fermion superconductor CeCoIn5
(M. Kenzelmann, M. Sigrist)

The symmetry of unconventional supercon-
ductors and their interplay with magnetism
and other strong correlations lead to an amaz-
ing diversity of novel phenomena and are the
subject of many studies in condensed matter
physics. The widely spread believe is that mag-
netism and superconductivity would mainly
compete. In several unconventional supercon-
ductors, however, magnetism and magnetic
fluctuations seems to be necessary for super-
conductivity to emerge. Therefore we may ask
under which circumstances superconductivity
and magnetism compete or support each other,
as discussed here prominently for CeCoIn5.
Valence fluctuations represent another feature
which can play a crucial role for the supercon-
ductivity, as the case of CeCu2Si2 shown in sec-
tion 3.

1.1 Neutron diffraction study of the Q-phase

CeCoIn5 is an excellent model system to study
unconventional superconductivity. It is a d-
wave superconductor that can be made as an
ultraclean material. The energy scale is such
that the field-temperature phase diagram of
the superconducting phase is readily accessi-
ble with a number of experimental techniques
that are important for the development of a mi-
croscopic understanding of the magnetism and
the superconductivity in this material. Among
the unique properties of CeCoIn5 is the ob-
servation of a second superconducting phase
where magnetic order and superconductivity
exist, although magnetic order does not exist

otherwise, not even in the normal phase. Mag-
netic order thus only exists in the supercon-
ducting phase, and its existence appears to re-
quire the presence of superconductivity.
Using neutron diffraction, the Kenzelmann
group measured the magnetic Bragg peaks as
a function of field direction and field strength.
One important new result is that only one mag-
netic domain is observed in this material, even
for the case where the magnetic field is along
the [1 0 0] direction and both Q1 = (q, q, 1/2)
and Q2 = (q, − q, 1/2) are identical by sym-
metry. This suggests an extreme sensitivity to
the magnetic field direction, or a monodomain
formation under cooling into the phase.
For fields along the [1 1 0] direction, only the
Q2 = (q, − q, 1/2) is populated, as had been
previously known. The field was applied along
the [1 −1 0] direction and il was observed that,
in this case, only the Q1 = (q, q, 1/2) is pop-
ulated. This represents a direct observation of
the switching of the magnetic domain using a
magnetic field.
Recent theoretical and NMR studies have pro-
posed that the Q-phase consists of at least two
phases: one phase at high fields that is a sin-
gle Q-phase, where a magnetic domain is de-
scribed by one ordering wave vector Q, and
a double Q domain where the magnetic struc-
ture is described by a superposition of two or-
dering wave vectors. The experiment of Ken-
zelmann and coworkers allowed to distinguish
these two cases. Fig. 1 shows at H = 10 T
the magnetic Bragg peak of one domain, but
no second Bragg peak associated with the sec-
ond ordering wave-vector has been seen. This
magnetic field lies in the range where the NMR
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Figure 1: Single-domain spin-density wave order
is observed close to the lower Q-phase boundary at
H = 10 T and T = 40 mK, where strong spin fluctu-
ations and absent static order as well as a double Q
magnetic structure were suggested.

study found a double-Q phase. However, this
study allows to exclude the realization of a
double-Q phase with certainty.
In all experiments, Kenzelmann and cowork-
ers have so far always observed only one mag-
netic ordering wave vector. They are presently
considering several ways how such a mon-
odomain formation can occur. A tendency for
monodomain formation is not uncommon, and
has been observed in some ferroelectrics. A
possibility is that a monodomain formation is
associated with the nature of d-wave supercon-
ductivity and they are planning further experi-
ments to test this possibility.

1.2 Artificially layered CeCoIn5

Recently Mizukami et al. succeeded to fabricate
artificial superstructures of several layers of
CeCoIn5 alternating with always five layers of
metallic YbCoIn5 [29]. For CeCoIn5 thicknesses
of three layers and more, the system is super-
conducting with an upper critical field which
is surprisingly high, in view of the low Tc. This
prompted these authors to declare these su-
perlattices a strong-coupling superconductor
based on a straightforward approach to para-
magnetic limiting effects. On the other hand,
Murakami, Yanase and Sigrist demonstrated
that taking into account that the superstruc-
ture incorporates local non-centrosymmetricity
could lead to an enhancement of paramag-
netic limiting fields through van Vleck contri-
butions to the spin susceptibility [1, 2]. This

proposal suggests that the unusually high crit-
ical fields are not necessarily a sign for strong-
coupling effects but rather a consequence of
superstructure-induced spin-orbit coupling.

2 Non-centrosymmetric superconductivity
(M. Sigrist)

Several new aspects of unconventional non-
centrosymmetric superconductors have been
investigated in Sigrist’s group.

2.1 Magnetism at twin boundaries

It has been shown by Iniotakis et al. that
the mixed-parity phase (Cooper pairs with
both parities as realized in superconduc-
tors without inversion symmetry) can gener-
ate superconducting states with broken time
reversal symmetry at twin boundaries (be-
tween domains of different crystalline non-
centrosymmetricity) [3]. Similar to helical
states in topological insulators, here twin
boundaries support states which carry spin
currents. In contrast to common expectation,
this time reversal symmetry breaking super-
conducting phase does not induce any mag-
netic features, such as spontaneous supercur-
rents. A recent study in Sigrist’s group shows
the short-coming of the earlier work. Indeed
a magnetic phase can occur through the com-
bination of supercurrent and spin polarization.
This is a phenomenon which could be called a
“spontaneous spin Hall effect”, because the su-
percurrent in combination with spin current in-
duces a spin accumulation on the twin bound-
ary. Calculations both based on Bogolyubov-
de Gennes approximation and generalized
Ginzburg-Landau theory have been applied. It
can be speculated that this finding is relevant
in connection with LaNiC2 which has been
identified as a time reversal symmetry break-
ing non-centrosymmetric superconductor [30].
This work is in progress and a publication is in
preparation.

2.2 Locally non-centrosymmetric superconduc-
tors

Together with time reversal, inversion repre-
sents a key symmetry for Cooper pairing. In
this context it is interesting to analyze the ef-
fect of staggered forms of non-centrosymmetry
on Cooper pairing symmetries which may
be viewed as the analog of an antiferromag-
net in relation to a ferromagnet for time re-
versal violating systems. This local non-
centrosymmetricity means that the crystal lat-
tice possesses an inversion center, but anal-
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ogous to the antiferromagnetic state there is
an antisymmetric spin-orbit coupling doubling
the unit cell by imposing a sublattice struc-
ture. It is found that there are two basic types
of systems distinguished through the topol-
ogy of spin-orbit coupling, whether it is ac-
tive in intra- or inter-sublattice hopping pro-
cesses. The stability of several pairing states
and their spin symmetry has been discussed in
this context [4]. An extension of this work is
in progress, taking the effect of magnetic fields
into account.

3 Proximity to valence transition in heavy
fermion superconductor CeCu2Si2 under
pressure (D. Jaccard)

Numerous studies on Ce-based heavy fermion
compounds focus on the magnetic instability
as a driving force for exotic behaviors such as
unconventional superconductivity. However,
it is also known that the Ce valence changes
with pressure (delocalization of the 4 f elec-
tron) and that this effect may also play a ma-
jor role in determining of electronic proper-
ties. In this respect, the first heavy fermion
superconductor CeCu2Si2 may be a good can-
didate to help to disentangle the contributions
from the spin and charge degrees of freedom,
more intricated in other Ce systems (like the
115-family). In particular, the pressure – tem-
perature (p − T) phase diagram of CeCu2Si2
(Fig. 2) deviates from the “generic” one in
which superconductivity (SC) emerges more or
less close to a magnetic instability, presumably
mediated by critical spin fluctuations. Instead,
in CeCu2Si2, the superconducting region ex-
tends far beyond the magnetic quantum criti-
cal point (located at pc ≈ 0 GPa), and exhibits
an enhanced transition temperature (Tc) cul-
minating at ∼ 2.4 K around 4 GPa [5]. The
most elaborate scenario [31] invokes critical
charge or valence fluctuations (VF) associated
with the delocalization of the Ce 4 f electron
when tuning p across the critical region (pV).
In elementary Ce (inset of Fig. 2, Ce data from
[32]), the first-order valence transition (FOVT)
line (γ − α transition), the location of its criti-
cal end point (CEP) and the valence crossover
(VCO) line have been unambiguously identi-
fied. In CeCu2Si2, despite compelling indica-
tions for the presence of critical VF in proximity
to a CEP [5], the precise location of that point
and the corresponding transition or crossover
line have so far not been identified quantita-
tively. On this footing, Jaccard and coworkers
have carried out a multiprobe experiment up
to 7 GPa [6, 7, 8] on a very high-quality single-

Figure 2: Updated p − T phase diagram of
CeCu2Si2 with its superconducting phase extend-
ing far beyond the magnetic instability at pc. The
maximum Tc roughly coincides with the position of
the critical end point (CEP); the valence crossover
(VCO) line (red) is obtained from ρ(p) data. In-
set: p − T plane of elementary Ce in vicinity of the
CEP (data from [32]).

crystal. The following analysis is restricted to
resistivity ρ.
All major characteristics in the ρ(T, p) data
are in line with previous reports [5], namely
the extracted p-dependence of the parameters
ρ0, A and n, obtained from simple fits to
ρ(T 6 4.2 K, H = 0) = ρ0 + A · Tn. The
VF theory [31] predicts, for a 4 f electron de-
localization realized at p = pV , a maximum
in the associated fluctuations at slightly lower
p (p . pV), coupled to n ∼ 1 and an en-
hancement in A and Tc. Right at p = pV , the
impurity scattering cross section should rise
strongly, leading to a maximum in ρ0(p). Be-
yond the delocalization (p > pV), obviously
a deep loss of correlation effects is expected.
These features are all in good agreement with
the experiment: while A(p) and Tc(p) culmi-
nate around 4 GPa, the extremum in ρ0(p)
points to a slightly higher pV .
Next, Jaccard and coworkers have extracted
the p dependence ρ∗(p) = ρ − ρ0 for sev-
eral T 6 30 K [6, 7]. Strikingly, ρ∗(p) drops
significantly above 4 GPa, indicating the Ce
4 f electron delocalization. This resistance loss
takes place over a ∼ 4 times wider p range at
30 K compared to 3 K. The observed broad-
ening of ρ(p) with increasing T is reminiscent
of elementary Ce [33]. However, in CeCu2Si2
below 30 K, the situation is less straightfor-
ward: the effect of delocalization is combined
with a strongly T-dependent scattering rate.
This “artifact” can be eliminated by a normal-
ization ρnorm = (ρ∗ − ρ∗(pVCO))/ρ∗(pVCO),
where pVCO designates for each T the 50%-
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Figure 3: Best collapse of all normalized ρnorm(p)
data as a function of the generalized “distance” h/θ
from the CEP (Tcr ∼ −8 K, p > 3.6 GPa, dashed line:
guide to the eye).

midpoint of the ρ∗(p)-drop compared to the
“initial” value at 4 GPa. In order to locate the
CEP, the steepness of the resistance drop was
quantified through its slope χ at the midpoint
and its divergence χ(T → Tcr) was analyzed.
A simple fit of the type ∝ (T − Tcr)−γ yields
TCeCu2Si2

cr ∼= −8± 3 K and γ ∼= 1, and a simi-
lar treatment of the Ce data [33] TCe

cr
∼= 465 K.

Furthermore, joining these midpoints of the re-
sistivity drop leads to the VCO line represented
in Fig. 2.
An additional feature reveals that resistivity
is governed by the existence of an underlying
CEP. It is namely possible to collapse all the
ρnorm(p) data on a single curve in vicinity to
pVCO. Introducing the dimensionless variables
h = (p− pVCO)/pVCO and θ = (T− Tcr)/|Tcr|,
a collapse of excellent quality is obtained ac-
cording to ρnorm = f (h/θ) ( f : scaling function)
with Tcr ∼= −8 ± 5 K, as shown in Fig. 3 for
p > 3.6 GPa. This means that for a generalized
“distance” h/θ from the CEP, the ρnorm data be-
have in a unique manner.
In conclusion, the resistivity analysis unveils
that the complete ρ(p) data at low T around
pV are governed by the proximity to a CEP. For
the first time, its location could be estimated
experimentally: Tcr ∼ −8 K and pcr ∼ 4.5 GPa.
This means that CeCu2Si2 entirely lies within
the VCO regime, but very close to the CEP of
the valence transition. Hence its low-T proper-
ties are likely to be strongly influenced by the
associated critical VF. Moreover, the VCO line
could be added to the p− T phase diagram of
CeCu2Si2, and a data collapse has been found.
This brings the scenario of SC mediated by VF
to the front in heavy fermion physics, and fur-
ther studies may reveal its widespread rele-

vance, even in the more common case where
pc and pV are not well separated.

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

Recently, Nakamura et al. reported intrigu-
ing properties of the Josephson effect between
a Pb-film on Sr2RuO4 contacted through Ru-
metal inclusions [9]. The critical current Ic
shows a non-monotonous temperature depen-
dence with an anomalous drop of Ic immedi-
ately below Tc of Sr2RuO4. Sigrist and col-
laborators interpret this behavior in terms of a
change in topology between the superconduct-
ing phase nucleating at the Ru-Sr2RuO4 inter-
face at T∗ ∼ 3 K and the chiral p-wave phase of
Sr2RuO4 below Tc = 1.5 K. While the so-called
“3 K-phase” matches well with the conven-
tional pairing state proximity-induced from Pb
in Ru, there occurs a phase frustration for chi-
ral p-wave superconductor. The latter dimin-
ishes the Josephson effect dramatically. Inter-
estingly, the frustration is released to some ex-
tend through the creation of spontaneous mag-
netic flux [10] which is important for limiting
the Josephson critical current. Indeed Sigrist
and coworkers show that, under such circum-
stances, the critical current is determined by
a pinning-depinning transition of the sponta-

current

field

Ru

Sr2RuO4

z
rΘ

Figure 4: Geometry studied for the pinning-
depinning transition for the Josephson contact be-
tween a Ru-inclusion and Sr2RuO4. The cylindri-
cal inclusion is superconducting with s-wave sym-
metry, while the surrounding Sr2RuO4 has chiral
p-wave superconductivity. The circular currents at
the ends of the cylinder allow to impose the desired
boundary conditions.
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neous flux pattern in a finite current, in a geom-
etry as shown in Fig. 4. This work is in progress
and a publication is in preparation.

5 Dynamic aspects of strong pinning
(G. Blatter)

The defining property of a (type II) super-
conductor is its ability to carry electric cur-
rent without dissipation. This superflow is de-
stroyed when the magnetic induction B enters
the material in the form of vortices. It is the
material defects immobilizing vortices which
reestablish the superflow of current, eventu-
ally rendering the superconductor amenable to
technological applications. An elementary dis-
tinction is made in the design and action of pin-
ning defects: strong pins with κ > 1 act indi-
vidually and generate large (plastic) deforma-
tions and metastable vortex states, while weak
defects with κ < 1 are unable to pin vortices
alone and thus act collectively. The Labusch
parameter κ = f ′p/C̄ is given by the ratio of
the pin curvature f ′p = −e′′p and the effective
elastic constant C̄. Blatter and coworkers have
determined the generic force – velocity (or cur-
rent – voltage) characteristic of vortices driven
by a current j and subject to a small density np
of strong pins [11].
The velocity – force characteristic derives from
the dynamical equation for vortex motion

ηv = FL(j)− 〈Fp〉(v) (2.1)

with the viscosity η and the velocity dependent
average pinning force density 〈Fp〉(v),

〈Fp〉 = np〈 fp〉 = −np

〈∫ ∞

−∞

dx
a

fp[u(x)]
〉

,

where a is the distance between vortices and
fp(x) the bare pinning force of a defect. The
displacement field u(x) has to be found from
the self-consistent equation

u(x) = x +
∫ x

−∞

dx′

v
G[0, (x− x′)/v] fp[u(x′)],

with G(x/v = t) the Green’s function of the
vortex system. The resulting average pinning
force density for a Lorentzian shaped pin is
shown in Fig. 5.
Inserting the result for 〈Fp〉(v) into Eq. (2.1)
and solving for v at given j provide us with the
current – voltage or force – velocity character-
istic (Fig. 6). Rewriting (2.1) in the form

FL

Fc
=

v
vc

+
〈 fp〉(v/κvth)

fc

κ = 1

4

8

0 1 3

〈f
p
〉(v

)a
2 0
/
ξe

p

v/κvth

κ = 10

κ = 5

κ = 2

0

Figure 5: Average pinning force 〈 fp〉 for a
Lorentzian shaped pinning potential of various
strengths. For strong pinning κ � 1, the criti-
cal force fc is large and the pinning force decays
monotonously. On approaching the Labusch point
κ → 1, the critical force fc vanishes and the pinning
force is non-monotonic, first increasing ∝

√
v and

then decaying ∝ 1/
√

v.

unveils two velocity scales, vc = Fc/η ∝ np
and κvth, characterizing the homogeneous flow
of the vortex system and the vortex velocity
in the depinning process. In the small den-
sity limit, the two scales separate, vc/κvth ∼
npa0ξ2(κ− 1)2/κ � 1, implying that 〈 fp〉(v) ≈
fc for velocities v ∼ vc � κvth. Blatter and
coworkers find a characteristic that takes the
generic form of a shifted (by Fc) linear (flux-
flow) curve, v ≈ (FL − Fc)/η (Fig. 6); the free
dissipative flow v = FL/η is approached only
at very high velocities v � κvth � vc. The be-
havior near onset is determined by the small-
velocity behavior ∝ ±√v of the pinning force
density 〈Fp〉.
Comparing these results to typical measured

vc

vc

Fc Fc FL
0

free flux flow

κ = 2 κ = 10

v

κ≫ 1κ & 1

FcFL

v

Fc

v

FL

Figure 6: Force-velocity characteristic for a
Lorentzian shaped pinning potential. For small de-
fect densities npa0ξ2κ = 0.05, one finds an excess-
current characteristic, a shifted (by Fc ∝ np) linear
curve with a slope reflecting flux-flow behavior and
approaching the true (unshifted) flux-flow behav-
ior only at high velocities κvth � vc. The insets
sketch the behavior near critical force, with a hys-
teretic jump of order vnl ∝ n2

p appearing at strong
pinning κ � 1 and a smooth onset v ∝ vth(κ −
1)4 (FL/Fc − 1)2 on approaching the Labusch point
κ → 1.
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current – voltage characteristics, good agree-
ment with experimental results is found [34,
35].

6 Pseudogap in URu2Si2 (D. van der Marel)

A long standing mystery encountered in the
cuprate high-Tc superconductors is formed by
the pseudogap: well above the critical tem-
perature, where the Cooper-pairs form, a par-
tial gap in the density of states is observed
by low-energy spectroscopic probes including
tunneling, ARPES and optical spectroscopy.
This partial suppression of density of states is
commonly referred to as the pseudogap. No
change of specific heat has been observed at
the temperature where the pseudogap forms.
While various different models have been pro-
posed for the exact nature of the pseudogap, it
is universally regarded as a key dowel to the
puzzle of high-Tc superconducting materials.
The recent studies of the heavy fermion com-
pound URu2Si2 by the van der Marel group
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Figure 7: (a) Real part of the optical conductivity
along the a-axis as a function of frequency at dif-
ferent temperatures. The thin dashed lines which
extend to zero frequency are Drude-Lorentz fits.
The measurements were performed down to 4 meV.
(b) Temperature dependence of the a-axis reflectiv-
ity for selected energies.

have revealed a similar pseudogap in the op-
tical conductivity [12]. This compound is fasci-
nating because it presents (at least) two phase
transitions: one occurs at ∼ 1.5 K and is associ-
ated to a superconducting transition, the other
takes place at THO = 17.5 K and is attributed
to a hidden order transition whose order pa-
rameter, despite numerous theoretical and ex-
perimental efforts, is still unidentified.
Van der Marel and coworkers measured the
optical conductivity σ1(ω) for both axis of the
tetragonal structure (Fig. 7a). It appears that
σ1(ω) exhibits a partial suppression of spectral
weight around 12 meV and below 30 K, that is
to say well above the transition at 17.5 K. This
suppression is very clear in the temperature
dependence of the reflectivity in the energy
range 20 − 30 meV (Fig. 7b), which presents
an abrupt suppression when the temperature
is lowered below 30 K. After the first diffusion
of this work, the presence of a pseudogap in
URu2Si2 has been confirmed by a number of
other experimental groups. Understanding the
pseudogap in URu2Si2 may help to identify the
nature of similar phenomenona in other mate-
rials, including high-Tc superconductors.

7 Topological insulators and topologically
ordered phases (D. van der Marel, E. Gi-
annini, D. Baeriswyl, M. Troyer)

The discovery of a quantum phase transition in
semiconductors, separating the topologically
trivial materials like Bi and CdTe from their
topologically non-trivial counterparts like Sb
and HgTe, has invigorated research activity in
a broad class of materials. The importance of
spin-orbit coupling to transport in these mate-
rials is central, as the propagation of electrons
is affected by the rotational properties of spin-
1/2 in the extreme limit. A symptom of the
novel bulk conduction is the manifestation of
Dirac-dispersing helical states localized to the
sample surface. These have been detected and
studied extensively by magneto-resistance [13]
and angle-resolved photoemission.

7.1 High-field magneto-transport measurements

The simplest class of topological insulators
which have a large nominal gap and sin-
gle Dirac cone on the surface includes the
three highest-Z members of the class Pn2Ch3
(Pn = Bi, Sb; Ch = Se, Te). Single-crystals
of this class and variants have been success-
fully synthesized and characterized in the van
der Marel group using a variety of methods.
These crystals showed clear early signatures of
the Dirac cones dispersing on the surface in

72



MaNEPResults — Project 5

magneto-resistance measurements carried out
in the Morpurgo group [13].

7.2 Cyclotron resonance experiments

The impetus for much study in the area of
topological insulators arises from the discovery
of the quantum spin Hall effect (QSHE), now
understood to be a two-dimensional topolog-
ical insulator. This effect manifested in CdTe-
HgTe-CdTe heterostructures, where advanced
synthesis and high mobility allowed the obser-
vation of the QSHE. In bulk, HgTe is gapless,
but a thin 70 nm film of HgTe grown on a CdTe
opens a gap of order 10 meV of the appropri-
ate type to establish 3D topological insulating
phase with high mobility and very low bulk
conduction. The non-trivial character of these
surface states was first detected as a quantum
Hall effect of surface states [36].
In similar samples, and in collaboration with
the Molenkamp group in Würzburg, van der
Marel’s group observed the first cyclotron res-
onance of topological surface states [14]. This
was accomplished through accurate measure-
ment of the Kerr angle using a commercial
time-domain terahertz spectrometer, polariz-
ers, and a home-wound superconducting mag-
net. This technique has strong promise for fu-
ture studies in this class of materials, where a
looming prediction of the topological magneto-
electric effect awaits direct observation [37].

7.3 Crystal growth and characterization of topo-
logical insulators: Bi2Se3

Zone melting growth of bismuth-
chalcogenides inside vacuum-sealed quartz
tubes allows minimizing the losses of volatile
elements, and better keeping under control
a homogeneous composition throughout the
sample. Precursors are melted, stirred and re-
mixed several times before zone-melting in a
mirror furnace. Nevertheless, as grown Bi2Ch3
(Ch = Se, Te) always exhibit bulk-metallic
conductivity due to intrinsic chemical defects,
like vacancies and internal doping. The Fermi
level lies either in the valence or in the con-
duction band and the carrier concentration is
high. This means that the bulk contribution to
the physical properties can not be neglected
and the surface states can be hidden to most
of probes. The good crystalline quality of
the samples obtained is shown in Fig. 8. No
composition fluctuations are observed at the
scale of SEM/EDX analysis. Crystals of these
materials are being used in various experi-
ments, conducted in both internal and external
collaborations.

Figure 8: Bi2Se3 crystal (top panel) and XRD char-
acterization of the crystalline quality. The two insets
show the (0 0 6) rocking curve (left) and the (0 0 21)
I(2θ) peak profile (right).

The Dirac surface fermions have been investi-
gated by A. Morpurgo (see Project 2) by means
of a gate-tuning of carriers, in thin flakes exfoli-
ated from these crystals [13]. The surface states
in Bi2Se3 are found to be metastable and in situ
K deposition is found to homogenize and sta-
bilize topological surface states. This study has
been carried out by the group of A. Damascelli
at the UBC, Canada [15]. In this uniform and
stable electronic surface structure, Rashba-like
states have been clearly observed to emerge
from bulk states. STM/STS investigations of
the surface electronic structure as well as op-
tical spectroscopy studies are in progress at
UniGE, in the groups of Ø. Fischer and D. van
der Marel, respectively.

7.4 Bi2(Se1−xTex)3 solid solution

Instead of shifting the Fermi level into the band
gap by chemical doping (as successfully done
in (Bi1−xCax)2Te3 [38]), Giannini and cowork-
ers have investigated the possibility of tun-
ing the charge carrier density by isovalent sub-
stitutions of Te for Se. As a matter of fact,
pure Bi2Se3 is thought to be n-doped, be-
cause of Se-vacancies, and pure Bi2Te3 can
be p-doped, because of possible Bi-Te substi-
tutions. In the solid solution Bi2(Se1−xTex)3,
one expects to compensate chemical defects for
each other. The whole solid solution can be
grown single-crystalline by the zone melting
technique. Thanks to this growth technique,

73



MaNEP Research

0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 04 . 1
4 . 2
4 . 3

2 8 . 5
2 9 . 0
2 9 . 5
3 0 . 0
3 0 . 5

4 0 0

4 5 0

5 0 0

5 5 0 a  -  a x i s
 c  -  a x i s

	��
����

���

�


���

��

���
�

x ,  i n  B i 2 ( S e 1 - x T e x ) 3

 

���
		��

�	�

�

���
� �

 c e l l  v o l u m e

Figure 9: Lattice parameters of the Bi2(Se1−xTex)3
(0 6 x 6 1) solid solution.

the composition gradients and phase separa-
tions are avoided, and macroscopic homoge-
neous crystals with a composition close to the
nominal one are obtained. The lattice param-
eters follow a Vegard’s law as a function of
Te-substitutions (Fig. 9). The transport prop-
erties reveal a charge compensation as a func-
tion of Te-substitutions and three regimes can
be identified in the solid solution (Fig. 10). In
the Se-rich region (x 6 0.5), the behavior is
metallic with a very low residual resistivity ra-
tio and a slight upturn at low T, as Te increases.
On the Te-rich side (x > 0.8), the behavior
is again metallic, but with a strongly different
T-dependence. At intermediate compositions
(0.6 6 x 6 0.7), the resistivity rises by more
than three orders of magnitude and exhibits
a semiconducting behavior, thus indicating a
sudden drop of the carrier density due to a de-
fect compensation.
Raman spectroscopy studies have confirmed
the homogeneity of the samples of the whole
solid solution and proven that no structural
transition occurs. The almost linear Raman
shift dependence on x is compatible with the
increase of the c-axis and the weakening of the
van der Waals bonds. Four vibration modes are
active in the structure of the end-compounds
Bi2Te3 and Bi2Se3. A fifth mode appears at
intermediate compositions, due to local mix-
ing of the two anions on an equivalent site.
The study of the T-dependence of these modes
has interestingly shown that, only for the in-
sulating composition Be2SeTe2, all modes fol-
low a non-monotonic trend, with a softening at
T ∼ 50 K. This exotic behavior is being further
investigated.

7.5 Superconductivity in intercalated Bi2Ch3

The CuxBi2Se3 and PdyBi2Te3 intercalated
compounds are found to be superconducting
below 3.5 K and 5.5 K, respectively. Whereas
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Figure 10: Electrical resistivity of the
Bi2(Se1−xTex)3 (0 6 x 6 1) solid solution. The
three panels show the three different conducting
regimes as a function of the Te:Se ratio (see text).

0.05 − 0.45 at% of Cu actually intercalates
the Bi-Se block layers, Pd is never found
to be present, and plays an indirect role
in driving Bi2Te3 to superconductivity. Pd-
rich secondary phases precipitate, and off-
stoichiometric Bi2Te3 becomes superconduct-
ing. Both compounds exhibit a very weak dia-
magnetic signal in the Meissner state.

7.6 Topological phases and anyonic models

Troyer’s group has extended his previous sim-
ulations for interacting anyon chains to two-
dimensional arrays of anyons, generalizing the
physics of spin-ladders to anyons [16, 17]. The
resulting models describe the edge states of
non-Abelian quantum Hall systems in two di-
mensions.
Troyer and coworkers have investigated
whether it is possible to construct topological
models for topological phases, dropping
local physics from the models. The approach
runs into problems related to the difficulties
of obtaining flat space-time in microscopic
Lagrangians for quantum gravity, and they
find that geometry and the distinction between
local and macroscopic scales are essential
for topological protection in topological
models [18].
Making anyons mobile, they arrive at anyonic
generalizations of the Hubbard and t-J mod-
els. In one dimension they discover a gener-
alized version of fermionic spin-charge separa-
tion, i.e. the U(1)-electric charge and anyonic
charge separate, leading to different velocities
for U(1) and anyonic charges in quantum Hall
edge states [19].
They have finally also simulated generaliza-
tions of previously studied models of non-
Abelian anyons to non-unitary anyonic the-
ories [20], which might describe the edge
states of hypothetical non-unitary quantum
Hall states, but could later prove that such
exotic quantum Hall states cannot appear in
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physical Hamiltonians with quasi-local inter-
actions [21].

7.7 Quantum XY chain as a toy model for an
interface

In the framework of his master thesis in the
group of Baeriswyl, Gabriel Ferraz studied the
quantum XY chain consisting of two pieces
with different parameters, both numerically
and analytically. It can be considered as a sim-
plified model of an interface. In fact, several
characteristic features of interfaces between
different electronic systems, for instance be-
tween a semiconductor and a metal, can read-
ily be reproduced by this model. Specifically,
the case of two different values of the trans-
verse field, +h in one segment, −h in the
other, has been investigated. For the equiva-
lent fermion system, a metal-insulator transi-
tion occurs, if h reaches the value of the ex-
change constant J, but in contrast to the ho-
mogeneous chain where the spectrum consists
of a single band, which is either full or empty
above the critical point, in the present case a
gap opens in the middle of the band, separat-
ing a filled valence band from an empty con-
duction band. Ferraz et al. have also studied
interfaces between metallic and insulating seg-
ments. In this case, pronounced Friedel oscilla-
tions are found in the metallic part of the chain.
A paper on their results is in preparation.
Interestingly, for an odd number of sites and
|h| > |J|, a single level with a wave function
localized at the interface is found essentially in
the middle of the gap. Its energy depends on
the level occupation (due to the term eiπN gen-
erated by the Jordan-Wigner transformation, N
being the total number of fermions). Never-
theless, the total energy of the ground state is
found to be the same in the two cases. There-
fore the ground state for an odd-numbered
chain is doubly degenerate. One may specu-
late that localized Majorana fermions emerge
at specific interfaces of this model. These ex-
otic quasi-particles are intensively studied in
the context of topological insulators [39].
Generalizations of the model, for instance by
including interactions between the z compo-
nents of the spin (XXZ model), are also worth
being investigated. In this case, the fermionic
counterpart in the weak-coupling limit (|Jz| �
|Jx|) is given by two spinless Luttinger liq-
uids, separated by an interface. Instead of the
two chain segments, one can introduce a pseu-
dospin describing even and odd combinations
of fermions to the right and left of the interface,
respectively, and map the problem onto a sin-

gle chain of fermions with spin, scattered by an
impurity. This fermionic model has been stud-
ied extensively since about two decades [22],
and its established properties are expected to
yield relevant predictions for the interface in
the XXZ chain.

8 Simulations of fermions (M. Troyer)

Using their recently developed dynamical
mean field theory (DMFT) solvers [23], Troyer
and coworkers consider two problems: the lo-
cal magnetism of Cerium [24], and the Kondo
physics of Co impurities in bulk Cu and on
Cu surfaces [25]. For the latter, they clearly
see that a Kondo model is not sufficient to
describe the materials but that an Anderson
model is needed since the f state is not occu-
pied with exactly one electron. Using quan-
tum Monte Carlo (QMC) simulations of clus-
ter dynamical mean field theory, they have
calculated the spectral properties of the 3D
Hubbard model [26]. They have developed a
new diagrammatic QMC algorithm and used
it to simulate the Cooperon model for high-
temperature superconductors [27].
Finally, they have performed the first accu-
rate simulations of the two-dimensional t − J
model using infinite projected entangled pair
states (iPEPS). Using this variational method,
they get lower energies than any other varia-
tional approach (such as fixed node QMC or
density matrix renormalization group (DMRG)
simulations) and find evidence for the forma-
tion of stripe phases in the 2D t− J model [28].

9 High-pressure and low-temperature in-
frared setup (D. van der Marel, L. Forró)

On one hand, applying pressure modifies the
interatomic distances (if not the crystal struc-
ture of the material) and can therefore be seen
as a “knob” of the electronic band structure
of materials. On the other hand, temperature-
dependent optical infrared spectroscopy al-
lows to probe low-energy vibrational, elec-
tronic and magnetic excitations present in a
large variety of systems.
For these reasons, a vacuum horizontal in-
frared microscope, based on a pair of reflec-
tive objectives surrounding a diamond anvil
cell attached to a cryostat was developed in the
van der Marel group (Fig. 11), in order to per-
form at the same time both low-temperature
and high-pressure infrared measurements. The
small sample’s size required the enhanced bril-
liance of a synchrotron light source to counter-
balance the important signal loss.
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Figure 11: Vacuum horizontal microscope mounted
on the 66 v/s FTIR spectrometer at the infrared
beamline of SLS.

This setup was successfully tested at the in-
frared beamline of the Swiss Light Source (SLS)
of the Paul Scherrer Institute, were pressure up
to 16 GPa and temperature down to 20 K were
reached. Preliminary results were obtained on
power form samples as well as in crystal form.

10 Collaborative efforts

Several of projects reported here profit from
the collaborations within MaNEP. The prime
example within Project 5 is the study of the
heavy fermion superconductor CeCoIn5. Here
the close contact of the two groups of Kenzel-
mann and Sigrist brings together experimen-
tal and theoretical expertise and has resulted
in a number of prominent publications. A fur-
ther important area is represented by the topo-
logical electronic states which include topolog-
ical insulators as well as topologically ordered
phases. This topic has been additionally fos-
tered by the collaborative project “Topomat-
ter” which is running since about three years
initiated by A. Morpurgo, D. van der Marel and
M. Sigrist, and includes several further groups,
both experimental and theoretical. While the
materials and phases investigated are rather
diverse, the common concepts and classifica-
tion schemes underlying these systems have
proven most fruitful for the exchange of ideas.
Research efforts in this area reported under
Project 5 include experiments on and sample
growth of topological insulators by the groups
of van der Marel and Giannini, the discussion
of topological phases in unconventional super-
conductors by the group of Sigrist and the com-
putational simulation of topological phases by
Troyer’s group. Further related aspects have
also been reported under Project 2. Since Jan-
uary 2011 a collaboration of the groups of
van der Marel, Forró and Phillippe Lerch (PSI,
infrared beam line) studies the optical spec-

tra of materials under pressure, among other
things tuning and closing the gap in topolog-
ical insulators by pressure. Several collabora-
tive projects of recent years, such as work on
FeSi – FeGe and related materials, are pursued
with a lower priority at present and have not
been reported this year. General aspects of un-
conventional superconductivity, in particular
for heavy fermion systems, also benefit from
the large experience in the field within MaNEP,
and there is a strong collaborative overlap with
Project 4.
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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), M. Kenzelmann (PSI), C. Kollath (UniGE), J. Mesot
(PSI and ETHZ), F. Mila (EPFL), E. Morenzoni (PSI), H.-R. Ott (ETHZ), H. Rønnow (EPFL), C. Rüegg
(PSI), U. Staub (PSI), M. Troyer (ETHZ), A. Zheludev (ETHZ)

Introduction: With two notable exceptions discussed below, much of the progress made in year 11
followed a sustained built up over the past two years. The latter includes sample synthesis and
characterization, preliminary experiments, refinements of measurement techniques, and theoretical
approaches. These past efforts provided a foundation for new accurate experiments and calculations
and resulted in several significant breakthroughs.

Summary and highlights

The study of novel quantum phases in anti-
ferromagnets with competing interactions was
and remains the central theme of Project 6.
In this area, on the theoretical side, we have
shown the possibility of a condensate-free spin
superfluid, that may be realized in the spin
dimer system BaCuSi2O6. Here, a unique prox-
imity effect is caused by fully frustrated ex-
change interactions between magnetic bilayers.
We also investigated how a more subtle com-
petition between two types of Dzyaloshinskii-
Moriya interactions in Ba2CuGe2O7 leads to a
most peculiar phase diagram and numerous
incommensurate phases in this material in ap-
plied fields.
The use of extreme sample environments and
advanced measurement techniques has be-
come increasingly important in the study of
materials which show novel emergent behav-
ior. We used high pressure and a series of
neutron diffraction techniques, including 3D
polarization analysis, to study novel materi-
als. We were able to identify a new ferromag-
netic ferroelectric in which the ferroelectric po-
larization can be switched using a magnetic
field. Using neutron diffraction, we devel-
oped a microscopic understanding for the ori-
gin of the ferroelectricity and ferromagnetism,
and also their coupling. Further, we improved
our capabilities to perform high-pressure mag-
netization measurements at EPFL and we per-
formed a series of high-pressure diffraction ex-
periments at PSI.
With a focus on fluctuations, excitations in sev-
eral magnetic systems were probed in both
the frequency and time domains. Novel
probes such as resonant inelastic X-ray scat-
tering (RIXS), applied to cuprate chain sys-
tems, and femtosecond diffraction, applied to

cupric oxide, played a very important role. For
the latter material it was possible to follow a
commensurate-incommensurate phase transi-
tion in real time. What was also notable is
the level to which the analysis of experimen-
tal data has become entwined with theoreti-
cal input. A case in point is the discovery of
long lived bound states in the quantum spin-
ladder DIMPY. Here, density matrix renor-
malization group (DMRG) calculations, semi-
analytical computations of instrumental reso-
lution functions, and fitting to measured scans
were combined in a single procedure, setting a
new standard for the interpretation of inelas-
tic neutron data. Also in relation to novel light
scattering techniques, progress was made in
the theoretical understanding of Raman scat-
tering from quadrupolar order in S = 1 sys-
tems.
Two sets of very complementary studies
focused on the effect of disorder on quantum
magnets. Bulk measurements, electron spin
resonance (ESR) and neutron experiments
on the bond-disordered organic spin liquids
piperazinium hexacopper chloride (PHCX)
and Sul-Cu2(Cl1−xBrx)4 were performed
in addition to nuclear magnetic resonance
(NMR) and neutron investigations of the
site-disordered ladder Bi(Cu1−xZnx)2PO6. At
the same time, muon spectroscopy, which was
previously used to study ordering in weakly-
coupled random singlet (RS) spin-chains in the
organic compound (NC5H5)2Cu(Cl1−xBrx)2
(CPX), was applied to a conceptually similar
inorganic material BaCu2(Si1−xGex)2O7. The
result is the observation of an inhomogeneous
order that appears to be a universal feature of
weakly-coupled RS systems.
One of the entirely new thrusts is the study of
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spin excitations in pnictide superconductors. It
illustrates how expertise accumulated in one
project of the NCCR (magnetism, Project 6) can
directly influence a core topic of another project
(superconductors, Project 4). The most impor-
tant achievements in this direction is the first
observation of the so-called “hourglass” exci-
tation spectrum in Fe1+xTe0.7Se0.3, previously
only seen in hole-doped cuprates.
On the pure theory side, an interesting result
has been obtained on exact ground states in
arbitrary-S spin-chains. To date, such dimer-
ized states were only known for the special
case of S = 1/2. This result adds to our
“treasury” of exactly solved problems in quan-
tum magnetism. Exotic quantum phase tran-
sitions, SU(3) and SU(4) quantum antiferro-
magnets, and anyonic generalizations of spin-
ladders have also been simulated, with a num-
ber of important new results, and version 2.0
of the ALPS libraries and applications has been
released.

1 Magnetic excitations and quantum spin
correlations

Most magnetic phenomena of current inter-
est involve strongly fluctuating quantum spins
and other degrees of freedom. In these cases,
static properties are but a small part of the
whole picture. The most relevant information
is contained in excitations and dynamics. In
our work we have applied traditional (neutron
scattering, ESR) and novel (RIXS, femtosecond
diffraction) probes to investigate magnetic ex-
citations in several classes of quantum materi-
als.

1.1 Bound states in a strong-leg ladder (A. Zhe-
ludev, T. Giamarchi)

A series of neutron scattering experiments,
bulk measurements and density matrix renor-
malization group (DMRG) first principle calcu-
lation on the compound (DmpyD)2CuCl4 re-
vealed qualitative differences in the proper-
ties of strong-leg quantum spin-ladders, as com-
pared to the widely previously studied strong-
rung case [1]. Long-lived magnons were ob-
served in the antisymmetric excitation channel.
Their stability across the entire Brillouin zone
supports the symmetric-ladder model for this
compound [2]. A totally new result is the ob-
servation of a long-lived magnon bound state
in the symmetric spectrum [3]. A combina-
tion of both spectral components can be seen
in the projection yet to be analyzed time of
flight data measured on the CNCS spectrom-
eter at Oak Ridge National Laboratory, shown

Figure 1: Time of flight spectrum of magnetic exci-
tations in DIMPY in projection onto the ladder axis.
Both single-magnon excitations and two-magnon
bound states are visible.

in Fig. 1. Further specific features of the strong-
leg ladders were revealed in numerical studies
of Tomonaga-Luttinger liquid parameters for
the magnetized phase induced by strong ap-
plied fields. The numerical DMRG predictions
[3] are in spectacular agreement with bulk mea-
surements and inelastic neutron studies. In ad-
dition, we have discovered that weak interlad-
der interactions produce long-range magnetic
order, previously overlooked by other authors.
Our measurements of the phase diagram are
also in good agreement with DMRG results.

1.2 ESR in spin-ladders (T. Giamarchi)

In the continuity of our investigations of
spin-1/2 ladders, we explored the effects of the
anisotropies on such a system. In particular, we
investigated the influence of these anisotropies
on the electron spin resonance (ESR) shift [4].
This study was a collaboration with S. Furuya
and M. Oshikawa (ISSP, Japan). Using density
matrix renormalization group (DMRG) com-
putations, we have shown that the ESR tech-
nique can be used to distinguish the origin of
different anisotropies. As an experimental ex-
ample, we determined the anisotropies in the
spin-1/2 ladder compound (C5H12N)2CuBr4
(BPCB) and predicted its ESR shift in a full
range of temperatures and magnetic field. The
latter is in very good agreement with recent
measurements (Fig. 2).

1.3 Real time spin dynamics in CuO (U. Staub)

The ability to manipulate magnetic order has
become vital to modern data storage and pro-
cessing technology. Here we investigated how
fast magnetic moments can be manipulated in
a coherent way [5]. For that purpose we have
chosen CuO, the building block for cuprates
and an interesting material by its own means.
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Figure 2: Magnetic field dependence of (a) the ESR
paramagnetic resonance frequency, (b) the ESR reso-
nance frequency shift. (c) Temperature dependence
of the magnetic field at which the ESR paramagnetic
resonance at ωr = 2π · 96 GHz occurs. Symbols
denote experimental on BPCB and lines theoretical
predictions.

CuO exhibits a commensurate (CM) to incom-
mensurate (ICM) phase transition at approxi-
mately 213 K (Fig. 3), which can be easily stud-
ied by resonant X-ray diffraction [6]. Corre-
spondingly cupric oxide is ideally suited for an
ultrafast pump probe experiment with ultra-
short fs X-ray probe pulses, which were created
by the X-ray free electron laser facility LCLS at
Stanford University.
To induce the phase transition, an ultrafast op-
tical laser pulse of 50 fs duration was used to
excite the crystal and create electronic (mag-
netic) disorder. Disorder is the basic ingre-
dient to understand the static phase transi-
tion. This transition is caused by the competing

a
[1 0 -1]

c
a

n n+1 n+2 n+2n

O
Cu

T < 213 K

Commensurate (CM)

213 K < T < 230 K

Incommensurate (ICM)

n+1

Figure 3: Magnetic structures in CuO, projected
onto the (010) plane. Left: the magnetic structure
of the CM phase; right: that of the ICM phase.
Red arrows indicate the orientation of the magnetic
dipoles.
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Figure 4: Time-dependent normalized diffracted
intensity representing the elative phase population.
tp represents the time for a 1/4 period of a long-
wavelength magnetic excitation in the CM phase
(400 fs).

interactions of the superexchange interactions
with a small balancing biquadratic exchange
term, which is responsible for the stability of
the different phases. Displaying the normal-
ized ratio of the magnetic reflections of these
two phases in the vicinity of the phase transi-
tion as a function of time difference between
pump and probe pulses (Fig. 4), a clear delay
between the optical excitation and the begin-
ning of the change of the phase fractions are
observed. We found that there is a minimal
time delay before the phase transition can oc-
cur, which is approximately 400 fs. Such a de-
lay can be understood in terms of time required
for the spin-system to perform a coherent mo-
tion (spin wave excitation) to transform to the
new magnetic structure. This time, we pro-
pose, is directly related to 1/4 of the wave of
the low lying magnetic excitation connecting
these two phases. This is consistent with the
size of the spin wave gap observed by inelastic
neutron scattering (1.6 ps).

1.4 Theory of inelastic light scattering in spin-1
systems (F. Mila)

Motivated by the lack of an obvious spectro-
scopic probe to investigate non-conventional
order such as quadrupolar orders in
spin-S > 1/2 systems, we have investi-
gated the theory of inelastic light scattering
for spin-1 quantum magnets in the context of
a two-band Hubbard model [7]. In contrast
to the S = 1/2 case, where the only type
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of local excited state is a doubly occupied
state of energy U, several local excited states
with occupation up to 4 electrons are present.
As a consequence, we have shown that two
distinct resonating scattering regimes can be
accessed depending on the incident photon
energy. For h̄ωin . U, the standard Loudon-
Fleury operator remains the leading term of
the expansion as in the spin-1/2 case. For
h̄ωin . 4U, a second resonant regime is found
with a leading term that takes the form of a
biquadratic coupling ∼ (

Si · Sj
)2. Finally, we

have shown that combining both resonant
regimes makes Raman scattering a powerful
probe to distinguish between magnetic and
quadrupolar order in spin-1 antiferromagnets.

1.5 SU(N) quantum magnets (M. Troyer)

Using infinite projected entangled pair states
(iPEPS) and density matrix renormalization
group (DMRG), SU(3) and SU(4) generaliza-
tions of quantum Heisenberg antiferromagnets
have been simulated. In the context of quan-
tum magnetism, the SU(3) model describes
spin-1 antiferromagnets with equal bilinear
and biquadratic couplings, while the SU(4)
model is equivalent to the symmetric Kugel-
Khomskii spin-orbital model. In the SU(3) case,
the presence of a generalization of Néel or-
der has been demonstrated [8], while the SU(4)
model on the square lattice has been shown to
undergo a spontaneous dimerization [9].

1.6 Spin excitations and phase transitions in
pnictides (H. Rønnow)

High-temperature superconductivity remains
arguably the largest outstanding enigma of
condensed matter physics, with renewed im-
portance since the discovery of iron-based
high-temperature superconductors, which in-
triguingly show magnetic fluctuations reminis-
cent of the superconducting (SC) cuprates. We
obtained inelastic neutron scattering data on
Fe1+xTe0.7Se0.3 crystals, prepared in the group
of E. Giannini at UniGE (see Project 4), using
excess iron concentration to tune between SC
(x = 0.02) and non-SC (x = 0.05) (Fig. 5).
Both samples display incommensurate spectra,
but the one that becomes SC develops a con-
striction towards a commensurate “hourglass”
shape well above Tc. Our results imply that the
hourglass shaped dispersion is a pre-requisite
for superconductivity, whereas the spin gap
and shift of spectral weight appearing below
Tc are consequences of superconductivity. We
explain this observation by pointing out that

Figure 5: Magnetic spectrum and dispersion along
(1/2 + δ, 1/2− δ, 0) in x = 0.05 (a, c, e) and x = 0.02
(b, d, f), from Q-scans at a series of energies. Col-
ormaps represent intensity with a Q-independent
background subtracted. Below 2 meV, incoherent
elastic background becomes dominant. Data above
E = 10 meV were measured in different configu-
ration and intensities are not directly comparable.
Each scan was fitted by two symmetric Gaussians,
yielding the dispersion (circles) and integrated in-
tensity, which is shown in (g, h) as a function of en-
ergy. Blue and red circles correspond to T = 2 K and
at T = 40 K, respectively.

an inwards dispersion towards the commen-
surate wave vector is needed for the opening
of a spin gap to lower the magnetic exchange
energy and hence provide the necessary con-
densation energy for the SC state to emerge.
Somewhat related to this effort was our dis-
covery and study of a cascade of magnetic and
structural phase transitions in the pnictide par-
ent compound Fe1+xTe [10]. We concluded that
these transitions are driven by weak instabili-
ties, as compared to the strength of the under-
lying interactions, and that the impact of the Fe
interstitials can be treated with random-field
models.

1.7 Directly coupled ferromagnetism and ferro-
electricity in Mn2GeO4 (M. Kenzelmann)

The low-temperature properties of the olivine
compound Mn2GeO4 were investigated by
both bulk measurement and neutron scatter-
ing techniques [11]. In zero magnetic field,
Mn2GeO4 was found to undergo a sequence
of magnetic structure phase transitions as a
function of decreasing temperature, culminat-
ing in a final transition into a magnetically-
driven multiferroic (MF) phase. The proper-
ties of the multiferroic phase were found to
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be extremely rich, and provide a rare case
where both magnetization and ferroelectric or-
ders emerge spontaneously along the crystal c-
axis. The microscopic details of the magnetism
and magnetic symmetry underpinning the MF
phase were unraveled by neutron diffraction.
The magnetic order was found to consist of
two modulations; a simple commensurate or-
der was found to coexist with a doubly in-
commensurate spin spiral order. The magnetic
symmetry shows the commensurate order to
be responsible for the magnetization, and the
incommensurate spin spiral order to be the
cause for the emergence of ferroelectricity.
The direct coupling between the magnetiza-
tion and ferroelectric orders was demonstrated
directly by the concomitant switching of the
ferromagnetic and ferroelectric domains by
sweeping magnetic fields. Therefore, the com-
mensurate and incommensurate magnetic or-
ders are shown to be coherently superposed
in order to form a single magnetic struc-
ture, and thus by necessity the magnetiza-
tion and ferroelectricity are directly coupled.
We introduced a model based on microscopic
Dzyaloshinskii-Moriya interactions in order to
describe the coupling mechanism. The model
makes solid predictions about the multiferroic
domain structure expected under proper pol-
ing electric and magnetic fields, these predic-
tions are currently under scrutiny using po-
larized neutron diffraction under poling fields.
Our reported results are an important, and
thus far unique, demonstration of the increas-
ingly rich variety of magneto-electric coupling
phenomena that may be found in frustrated
magnets such as Mn2GeO4.

1.8 Local spin fluctuations in cuprate chains
(U. Staub)

The quasi-one-dimensional cuprates Li2CuO2
and CuGeO3 are prototype edge-sharing chain
compounds. The Cu2+ ions in these strongly
correlated materials give rise to one spin-1/2
per CuO4 plaquette with a nearest neigh-
bor Cu-O-Cu bond angle close to 90◦, imply-
ing weak superexchange coupling between Cu
spins. For Li2CuO2, below TN ∼ 9 K, antifer-
romagnetic and ferromagnetic correlations are
dominating between and within the chains, re-
spectively. For CuGeO3 short range antiferro-
magnetism coexists with frustrated magnetic
interactions, and for low temperatures (TSP ∼
14 K) the presence of strong fluctuations drives
the system into a spin Peierls phase.
We have performed resonant inelastic X-ray
scattering (RIXS) at Cu L3 and O K resonances

a)

Initial state Intermediate state Final state: ZRS

1 2

c)

b)

Figure 6: RIXS spectra measured as a function of
temperature at the upper Hubbard band of the O K
edge of (a) Li2CuO2 and of (b) CuGeO3. The spec-
tra are plotted in an energy loss scale. These spectra
show the strong opposite temperature dependence
of the Zhang-Rice singlet excitons in these two com-
pounds, which are directly related to the tempera-
ture evolution of the antiferromagnetic correlations.
(c) Schematic picture illustrating the creation of a
Zhang-Rice singlet exciton during the RIXS process,
as a non-local charge-transfer excitation.

at the ADRESS beamline of the Swiss Light
Source. We discuss charge transfer related
spectral components in the scenario of exotic
Zhang-Rice (ZR) singlet (Fig. 6c) and triplet ex-
citons which can be created in the final state
with O K edge RIXS. For CuGeO3 ZR singlet
excitons are observed with increasing inten-
sity when cooling towards TSP (Fig. 6b). In
contrast to this, temperature dependent mea-
surements for Li2CuO2 evidence clear opposite
temperature behavior for ZR singlet (Fig. 6a)
and ZR triplet spectral components, in good
agreement with pd-Hamiltonian cluster calcu-
lations. Comparing the energy of both ZR exci-
tons from the spectra allows determining the
binding energy of the Zhang-Rice singlet in
Li2CuO2 (Fig. 6). Furthermore, the intensity
development of the ZR excitons can be ana-
lyzed in terms of the thermodynamics of do-
main walls in one dimension. This study es-
tablishes RIXS as an excellent probe for inves-
tigating local spin correlations in quasi-one-
dimensional cuprates and other systems [12].

2 Quantum phases and phase transitions in
spin-systems

Spin-systems are the favorite testing ground
for the study of exotic order parameters,
phase transitions, geometric frustration, scal-
ing and quantum criticality. Excellent well-
characterized realizations of important spin-
models are available and amenable to exper-
imental investigation. At the same time, the
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theorist has access to an extraordinary toolbox
to address the problem analytically or numeri-
cally.

2.1 Antiferromagnetic spin-S chains with an ex-
actly dimerized ground state (F. Mila)

We have shown that spin-S Heisenberg spin-
chains with an additional three-body interac-
tion of the form (Si−1 · Si)(Si · Si+1) + h.c. pos-
sess fully dimerized ground states if the ratio of
the three-body interaction to the bilinear one is
equal to 1/(4S(S + 1) − 2). This result gener-
alizes the Majumdar-Ghosh point of the J1 − J2
chain, to which the present model reduces for
S = 1/2. For S = 1, we have used the
density matrix renormalization group method
(DMRG) to show that the transition between
the Haldane and the dimerized phases is con-
tinuous with central charge c = 3/2. Finally,
we have shown that such a three-body interac-
tion appears naturally in a strong-coupling ex-
pansion of the Hubbard model, thus proving
that this mechanism is a realistic one to induce
spontaneous dimerization in spin-chains [13].

2.2 Complete field phase diagram of
Ba2CuGe2O7 (A. Zheludev)

In this well-studied material we have iden-
tified and characterized a novel two-k phase
[14] and performed comprehensive studies
in canted magnetic fields (Fig. 7). Small-
angle neutron scattering experiments revealed
strong even-order harmonics of magnetic Bragg
reflections. These were attributed to stag-
gered Dzyaloshinskii-Moriya (DM) interac-
tions, which may prevent the formation of the
much sought after “skirmyon lattice” topolog-
ical phase in this compound. We are currently
looking at several similar materials where stag-
gered DM coupling is prohibited by symmetry,
and skyrmions may be stable after all.

Figure 7: Magnetic phase diagram of Ba2CuGe2O7
measured in fields applied at an angle to the tetrag-
onal unique axis.

104nB(k)

kx

ky

0 π 2π
0

π

2π

6

4

2

0

Figure 8: Color intensity plot of the incommensu-
rate structure factor of the less polarized bilayer be-
tween the first two critical fields in the two-bilayer
model of BaCuSi2O6.

2.3 Condensate-free superfluid and frustrated
proximity effect (F. Mila)

Motivated by the properties of BaCuSi2O6, a
system of inequivalent spin-1/2 bilayers cou-
pled by a fully frustrated antiferromagnetic in-
teraction, we have investigated the intermedi-
ate regime between the first critical fields of
the two types of layers [15]. We have shown
that, while standard Bose-Einstein condensa-
tion (BEC) is present in the bilayer with the
smallest critical field, no condensate is present
in the second bilayer, although it has a small
but finite polarization and a stiffness of its own.
We have shown that this property is best un-
derstood in the context of an analogy with the
physics of bosons, the population in the layer
with the highest critical field being the conse-
quence of a frustrated proximity effect that al-
lows uncondensed particles to hop from the
layer with the smallest critical field but pre-
vents the condensate from leaking out of it.
This condensate-free bosonic fluid has been
further shown to be a superfluid with incom-
mensurate correlations (Fig. 8), a proposal that
could be checked with nuclear magnetic reso-
nance (NMR) or neutron scattering.

2.4 Quantum phase transitions (M. Troyer)

Ground states of certain materials can have
topological order and no conventional order.
As an example of such a state, we have found a
topologically ordered Z2 spin liquid in a Bose-
Hubbard boson model on the kagome lattice.
We have identified its topological order di-
rectly by measuring the topological entangle-
ment entropy in quantum Monte Carlo simu-
lations [16].
We have then shown that the superfluid to
spin liquid quantum phase transition in a Bose-
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Hubbard model on the kagome lattice was
driven by the condensation of fractionalized
particles. We have confirmed this by mea-
suring a highly non-classical critical exponent
η = 1.49, and by constructing a universal scal-
ing function of winding number distributions
that directly demonstrated the existence of the
fractional charge [17].
We have also studied the Néel to dimer quan-
tum phase transition driven by interlayer ex-
change coupling in spin-S Heisenberg antifer-
romagnets on bilayer square and honeycomb
lattices for S = 1/2, 1, 3/2. We have com-
pared bond operator mean field theory with
quantum Monte Carlo simulations and found
that the agreement was better when the high-
energy quintet modes in the bond operator the-
ory were taken into account [18].
We have finally studied the dynamical critical
behavior at conformal quantum critical points
and found that — in contrast to expectations
and common belief — the dynamical critical
exponent is not z = 2 but non-universal and
z ≥ 2 unless a U(1) symmetry is present in a
model [19].

2.5 Frustrated spin-chains (A. Zheludev)

Several new materials, both oxides and
organometallic complexes, are being investi-
gated as possible realizations of the quintessen-
tial model in frustrated magnetism, namely the
antiferromagnetic spin-chain with next nearest
neighbor interactions. In particular, we have
found that the compound Cu(py)2Cl2 targeted
on our µSR experiments actually orders in an
incommensurate structure. This exploratory
work is complementary to our studies of well-
established frustrated spin-chain systems such
as LiCu2O2 [20].

3 Disorder in quantum magnets

A growing thrust within Project 6 is the study
of intrinsically disordered quantum magnets.
It is a natural extension of our focus on spin-
systems, as we pay specific attention to the lo-
calization of magnetic quasi-particles on site or
bond defects. In the quantum case, this often
results in qualitatively new collective phases
and distinct critical points.

3.1 Bose glass in spin liquids with disorder
(A. Zheludev)

The goal of this study was to test the “z =
d” scaling hypothesis for the Bose glass to
BEC transition [30]. We employed neutron

diffraction and calorimetry to measure the crit-
ical indexes β and φ for the field-induced
BEC of magnons in the disordered spin liq-
uid (C4D12N2)Cu2(Cl1−xBrx)6. It was found
that the crossover exponent φ is slightly in-
creased by the randomness of exchange in-
teractions, while β remains practically un-
changed [21]. The measured values are far
smaller than those predicted for z = d. Our re-
sults are consistent with recent theoretical and
numerical work that debunked that conjecture,
but not with less accurate measurements by
other authors [22]. Similar studies were per-
formed for the disordered spin-ladder system
Cu(quinoxaline)(Cl1−xBrx)2 [23]. At the same
time, studies of another ladder compound,
namely Sul-Cu2(Cl1−xBrx)4 revealed that dis-
order can have a more dramatic effect in the
presence of geometric frustration. In our case
it totally suppresses the BEC transition due to
a “random phase” effect [24].

3.2 Site-diluted spin-ladders (H.-R. Ott)

An excellent model compound for studying the
physics of disordered antiferromagnets is the
recently synthesized spin-1/2 zigzag ladder
Bi(Cu1−xZnx)2PO6 (BCPO) [25]. Our previous
preliminary 31P nuclear magnetic resonance
(NMR) study at the high-magnetic-field labo-
ratory LNCMI in Grenoble has revealed the on-
set of a field-induced ordered (FIO) phase at
Hc ' 20.9 T for x = 0 and H ‖ b. Replac-
ing Cu with Zn at the few percent level leads
to impurity-induced order (IIO) which, how-
ever, may be quenched by external magnetic
fields H0(T). Recent neutron scattering data
indicate that the IIO phase for x = 0.01 and
x = 0.05 is suppressed at H0 ≈ 4 and 14 T, re-
spectively. Consequently, the IIO and the ex-
pected FIO phases are separated by a region
with unexplored magnetic features.
Our current project aimed to explore in detail
the regime µ0H > 11 T by means of 31P NMR,
in particular at fields H > Hc. The NMR line-
shapes for pure BCPO, measured with H along
the crystalline b-axis, reveal a distinct change
in character with increasing H. While narrow
at low fields, their growing widths at H > Hc
indicate a continuous distribution of the local
magnetic field, typical of an incommensurate
magnetic structure. In spite of the presence
of defect-induced satellites, similar features of
the lineshapes are observed for the doped com-
pound. The variation of the 31P NMR line-
shapes across the covered field range (11 – 31 T)
provided the boundaries of the FIO phase in
the pure and doped BCPO, with extrapolated
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Figure 9: H − T phase diagram for both pure and
1% Zn-doped Bi(Cu1−xZnx)2PO6. Doping at the 1%
level introduces a 3 T shift of the phase boundary to
Hc ∼ 24 T.

T = 0 K critical-field values Hc = 20.96 T and
Hc = 24.2 T, respectively (Fig. 9).
At high fields Tc may be obtained from dis-
tinct maxima in T−1

1 (T) in a constant field H.
For H close to Hc, however, the relaxation rates
decrease dramatically overall and, therefore,
measurements of T−1

1 (H) at a constant temper-
ature are more suitable for observing the max-
ima in T−1

1 (H), which were then used to iden-
tify the transition (Fig. 10). The phase bound-
aries, obtained by fits to the experimental data,
are in both cases well represented by a power
law of the form Tc ∝ (H − Hc)0.42. The ex-
ponent 0.42 is significantly lower than the ex-
pected value of 2/3 for 3D magnetic BEC tran-
sitions [26].

3.3 Temperature and impurity effects on
magnons in spin liquids (A. Zheludev)

In 2010 we have succeeded in growing very
large single-crystal samples of the quasi-2D
spin liquid compound (C4D12N2)Cu2Cl6 with
a varying concentration of Br substitutes on
the Cl site [27]. These samples were used in
detailed spectroscopic experiments. Finite-T
broadening and blue shift of excitations were
studied using neutron spectroscopy [21], reso-
nant neutron spin echo spectroscopy and elec-
tron spin resonance (ESR) [28]. These effects
are due to magnon collisions. Unlike in d = 1
[31] they are non-universal in d = 2. The non-
universal behavior is revealed by comparing
the effect of temperature to that of impurity
substitution. This study is complementary to a
similar one that employed neutron spin echo to
probe excitations in the spin-ladder compound
IPA-CuCl3 [29].

Figure 10: Maxima in NMR relaxation rates T−1
1 (H)

at constant temperatures for pure BCPO. The peaks
indicate Hc(T).

3.4 Weakly coupled random singlet chains
(A. Zheludev)

Random exchange in gapless spin-chains qual-
itatively changes the nature of the ground state
and therefore has a profound impact on long-
range magnetic ordering in the quasi-1D case.
We have performed µSR experiments to probe
this effect in two classes of materials, namely
(NC5H5)2Cu(Cl1−xBrx)2 (CPX), where disor-
der is introduced by a random substitution
on the halogen site, and BaCu2(SixGe1−x)2O7,
where randomness is due to Si/Ge disorder. In
both cases, disorder-free compounds undergo
rather conventional ordering at low tempera-
tures, which gives rise to typical muon polar-
ization oscillations. As randomness is intro-
duced, the oscillations are no longer observed
(Fig. 11). Instead, one gets a broad decay of po-
larization that resembles a stretched exponen-
tial law. Such behavior is a hallmark of a distri-

Figure 11: Muon relaxation spectra measured in
BaCu2(SixGe1−x)2O7 for x = 0, x = 0.5 and x = 1 at
T = 20 mK.
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bution of relaxation rates, as expected for cou-
pled random chains.

4 Collaborative efforts

Much of the progress made in year 11 is a direct
result of collaborations supported by MANEP.
The NMR studies of low-D spin-systems profit
from collaborations within the project, in-
cluding the groups of H.-R. Ott, Ch. Rüegg,
H. Rønnow and A. Zheludev, as well as the
materials preparation group at PSI, headed by
K. Conder. The latter group also provided sam-
ples for neutron experiments on Ba2CuGe2O7.
Extremely tight intraproject collaboration be-
tween the groups of T. Giamarchi and A. Zhe-
ludev was at the heart of the studies on strong-
leg spin-ladders. A collaboration between the
groups of F. Mila and M. Troyer produced im-
portant results on the SU(4) symmetric Kugel-
Khomskii model on the square lattice. The en-
tire µSR effort is party on the MaNEP collabo-
rative project between the groups of E. Moren-
zoni and A. Zheludev.
In the context of a collaboration between PSI
and EPFL, we improved our capabilities to per-
form high-pressure magnetization measure-
ments at EPFL, and we performed a series of
high-pressure diffraction experiments at PSI.
Temperature-dependent measurements of the
dc susceptibility in the S = 1/2 even-leg
spin-ladder system BiCu2PO6 were performed
with the sample under hydrostatic pressure.
The problem of deconvolving the weak sample
signal from the large paramagnetic signal of
the commercial pressure cell was approached
using a numerical method incorporated into
newly developed software. The software was
used to demonstrate the now routine capability
for analyzing such data, as shown in our study
of BiCu2PO6 where the spin gap was found to
increase slightly with increasing pressure.
Hydrostatic pressure has also been used
in recent neutron scattering experiments at
the SINQ neutron source at PSI. The Paris-
Edinburgh press has been operated routinely
at temperatures as low as 5 K, where new
research projects in both crystallography and
magnetically-driven multiferroics have been
initiated. Piston cylinder cells have also been
implemented at low temperatures in order to
begin new studies of the pressure-dependent
magnetic order in a range of superconducting
systems.
Between projects (with Project 1), the group of
U. Staub started a collaboration with the group
of J.-M. Triscone on the multiferroic pervoskite
nickelates RNiO3. That group provided epitax-

ial films of sufficient magnetic quality to per-
form synchrotron experiments in applied elec-
tric fields/currents, as proposed for the next
year.
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[14]I S. Mühlbauer, S. N. Gvasaliya, E. Pomjakushina, and
A. Zheludev, Physical Review B 84, 180406 (2011).

[15]I N. Laflorencie and F. Mila, Physical Review Letters
107, 037203 (2011).

[16]I S. V. Isakov, M. B. Hastings, and R. G. Melko, Nature
Physics 7, 772 (2011).

[17]I S. V. Isakov, R. G. Melko, and M. B. Hastings, Science
335, 193 (2012).

[18] R. Ganesh, S. V. Isakov, and A. Paramekanti, Physical
Review B 84, 214412 (2011).

[19] S. V. Isakov, P. Fendley, A. W. W. Ludwig, S. Trebst,
and M. Troyer, Physical Review B 83, 125114 (2011).

86



MaNEPResults — Project 6

[20] A. A. Bush, V. N. Glazkov, M. Hagiwara, T. Kashi-
wagi, S. Kimura, K. Omura, L. A. Prozorova, L. E.
Svistov, A. M. Vasiliev, and A. Zheludev, Physical Re-
view B 85, 054421 (2012).
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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), C. Renner (UniGE),

Summary and highlights: The program of the project is to study various electronic instabilities
in low-dimensional materials and their competition in the stabilization of the ground state of the
system. The highlighted topics of our in-debt studies are: the the influence of an exciton condensate
on the lattice and the stripe formation in the pristine and the Cu intercalated 1T-TiSe2 dichalcogenide
compound; a large spin-orbit interaction in a quantum confined geometry of BiAg2 which yields a
complex and tunable spin-polarized gap structure; the long-range incommensurate magnetic order
in TbTe3 charge density wave (CDW) compound; the Luttinger liquid features of the purple bronze
compound and the unusual metallic phase of an organic kagome system.

1 Exciton condensation driving the periodic
lattice distortion of 1T-TiSe2 (Ph. Aebi)

We studied the lattice deformation of 1T-TiSe2
within the exciton condensate phase. At low
temperature, the condensed excitons influence
the lattice through electron-phonon interac-
tion. The theoretically found ionic displace-
ment is comparable in amplitude to the value
measured experimentally. This is the first
quantitative estimation of the amplitude of the
periodic lattice distortion as a consequence of
the exciton condensate phase.
In a semimetallic or semiconducting system
exhibiting a small electronic band overlap or
gap, the Coulomb interaction, when poorly
screened, leads to the formation of bound
states of holes and electrons, called excitons.
If their binding energy EB is larger than the
gap, they may spontaneously condense at low
temperature and drive the system into a new
ground state with exotic properties.
This new ground state, called the excitonic in-
sulator phase, has been theoretically predicted
in the 1960s [9]. Recently, we investigated
the charge density wave (CDW) system 1T-
TiSe2 with angle-resolved photoemission spec-
troscopy (ARPES), favoring the excitonic insu-
lator phase scenario as the origin of the CDW
phase [1, 2].
The quasi-two-dimensional 1T-TiSe2 under-
goes a phase transition towards a commensu-
rate 2 × 2 × 2 CDW phase below the critical
temperature Tc ' 200 K. A weak periodic lat-
tice distortion (PLD) accompanying the CDW
(which requires only electronic degrees of free-
dom) has been measured, involving small ionic
displacements < 0.1 Å [10]. The occurrence of
this PLD lead Hughes to suggest a band Jahn-

Teller effect as the driving force of the CDW in
1T-TiSe2 [11].
In this perspective, it is crucial to know
whether ionic displacements of a reasonable
amplitude may appear at all as a conse-
quence of exciton condensation in the low-
temperature phase. We addressed this ques-
tion and studied the influence of an exciton
condensate on the lattice.
To do so, the electron-phonon coupling is de-
rived in the framework of the tight binding
(TB) formalism. The transfer integrals for the
TB band structure were derived from a fit to a
band structure of 1T-TiSe2 calculated with den-
sity functional theory (Fig. 1 ).
The role of excitons is expressed within this TB
approach through an anomalous Green’s func-
tion in a similar way as used for the BCS-like

Figure 1: Comparison of the band structure of
1T-TiSe2 calculated with density functional theory
(DFT) and its fit within a tight binding (TB) ap-
proach.
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formalism of the exciton model. This results in
an exciton-phonon Hamiltonian. Minimizing
the sum of the bare, harmonic lattice and the
exciton-phonon energy results in an equilib-
rium displacement amplitude of the ions. The
values found are similar to those obtained from
experiment [3]. This demonstrates that the ex-
citon condensate phase, as a possible origin of
the CDW phase of 1T-TiSe2, can also account
for the PLD.

2 Scanning tunneling microscopy of Cu-
doped 1T-TiSe2 (Ch. Renner)

Charge and spin segregation into stripe do-
mains is ubiquitous in copper oxide high-
temperature superconductors (HTS) and colos-
sal magneto-resistance (CMR) manganese ox-
ides. The precise role of these stripes in the oc-
currence of HTS and CMR remains matter of
heated debates. Last year, we have reported
the observation of stripes by scanning tunnel-
ing microscopy (STM) in stage I calcium in-
tercalated graphite [4]. CaC6 becomes super-
conducting below Tc = 11.6 K, the largest su-
perconducting transition temperature for any
graphite intercalated compound to date.
The new observation of a striped phase by STM
at the surface of 1T-CuxTiSe2, again a com-
pound with the largest Tc in its class, holds
promise to shed new light on the interplay
between superconductivity and such a one-
dimensional ordered electronic phase. Here we
show first STM results obtained at 78 K on pris-
tine and ∼ 6% copper doped 1T-TiSe2.
In summer 2011, we have started an effort to
grow high-quality 1T-CuxTiSe2 single-crystals,
with x in the range of 0 to 0.1. The pristine
phase (x = 0) undergoes a phase transition into
a 2a0 × 2a0 charge density wave (CDW) near
218 K [12]. Single-crystals with 0.04 < x < 0.10
become superconducting at low temperature,
with a maximum Tc of about 4 K for x ' 0.08.

Figure 2: STM micrographs of 1T-CuxTiSe2 mea-
sured at 78 K. (a) 2a0 × 2a0 CDW observed in pure
1T-TiSe2. (b) Charge stripes running horizontally
through the image observed on ∼ 6% copper inter-
calated sample (unpublished).

Figure 3: (a) STM micrograph of 1T-CuxTiSe2 (x '
0.06) at T = 78 K showing

√
3a0 stripes running di-

agonally through the image. (b) Fourier transform
of the STM micrograph shown in (a) (unpublished).

Our current STM setup is limited to tempera-
tures above 3 K, insufficient for a detailed in-
vestigation of the superconducting phase.
Here we report on a first set of STM micro-
graphs obtained on 1T-CuxTiSe2 (for x = 0
and x ' 0.06) at T = 78 K. Fig. 2a reveals
the 2a0 × 2a0 CDW also reported in the liter-
ature for pristine 1T-TiSe2. STM micrographs
of 1T-CuxTiSe2 cleaved surfaces with x ' 0.06
(Figs. 2b and 3a) reveal a very different texture:
the 2a0× 2a0 CDW is replaced with a commen-
surate stripe modulation of periodicity

√
3a0

running along the principal lattice directions in
the ab-plane. The Fourier transform of the STM
micrograph (Fig. 3b) reveals the stripe as two
enhanced diffraction spots.
Figs. 2b and 3a reveal several other interesting
features of the striped surface. There is a dis-
tinct electronic inhomogeneity, that seems cor-
related with black single-atom defects. The na-
ture of these defects has not yet been deter-
mined. The stripe contrast is much weaker, if
not absent, in the bright regions, correspond-
ing to domains of locally larger density of
states. But the bright regions do not affect the
long range order and registry of the stripes.
We observe stripes oriented along either of the
three possible lattice directions. Another inter-
esting feature are the bright, three branch star-
shaped defects observed in the bright regions.
These experiments have just started, and we
have not performed detailed spectroscopy yet.
This will be our next step, alongside cooling
the crystals below their superconducting tran-
sition temperature to investigate the interplay
between stripes and superconductivity.

3 High-resolution ARPES of 2D and 1D
electron systems (M. Grioni)

We have exploited high-resolution angle-
resolved photoemission (ARPES) to study the
electronic structure of two-dimensional spin-
split surface states. We have found that a
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large spin-orbit interaction in a quantum con-
fined geometry yields a complex and tun-
able spin-polarized gap structure. We have
also exploited synchrotron radiation to quan-
tify the transverse coupling in the quasi-one-
dimensional Peierls system (TaSe4)2I.

3.1 Spin-splitting in two-dimensional surface
states

States of opposite spin are usually degener-
ate in non-magnetic systems (Kramers degen-
eracy) as a consequence of two general sym-
metry properties: time-reversal and space in-
version symmetry. However, at a surface or at
an interface between two different solids, in-
version symmetry is broken and the degener-
acy is lifted under the influence of spin-orbit in-
teraction. The corresponding two-dimensional
(2D) surface or interface states are split in en-
ergy and momentum depending on their spin.
This offers an attractive mean of manipulat-
ing spin-polarized currents without magnetic
fields. Device concepts based on this Rashba
effect have been proposed, but operation at
practical temperatures is hindered by the small
energy splitting (< 1 meV) typically achieved
in semiconductor heterostructures.
We have shown that very large energy split-
tings, up to two orders of magnitude larger
than in semiconductors, can be achieved in
monolayer(ML)-thin metallic surface alloys
based on high-Z elements like Bismuth [5]. We
have now explored the possibility of transfer-
ring such giant Rashba effect onto a silicon
substrate, in a Si(111)-Ag-Bi trilayer structure.
We have found that an epitaxial BiAg2 sur-
face alloy can indeed be grown on top of the
Ag buffer layer, and that it supports a large
spin separation. When the Ag layer is only
a few monolayers thin, vertical quantum con-
finement gives rise to very peculiar band struc-
ture properties, which are well characterized
by high-resolution angle-resolved photoemis-
sion (ARPES) [6]. The ARPES intensity map of
Fig. 4a shows the dispersion of 2D quantum-
well states (QWS) confined in a 19 ML Ag
buffer layer.
These QWS exhibit a nearly free-electron
parabolic dispersion along the surface, but are
quantized by confinement in the perpendicu-
lar direction, in a particle-in-the-box fashion.
When the BiAg2 alloy is formed at the Ag
surface, characteristic spin-split surface states
(SS) with negative effective mass appear. The
spin selective hybridization of the SS and QWS
yields a complex gap structure, illustrated in
Fig. 4b. The hybrid bands display constant-

Figure 4: (a) In-plane dispersion of the quantum-
well states (QWS) of a 19 ML Ag buffer layer grown
on Si(111). (b) Hybrid Bi-Ag spin-split states of a
BiAg2 surface alloy grown on the Ag buffer layer,
showing the complex gap structure.

energy contours with a marked hexagonal
symmetry (not shown), reminiscent of the case
of the spin-split surface states of the related
topological insulator compounds, and can be
similarly analyzed [13]. We find that the QWS
are also polarized, and that the spin polariza-
tion is large within the SS gaps. Large changes
of the polarization at the Fermi level EF are
possible by sweeping EF through the gap struc-
ture. This can be achieved over ∼ 250 meV by
electron doping, when Na is evaporated on the
surface at sub-ML coverage.

3.2 Transverse coupling in 1D (TaSe4)2I

The charge density wave (CDW) — a peri-
odic spatial modulation of the electronic charge
density and of the ionic positions — is a char-
acteristic electronic instability of low- and es-
pecially one-dimensional solids. According
to the standard Peierls model, the CDW is a
consequence of the good nesting properties of
the Fermi surface (FS), i.e. of the good over-
lap of the FS with a replica translated by a
nesting vector QCDW . The same vector de-
termines the spatial periodicity of the CDW.
Strictly in 1D the Fermi surface consists of par-
allel planes, and nesting is perfect with wave
vector QCDW = 2kF. In real, chainlike quasi-1D
materials, transverse interactions modify the
FS and the nesting condition. Moreover, the
electrostatic interaction between CDWs on dif-
ferent chains often influences 2D or 3D order,
so that QCDW in general has non-zero trans-
verse components.
The quasi-1D compound (TaSe4)2I exhibits be-
low TP = 263 K a transition to an incommen-
surate CDW, corresponding to a near tetramer-
ization of the Ta atoms along the chains.
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Figure 5: ARPES constant energy map measured
0.6 eV below EF in the CDW phase in (TaSe4)2I,
with photon energy hν = 95 eV. It shows open con-
tours running perpendicular to the chains direction.
Transverse coupling is illustrated by their warping
and by the replicas spanned by the equivalent 2D
nesting vectors Q1 and Q2.

Diffraction shows that the CDW orders with
opposite phases on adjacent chains, but can-
not establish if the transverse order has an elec-
trostatic origin or if it is rather due to coher-
ent interchain hopping. ARPES can discrimi-
nate between the two scenarios. Fig. 5 shows
an ARPES constant energy (CE) cut through
the band structure, measured 0.6 eV below EF
in the CDW phase. The open CE contours
run perpendicular to the chain direction, as
expected for a 1D material. However, unlike
the ideal 1D case, the contours are warped,
revealing a finite perpendicular coupling. A
fit of the whole dispersion with a cosine band
yields a sizeable interchain hopping parameter
t⊥ ∼ 50 meV. As a result of this transverse cou-
pling, the most favorable nesting condition cor-
responds to a transverse QCDW , in agreement
with diffraction data. The Brillouin zones (BZ)
corresponding to the CDW periodicity are su-
perposed on the data, drawn as solid lines. In-
terestingly, shadow band contours, highlighted
by blue and green lines, are well reproduced by
folding the main band with the QCDW period-
icity, but not by a mere symmetry around the
1D BZ boundary (dashed vertical lines).

4 Incommensurate magnetic order in TbTe3
(L. Degiorgi)

The RTe3 family of compounds (R = rare
earth) has recently attracted renewed inter-
est as a model system for layered (two-
dimensional) charge density wave (CDW) ma-
terials. RTe3 crystallizes in an orthorhombic
structure, composed of double layers of pla-
nar Te-sheets separated by corrugated R-Te
layers. The average chemical structure can
be described using the Cmcm space group (in
this setting the lattice parameters a and c are
close to each other, whereas b is approximately
6 times longer). A CDW state with modula-
tions along the c-axis is present in all RTe3 ma-
terials. However, the members with the heav-
iest rare earth elements exhibit a second CDW
phase transition at lower temperatures that is
characterized by a modulation wave vector
qa ∼ 2/3a∗. The critical temperatures of these
two CDW transitions show opposite trends
as a function of the R-atom mass. Whereas
TCDW1 decreases towards heavier members of
the family (i.e. going from La to Tm), the TCDW2
associated with the a-axis incommensurabil-
ity is higher for heavier compounds. For the
specific composition addressed in our study,
TbTe3, transport and diffraction experiments
yield TCDW1 = 336 K. Although transport mea-
surements do not clearly reveal the presence
of a second CDW transition, STM measure-
ments performed at 6 K do show an ordering
pattern that is associated with the wave vec-
tor ∼ 2/3a∗. More recent high-resolution X-
ray diffraction measurements confirm the pres-
ence of a transverse CDW at low temperatures,
with wave vector ∼ 0.683a∗, though TCDW2 is
at present unknown.
In addition to hosting an incommensurate
CDW, RTe3 also hosts long range antiferro-
magnetic order at low temperatures for mag-
netic rare earth ions. The nature of the long-
range magnetic order in this family of com-
pounds has not yet been studied by diffraction
techniques, and the effect of the incommensu-
rate lattice modulation on the magnetic struc-
ture is unknown. To bridge this gap, we have
performed neutron scattering experiments in
TbTe3, which exhibits three closely located
magnetic phase transitions at Tmag1 = 5.78 K,
Tmag2 = 5.56 K and Tmag3 = 5.38 K.
Fig. 6 shows the magnetic diffraction pattern
measured in TbTe3 at 2 K. Some of the mag-
netic peaks could be indexed in terms of the
average chemical cell and are labeled in Fig. 6.
Clearly, most of the magnetic Bragg peaks are
at positions incommensurate with the average
chemical structure of the material.
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Figure 6: Indexed magnetic reflections for TbTe3 at
2 K in a powder diffraction pattern (the contribution
from the chemical structure is eliminated by sub-
tracting the powder spectrum taken at T = 60 K).
The peaks that are associated with the magnetic
propagation vector qmag1 = (0, 0, 0.21) are labeled
in red, those associated with the magnetic propaga-
tion vector qmag2 = (0, 0, 0.5) are shown in black,
and finally, with qmag3 = (0, 1, 0), in green.
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Figure 7: The temperature evolution of the intensity
distribution taken in the vicinity of the (0, 0, 0.21)
position of TbTe3. Vertical solid lines on both plots
denote Tmag3 = 5.38 K. Note that below Tmag3 the
reflection is incommensurate in both < 0, K, 0 >
and < 0, 0, L > directions.

Fig. 7 shows false-color maps of neutron inten-
sities taken in a close vicinity of the (0, 0, 0.21)
incommensurate magnetic reflection in the
temperature range 1.5− 6 K. At the base tem-
perature this reflection has incommensurate
components both along the < 0, K, 0 > and
< 0, 0, L > directions. However, the incom-
mensurate component along the < 0, K, 0 >
direction appears to be small and diminishes
above Tmag3 in a step-like way. Above Tmag3
the incommensurate components along the
< 0, 0, L > direction is also temperature-
dependent. For a more quantitative analysis
the scans for each temperature are fitted as-
suming a Gaussian shape for a Bragg reflection.
The resulting temperature dependence of the
position and intensity of the peak (0, 0, 0.21)
is shown in Fig. 8. The modulation vector
along the < 0, 0, L > direction stays constant
within the precision of the measurements be-
low Tmag3. Above Tmag3 the propagation vec-
tor increases smoothly and reaches the value
of (0, 0, 0.242 ± 0.001) at Tmag1. The mod-
ulation vector along the < 0, K, 0 > direc-
tion is also constant (0, 0.01± 0.001, 0) below
Tmag3, while above this temperature the com-
ponent of the modulation vanishes. The inten-
sity measured around the (0, 0, 0.21) position
appears to be nearly temperature-independent
below Tmag3. Above this temperature however,
the overall intensity observed in the vicinity
of the (0, 0, 0.21) position drops by a factor
of 2, as can be deduced from Fig. 8b and d.
Further the intensity gradually decreases and
above Tmag1 we could not detect any scattering
above the background level around that posi-

Figure 8: The temperature evolution of the prop-
agation vectors (left column) and of the inten-
sity (right column) measured around the position
(0, 0, 21). Green symbols denote the position and
the intensity of the (0, 0 + δ, 0.21) satellite, whereas
black squares stand for the (0, 0 − δ, 0.21). Verti-
cal dashed lines denote the temperatures of the mag-
netic phase transitions.
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tion. Gradual decrease of the Bragg intensity
suggests a continuous character of the phase
transition that the crystal undergoes at Tmag1,
whereas an abrupt change in magnetic inten-
sity at Tmag3 points to a first order phase transi-
tion.

5 Properties of purple bronze
(T. Giamarchi)

The compound Li0.9Mo6O17 (purple bronze)
shows very unusual behavior (for example
see [7] and references therein). On one hand
it shows properties, such as ARPES or STM,
which would be consistent with Luttinger liq-
uid ones, on the other hands some of the scal-
ings between temperature and frequency do
not obey the canonical picture of a Luttinger
liquid.
We have thus started to analyze the proper-
ties of this system. We have used density
functional theory (DFT) techniques to confirm
the bandstructure properties of this systems, in
particular that there are two very close bands
crossing the Fermi surface, and also to study
precisely the band dispersion perpendicular to
the main conducting axis of the system. The
DFT study was also used to analyze the effects
of the thermal displacements of the atoms. In-
deed such a disorder could have been a rea-
son for the unusual behavior of the compound.
Our analysis shows that thermal fluctuations
alone cannot account for the observed behav-
ior. We have also derived, in a spirit similar
to studies performed for the cuprates, an effec-
tive hamiltonian which should allow the study
of the strong correlation properties. The key is-
sue was to marry the results of DFT valid at the
electronvolts energy scale with the low-energy
effective field theory. The aim was to explain
the experimentally observed features, which at
energy scale 20 meV fit very well with expecta-
tions from the Luttinger liquid physics.

6 Pressure effect on the electronic proper-
ties of an organic metallic kagome com-
pound (L. Forró)

We have studied the first organic kagome sys-
tem, which has highly unusual properties. It
has metallic resistivity well above the Ioffe-
Regel limit, and its response to hydrostatic
pressure is opposite to the expectations. We
suspect that this behavior is linked to a dense
polaronic system. The kagome network, com-
posed of corner-sharing interlaced triangles is
nowadays at the heart of intense research due
to the possibility to generate, in frustrated
magnets, new and original electronic ground

states. Many studies were devoted to the case
of systems with localized moments and antifer-
romagnetic correlations, for which the geome-
try of the lattice highly frustrates the spin in-
teractions and induces a fluctuating behavior
without long-range order down to T = 0.
Since the initial proposal of a resonating va-
lence bond state by Anderson [14], the field
was intensively investigated from the theo-
retical point of view. On the experimental
side, systems with a kagome topology such
as Volborthite [15], SCGO [16], and Herbert-
smithite [17] are the subject of many studies. A
kagome geometry based on organic molecules
was realized for the first time in (EDT-TTF-
CONH2)6[Re6Se8(CN)6] [18] (Fig. 9), which is
the subject of our investigation. The kagome
geometry persists down to 180 K where the
system undergoes a structural phase transition
into an insulating chain-like structure. This
report focuses on the kagome phase. Our
transport data show metallic behavior at am-
bient pressure (Fig. 10) with a strong two-
dimensional character, in coherence with the
kagome lattice. Surprisingly, this metallicity
is present much above the Ioffe-Regel limit, at
ρ = 0.2 Ωcm. A further peculiarity is the pres-
sure dependence of the resistivity. Instead of
becoming a better metal with pressure, its re-
sistivity increases and changes character: from
the metallic it switches gradually to a semicon-
ducting behavior. The ingredients of the theo-
retical modeling are a dense polaronic system
with strong Coulomb interactions [8].

Figure 9: This projection of one single hybrid slab
down to [1 1 1]. The red lines connecting the centers
of [EDT-TTF-CONH2]2 dimers realize the kagome
lattice.
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Figure 10: Electrical resistivity at three represen-
tative pressures. The structural phase transition in-
creases with pressure, but surprisingly the ambient
pressure metallic resistivity is lost with increasing
pressure.

7 Collaborative efforts

Within the project, among the experimental-
ists, there is a focused research on the lay-
ered dichalcogenide TiSe2 and BaVS3, a quasi-
one-dimensional material. These systems are
studied by a variety of experimental methods
which helps the theoretical description. There
is an excellent collaboration with other MaNEP
projects (namely Projects 2, 4 and 5) on the
study of graphene or other two-dimensional
superconductors.
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D. Pacilé, P. Bruno, K. Kern, and M. Grioni, Physical
Review Letters 98, 186807 (2007).

[6] A. Crepaldi, S. Pons, E. Frantzeskakis, K. Kern, and
M. Grioni, Physical Review B 85, 075411 (2012).

[7] T. Giamarchi, Physics 2, 78 (2009).
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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), C. Kollath (UniGE), F. Mila (EPFL), M. Troyer (ETHZ)

Summary and highlights: The project continued to examine the physics of cold atomic gases, in
connection 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. One of the
most remarkable achievement in this direction is the realization of graphene-like structures. 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. Novel probes for magnetic
order have been developed, and local imaging allows to probe for non-local order such as string
order parameter. 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. Propagation of information, topological effects and thermalization effects were
explored.

1 Model systems

The effort in realizing or analyzing via cold
atoms model systems, in connection with con-
densed matter, has known important progress
in several directions

1.1 Graphene-line structures (T. Esslinger)

Dirac points lie at the heart of many fascinating
phenomena in condensed matter physics, from
massless electrons in graphene to the emer-
gence of conducting edge states in topologi-
cal insulators. At a Dirac point, two energy
bands intersect linearly and the particles be-
have as relativistic Dirac fermions. In solids,
the rigid structure of the material sets the mass
and velocity of the particles, as well as their
interactions. A different, highly flexible ap-
proach is to create model systems using ultra-
cold atoms trapped in the periodic potential
of interfering laser beams [1]. The Esslinger
group has realized Dirac points with adjustable
properties in a tunable honeycomb optical lat-
tice for ultracold fermions [2]. To create and
manipulate such Dirac points, they have devel-
oped a two-dimensional optical lattice of ad-
justable geometry. It is formed by three retro-
reflected laser beams, as depicted in Fig. 1. The
honeycomb lattice consists of two sublattices
A and B. Therefore, the wave functions are
two-component spinors. Tunneling between
the sublattices leads to the formation of two en-
ergy bands, which are well separated from the
higher bands and have a conical intersection
at two quasi-momentum points in the Brillouin

zone — the Dirac points. These points are topo-
logical defects in the band structure, with an
associated Berry phase of ±π. The band struc-
ture for this lattice implementation is, in the
two lowest bands, topologically equivalent to
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Figure 1: Top: laser beams X and Y interfere and
produce a checkerboard pattern, while X creates an
independent standing wave. Their relative position
is controlled by the detuning δ. Different lattice ge-
ometries can be realized. Bottom: dependence of
the total fraction of atoms transferred to the second
band on the detuning of the lattice beams δ, which
controls the sublattice energy offset ∆. The maxi-
mum indicates the point of inversion symmetry.
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that of a hexagonal lattice with six-fold symme-
try. For deep lattices both configurations then
also map to the same tight-binding Hamilto-
nian. They have characterized the Dirac points
by probing the energy splitting between the
two lowest energy bands through interband
transitions.

1.2 Quantum cavities (G. Blatter, M. Troyer)

Another system allowing for quantum simu-
lation is provided by cavity quantum electro-
dynamics (QED) systems, reaching from quan-
tum dots in photonic crystal cavities to su-
perconducting qubits in transmission line res-
onators. One of the most spectacular conse-
quences of strong light-matter interactions is
the effect of photon blockade, where the pres-
ence of a single photon in a cavity prevents all
other photons to enter, i.e. the realization of
strong effective photon-photon interactions at
the single-photon level.
In a recent theory-experiment collaboration to-
gether with Andrew Houck and Hakan Tureci
at Princeton [3], the Blatter group demon-
strated that photon blockade in an incoher-
ently driven, dissipative cavity can be under-
stood in perfect analogy to the Coulomb block-
ade in a gated quantum dot. Photon-photon
interactions were realized experimentally in
a superconducting coplanar waveguide cav-
ity coupled to a superconducting charge qubit.
When the cavity is pumped by varying the
bandwidth of the incoming photons, interac-
tions lead to quantized transmission of pho-
tons through the cavity. A measurement of the
total transmitted power while increasing the
incident photon bandwidth results in a trans-
mission staircase (in analogy to Coulomb stair-
case), where each step indicates that an ad-
ditional photon can be present in the cavity
(Fig. 2). They have given a theoretical de-
scription of this highly non-Markovian pro-
cess in terms of an effective master equation
for the steady state density matrix of the sys-
tem. The resulting transmission staircase qual-
itatively resembles the measured data and can
be plotted in a way reminiscent of charge sta-
bility diagrams in electron transport through
quantum dots.
With the experimental realization of strong
light-matter interactions in a single cavity, a
key challenge for further progress in the field
is the study of coupled cavity systems [4] (for
a review see [27]). Of particular interest is the
realization of a possible superfluid (SF) Mott-
insulator (MI) transition of polaritons in a cou-
pled cavity-array as described by the Jaynes-

Figure 2: Stability diagram for photon blockade
showing the number photons in a cavity as a func-
tion of center frequency ωL and bandwidth σ of the
incident radiation. The center frequency, ωL, can
be changed to align the energy of incident photons
with states of the cavity, much like the gate volt-
age in a quantum dot. The bandwidth of the in-
cident photons, σ, controls the energy range of the
photons in the system and can be increased to over-
come photon blockade. Each step in the staircase in-
dicates the contribution of an additional photon to
the transmission through the cavity. The inset shows
the number of photons as a function of the effective
drive strength f /κ on the first step along the black
line in the stability diagram.

Cummings-Hubbard model (JCHM) [28]. In
a previous work, the Blatter group provided
the first analytic strong-coupling theory for the
phase diagram and elementary excitations in
the Mott-phase of the JCHM [5]. In a follow-up
work, they have extended this theory using a
slave-boson approach in order to describe the
strongly correlated superfluid phase of lattice
polaritons as well [6]. Recently, together with
Lode Pollet and Martin Hohenadler, they per-
formed large-scale quantum Monte Carlo sim-
ulations in order to investigate numerically the
critical exponents of the JCHM, i.e. the criti-
cal behavior of the superfluid density and the
compressibility [7]. In agreement with the pre-
vious analytical results, they showed that the
SF-MI transition of polaritons falls in the 3D
XY universality class, i.e. the same critical the-
ory as for the Bose-Hubbard model describing
ultracold atoms in an optical lattice.
Recently, they have also considered variants
of the JCHM, taking into account next near-
est neighbor, diagonal and long-range photon
hopping in one and two dimensions [8]. These
models are relevant for potential experimental
realizations of polariton Mott-insulators based
on trapped ions or circuit QED.
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1.3 Impurities in bosonic gases (T. Giamarchi)

Impurities interacting with a quantum bath is
a longstanding question with implementations
such as X-ray edge of Kondo problems, but
also mobile impurities in Helium. Recently
cold atomic gases have provided remarkable
way to study this problem. In connection with
this problem, the Giamarchi group has pur-
sued the theoretical study of mobile impurities
in a one-dimensional interacting gas of bosons.
These systems provide an ideal testbed for
the study of a quantum mechanical impurity
moving inside an interacting many-body one-
dimensional system, which is hypothesized to
form a new, non-Luttinger liquid type univer-
sality class of excitations (see previous MaNEP
reports).
In particular they have analyzed the experi-
ment performed in the group of F. Minardi
(LENS, Italy), and provided some analysis of
the observed behavior of the impurity in terms
of polaronic processes [9]. Although they can
understand some aspects of the experiments, a
full description is still a challenging question.
They are also actively pursuing a numerical
analysis, using density matrix renormalization
group (DMRG) techniques to confirm the uni-
versality hypothesis (see previous reports). A
first step has been the observation of the pre-
dicted timescales for subdiffusive and ballistic
behavior of the impurity in low-order observ-
ables such as its time-dependent local density.

1.4 SU(4) Heisenberg model (F. Mila)

Cold atom provide a way to easily imple-
ment higher symmetries than the usual SU(2)
one, since the role of spin is played by an in-
ternal isospin of the atom. The Mila group
has studied such a problem for an insulat-
ing phase of fermions with SU(4) symme-
try. Using infinite projected entangled pair
states (iPEPS), exact diagonalization, and fla-
vor wave theory [10], they have shown that the
SU(4) Heisenberg model of the quarter-filled
Mott-insulating phase of ultra-cold four-color
fermionic atoms in an optical lattice undergoes
a spontaneous dimerization on the square lat-
tice (Fig. 3), in contrast to its SU(2) and SU(3)
counterparts, which develop Néel and three-
sublattice stripe-like long-range order. Since
the ground state of a dimer is not a singlet for
SU(4) but a six-dimensional irrep, this leaves
the door open for further symmetry breaking.
They have provided evidence that, unlike in
SU(4) ladders, where dimers pair up to form
singlet plaquettes, here the SU(4) symmetry is
additionally broken, leading to a gapless spec-

Figure 3: Sketch of dimer and color order realized
in the ground state of the SU(4) Heisenberg model
on the square lattice.

trum in spite of the broken translational sym-
metry.
Using quantum Monte Carlo simulations for
the 1D version of the SU(3) and SU(4) models,
they have also investigated the temperature
dependence of correlations. They have prelim-
inary results indicating that signatures of the 3,
respectively 4-sublattice algebraic ground state
correlations start to be visible at an entropy per
site of the order of 0.6− 0.7 kB, within the range
of current state-of-the-art experimental setups.

1.5 Fermions at the unitary limit (M. Troyer)

The Troyer group has investigated the proper-
ties of the normal phase of a two-component
Fermi gas with resonant interspecies interac-
tion, which is realized at zero-temperature
when the population imbalance is beyond the
Chandrasekhar-Clogston limit where super-
fluid behavior disappears. From in situ density
profiles of a deeply degenerate mixture of the
two lowest internal states of Lithium-6 atoms,
they measure the equation of state and the
magnetic susceptibility across a Feshbach res-
onance. They compare the experimental data
with quantum Monte Carlo results, finding ex-
cellent agreement [11]. Surprisingly, these re-
sults show that the resonant normal Fermi gas
follows the paradigm of Landau Fermi liq-
uid theory, with no indication of pseudo-gap
physics.
In a related work [12], they present a cross val-
idation between a new theoretical approach,
bold diagrammatic Monte Carlo (BDMC), and
precision experiments on ultra-cold atoms.
Specifically, they compute and measure the
normal state equation of state of the uni-
tary gas, a prototypical example of a strongly
correlated fermionic system, and find excel-
lent agreement which demonstrates that a se-
ries of Feynman diagrams can be controllably
resumed in a non-perturbative regime using
BDMC.
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2 Probes, thermometry and validation of
quantum simulators

Various progress were also made in the way to
probe the various physical phases that can be
realized in cold atomic gases

2.1 Measure of spin fluctuations (T. Esslinger)

The subtle interplay between quantum-
statistics and interactions is at the origin
of many intriguing quantum phenomena
connected to superfluidity and quantum mag-
netism. Current efforts in fermonic quantum
gases are directed towards the identification
of their magnetic properties [13], as well as
the creation and detection of exotic quan-
tum phases. Experiments studying density
fluctuations have successfully demonstrated
the potential of these techniques as a tool
to study local thermodynamic properties of
quantum gases [14][29]. The Esslinger group
has recently demonstrated a shot-noise limited
interferometer to directly measure the proba-
bility distribution of the local spin fluctuations
in a two-component quantum degenerate
Fermi gas. They obtained quantitative agree-
ment with theory for a non-interacting Fermi
gas. The interferometer is analogous to
Young’s double slit experiment. Two tightly
focused beams, the probe and the local oscilla-
tor, are focused to separate points and overlap
in the far field. Position and visibility of the
resulting interference pattern are determined
by changes in phase and amplitude of the
probe beam, which passes through an atomic
cloud, while the local oscillator does not. The
analysis of the interference pattern thus allows
the reconstruction of both quadratures of the
probe beam, phase and amplitude, which
carry information about the local properties of
the atomic cloud.
From the measured values of the spin fluctu-
ations they have determined the magnetic sus-
ceptibility χ via the fluctuation-dissipation the-
orem. Fig. 4 shows the column-integrated mag-
netic susceptibility per particle χcol/ncol as a
function of temperature. It relates the spin im-
balance to the energy needed to create it. For
high temperatures, the susceptibility decreases
inversely proportional to the temperature, as
expected. For low temperatures and with the
onset of quantum degeneracy, the susceptibil-
ity saturates to a value depending on the trap
details. The solid line shows theory for non-
interacting fermions calculated for the trap pa-
rameters of the gas. The susceptibility for the
strongly interacting gas of molecules is lower
than for the weakly interacting gas.
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Figure 4: Spin fluctuations in ultracold Fermi gases.
Inset: normalized histograms for the measured spin
polarization for weakly interacting gases as well as
for a strongly interacting gas of molecules. Main
graph: spin susceptibility per atom χcol/ncol as a
function of temperature for the weakly interacting
gas (blue points) and the strongly interacting gas
(see J. Meinecke et al., submitted).

2.2 Bosonic gases (M. Troyer)

Following a proposal of the Giamarchi group,
in collaboration with E. Berg, E. Dalla Torre
and E. Altman, of a string order parame-
ter in the Mott-phase of a 1D bosonic sys-
tem, the group of I. Bloch (Munich) used
high-resolution imaging to probe for such a
phase. The Troyer group has made a simu-
lation of the corresponding low-dimensional
Bose gases in optical lattices and compared
to high-resolution imaging in the group of
I. Bloch, validating the detection of string or-
der in 1D quantum gas experiments [15].
To investigate conjectures by Phil Anderson
about the absence of a Mott-transition in con-
tinuous space, the Troyer group has done
direct continuous-space QMC simulations of
bosons in an optical lattice [16]. The simu-
lations clearly show the existence of a Mott-
transition, but corrections to the one-band
Hubbard model can be large when the lattice
is not too deep. Using time-dependent DMRG
they have calculated the response of a one-
dimensional optical lattice of bosons to shak-
ing, and investigated how this can be used
to estimate the Hubbard U from such experi-
ments [17].

3 Out of equilibrium physics

One of the interesting aspects of cold atomic
gases is to allow an experimental study of out
of equilibrium isolated quantum systems, and
thus by comparison between theory and exper-
iment to help us make progress in our under-
standing of this very complex question.
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Figure 5: Evolution of correlations in a gas of ul-
tracold atoms in an optical lattice. a) Quench of the
optical lattice potential. b) Quasi-particle picture of
the spreading of correlations.

3.1 Correlation dynamics in a gas of ultracold
bosons in an optical lattice (C. Kollath)

How fast can correlations spread in a quan-
tum many-body system as a solid? In con-
trast to relativistic quantum field theory, no
“speed limit” exists in non-relativistic quan-
tum mechanics, allowing in principle for the
propagation of information over arbitrary dis-
tances in arbitrary short times. However, one
could naively expect that, in real physical sys-
tems, short-range interactions allow informa-
tion to propagate only with a finite veloc-
ity [30, 31, 32]. The Kollath group has de-
tected the propagating correlations in an inter-
acting quantum many-body system, an artifi-
cial solid. By lowering suddenly the amplitude
of the optical lattice along a one-dimensional
bosonic quantum gas, they reveal how quasi-
particle pairs transport correlations with a fi-
nite velocity across the system, resulting in
an effective light cone for the quantum dy-
namics (Fig. 5) [18]. To describe this phe-
nomenon theoretically they developed a new
analytical approach based on slave-fermionic
systems. Additionally, they compare these an-
alytical results to exact numerical simulations
performed using the DMRG based on matrix
product states. Following their proposal, their
experimental collaborators at the MPQ Garch-
ing measured for the first time the spread-
ing velocity of quantum correlations in this
many-body system. Remarkable agreement
was found supporting the theoretical descrip-
tion of the spreading by the formation of quasi-
particle pairs.

3.2 Topology and out of equilibrium physics
(V. Gritsev)

Geometric phases in quantum mechanics play
an extraordinary role in broadening the un-

derstanding of fundamental significance of ge-
ometry in nature. One of the best known
examples is the Berry phase [33] which nat-
urally emerges in quantum adiabatic evolu-
tion. However, beyond the adiabatic limit,
the influence of geometry and topology on
dynamics in many-body quantum systems is
not well understood. The Gritsev group an-
alyzed this problem. They observe an inter-
play between dynamical and topological ingre-
dients of quantum non-equilibrium dynamics
revealed by the geometrical structure of the
quantum space of states. The combined effects
of dynamics, geometry and topology of quan-
tum space of parameters are manyfold.

First, there is a natural interplay between dy-
namical and geometrical contributions to the
phase of quantum systems acquired during
their evolution when parameters of the Hamil-
tonian are changed in time. This interplay is a
source of interesting quantum non-equilibrium
phase transitions. As a primary example, Grit-
sev and coworkers use the anisotropic XY ring
in a transverse magnetic field with an addi-
tional time-dependent flux. In particular, if
the flux insertion is slow, non-adiabatic tran-
sitions in the dynamics are dominated by the
dynamical phase. In the opposite limit, geo-
metric phase strongly affects transition proba-
bilities. They show that this interplay can lead
to a non-equilibrium phase transition between
these two regimes. They also analyze the effect
of geometric phase on defect generation during
crossing a quantum critical point. Similar re-
sults apply for non-equilibrium dynamics close
to the phase transition in the Dicke model [19].

Second, it is important to elucidate how to ob-
serve the geometric and topological content of
the quantum parameter space. This should en-
rich the insight into complexity of many-body
systems. So far the applicability and mea-
surements of the Berry (geometric) phase were
mostly limited to systems of weakly interact-
ing quasi-particles, where interference experi-
ments are feasible. The Gritsev group shows
however how one can go beyond this limi-
tation and observe the Berry curvature, and
hence the geometric phase, in generic systems
as a non-adiabatic response of physical observ-
ables to the rate of change of an external pa-
rameter. These results can be interpreted as a
dynamical quantum Hall effect in a parame-
ter space. The conventional quantum Hall ef-
fect is a particular example of the general re-
lation if one views the electric field as a rate
of change of the vector potential. They illus-
trate their findings by analyzing the response
of interacting spin chains to a rotating mag-
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Figure 6: An example of the generic out of equilibrium RG effects: phase diagram of a noisy Josephson junc-
tion subjected to a 1/ f noise, as a function of the normalized resistance R of the junction and the normalized
Josephson coupling g, for increasing noises. The noise both shifts the transition and also broadens it, because of
the generated temperature. Similar effects occur for bosons in periodic potentials or ion chains.

netic field. They observe the quantization of
this response, which term the rotational quan-
tum Hall effect. Therefore, topological quanti-
zation of the response of a system towards dy-
namical driving seems to be a very generic fea-
ture [20].

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

The Giamarchi group has continued its efforts
on the analysis on quantum system pushed out
of equilibrium (see previous report). One im-
portant question is whether a system which
has been quenched or is subjected to out of
equilibrium noise can reach some form of ther-
modynamic equilibrium, and reach states that
could be described for example by a thermal
distribution.
In collaboration with A. Mitra (NYU, USA),
they could develop using a Keldysh technique
[21], a renormalization group (RG) analysis
of a system that has undergone a quench
and which contains some non-linear coupling
modes terms. This is for example the case of
bosons on a lattice, which is described by a
sine-Gordon Hamiltonian. The renormaliza-
tion procedure shows that the quench leads to
two very different classes of effects. At the first
order in the RG it renormalizes all the expo-
nents that normally characterize an interacting
one-dimensional system (Luttinger liquid ex-
ponents). At the second order, and in a very
non-trivial way, the system develops dissipa-
tion and also a finite temperature. The former
can be interpreted as a form of Landau damp-
ing. In order to confirm this point they also
analyzed using a random phase approximation
(RPA), another out-of equilibrium problem [22]
and obtained similar effects. The generation

of temperature is more subtle. It is important
to note that this is only a true temperature for
the low-energy modes of the system. Indeed
the mechanism corresponds to exchange of en-
ergy between the low-energy modes and the
high-energy ones, which act as a bath. This
mechanism is reminiscent to some of the cas-
cade mechanisms for turbulence. The conse-
quences of the RG which have just started to
be explored have been extended to the analysis
of the transition itself [23].
Quite interestingly the mechanism also applies
to systems subjected to the 1/ f noise that were
described in the previous report. They could
thus extend, in collaboration with E. Dalla
Torre, E. Altman (Weizmann Institute, Israel)
and E. Demler (Harvard University, USA), the
analysis for such systems [24]. They showed
that here also the effect of the noise can be de-
composed in two very different effects. The
first one is to shift the phase transitions that
existed in equilibrium. The second, which can
be made parametrically small, is to generate a
temperature that will broaden such transitions,
as shown in Fig. 6.

4 Collaborative efforts

Various collaborations exist within the project.
First there are of course constant interac-
tions and discussions between the experimen-
tal group of T. Esslinger and the various the-
ory groups of the project. Interactions within
the theory groups also exist. The Giamarchi,
Kollath, Mila and Troyer groups are linked to-
gether within the MAQUIS project to port the
standard numerical tools to massively parallel
architectures.
Across the projects many of the themes treated
go beyond a project limited to cold atoms. This
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is for example the case of the results and meth-
ods that can be used to deal with the Dirac
points realized in the Esslinger group, given
the importance of graphene in other MaNEP
projects.
On the methodology level, some of the al-
gorithmic developments made in the Troyer
group are applicable to several projects as well.
In particular, on the bosonic side, they built
on the quantum Monte Carlo method to solve
the bosonic DMFT equations [25] (see previous
report). On the fermionic side, they have de-
rived a new exchange-correlation density func-
tional for contact rather than Coulomb inter-
action [26]. With this functional all tools of
ground state, finite temperature, and time de-
pendent density functional theory (DFT) are
now available for the simulation of quantum
gases. In addition to being directly useful
for quantum gases, the comparison with ex-
periments should allow to benchmark the ap-
proximations made, and thus benefit to the
other DFT approximations in other contexts as
well. Some of the methods used in the Kol-
lath and Giamarchi group are directly relevant
for quantum spin-systems, and have also been
used in the Project 6.
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Techniques and know-how

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

Summary: At the beginning of Phase III in 2009 the research projects of MaNEP were redefined
around scientific themes and goals. Before this, in Phase II, two projects were focusing on methods
to make new materials and methods to make single crystals. These cross-theme activities were an
essential effort by MaNEP to develop new materials. With the redefinition of projects in Phase III
focusing on scientific questions, we decided to establish the techniques and know-how activities
to stimulate cross-disciplinary collaborations between groups having different scientific goals, but
similar technical needs. We stress that the available finances for this activity is limited thus the
proposed actions are carried out largely on a voluntary basis.

1 Crystal growth and bulk materials processing

Responsible: Enrico Giannini (UniGE)

Growing sizeable and high-quality crystals is
a challenging endeavor of materials science.
Understanding the physical properties of ma-
terials, as well as producing artificial novel
materials predicted by theory and modeling,
rely on the capability of mastering the pro-
cessing and growth techniques. The broad
know-how of the crystal growth community
of MaNEP, and the richness and complemen-
tarity of the available techniques and facili-
ties, make it possible to ensure an essential,
quick and reliable support to the whole re-
search activity of the present NCCR. The crys-
tal growth activity of the MaNEP commu-
nity during the last year has mainly focused
on the recently discovered Fe-superconducting
chalcogenides and pnictides, topological insu-
lators, and magneto-electric materials. Pro-
cessing of thermoelectric materials and cata-
lysts for novel energy technologies has been
successfully carried out as well during the last
year. The overall activity of MaNEP members
in this field has generated more that 80 publi-
cations, out of which about 60 directly related
to MaNEP projects and 16 published in special-
ized crystal growth or physical chemistry jour-
nals. Numerous international collaborations
have benefited from the novel materials pro-
cessed by MaNEP scientists.

New facilities

The Czochralski crystal growth setup at UniGE
has been successfully tested up to 2300◦C un-
der inert atmosphere. Operation under oxi-
dizing atmosphere will soon be possible in the
same temperature range by using Ir crucibles.

New materials

New nanoscale spinels have been discovered
and successfully synthesized by G. Patzke at
UniZH. Single crystals of the solid solution
SmFe(As,P)O have been grown at the ETHZ
by flux growth under high-pressure. Ad-
vances have been made in the field of ternary
A1−xFe2−ySe2 (A = alkaline metals) super-
conductors and Bi2(Te1−xSex)3 topological in-
sulators at PSI and UniGE, respectively. The
updated list of crystalline materials available
within MaNEP can be found at the end of this
chapter, p. 106.

Education and events

In the frame of tutorial satellites of the Swiss
Workshop on Materials with Novel Electronic
Properties (SWM 2011), focused on various
topics in techniques and know-how, a crystal
growth course has been given to young scien-
tists coming from all the MaNEP member in-
stitutions. The course has been attended by
about 30 PhD students and 10 postdoctoral fel-
lows. The course began with a reminder of
thermodynamics and phase diagrams in an in-
troductory module, and covered the most com-
mon growth techniques in a second module,
with emphasis on the most important mate-
rials treated in the SWM 2011 and the tech-
niques used in MaNEP laboratories (Bridg-
man and related growth methods, Czochralski
growth, floating zone, flux growth, hydrother-
mal/solvothermal techniques, physical vapor
transport growth).
The Swiss Light Source (SLS) has organized a
one-day symposium on “Crystal Growth and
Characterization”, at which the MaNEP mem-
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bers from PSI and ETHZ have been invited
to present the advances on crystal growth of
novel materials.
A symposium on thermoelectric materials has
been organized by EMPA within the Troisième
Cycle seminars in Villars. This meeting has
assembled scientists from various institutions
and fields, working on all aspects of thermo-
electric conversion technology.
A European Network on Crystal Growth
(ENCG) is being created, under the coordi-
nation of Prof. Thierry Duffar from Grenoble,
with the aim of gather together academic and
industrial crystal growth laboratories in Eu-
rope: MaNEP laboratories on crystal growth
have joined the ENCG. The MaNEP commu-
nity of crystal growers will be present as well
at next coming European Conference on Crys-
tal Growth, to be held in Glasgow (UK) on June
17–20, 2012.

2 Thin film growth and characterization

Responsible: Patrycja Paruch (UniGE)

Thin films have continued to play an important
role in MaNEP, with ongoing work on films,
bilayers and superlattice structures from many
different groups. The effort on chemical vapor
deposition (CVD) graphene growth was con-
tinued by Dr. Ch. Caillier, who has now opti-
mized the growth of large area polycrystalline
single-layer graphene on copper, and its trans-
fer to target oxide substrates. The effects of dif-
ferent dielectrics on mobility are currently ex-
plored.
A set of tutorials were offered as satellite
courses associated with the Swiss Workshop
on Materials with Novel Electronic Properties
(SWM 2011) meeting at Les Diablerets in June
2011, one of which focused on thin film growth
techniques. The course (attended by about 30
PhD students and 10 postdoctoral fellows) be-
gan with a review of the fundamental physics
of thin films, in particular the important role of
size effects, boundary conditions, and defects,
and then presented different thin film growth
techniques used in MaNEP laboratories, and
the experimental and theoretical parameters
guiding the choice of fabrication methods, sub-
strates, and other aspects of the process.

4 Scanning local probes techniques

Responsible: Ivan Maggio-Aprile (UniGE)

In experimental condensed matter physics, it
is nowadays quite common to implement lo-
cal probes facilities dedicated to the investiga-

tion, characterization or manipulation of ma-
terials at the nanometer scale. This quite re-
cent interest is mainly due to the fact that these
powerful tools are relative easy to set up, and
can be run without being necessarily an ex-
pert in the field. However, people which are
confronted with local probes (as a user or hav-
ing heard from these in reports or conferences)
do not necessarily possess the required knowl-
edge to catch up what can be really achieved
using these techniques.
As tutorial satellites of the 2011 Swiss Work-
shop on Materials with Novel Electronic Prop-
erties, three courses focusing on techniques
and know-how have been provided to grad-
uate students (about 30 PhD students and 10
postdoctoral fellows). One of the courses was
aimed to present a broad overview of the dif-
ferent scanning probe techniques which were
developed subsequently to the invention of the
STM in Zurich in 1981. In the first part of the
course, various scanning probes have be pre-
sented in detail, focusing on technical aspects,
their performances and possible applicability,
as well as the problems associated with these
sensitive techniques and the possible artifacts
encountered in the measurements. In the sec-
ond part, an emphasis was set on the interpre-
tation of the data in scanning tunneling spec-
troscopy experiments, and the techniques of
quantitative analysis of the spectra were de-
scribed.

5 Neutron scattering and muon-spin reso-
nance

Responsible: Christof Niedermayer (PSI)

Neutron scattering developments

The thermal triple axis instrument EIGER
(Fig. 1) has been completed and commissioned
in November 2011. EIGER consists of an in-
pile section with a direct view of the thermal
neutron source, a primary spectrometer opti-
mized for high flux and low background and a

Figure 1: Left: the new thermal triple axis instru-
ment EIGER. Right: Vanadium scattering intensity
measured at Ei = 14.6 meV.
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Figure 2: Left: magnet with detector system.
Right: Fourier transform of the first µSR spectrum
obtained from a silver sample at 9.5 T. The narrow
line demonstrates the excellent magnetic field ho-
mogeneity (better than 10 ppm).

standard secondary spectrometer with a single
detector. A multiplexing secondary spectrom-
eter allowing significantly increased solid an-
gle coverage without sacrificing momentum-
resolution is planned for the future. The new
spectrometer greatly enhances the available en-
ergy range for inelastic neutron scattering ex-
periments.

Muon-spin spectroscopy (µSR) developments

Essential progress has been obtained towards
the realization of the new high-field µSR in-
strument (Fig. 2). The main components of the
high field µSR facility were installed towards
the end of 2011. This world-wide unique in-
strument will allow studying a previously in-
accessible range in the B − T phase diagram
of condensed matter ranging up to 9.5 T and
down to about 20 mK. The spectrometer mag-
net is a custom high-homogeneity split pair re-
condensing system from Oxford Instruments.
At 9.5 T the field homogeneity is better than
0.1 mT over a center volume of 10 mm diameter
and 4 mm length. The detector system is based
on direct readout of fast plastic scintillators by
Hamamatsu Multipixel Photon counters and
in-house developed front-end electronics. The
overall time resolution is better than 80 ps.

6 Electron spectroscopies

Responsible: Philipp Aebi (UniFR)

MaNEP members are involved in several in-
strumental developments. First of all at the
Swiss Light Source (SLS) at the Paul Scher-
rer Institute (PSI), the ADRESS beamline with
its soft X-ray angle-resolved photoemission
(ARPES) endstation has gone in user operation
after several successful test experiments. The
demand for beam time, as distributed by the

SLS program review committee, monitors al-
ready strong overbooking.
The second development at the SLS con-
cerns the PEARL beamline. 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, first light was obtained
just before Christmas 2011. The endstation
is ordered and the design is close to be com-
pleted.
Concerning developments in the home labs,
the upgrade of the photoemission laboratory
at UniFR is in progress. The new setup in-
cludes laser ARPES and a sample transfer sys-
tem which is compatible with the STM and
pulsed laser deposition system at UniFR and
the PEARL endstation. The new components
have been ordered except for the laser and the
new design is close to be completed.
Finally, another edition of the “International
Workshop on Strong Correlations and Angle-
Resolved Photoemission Spectroscopy”, COR-
PES11, has happened July 18–22, 2011 at Berke-
ley, California. It is organized with the contri-
bution of members of MaNEP and the PSI. We
had close to 100 participants with 55 talks and
close to 60 posters, bringing together world
leaders in photoemission and theorists work-
ing on correlated electron systems.

7 X-ray elastic and inelastic scattering

Responsible: Urs Staub (PSI)

Within this period, the beam quality to per-
form surface X-ray diffraction and X-ray pow-
der diffraction experiments has been signif-
icantly improved at the Swiss Light Source
(SLS). This is due to the upgrade of the Mate-
rial Science beamline to keep the beamline on
an internationally completive level. This up-
grade included a change of the insertion device
form a wiggler to an undulator, with significant
increase of the X-ray brightness at the beam-
line. The beamline with its powder diffraction
and the surface diffraction station are already
back in the user operation mode in early 2012,
with significantly improved experimental con-
ditions.
To communicate the technical progress oc-
curred on this beamline and the other absorp-
tion and resonant scattering beamlines at the
SLS, a one-day workshop is planed for fall
2012. The idea is to follow up the successful
one-day MaNEP workshop on resonant scat-
tering and absorption in 2010. It is planed to
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attract mainly researcher on the PhD and post-
doc level, as it has been done very success-
fully in the last event. Communicating the new
possibilities and improvements of these tech-
niques, as well as informing young researcher
on the many possibilities of this field at the SLS,
will further improve the cross link between the
dedicated large facility techniques within the
MaNEP network.

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 spectroscopy is con-
cerned. Three research groups at UniGE
(D. van der Marel), UniFR (Ch. Bernhard) and
ETHZ (L. Degiorgi) exploit a wealth of opti-
cal techniques, like reflectivity and transmis-
sion measurements, broadband ellipsometry,
time domain THz and Kerr-effect spectroscopy,
as well as Raman- and IR-microscopy. These
methods allow covering a rather broad en-
ergy interval from the THz up to the ultravi-
olet, which is the prerequisite for having ac-
cess to all energy scales, relevant to the nowa-
days modern problems in condensed matter.
Moreover, ellipsometry and time domain THz
spectroscopy allow to measure simultaneously
amplitude and phase reflection/transmission,
which in turn provide the real and imagi-
nary part of the optical constant. It is also
worthwhile to emphasize the combination of
those spectroscopies with externally tunable
variables like temperature, magnetic and elec-
tric field, and also pressure. Needless to say
that complex phase diagrams of novel mate-
rials, which are of relevance in the ongoing
solid-state physics research, can be addressed
with our experimental setups. There is fur-
thermore an ongoing effort, in order to op-
timize the employment of this large variety
of spectroscopic tools. In this respect, a rele-
vant role is played by the infrared (IR) beam-
line at the Swiss Light Source (SLS). Several
steps were taken in order to fully exploit the
advantages of the synchrotron radiation (SR)
source in the far-IR energy range. Also in the
future, special efforts from the IR-community
will be dedicated in order to boost possible im-
provements and equipment-developments of
the IR-beamline at SLS. Special mention de-
serves the IR microspectrometer coupled to the
SR source, which opens up new perspectives in
fields like condensed and soft matter physics,
chemistry and life science, to name just a few.
The pressure dependent IR response of sam-

ples can be measured using the small spot of-
fered by the SR source. Moreover, temperature
dependent optical reflection and transmission
as well as chemical mapping at the diffraction
limit are possible. Recently, a pump-probe set-
up was installed. Samples are pumped with
100 ps (10 kHz repetition rate) long laser pulses
and probed with 100 ps long broad band syn-
chrotron pulses. The delay between pump and
probe can be varied. There is room for a large
variety of sample environment and a microfo-
cusing unit is available as well. In addition to
SLS, the three Swiss groups have very good
connections to other synchrotron facilities at
ANKA-Karlsruhe, Brookhaven and ELETTRA-
Trieste. In summary, top-quality instrumenta-
tions will allow broad-band collaborations go-
ing well beyond the IR-community and involv-
ing other groups within the MaNEP program.

9 Theoretical and numerical methods

Responsible: Matthias Troyer (ETHZ)

Algorithmic developments

The main algorithmic development of the past
year was a combination of diagrammatic quan-
tum Monte Carlo (DiagMC) with dynamical
mean field theory (DMFT), allowing to go be-
yond the local approximation in DMFT.
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.

High performance and high productivity comput-
ing

In collaboration with the Swiss high per-
formance and high productivity computing
(HP2C) initiative, the groups of T. Giamarchi,
C. Kollath, F. Mila and M. Troyer have contin-
ued the development of supercomputer simu-
lation codes for exact diagonalization, density
matrix renormalization group (DMRG), series
expansions and quantum Monte Carlo meth-
ods (MAQUIS project). First codes, such as
for exact diagonalization for frustrated mag-
nets and high temperature series expansions
are ready and the project is on track to finish
all application codes by the end of the last year
of MaNEP, which also coincide with the end of
the HP2C initiative. For the next period first
application papers are expected.
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3Knowledge and technology transfer

The knowledge and technology transfer (KTT) activities of MaNEP have been intensified during the
last period. Two main reasons have contributed to this progression. First, fundamental research
from the previous years of MaNEP has generated consolidated expertise and know-how in fields
of interest for industry. In particular, experimental capabilities related to microtechnology, micro-
electronics, materials synthesis and characterization have emerged as strategic by-products of basic
research. Second, the lukewarm economic perspectives originated by the “strong Swiss Franc” have
stimulated the industrial sector to search for innovative, commercially viable projects and technolo-
gies to be launched in a foreseeable future. MaNEP has consistently supported technology transfer
by implementing applied research projects. Also, contacts with industry have been fostered through
initiatives like the Geneva Creativity Center (GCC) and the presence in fairs. Several R&D projects
have been launched in the framework of the Commission for Technology and Innovation (CTI) or
as Swiss National Science Foundation (SNSF) economic stimulus packages. And a specialized, cross-
disciplinary team with experience in pre-industrialization developments has successfully built pro-
totypes and demonstrators.

3.1 Contacts with industry

The promotion of KTT

Effective technology transfer starts with the
timely identification of needs and opportuni-
ties. This is exactly the mission of the Geneva
Creativity Center (GCC), an initiative first elab-
orated by MaNEP and now largely supported
by other organizations. The GCC was estab-
lished as a collaboration between the Univer-
sity of Geneva, the university of applied sci-
ences (HES-SO) in Geneva, the Office de Promo-
tion de l’Industrie et la Technologie (OPI) and the
Union Industrielle Genevoise (UIG) and was in-
augurated on June 28, 2011. A formal agree-
ment, implying a financial support from the
Canton of Geneva for 2012 − 2013, has been
signed, which allows the GCC to go forward.
It has started activities by promoting contacts
and exchanges between industry and research
institutions. The vision of the GCC is to
promote technology transfer by implementing
special emphasis on the identification of the
best opportunities and projects. By bringing to-
gether engineers and scientists from industry
and academia, and by stimulating interactions
(meetings, technical discussions) in a creative
atmosphere, the GCC acts as a catalyst for tech-
nology transfer (Fig. 1).
Visibility is another important factor for the
technology transfer process. One way to in-

crease visibility is through an active presence
at innovation fairs. The MaNEP economic stim-
ulus packages have been presented at the Han-
nover Messe 2011 to an international audience
(Fig. 2). Attending the Hannover Messe has
been a very positive and useful experience.
It has given practical insight into the market-
ing of applied research projects. Our indus-
try partners have established concrete follow-
ups for the presented economic stimulus pack-
ages. Also, the fair offered considerable oppor-
tunities to identify research partners in view of
R&D projects at the European level, increasing

Figure 1: Brainstorming session at the GCC. Topic:
dc current distribution networks and the impact of
new technologies.
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Figure 2: Technology transfer: MaNEP presence at
the Hannover Messe 2011.

outreach beyond CTI projects (Fig. 3).
This increased promotion of KTT has led to a
substantial progression of MaNEP’s industrial
contacts. Typical new initiatives are described
here below.

Kugler BIMETAL SA

Encouraged and funded by the Geneva Cre-
ativity Center, a close collaboration was started
in 2011 between Kugler BIMETAL SA and the
University of Geneva with the aim of investi-
gating and developing techniques and materi-
als for the deposition of lead-free bronzes on
steel, in response to the increasing regulatory
pressure of eliminating lead from all applica-
tions.

Winterthur Instruments GmbH

Winterthur Instruments GmbH is a young
Swiss company who has developed a new,
innovative technology for the nondestructive
testing of coatings. This original contact-less
technology uses high-speed infrared sensors.
A first early success was achieved by character-
izing the thermal properties of coatings elabo-
rated in the MaNEP “Cut-and- coat” economic
stimulus package. MaNEP is particularly active
in the fabrication and study of thin films and
coatings in general. The synergy with Win-
terthur Instruments opens the way to the syn-
thesis of functional surface alloys with tailored
thermal properties (injection moulds, motor
parts, cutting tools).

TIMELAB

TIMELAB is the Geneva Laboratory of horol-
ogy and microengineering. TIMELAB activ-
ities are focused on the local watch indus-

Figure 3: The MaNEP developments: exposure to
potential R&D partners at national and international
levels. Stabilization projects concern for exemple the
economic stimulus packages and EC Projects can be
launched in the framework of structures as Eure-
search Network.

try. This institution controls and certifies
the quality and precision of high-end watch
movements. Moreover, TIMELAB delivers the
“Hallmark of Geneva” (“Poinçon de Genève”)
certificate. This label or distinction is given
to selected movements meeting strict require-
ments of precision and finishing. Initiated 125
years ago, the “Hallmark of Geneva” is en-
graved by stamping small watch parts. Today,
MaNEP and TIMELAB are exploring ways to
elaborate a new version of the “Hallmark of
Geneva” incorporating features from modern
metallurgy and nanoscience.

Sensorscope Sàrl

Sensorscope Sàrl is a spin-off company from
the EPFL. This company provides flexible sens-
ing systems designed to study environmen-
tal parameters. The measurement systems are
based on multiple wireless stations. A dedi-
cated website can be used as a central place to
check real-time data. The Sensorscope mod-
ules have been designed for applications re-
lated to environmental parameters like hu-
midity and temperature. However, follow-
ing collaborative work with the MaNEP De-
velopment Lab, an interface between the Sen-
sorscope modules and the oxygen sensor (see
economic stimulus package “Electrochemical sen-
sors with higher resolution”) has been elabo-
rated. Ubiquitous, wireless access to measure-
ments performed by the newly developed sen-
sor opens new possibilities for industrial appli-
cations requiring real-time monitoring of oxy-
gen concentration.
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Manufactures d’Outils Dumont SA

Manufactures d’Outils Dumont SA is a Swiss
company specialized in precision tools and
instruments for watchmaking, electronics, bi-
ology, and medical applications, among oth-
ers. The Dumont precision tools made in fine
steel-based alloys have gained worldwide rep-
utation since several decades. Technologies
and processes developed by MaNEP in surface
treatments, in particular surface alloying appli-
cations have a big application potential for the
Dumont products. Promising feasibility tests
are in progress.

3.2 KTT Projects

Deposition of lead-free bronzes on
steel, with Kugler BIMETAL SA

Kugler BIMETAL SA is specialized in the de-
velopment of bronze alloys with particular an-
tifriction properties. Since 1950, the company
has exploited a patented technology based
on the metallurgical “grafting” of lead-based
bronze on steel. Such bi-metal structures are
used in several applications where the me-
chanical and thermal environments are par-
ticularly harsh. Lead-based alloys are nowa-
days under strong regulatory pressure in the
sense that lead is to be eliminated from appli-
cations. This is the case of the automotive in-
dustry for example. Under the umbrella of the
GCC, Kugler and MaNEP have elaborated the
CTI project “Lead-free antifriction copper al-
loys deposited on steel by surface coating tech-
niques”. This project has received CTI financial
support in the frame of the measures to combat
the “strong Swiss Franc”. This project is based
on the knowledge and skills accumulated by
the group of applied superconductivity, led by
C. Senatore, in material science in general and
specifically in bronze metallurgy, powder met-
allurgy, microstructure analysis and wire fab-
rication. This project is of great strategic im-
portance for Kugler, who benefits from the ex-
pertise and the equipment of UNIGE. And the
academic partner is exposed to new challenges
and perspectives. Kugler estimates that such
collaborative efforts reduce at least by a fac-
tor of three the time needed to bring a specific
R&D project to completion.

Cut-and-coat project with Agie-
Charmilles

AgieCharmilles +GF+ offers electrical dis-
charge machining (EDM) machines and related

Figure 4: Based on the results of the project, Agie-
Charmilles +GF+ is able to offer a tungsten-coating
technology implemented on wire-cutting EDM ma-
chines.

supplies in fast growing market segments of
the tool and mould industries, and to manu-
facturers of precision components. This project
started in 2010 as part of the SNSF supported
economic stimulus packages. The general ob-
jective of the present project was to provide
AgieCharmilles +GF+ with the technical and
scientific support to enter the growing mar-
ket of coated metal parts. This was achieved
by modifying the traditional EDM setup. By
changing the energy distribution of the ma-
chining sparks, and the metallurgical compo-
sition of the tool electrode, it has been possi-
ble to tune the physical process and to create
surface alloys with controlled properties on the
machined parts (Fig. 4).
The developed coating technology was suc-
cessfully applied to the reinforcement of cut-
ting dies manufactured by wire-EDM

Swatch Group R&D SA, Division Asu-
lab

The goal of this project is the development of
resistive hydrogen detectors based on materi-
als undergoing metal-insulator transitions un-
der hydrogen exposure. This CTI project is a
MaNEP contribution to the hydrogen car initia-
tive of Belenos Clean Power, a company mem-
ber of the Swatch Group. Significant progress
has been made by the team of the project un-
der the supervision of K. Yvon, in collabora-
tion with the group of J. Cors and Ø. Fischer.
The continuation of the second phase of the
three year project has received the green light
from the CTI authorities. The scientific work
is focused on the LaMg2Pd-H system. Main
achievements have been the following:

• the LaMg2Pd-H system was successfully
synthesized in the form of thin films; this
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step was a critical milestone for the com-
pletion of the project;

• the hydrogen sensing properties of the
LaMg2Pd-H have been fully demon-
strated and characterized;

• IP issues have been secured by a patent ap-
plication;

• prototype thin film H2 detectors have been
mounted on standardized TO-5 holders.

Glass micromachining: INTERREG
project with EREO SAS, France

The goal of this project is the development
of a glass micromachining technology for mi-
crofluidics chips and general engraving appli-
cations. The working principle uses micropo-
sitioning and electronics know-how gathered
from local probe microscopy and related tech-
nologies. A metal tip immersed in an elec-
trolyte is brought at a very close distance of
the glass surface. By applying a working volt-
age between the tip and a counterelectrode, a
sparking process is initiated and glass can be
removed from the surface (Fig. 5). Since glass
micro-engraving covers a range of applications
from microfluidics to decorations, we have re-
ceived a grant from the INTERREG authori-
ties to develop this technology. The innova-
tive content of the project lies in the transpo-
sition of STM-like axis control of the sparking
distance, and the simultaneous use of spectro-
scopic measurements to characterize and mon-
itor the energy of the sparks. The industrial
goal of the project is the construction of a pro-
totype engraving machine.
Main achievements at midterm of this two-
year project are the following:

• design and construction of the mechanical
setup;

Figure 5: The INTERREG project on glass micro-
machining.

Figure 6: The Sensorscope Climaps application in-
terfaced to the MaNEP electrochemical sensor for re-
mote control.

• design and fabrication of the power elec-
tronics board;

• fabrication and optimization of the en-
graving electrodes.

Among the potential end users of the technol-
ogy we have already identified glass labora-
tory equipment manufacturers, watchmakers,
bio-chips applications and even glass cosmet-
ics packaging manufacturers.

Electrochemical sensors with higher
resolution

The goal of this project was to develop an elec-
trochemical sensor of the Clark cell type with
higher resolution than existing devices. The
project started in 2010 as a economic stimulus
package and it has now been completed. The
most remarkable achievements have been the
design and implementation of a new sensor
head, and the design of a new complete elec-
tronics incorporating the latest sensing current
amplification circuitry, largely inspired from
STM electronics setups.
Moreover, in partnership with Sensorscope
Sàrl, we have implemented a specific interface
hardware that provides access to the GSM net-
work, making possible the distance survey of
the sensors through the Web (Fig. 6).

Marking technology for watch compo-
nents

This project (partners: Vacheron Constantin
and Phasis) is described in chapter 2, on
Project 3. We point out here at least two emerg-
ing multiplier effects of the developments un-
der way. The first new development con-
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Figure 7: Logos and data-matrix identification
structures can be written on steels of medical qual-
ity.

cerns the application of the marking technol-
ogy for the implementation of secured certifi-
cation hallmarks. Its feasibility is under way
in coordination with TIMELAB. Another op-
portunity concerns the traceability of medical
tools, the key point here is the extraordinary
resistance of the marks to sterilization proce-
dures. The new technology offers clear ad-
vantages when compared to laser or stamping
marking techniques (Fig. 7). We are now imple-
menting these new routes for technology trans-
fer by identifying the most appropriate indus-
trial partners.

SwissNeutronics

The economic stimulus package “Neutron optical
devices for small samples” has been started in
October 2009. The goal of the project was to de-
velop elliptic guides/lenses for neutron beams
to be focused on small samples with a height of
2− 3 mm. The project has included three main
tasks:

• multichannel focusing guides/lens;

• adaptive focusing optics;

• reflectometer concept selene for tiny sam-
ples.

This project has been completed and has suc-
cessfully reached all milestones included in the
original proposal.

Bruker BioSpin AG

The economic stimulus package “Developments
of MgB2 wires with high critical current den-
sities for economical NMR magnets at 4.2 K
and 20 K” has also been started in October
2009. The purpose of the present project was

to develop the cold high pressure densification
(CHPD) technique, first introduced in Geneva
(2 patents pending), up to the industrial level.
This technique consists in pressing a MgB2
wire simultaneously from all four sides, in or-
der to get an enhanced mass density of the fila-
ment. So far, the efforts have been concentrated
on in situ MgB2 wires, where the initial cores
consist of Mg and B, the MgB2 phase being
formed by a reaction at 650◦C at the end of the
deformation procedure. During this project,
the high pressure was applied on monofila-
mentary tapes. Two important progress steps
have been achieved in view of the application
of this technique on industrial wire lengths:
a) the technique was extended to multifilamen-
tary MgB2 wires, and b) a prototype machine
was developed allowing for the first time the
densification of long wire lengths at pressures
exceeding 1 GPa. As a consequence of the en-
hancement of mass density on CHPD treated
MgB2 wires, a considerable increase of the crit-
ical current density was observed, not only for
binary MgB2 filaments, but also for filaments
containing carbon impurities.

ABB

The collaboration between the University of
Geneva and ABB to explore the properties of
coated conductors for superconducting fault
current limiters has been continued and new
proposals for technical improvements have
been elaborated.

3.3 Sustainable technology
transfer

Technology transfer is a looping process
(Fig. 8). Two conditions have to be met to

Figure 8: A MaNEP incremental innovation project
presented at the GCC.
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achieve a sustainable, creative interaction be-
tween industry and academia. First, the iden-
tification of ideas and opportunities has to be
triggered in a dynamic way. Second, working
prototypes and demonstrators have to be de-
veloped to sustain credibility and momentum
in the exchange with industry. These two cor-
nerstones of technology transfer, implemented
through the MaNEP initiatives of the Geneva
Creativity Center (GCC) and the MaNEP De-

velopment Lab (Fig. 9), have played a key role
in the progression of our KTT activities. Suc-
cess stories based on applied projects have had
a catalytic effect for the implementation of new
initiatives. Also, the timely availability of pro-
totypes elaborated at the MaNEP Development
Lab has facilitated the implementation of field
tests and accelerated the learning process of
pre-industrialization disciplines and method-
ologies.

Figure 9: Identity of the MaNEP Development
Lab. These new MaNEP laboratories are located in
the Centre de Technologies Nouvelles in a modern
building of the industrial zone of Plan-les-Ouates.
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4.1 Education and training

4.1.1 Doctoral school

In 2011, 25 PhD students were registered in the
MaNEP-Geneva doctoral program. Only one
of them defended his PhD during 2011, while
three started their work during this same pe-
riod. Among the 25 students, 25% have ob-
tained their master degree from the University
of Geneva, and 28% are women.
The Geneva students had an extensive doc-
toral training in 2011, for a total equivalent to
71 ECTS credits. This teaching was provided
by international schools (34%), by the CUSO
Doctoral program in physics (10%), and by the
MaNEP-Geneva doctoral program (56%). The
latter involved, in particular, the course of An-
toine Georges, Electronic Structure of Correlated
Materials from a Dynamical Mean-Field Theory
Viewpoint: Introduction, State of the Art and Per-
spectives, as well as the course Applications of
the Many-Body Formalism in Condensed-Matter
Physics by Christophe Berthod, whose third
part (spring 2011) was followed by 11 students,
and first part (autumn 2011) by 14 students,
among which 2 came from EPFL.

4.1.2 PhysiScope Genève

A fourth successful year

The PhysiScope is a public laboratory and
science-theater operated since 2008, jointly by
MaNEP and the Physics Section at the Univer-
sity of Geneva. Attendance has been steadily
increasing to reach 4’200 in 2011. This is nearly
as many as throughout the entire first three
years of activity. Given that on average each
group counts 17 visitors, the PhysiScope team
has presented about 250 shows over one year
in its setting at the University of Geneva. 60%
of the students visiting the PhysiScope come
from junior high school and 40% from high
school. Like every year, the PhysiScope had

again the pleasure to welcome a number of VIP
guests and delegations, among them the strate-
gic committee of UniGE, a delegation of alumni
of UniGE, several official academic delegations
from Russia, Canada and Australia, the out-
reach team of the NCCR MUST, 50 students
from Slovenia, and many more.
In an effort to maintain an attractive and dy-
namic offer, new modules have been devel-
oped. Several novel experiments address dif-
ferent aspects of superconductivity (motivated
by last year’s celebrations), and a complete
new show about pressure has been added.

Celebrating 100 years of superconductivity

The PhysiScope has been actively participat-
ing in the celebrations of the 100th anniver-
sary of the discovery of superconductivity or-
ganized by MaNEP (see chapter 5.1). A to-
tal of 500 people enjoyed a special show on
electricity and superconductivity (Fig. 1) dur-
ing open days on April 8–20, 2011. The show
was presented in the evening and during the
weekend. About 1’500 visitors joined the Sat-
urday for families Fascinante supra with sev-
eral PhysiScope experiments on display among
many other activities on September 17, 2011.
The PhysiScope team further animated guided
tours of the art & science exhibition SUPRA100
on display for two months at the University of
Geneva. Finally, together with other MaNEP
members, the PhysiScope has been collabo-
rating with the French branch of the Swiss
Radio and Television broadcasting company
(Radio Télévision Suisse) to shoot short movies
of several new experiments about supercon-
ductivity. These trailers can be viewed on
www.rtsdecouverte.ch.
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Figure 1: Fascinating superconductivity.

Outreach

The PhysiScope has extended its extramural
activities, being invited to several events in
Geneva and abroad. The PhysiScope enter-
tained French school classes (primary, junior
high school and high school) and the gen-
eral public in the Globe of Science and Innova-
tion at CERN during the European “Fête de
la science”from 10 to 14 October, 2011. On
October 14–16, 2011, the PhysiScope was in-
vited by the Cité des sciences et de l’industrie in
Paris. The focus of the event was on chemistry,
the PhysiScope being the only invited physics
show. This was a unique opportunity to be re-
peated with over 75’000 visitors. In November,
the PhysiScope was invited to Leiden (NL) to
perform a show as part of an exchange deal
with the Dutch show Rino, who performed
in Geneva and at PSI during the 100 years
of superconductivity celebrations. The Physi-
Scope took part in the common show of the
conference ShowPhysics organized each year by
EuroPhysicsFun. In 2011 it was in Kharkiv,
Ukraine, on April 7, and more than 4’000 vis-
itors came to watch this one day show. Fi-
nally, the PhysiScope also took part in a num-
ber of annual events across Geneva, such as the
Futur en tous genres open day for young chil-
dren, the Journée des collégiens, as a showcase
of the Physics Section for the potential future

students, or the Passeport Vacances during the
summer holidays.

Collaborations

The PhysiScope is co-applicant, with the De-
partment of Astronomy of the University of
Geneva and the University of Bern, of an
Agora proposal that has been granted by the
Swiss National Science Foundation to develop
an original educational program centered on
a remote controlled telescope stationed at the
Gornergrat.
The PhysiScope has been collaborating with
CERN on a novel initiative to acquaint 9 to 12
years old kids with the experimental approach.
The project Dans la peau d’un chercheur (Fig. 2)
proposes pupils from France and Geneva to
discover what is hidden inside a small box they
are not allowed to open. It turns the kids into
researchers, making them think about some as-
pects of experimental research. What is a hy-
pothesis? What are data? What is a proof?
How to set up an experiment? The kids are
brought to act as researchers, and finally share
their results in a one day poster session and
conference. Last year, 30 classes totalling 670
pupils did participate. This year 730 pupils in
33 classes will be challenged to uncover a dif-
ferent content of the box.
The ChimiScope, an endeavor inspired by the
PhysiScope in the School of Chemistry and Bio-
chemistry of UniGE has been inaugurated on
November 24, 2011. The PhysiScope has col-
laborated in this new adventure, extensively
sharing its experience and know-how. This is
a first milestone towards extending the model
to other scientific themes of the Faculties of Sci-
ence and Medicine.

Figure 2: Pupils discover optical spectroscopy dur-
ing Dans la peau d’un chercheur collaboration with
CERN.
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The PhysiScope team 2011/2012

Prof. Michele Maggiore, new president of
the Physics Section, is replacing Prof. Mar-
tin Pohl in the executive committee. Many
thanks to M. Pohl for his enthusiastic par-
ticipation over the past 5 years! Executive
committee: Ch. Renner (president), Ø. Fischer,
M. Pohl (until 30.06.2011), M. Maggiore (since
01.07.2011), J.-G. Bosch, O. Gaumer, A. Bonito
Aleman. Model maker: C. Corthay. Assistants
and students: A. Akrap, Ch. Cailler, F. Du-
four, L. Favre-Quattropani, A. Fête, S. Gariglio
(spring), F. Glass, C. Lichtensteiger (autumn),
T. Magouroux, A. Michel, P. Sekatski. Teach-
ers: R. Achimescu, A. Bardiot, D. Boehm and
B. Gisin.

Further reading

www.physiscope.ch;
www.rtsdecouverte.ch;
cdsweb.cern.ch/record/1359921;
obswww.unige.ch/wordpress/gornergrat.

4.1.3 SWM 2011: Swiss Workshop
on MaNEP in Les Diablerets

From June 29 till July 1, 2011, the MaNEP
community met for the ninth edition of the
Swiss Workshop on Materials with Novel Elec-
tronic Properties at the Eurotel in Les Dia-
blerets. Over 192 registered MaNEP members
and scientists from abroad, of those 80 PhD stu-
dents from the different MaNEP partner insti-
tutes, have attended the workshop (Fig. 3). 10
invited speakers and 28 contributed talks did
animate nine sessions covering most of the top-
ics studied in the MaNEP network, from corre-
lated oxides to cold atoms, including topologi-
cal insulators, superconductivity, multiferroics,
low dimensional and unconventional materi-
als, interfaces and applications. 117 posters
were on display for the entire duration of the
workshop, providing ample opportunities for
discussions.
Novel equipment and hardware could be dis-
cussed in a small technical exhibition. We
thank Pfeiffer Vacuum, Teco René Koch and
VG Scienta for their support and displays.

Figure 3: SWM 2011 participants.

This year, for the first time, a special tutori-
als day aimed at students was organized the
day preceding the workshop in the frame of
the techniques and know-how activity. In addi-
tion to learn about scientific topics, this day of-
fered 32 MaNEP PhD students and 9 postdocs
a unique opportunity to meet in a convivial set-
ting. The tutorials covered three experimental
topics: thin film synthesis, scanning probe mi-
croscopy and crystal growth. Many thanks to
Patrycja Paruch, Ivan Maggio-Aprile and En-
rico Giannini for their contributions and orga-
nization of these very well received tutorials.
During the traditional late evening meeting of
the SWM steering committee, Christoph Ren-
ner was elected new chair, replacing Øystein
Fischer who has been the conference chair for
all of the nine SWM workshops to date.
Finally, many thanks to Marie Bagnoud,
Greg Manfrini, Ivan Maggio-Aprile, Elizabeth
Guéniat and Pascal Cugni for their efficient
help with the organization of the meeting.

4.1.4 Topical meeting on Topologi-
cal properties of electronic ma-
terials

The one-day topical meeting on Topological
properties of electronic materials took place on
May 6, 2011 in Geneva (organizers: A. Mor-
purgo (UniGE) and M. Sigrist (ETHZ)), to
address the rapidly growing interest in this
topic. The meeting intended to provide a
pedagogical introduction to the concepts in-
volved in the study of the topological proper-
ties that are relevant in new classes of mate-
rials, and to bring together Swiss researchers
that are already active in this area. Two speak-
ers from outside Switzerland were invited.
P. W. Brouwer from the Freie Universität of
Berlin explained the main concepts relevant to
understand two-dimensional topological insu-
lators; H. Buhmann from Wurzburg University
presented work on HgTe/CdTe heterostruc-
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tures, that are currently the best experimen-
tal realizations of 2D topological insulators.
Other five talks from researchers at Swiss in-
stitutions completed the overview of research
in this area, addressing angle-resolved pho-
toemission spectroscopy and transport experi-
ments on 3D topological insulators, the current
situation in topological superconductors, and
different theoretical aspects of topology in elec-
tronic systems. The meeting was attended by
approximately 100 participants from all over
Switzerland together with several researchers
from Grenoble, who expressed great interest in
the subjects covered and satisfaction for the ini-
tiative.

4.1.5 MaNEP Winter School 2013

The series of MaNEP summer and winter
schools will be continued next year, and will
take place from January 13 to 19, 2013 in Saas-
Fee. A scientific committee led by Frédéric
Mila (EPFL), and involving Christian Bernhard

(UniFR), Dirk van der Marel (UniGE), Chris-
tian Rüegg (PSI), and Manfred Sigrist (ETHZ),
is presently setting up the scientific program.

4.1.6 MaNEP participation to con-
ferences

This report counts and lists all the presenta-
tions made by MaNEP members at conferences
and fairs, as well as seminars or colloquia given
in academic institutions. This list however
does not contain the numerous posters also
presented at conferences, mostly by young re-
searchers. We want to point out that these
poster presentations nevertheless represent a
big part of the MaNEP scientific output. This is
an essential part of the research made by young
people and should also get recognition. A min-
imum of 500 posters per year can be estimated
which are not counted in the statistical data of
the report and do not appear in the lists gen-
erated by NIRA — balanced by about 500 oral
contributions.

4.2 Advancement of women

4.2.1 Summer internships

For the eighth year, MaNEP summer intern-
ship program was organized for all women
students working within the MaNEP network.
In 2011, MaNEP supported seven candidates:
4 at UniGE, 2 at EPFL, 1 at UniFR. Five in-
ternships lasted one month, and two were ex-
tended over two months. All these intern-
ships were very successful. In addition to that,
three exchange programs were launched for
men students, one over one month, and two
over two months.

4.2.2 Survey of the advancement of
women activities

Introduction

Together with the Equality Office of the Uni-
versity of Geneva, we prepared a survey that
was sent at the beginning of the summer
2010 to all women researchers in MaNEP. In
this survey, we prepared questions to evalu-
ate the current work and to see how to pro-
mote new activities devoted to the advance-
ment of women (AOW). We considered three
important points for the AOW program to fol-
low and oriented the questions of the survey
consequently. 1. More young women should
be encouraged to choose science, particularly

physics. This point was evaluated using the
PhysiScope as an example of action. 2. Women
physics students should be encouraged to con-
tinue their careers in research. This point
was evaluated using the summer internships
as an example of action. 3. The situation of
women researchers (PhD students and post-
docs, in particular) should be considered and
they should be helped to combine professional
and family life.
19 questionnaires out of a total of 31 were re-
turned. Among them, 10 were filled by PhD
students, born between 1981 and 1987, 3 by
postdocs, born between 1979 and 1981, 4 by se-
nior researchers, born between 1965 and 1978,
and 2 by professors (one assistant professor
born in 1974 and one associate professor born
in 1977). One senior researcher is working
in the industry (Bruker BioSpin). All other
women are working in academic institutions
members of MaNEP (UniGE, UniFR, UniZH,
EPFL, ETHZ, PSI and Empa). 7 researchers did
their latest degree in a foreign university, the 12
other did it in a Swiss academic institution. 2
had children.
Part of the analysis of the survey was car-
ried out by Nalini Easwar (physics professor
at the Smith College, in Northampton, MA, an
undergraduate liberal arts college for women)
during her two weeks stay in Geneva. The
common interest theme for her visit was shar-
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ing of ideas, in particular regarding advance-
ment of women.

Summer internships for women

Among the women who filled the survey,
13 knew the MaNEP summer internships for
women and 5 of them benefited from the in-
ternships. The reactions and the comments
on these internships are unanimously positive.
Thus, they are very important, as an action that
works very well at a very low cost.
Almost all comments brought out the impor-
tance and positive impact of internships on
training and the encouragement to continue for
a PhD in physics.
However to the question “did MaNEP summer
internships for women students have a posi-
tive impact on your CV?” 3 of the 5 women
who participated do not have an opinion! This
answer is surprising and shows an absence of
valorization of one’s know-how. The answer
might be the same in case of men, however
it has probably more consequences in the case
of women, due to a certain self-restraint. This
shows an absence of consciousness of their
training evolution and weakens the insertion of
women outside the academic world after their
studies. They should be encouraged to learn to
value what they do, their work, and not only
their publications.

Needs for women researchers

The answers to the questions about their needs
as women researchers indicate that if there are
problems and needs, these are not women spe-
cific problems but structure problems (wish for
less administrative work, for example).
The only real specific need that comes out of
the survey is a help for combining professional
and family life, in the presence of children (in
the present or as a future concern). The com-
ments were about:

• the lack of shared parental leave policies
for both parents;

• the many issues for balancing profes-
sion and family were not seen as only a
woman’s problem, but needed by all par-
ents.

This raises the question how to increase the
flexibility of the work in the frame of research.
Finding solutions for women today is antici-
pating solutions for equilibrate couples tomor-
row. And solutions have to be found that will
not consolidate the existing problems.

There is a lot of desire to get to an 80% format
but not many are actually doing it for reasons
that follow. The need to get a culture for recog-
nizing the 80% work plan as professional and
the recognition of the special demands of par-
ents with kids, by others who do not have such
demands. This needs to be noted and recog-
nized. One can ask indeed why in research
people (men and women) have to work more
than elsewhere and why the request of work-
ing part-time (even at 80%) is perceived as a
signal of being somebody who does not want
to commit him/herself.

About the PhysiScope and the promotion of
sciences for young people

The first part of the questionnaire, about the
PhysiScope and the development of similar ac-
tions, mixed the question of the promotion of
sciences for young people (men and women)
and the question to show that physics is not a
sexist science (reserved to men). We note how-
ever that the interest in physics may be hin-
dered by three difficulties:

• a social obstacle (physics is difficult); as an
example, we can cite this comment: “We
have also to invite the whole families to
the PhysiScope to change the perspective
of physics and the image to stop the social
discouragement to hard sciences”;

• a teaching obstacle (the quality of the
teachers — physics teachers have a great
responsibility in the way physics will be
perceived);

• a “political” obstacle (the way physics in
integrated in the study plan).

Conclusions

MaNEP internships work very well for the
women who do these internships and there are
mentorship programs as well.
The support for the balance of family and pro-
fession is not just something for women, but
also for men with young children. A factor is
the acceptance of the culture of opting for the
80% work plan. While many express the desire
and see how it will help, there are not many
who are doing it. So, a survey for men and
women, addressing specific questions about
this, would be helpful. Of particular interest
is the fact that there were just two women in
the survey with children.
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The superconductivity centennial stood out as the distinguishing event of 2011. This anniversary
was a great opportunity to strengthen ties with a wide audience and particularly MaNEP research
position both locally and nationally. Successful festive events were organized in collaboration with
numerous academic, private and industrial partners. These novel events gave an unusual glimpse
into a little known physics phenomenon, which will be an inescapable part of the future. They played
a key role to connect science between MaNEP and the public. Thus, the public, school children, stu-
dents, and of course the media were invited to discover superconductivity and physics. A special
event was also organized for decision makers. A far-reaching communications strategy was devel-
oped using many tools to inform the public about all the events and above all promote the work of
MaNEP.

5.1 Celebrating the superconductivity centennial

To celebrate the 100th anniversary of the dis-
covery of superconductivity in 2011, MaNEP
organized a wide range of events. Ar-
rangements were successfully made for a rich
and varied programme. More than 100 re-
searchers, technicians, collaborators and stu-
dents of MaNEP were involved in the orga-
nization of these events, which drew about
14’000 participants and visitors among which
1’500 scholars. MaNEP collaborated with the
Swiss Physical Society, the Paul Scherrer Insti-
tute (PSI), the CERN, the University of Geneva
and the PhysiScope, the Dutch show Rino
from Leiden and the Geneva La Bâtie Festival.
This vast programme found favor with vari-
ous funding partners who provided generous
support, namely the H. Dudley Wright Foun-
dation, Vacheron Constantin, the Moser Foun-
dation, Bruker Biospin AG and ABB.

Open days at the PhysiScope

To honor the day superconductivity was offi-
cially discovered, on April 8, 1911, the Physi-
Scope organized two weeks of open days, from
April 8 to 20, 2011. The public discovered
this amazing physics phenomenon with inter-
active and fun workshops (Fig. 1). Resulting in
more than 500 people taking part and extra ses-
sions being set up to meet public demand. This
show was also presented to 550 students at the
CERN’s Globe of Science and Innovation during
the French Science Festival in October and at
the University of Leiden, cradle of supercon-

Figure 1: People enjoying a fun demonstration at
the PhysiScope.

ductivity (see PhysiScope report on p. 115).

Superconductivity at the SPS

Last year, MaNEP did not participate to the
Swiss Physical Society (SPS) annual meeting

Figure 2: Five invited speakers and two Nobel Lau-
reates during the SPS lively round table discussion.
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Figure 3: SUPRA100 exhibition. (a) The free-standing structure called suprabox, composed by an artbox
and a sciencebox at Uni Mail, UniGE. (b) Work of art, result of collaboration between Etienne Krähenbühl and
technicians and scientists of MaNEP. (c) Illuminated panels presenting the secrets of superconductivity. (d) The
demonstration on storage of energy, the flywheel.

with its own session. However many MaNEP
members were directly or indirectly active dur-
ing the SPS meeting, which took place in
Lausanne in June 2011 and which also cel-
ebrated this anniversary. A series of talks
was given about the development of this ex-
citing field in the past years, with a plenary
talk by MaNEP’s Director, Øystein Fischer,
and two invited talks given by members of
MaNEP, Dionys Baeriswyl (UniFR) and An-
dreas Schilling (UniZH). A lively round ta-
ble chaired by Hugo Keller (UniZH), another
member of MaNEP, was also organized, with
five invited speakers and two Nobel laure-
ates (Fig. 2). Roughly 200 scientists attended
this session (about 650 in total). The MaNEP
Mix&Remix exhibition on superconductivity
was displayed in the hall, promoting both su-
perconductivity and MaNEP.

SUPRA100 exhibition

In Geneva, the festivities continued into au-
tumn. Firstly, with the SUPRA100 exhibition
that was held in the building of Uni Mail, from
September 14 to November 12, 2011 (Fig. 3a).
This art & science exhibition is the result of

a collaboration that began in 2007 between
MaNEP researchers and technicians and the
Swiss artist Etienne Krähenbühl. The world
première of a sculpture that flirts with super-
conductivity was revealed by the Swiss artist,
well known for his work that mixes novel and
surprising materials. In the artbox, a large
sphere hovers over a flat square surface. It
moves randomly. The surface slopes at an an-
gle so the sphere should drop, but remains sus-
pended in the air. This is the magic of super-
conductivity that plunges the spectator into a
parallel universe where superconducting wires
float like clouds (Fig. 3b).

Visitors moved on to the sciencebox where a
scientific presentation complemented the artis-
tic part of the exhibition revealing the se-
crets of superconductivity on illuminated pan-
els (Fig. 3c). While mirroring this unusual
work of art, its current applications were il-
lustrated, and those of the future which may
transform and revolutionize our daily lives.
Two demonstrations showed superconductiv-
ity in action (Fig. 3d). Visitors enjoyed an inter-
active, entertaining and instructive visit.

Special events were organized for young au-
diences. Accompanied by a qualified guide,
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1000 primary school children were able to dis-
cover the secrets of superconductivity. These
lively activities were more than just the pass-
ing on of scientific knowledge; they were an
opportunity for children to enjoy science as a
creative and dynamic activity. One hour visits
conducted by specialists from the PhysiScope
and the Physics Section of UniGE were also of-
fered to secondary school students as well as to
the general public.
About 9’500 visitors, including many school
classes visited this exhibition.
This exhibition presented on the one hand an
underrated but essential physics phenomenon
in an original way for the future, and on the
other hand played an important part in bring-
ing researchers and the public together.
SUPRA100 may be able to travel.

A documentary between art and sci-
ence

A film SUPRA100, Le temps suspendu (Fig. 4)
was made, showing the incredible adven-
ture and encounter between MaNEP techni-
cians and scientists and the artist Etienne
Krähenbühl. Several shootings took place be-
tween 2008 and 2011 and the result is not
only an opportunity to discover superconduc-
tivity from a hitherto unexplored perspective
but also a wonderful and useful tool of com-
munication for MaNEP.

Figure 4: Cover of the DVD SUPRA100, Le temps
suspendu, a documentary projected during the ex-
hibition and showing the surprising encounter be-
tween art and science.

Levitarium Museum with Exos

As part of the Bâtie Festival of Geneva, a
partnership was arranged to set up a show
with the theatrical company EXOS. EXOS has
been collaborating with MaNEP since 2007
to create surprising superconductivity effects.
This company which is at the cross roads be-
tween theater, movement, dance and circus,
has joined forces with physicists to offer a show
which demonstrates magic and levitation, mix-
ing superconductivity and visual effects. The
Levitarium Museum performance was played
eight times to a full house and to critical ac-
claim from September 14 to 17, 2011.

Saturday for families

Another of the successes was Fascinante supra,
a Saturday for families event (Fig. 5) organized
in collaboration with the PhysiScope and Eu-
rophysicsFun on September 17. For five hours,
more than 1200 people turned up to join in with
the many workshops and demonstrations or-
ganized by the University of Geneva, and by
more than 100 MaNEP collaborators and stu-

Figure 5: Saturday for families. Top: the very suc-
cessful Rino-Leiden show. Bottom: People discover-
ing advantages of superconductivity in transports.

123



MaNEP Communication

dents who worked together to guarantee the
success of this great event. Enigmas, mini-
conferences, all sorts of experiments, labora-
tory visits were proposed in the afternoon’s
programme including a fun introduction to su-
perconductivity.

Conference on superconductivity and
energies of the future

At the beginning of the academic semester of
the University of Geneva, on September 20,
MaNEP invited the President of the Japanese
Agency for Science and Technology, Professor
Koichi Kitazawa. As an international expert,
K. Kitazawa discussed the major role that high
temperature superconductors can play with
the energies of the future (Fig. 6). 450 people
attended this most rewarding conference that
raised many questions to solve energy prob-
lems.

Figure 6: International expert Koichi Kitazawa was
invited by MaNEP for a grand conference on ener-
gies of the future.

SupraLunch

The cultural activities of the University of
Geneva together with MaNEP offered five
SupraLunches around the theme of supercon-
ductivity, every Thursday from October 6 to
November 3, 2011. Guided tours and confer-
ences allowed students of all faculties to get to-
gether around the theme of superconductivity
to achieve a better understanding of this phe-
nomenon.

Superconductivity at PSI

During the PSI Open House day, on October
16, 2011, about 900 visitors discovered the mys-
teries of superconductivity (about 10’000 visi-
tors in total). Old pictures from the archives
of the Kamerlingh Onnes Lab (superconduc-
tivity discoverer) were displayed in the neu-
tron hall (Fig. 7), surrounded by instruments
and movies of Leiden at the beginning of the
last century. At various times of the day scien-
tists gave a presentation on the importance of
superconductivity mixed with “tricks” by the
Rino show from Leiden . The public also en-
joyed the superconducting train of the Univer-
sity of Zurich.

Figure 7: Presentation on superconductivity at the
PSI open day.

And more...

MaNEP was also present at the Daniel
Dautreppe workshop on Current challenges of
superconductivity organized by the French Soci-
ety of Physics (section of the Alps) from 21 to 25
November 2011, in Grenoble. This workshop
compiled a vast panorama of the advances in
basic and applied research in this area based
on a series of courses as well as presentations at
the forefront of current research by well-known
experts, including members of MaNEP.
The outcome of all the events about supercon-
ductivity was very positive. A broad audience,
as well as major media coverage, illustrated
the value of the work carried out, as much
regarding superconductivity as well as more
globally regarding electronic materials. Im-
portant events that brought together the world
of research and the public contributed to en-
suring important internal communications and
strengthening ties between MaNEP’s collabo-
rators.
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Figure 8: Superconductivity centennial events were
very well covered by the media.

Superconductivity and media

MaNEP and the University of Geneva held
two press conferences, one on April 7 (Fig. 8)
and the other on September 14. The first one
was given jointly with the CERN. More than
ten articles were published in newspapers
in Switzerland — namely Bilan, Le Temps,
Tribune de Genève, Entreprises romandes, Revue
Technique Suisse, Les Clés de l’école, etc. —
targeting industry, schools as well as the
general public. Nine radio broadcasts on
the Radio Télévision Suisse and six televisions
broadcasts on Radiotelevisione svizzera, Radio
Télévision Suisse and Léman Bleu also strongly
promoted all these events, as well as the
MaNEP trademark. A special partnership with
the (Radio Télévision Suisse) was set up and 13
short films were shot on superconductivity.
These trailers, which show some experiments
carried out in the PhysiScope as well as
interviews with scientists, can be found on
www.rts.ch/decouverte/dossiers/2011/supra-
conductivite/.
The press review of events can be viewed on
www.manep.ch/en/supra/#supramedia.

5.2 Scientifica, science days in
Zurich

The Scientifica science days took place in ETHZ
and the University of Zurich from 26 to 28 Au-
gust, 2011. Starting with robots over geother-
mal energy and metabolites, nearly all topics
of current research were covered. The labora-
tory of solid-state chemistry and catalysis led
by Anke Weidenkaff (Empa) and the work-
ing groups of Bertram Batlogg (ETHZ) and
Manfred Sigrist (ETHZ) installed an informa-
tion booth on thermoelectrics (Fig. 9). On the

Figure 9: Information booth on thermoelectrics at
Scientifica, Zurich

stand with the slogan How does heat convert
into electricity? an overview was given about
the theory of thermoelectrics as well as in-
sights into current research projects. With the
aid of small, vivid experiments and demon-
strations, a bridge from theory to practice was
built. This was fascinating to both young
and old. While children were captivated by
the hands-on experiments, the older audience’s
thirst for knowledge concerning this relatively
unknown field of research was also satisfied.
The Scientifica was a great success as ongoing
research was presented not only to specialists
but to the public as well.

5.3 MaNEP in the media

Three discoveries were the subject of press re-
leases in January and February 2012, inform-
ing the media about MaNEP’s innovative de-
velopments. The first two, “Oxides prepare
their revolution” and “Quantum computer: a
theoretical Genevese model validated by a Ger-
man experiment”, published respectively in
Nature Materials and in Nature, were observed
at the University of Geneva. The third one “It
works: Ultrafast magnetic processes observed
‘live’ using an X-ray laser” was made at PSI.
These discoveries were reported in the media.
Last spring the PSI also published two press re-
leases “The electron torus can help us to under-
stand high temperature” and “Der Unterschied
zwischen dünn und sehr dünn”.
Moreover, MaNEP strengthened its visibility in
the private sector with a special article pub-
lished in the Geneva Chamber of Commerce’s
journal, CCIGinfo, with a vivid description of
its innovative activities.
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5.4 Several other outreach ac-
tivities in year 11

MaNEP researchers continued to be active with
many different audiences. On the occasion
of the superconductivity centennial, many sci-
entists were invited to give talks at scientific
conferences but also to the public, in Geneva,
Switzerland and elsewhere. MaNEP experts
were also invited to deliver conferences on
other topics, like Joël Mesot “From fundamen-
tal research to applications, examples from
the PSI” at the Austrian academy of sciences in
October 2011, “Quelle est l’importance de la
recherche fondamentale pour notre société ?”
at the Club des quatre saisons in Zurich in April
2011, or “The status and perspectives of col-
laborations between the PSI and the Chinese

academy of sciences” at the 7th Chinese asso-
ciation of science and technology in Switzerland
general assembly in September 2011. Christoph
Renner also gave a talk in May 2011 at les
Causeries du Rotary in Geneva entitled “Les
nanotechnologies, promesses ou menaces”. On
March 12, 2012, Joël Mesot and Øystein Fischer
participated in the third conference of the cycle
Vers un accès durable à l’énergie ? Le regard des
scientifiques organised by the Institut National
Genevois and the Faculty of Science of UniGE.
Their talks were entitled “Le PSI : une expertise
au profit des énergies du futur ” and “Supra-
conductivité et défis énergétiques : un avenir à
portée de main”, respectively.
The website and the e-newsletter are still play-
ing a key role in disseminating information to
various MaNEP audiences and its Forum.
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MaNEP quickly approaches the end of the 12-year finance period foreseen by the SNSF NCCR con-
cept. We are therefore now actively preparing the continuation of MaNEP’s activities after the end
of this period. As described in detail in the last report, the future of MaNEP will follow two differ-
ent routes: a) the stabilization of MaNEP Geneva, and b) an effort to maintain the MaNEP national
network.

6.1 The stabilization of MaNEP Geneva

Since the beginning of MaNEP, the University
of Geneva and the cantonal authorities have
taken measures to support MaNEP after the
NCCR period, preparing thus the terrain for a
strong activity in the field of MaNEP after the
final deadline of the federally financed NCCR
MaNEP in 2013.

Financial aspects

MaNEP has by now received an annual budget
from the University of Geneva amounting to a
total of 3’850’000 CHF of which 1’495’00 comes
from the Convention d’objectifs 2009 - 2011. We
are in addition in the process of establishing an
additional budget of 500’000 CHF for MaNEP,
coming from the budget of the first year of the
Convention d’objectifs 2012 - 2015. The appoint-
ment of personnel on this budget is presently
underway. At the end of this process, the Uni-
versity shall have established a yearly bud-
get for continuing the activities of MaNEP of
4’350’000 CHF, in agreement with the engage-
ment taken by the University on March 30,
2009.

Human resources, professor positions

In addition to the professor appointments al-
ready made during MaNEP existence (Thierry
Giamarchi, Dirk van der Marel, Christoph
Renner, Patrycja Paruch, Alberto Morpurgo,
Corinna Kollath), this year has seen the ap-
pointment of Antoine Georges as full profes-
sor who will spend 20% of his time in Geneva.
Radovan Černý was appointed as associate
professor responsible for the crystallography
laboratory. Furthermore, as announced earlier,
the succession of Prof. Klaus Yvon has been ori-

ented in the direction of MaNEP. The opening
of a position has been announced and the se-
lection process is now in its final stages. This
appointment is carried out in close collabora-
tion with the Paul Scherrer Institute (PSI) and
the result may be a split appointment of two
professors between the two institutions.

Institutional stabilization of MaNEP
Geneva

As explained in last year’s report, MaNEP has
been the initiator and the cornerstone of the
development of a project to establish a new
Center for astronomical, physical and mathe-
matical sciences in Geneva. One key element
of this new center is to integrate scientifically
these activities in order to stimulate synergies
between units that do not have a tradition to in-
teract. This center shall thus build on the very
strong activities in Geneva these various fields
to establish an even higher scientific level. For
MaNEP this means to be reinforced even more,
and thus to guaranty the establishment of a
long-term activity based on the past 12 years
of federal support. This new center shall also
have a strong new outreach center called “Sci-
enScope” and a “Laboratory of advanced tech-
nology” for applied projects between the Uni-
versity of Geneva, the university of applied sci-
ences (HES-SO) in Geneva and industry. This
must be seen as a result, a continuation and a
reinforcement of MaNEP’s success in the field
of “other activities”.
To achieve these goals a new building is be-
ing planned. This part of the project has been
elaborated based on a convention between the
Canton of Geneva, the Foundation Hans Wils-
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dorf, Rolex SA, the University of Geneva, and
the university of applied sciences (HES-SO)
in Geneva. This project proposes to use the
present military exercise grounds at les Vernets
to install the new center in addition to the con-
struction of 1000 apartments, which Geneva
needs strongly. The project was presented to
the Geneva government on January 31, 2012
and presently discussions are underway to see
how and if this project can be implemented on
this site.
Concerning MaNEP, and as a first step im-

posed by the date of 30 June 2013 when the
federal support of MaNEP ends, a project of in-
stitutionalizing MaNEP is in preparation. The
main concern is to define how MaNEP will
continue in Geneva in the coming years, be-
fore entering the new center, and how its in-
stitutional base shall be defined with respect
to the present Department of Condensed Mat-
ter Physics, MaNEP’s leading house. The plan
is to clarify this question during the coming
months and then to carry out the formal steps
during the academic year 2012 – 2013.

6.2 The MaNEP network

In the report last year, we described the ef-
forts we have deployed to establish a network
research program to follow MaNEP. The pro-
posal NEXT was submitted to the Swiss Na-
tional Science Foundation on March 5, 2011, by
the NCCR Climate and the NCCR MaNEP. A
roundtable discussion then took place on May
3, 2011 between representatives of MaNEP and
the NCCR Climate on the one hand, and rep-
resentatives of Division 4 of SNSF on the other.
Following this the SNSF examined these pro-
posals, but decided not to enter into a real con-
sideration of these requests, based on the pol-
icy that it is not the role of SNSF to follow
up the continuation of the NCCR after the 12
years period. Instead it was proposed that an-
other national institution, the Swiss university
conference (SUK·CUS), could take up the chal-
lenge to finance this type of projects. Unfor-
tunately, for the next federal budgetary period
2013 – 2016, it was too late to seriously con-
sider this possibility. We suggest, however, that
the SNSF enters rapidly into preliminary dis-
cussions on this topic for the next fiscal period
2017 – 2020. The absence of a policy on the
federal level to support the very best national
networks is clearly an important aspect that is
missing from the otherwise successful NCCR
program.

Faced with the situation that no federal in-
stitution is presently ready to finance excel-
lence networks beyond the NCCR, MaNEP is
presently preparing for the establishment of an
association of institutions and/or individual
researchers in the field of MaNEP. The MaNEP
Forum approved the principle of such an as-
sociation on January 11, 2012 and the scien-
tific committee is now working on the practi-
cal realization of such a structure. This associa-
tion will be financed by its members, especially
on the institutional level, and shall have the
task to organize conferences, workshops, win-
ter/summer schools, summer internships, and
other events earlier organized by MaNEP. It
will also constitute a Forum to discuss and co-
ordinate various initiatives to financially sup-
port the research in the field of MaNEP in the
future. The association shall in one way or
another carry the name of MaNEP in order
to benefit from the trademark established now
over 11 years.
Since the new call for NCCR projects explicitly
excludes the possibility of continuing MaNEP,
we have renounced to submit such a proposal.
However several new proposals, not based on
MaNEP but nevertheless implying some of its
members, have been submitted.
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7.1 Activities

Throughout year 11 MaNEP’s management
has been active in every aspect of its operations
on the one hand, and has been increasingly in-
volved in preparing the future of MaNEP after
2013, on the other hand.

MaNEP management in 2011

As of August 1, 2011, Edward Coutureau has
been employed full time with MaNEP to assist
in the development of the plans for the con-
tinuation of MaNEP after 2013. MaNEP man-
agement is very grateful to Michel Decroux
for presiding over the advancement of women
program and the summer/winter schools. In
January 2012 he handed over the responsi-
bility of these two projects to Lidia Favre-
Quattropani and Christophe Berthod, respec-
tively.
During the superconductivity centennial
events, Lidia Favre-Quattropani’s employ-
ment was temporarily increased to 60% from
April 1, 2011 to January 31, 2012. David
Parietti who assisted Adriana Bonito Aleman
in the communications department during
the superconductivity centennial festivities
left MaNEP as planned at the end of January
2012. From February 1, 2012 he was replaced
by Mehregan Joseph who will be helping with
communication issues related to the official
end of the NCCR.
MaNEP has invited Professors Vladimir Falko
(Lancaster University) and Stewart Barnes
(University of Miami) for the summer semester
2012. The crystallography laboratory is cur-
rently being integrated into MaNEP. The
MaNEP administration has been involved in
the process of recruiting the successor of
Prof. Klaus Yvon. Radovan Černý, who has
been running the laboratory since the retire-
ment of Prof. Yvon, has been promoted to as-
sociate professor. He is now a full member of
MaNEP and has been appointed to Project 3

“Electronic materials for energy systems and
other application” lead by Øystein Fischer.

Stabilizing MaNEP after 2013 —
what this will mean for the manage-
ment?

The project for a new Center for astronomical,
physical and mathematical sciences in Geneva
is the brainchild of MaNEP to ensure that the
12-year investment of the SNSF continues to
have an impact on the research field of MaNEP.
As mentioned in last year’s report, the future
of MaNEP in Geneva will be achieved by re-
inforcing the fields of astronomy, physics and
mathematics. Prof. Øystein Fischer is responsi-
ble for the new budget for the target agreement
COB (Convention d’objectifs sciences physiques et
mathématiques). Marie Bagnoud, as administra-
tor of MaNEP, will oversee the administration
of the budget. The first COB 2009 – 2011 is now
complete and we are presently working on the
second COB 2012 – 2015. Prof. Fischer has
been commissioned by the Rectorat to elabo-
rate plans for the new Center for astronomical,
physical and mathematical sciences. MaNEP
administration has also been highly active in
this process.
MaNEP has been provided with an excellent
opportunity to be involved in the economic stim-
ulus packages introduced by the SNSF, albeit
considerably increasing the workload. The in-
tegration process has been very successful and
actually increased the KTT activity for this pe-
riod. MaNEP management was also involved
in compiling and ranking the proposals for the
new SNSF transfer projects 2012. Six transfer
projects were submitted to the SNSF on Febru-
ary 15, 2012.
The KTT activity has led to several CTI projects
and the MaNEP management is taking care of
the administration of these funds.
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As we approach the end of MaNEP there is
increased pressure on the financial situation
which has also resulted in an increase of the
workload for the MaNEP administration. We
have to keep track on the detailed financial sit-
uation of the large number of financial projects
to assure that they all tally on June 30, 2013.
Whereas the science projects will continue after
June 30, 2013, this date marks a discontinuity
for the MaNEP management. We are presently
working on how we can make use of the high
competence of the MaNEP management, de-
veloped over the 12 years, in a constructive
and dynamic way after the end of the NCCR
MaNEP.

Events organized by MaNEP manage-
ment

The Swiss Workshop on Materials with Novel
Electronic Properties (SWM 2011), basic re-
search and applications, was held at Les Di-
ablerets from June 29 to July 1, 2011. Of the
192 participants, 80 were PhD students. New
to this edition were tutorial courses aimed at
PhD students that took place the day before
the workshop on scanning probes, single crys-
tal growth and thin films in the frame of the
techniques and know-how activity. 41 partic-
ipants attended the tutorial sessions of whom
32 were PhD students and 9 were postdocs.
These meetings were entirely organized by the
MaNEP management.
The Scientific Committee was held on Decem-
ber 22, 2011 in Berne and a second meeting is
planned for April 2012. The committee is com-
posed of the director, two deputy directors, the
project leaders plus two additional members
appointed by the director, namely: Leonardo
Degiorgi (ETHZ), Øystein Fischer (UniGE), di-
rector, László Forró (EPFL), Thierry Giamarchi
(UniGE), Dirk van der Marel (UniGE), deputy
director, Frédéric Mila (EPFL), Alberto Mor-
purgo (UniGE), Christoph Renner (UniGE),
deputy director, Manfred Sigrist (ETHZ), Jean-
Marc Triscone (UniGE), Urs Staub (PSI), An-
drey Zheludev (ETHZ). The main topic of these
meetings is the preparation of a new associa-
tion to continue the MaNEP network.
There was an excellent turnout of MaNEP Fo-
rum members for the MaNEP Forum held in
Neuchâtel on January 11, 2012. Radovan Černý
(UniGE), Manfred Fiebig (ETHZ), Corinna Kol-
lath (UniGE), Christian Rüegg (PSI), Nicola
Spaldin (ETHZ), Philipp Werner (UniFR)
joined the MaNEP Forum as full members and
Carmine Senatore (UniGE) as associate mem-
ber. The principle of establishing an associa-

tion to continue the MaNEP network was ap-
proved.
The MaNEP Internal Workshops took place
in Neuchâtel on January 10, 11, 12 and 19,
2012. The eight MaNEP scientific projects, as
well as the collaborative projects, were dis-
cussed among the main participants of each
project. This resulted in lively and stimulat-
ing discussions during the whole workshops.
These meetings are the basis for the elabora-
tion of the scientific report, which each MaNEP
member had to send in by January 27, 2012.
In order to elaborate the scientific basis for
the new Center for astronomical, physical and
mathematical sciences in Geneva a retreat took
place in les Diablerets from March 31 until
April 2, 2011 with all the professors concerned
with this project. As MaNEP has the lead
in this development the MaNEP management
was directly involved in its organization. An
important issue at this meeting was to discuss
new perspectives as to how MaNEP Geneva
may continue after 2013, and how this initia-
tive may support national networks in the re-
spective field, in particular the MaNEP net-
work.
The fifth MaNEP Winter School 2013 will take
place from January 13 to 19, 2013 in Saas-Fee.
A scientific committee has been set up to orga-
nize the program and MaNEP management is
preparing the administrative and logistic orga-
nization.
The MaNEP Management Committee meets
once a month to discuss and monitor the evolu-
tion of MaNEP’s daily activities: events, meet-
ings, newsletters, accounting, KTT, education,
doctoral school, advancement of women, com-
munications, etc. These meetings are essen-
tial to keep the vast MaNEP organization in-
formed.

Events and meetings co-organized by
MaNEP management

MaNEP and the University of Geneva cele-
brated the 100th anniversary of the discovery
of superconductivity. From April to Septem-
ber 2011, MaNEP management was actively
involved with the University of Geneva and
CERN in all events as well as the organiza-
tion of the SUPRA100 exhibition including the
world première of a work of art by sculptor Eti-
enne Krähenbühl displaying superconducting
levitation.
The Topical meeting on Topological properties of
electronic materials took place on May 6, 2011 at
the University of Geneva. This meeting was
co-organized with MaNEP management and
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ETHZ.
The Review Panel met in Geneva on May 30–
31, 2011. The meeting was organized by the
Swiss National Science Foundation as a collab-
oration between Dr. Stefan Bachmann and the
management team of MaNEP.
The MaNEP advancement of woman sum-
mer internship program and the student ex-
change program awarded 10 new fellowships
last summer. The emphasis is on training and
encouraging students to advance towards a
PhD in physics. MaNEP management oversees
every aspect of this program.

The Swiss Physical Society (SPS) annual
meeting will take place on June 21–22, 2012
in the University of Basel. Every other year
MaNEP is present and this year will organize
a special session with its own invited speak-
ers. There will be a large number of partici-
pants and poster talks.
The Nuit de la Science will take place in Geneva
on July 7–8, 2012. MaNEP management, the
Physics Section and the PhysiScope will join
forces with enthusiasm to develop this great
event and continue to promote physics in
Geneva.

7.2 Experiences, recommendations to the SNSF

MaNEP management’s workload increased
enormously to prepare the home institution re-
porting for the SNSF financial accounting audit
on November 24, 2011 in Geneva. NIRA 2.0 is

an improvement from the previous version but
the system remains globally too slow when ex-
ecuting recordings of its various features.
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8Reactions to the recommendations of the Review Panel

The comments of the Review Panel after the last meeting were overwhelmingly positive and MaNEP
and its members are of course extremely pleased hearing these constructive and encouraging com-
ments. The MaNEP director and all the members of MaNEP would like here to express their appre-
ciation of the thorough and thoughtful advice that has come from the members of the Review Panel
over the soon 12 years of service.

The Review Panel gave advice on one aspect
this time, which is on the procedure of how to
proceed to continue the network. We shall here
explain what we have done.
After the NEXT proposal was turned down by
the SNSF (they clearly did not listen to the ad-
vice of the Review Panel), we did first explore
the proposed approach consisting of sending in
a proposal to SUK/CUS. The problem here was
that for sending in such a proposal, the insti-
tutions participating in MaNEP would have to
commit in writing considerable funds. Within
the limited time available, such an action had
no chance to succeed. However, the approach
we have chosen, i.e. to establish an association,
will allow having a Forum where a proposal
to the Swiss university conference (SUK·CUS)
can be prepared well in time for the next fed-
eral fiscal period 2017 – 2020. Since the new
call for NCCR projects explicitly excludes the

possibility of continuing MaNEP, we have re-
nounced to submit such a proposal. However
several new proposals, not based on MaNEP
but nevertheless implying some of its mem-
bers, have been submitted. Since these propos-
als are indeed different from MaNEP, we do not
describe them in this report.
There is no contradiction between the estab-
lishment of the association and the possibility
of some of these new NCCR to be accepted. If
this situation should materialize, synergies be-
tween the association and the NCCR would be
developed, as common conferences, education
initiatives, etc. This would thus allow to have
focused NCCR projects and, at the same time,
a broad network, which is essential to the field
to be able to pick up changes in the scientific
development.
And we promise to try hard to keep up the
good work!
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9 Lists

9.3 Publications over the last period

The following lists cover the period from April 1st, 2011 to March 31st, 2012:

1. Scientific articles in journals with peer review

2. Scientific articles in journals without peer review

3. Scientific articles in anthologies

4. 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, C. BATTAGLIA, H. CERCELLIER,
P. AEBI, AND H. BECK

Exciton Condensation Driving the Periodic
Lattice Distortion of 1T-TiSe2

Physical Review Letters 106, 106404 (2011).
Group(s): Aebi / Project(s): 7

E. F. SCHWIER, C. MONNEY, N. MARI-
OTTI, Z. VYDROVÀ, M. GARCÍA-FERNÁNDEZ,
C. DIDIOT, G. M. G., AND P. AEBI

Influence of elastic scattering on the measure-
ment of core-level binding energy dispersion in
X-ray photoemission spectroscopy

The European Physical Journal B 81, 399
(2011).

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

C. BATTAGLIA, E. F. SCHWIER, C. MON-
NEY, C. DIDIOT, N. MARIOTTI, K. GAÁL-
NAGY, G. ONIDA, M. GARNIER GUNNAR,
AND P. AEBI

Valence band structure of the Si(331)-(12× 1)
surface reconstruction

Journal of Physics: Condensed Matter 23,
135003 (2011).

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

Group of D. Baeriswyl

D. BAERISWYL
Adiabatic continuity and broken symmetry in
many-electron systems: A variational perspec-
tive

Annalen der Physik (Leipzig) 523, 724 (2011).
Group(s): Baeriswyl / Project(s): 4

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 R. HÄUSERMANN AND B. BATLOGG
Gate bias stress in pentacene field-effect-
transistors: Charge trapping in the dielectric or
semiconductor

Applied Physics Letters 99, 083303 (2011).
Group(s): Batlogg / Project(s): 2

N. D. ZHIGADLO, S. KATRYCH, M. BENDELE,
P. J. W. MOLL, M. TORTELLO, S. WEYENETH,
V. Y. POMJAKUSHIN, J. KANTER, R. PUZNIAK,
Z. BUKOWSKI, H. KELLER, R. S. GONNELLI,
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R. KHASANOV, J. KARPINSKI, AND B. BAT-
LOGG

Interplay of composition, structure, magnetism,
and superconductivity in SmFeAs1−xPxO1−y

Physical Review B 84, 134526 (2011).
Group(s): Batlogg, Karpinski, Keller / Project(s): 4

P. J. W. MOLL, J. KANTER, R. D. MCDON-
ALD, F. BALAKIREV, P. BLAHA, K. SCHWARZ,
Z. BUKOWSKI, N. D. ZHIGADLO, S. KA-
TRYCH, K. MATTENBERGER, J. KARPINSKI,
AND B. BATLOGG

Quantum oscillations of the superconductor
LaRu2P2: Comparable mass enhancement λ ≈
1 in Ru and Fe phosphides

Physical Review B 84, 224507 (2011).
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

Physical Review B 83, 134503 (2011).
Group(s): Batlogg, Karpinski, Keller / Project(s): 4

P. H. TOBASH, F. RONNING, J. D. THOMPSON,
B. L. SCOTT, P. J. W. MOLL, B. BATLOGG, AND
E. D. BAUER

Single crystal study of the heavy-fermion anti-
ferromagnet CePt2In7

Journal of Physics: Condensed Matter 24,
015601 (2012).

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

J. ZHANG, A. BELOUSOV, J. KARPIŃSKI,
B. BATLOGG, G. WICKS, AND R. SOBOLEWSKI

Time-resolved femtosecond optical character-
ization of multi-photon absorption in high-
pressure-grown Al0.86Ga0.14N single crystals

Journal of Applied Physics 110, 113112 (2011).
Group(s): Batlogg, Karpinski / Project(s): 4

Group of Ch. Bernhard

P. D. ROGERS, Y. J. CHOI, E. C. STANDARD,
T. D. KANG, K. H. AHN, A. DUBROKA,
P. MARSIK, C. WANG, C. BERNHARD,
S. PARK, S.-W. CHEONG, M. KOTELYANSKII,
AND A. A. SIRENKO

Adjusted oscillator strength matching for hy-
brid magnetic and electric excitations in
Dy3Fe5O12 garnet

Physical Review B 83, 174407 (2011).
Group(s): Bernhard / Project(s): 1

I A. V. BORIS, Y. MATIKS, E. BENCKISER,
A. FRANO, P. POPOVICH, V. HINKOV,
P. WOCHNER, M. CASTRO-COLIN, E. DE-
TEMPLE, V. K. MALIK, C. BERNHARD,
T. PROKSCHA, A. SUTER, Z. SALMAN,
E. MORENZONI, G. CRISTIANI, H.-U. HABER-
MEIER, AND B. KEIMER

Dimensionality Control of Electronic Phase
Transitions in Nickel-Oxide Superlattices

Science 332, 937 (2011).
Group(s): Bernhard, Morenzoni / 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

F. J. OWENS, L. GLADCZUK, R. SZYMCZAK,
P. DLUZEWSKI, A. WISNIEWSKI, H. SZYM-
CZAK, A. GOLNIK, C. BERNHARD, AND
C. NIEDERMAYER

High temperature magnetic order in zinc sulfide
doped with copper

Journal of the Physics and Chemistry of Solids
72, 648 (2011).

Group(s): Bernhard, Niedermayer / Project(s): 1

I L. SCHULZ, M. WILLIS, L. NUCCIO,
P. SHUSHAROV, S. FRATINI, F. L. PRATT,
W. P. GILLIN, T. KREOUZIS, M. HEENEY,
N. STINGELIN, C. A. STAFFORD, D. J.
BEESLEY, C. BERNHARD, J. E. ANTHONY,
I. MCKENZIE, J. S. LORD, AND A. J. DREW

Importance of intramolecular electron spin re-
laxation in small molecule semiconductors

Physical Review B 84, 085209 (2011).
Group(s): Bernhard / Project(s): 1

B. M. WOJEK, E. MORENZONI, D. G.
ESHCHENKO, A. SUTER, T. PROKSCHA,
H. KELLER, E. KOLLER, Ø. FISCHER, V. K.
MALIK, C. BERNHARD, AND M. DÖBELI

Magnetism, superconductivity, and coupling in
cuprate heterostructures probed by low-energy
muon-spin rotation

Physical Review B 85, 024505 (2012).
Group(s): Bernhard, Fischer, Keller, Morenzoni /

Project(s): 1, 4

136



MaNEPPublications

Group of G. Blatter

I A. J. HOFFMAN, S. J. SRINIVASAN,
S. SCHMIDT, L. SPIETZ, J. AUMENTADO,
H. E. TÜRECI, AND A. A. HOUCK

Dispersive Photon Blockade in a Superconduct-
ing Circuit

Physical Review Letters 107, 053602 (2011).
Group(s): Blatter / Project(s): 8

M. HOHENADLER, M. AICHHORN,
S. SCHMIDT, AND L. POLLET

Dynamical critical exponent of the Jaynes-
Cummings-Hubbard model

Physical Review A 84, 041608(R) (2011).
Group(s): Blatter, Troyer / Project(s): 8

M. HOHENADLER, M. AICHHORN, L. POLLET,
AND S. SCHMIDT

Polariton Mott insulator with trapped ions or
circuit QED

Physical Review A 85, 013810 (2012).
Group(s): Blatter, Troyer / Project(s): 8

Group of M. Büttiker

I J. LI, I. MARTIN, M. BÜTTIKER, AND A. F.
MORPURGO

Marginal topological properties of graphene: a
comparison with topological insulators

Physica Scripta T146, 014021 (2012).
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 21, 1213 (2011).

Group(s): Abplanalp, Decroux / Project(s): 3

Group of L. Degiorgi

I A. DUSZA, A. LUCARELLI, F. PFUNER, J.-H.
CHU, I. R. FISHER, AND L. DEGIORGI

Anisotropic charge dynamics in detwinned
Ba(Fe1−xCox)2As2

Europhysics Letters 93, 37002 (2011).
Group(s): Degiorgi / Project(s): 4

I A. DUSZA, A. LUCARELLI, A. SANNA,
S. MASSIDDA, J.-H. CHU, I. R. FISHER, AND
L. DEGIORGI

Anisotropic in-plane optical conductivity in de-
twinned Ba(Fe1−xCox)2As2

New Journal of Physics 14, 023020 (2012).
Group(s): Degiorgi / Project(s): 4

L. DEGIORGI
Electronic correlations in iron-pnictide super-
conductors and beyond: lessons learned from
optics

New Journal of Physics 13, 023011 (2011).
Group(s): Degiorgi / Project(s): 4

F. PFUNER, S. N. GVASALIYA, O. ZAHARKO,
L. KELLER, J. MESOT, V. POMJAKUSHIN, J.-H.
CHU, I. R. FISHER, AND L. DEGIORGI

Incommensurate magnetic order in TbTe3

Journal of Physics: Condensed Matter 24,
036001 (2012).

Group(s): Degiorgi, Mesot / Project(s): 7

I. R. FISHER, L. DEGIORGI, AND Z. X. SHEN
In-plane electronic anisotropy of underdoped
‘122’ Fe-arsenide superconductors revealed by
measurements of detwinned single crystals

Reports on Progress in Physics 74, 124506
(2011).

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

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 D. GREIF, L. TARRUELL, T. UEHLINGER,
R. JÖRDENS, AND T. ESSLINGER

Probing Nearest-Neighbor Correlations of Ul-
tracold Fermions in an Optical Lattice

Physical Review Letters 106, 145302 (2011).
Group(s): Esslinger / 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

B. M. WOJEK, E. MORENZONI, D. G.
ESHCHENKO, A. SUTER, T. PROKSCHA,
H. KELLER, E. KOLLER, Ø. FISCHER, V. K.
MALIK, C. BERNHARD, AND M. DÖBELI
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Magnetism, superconductivity, and coupling in
cuprate heterostructures probed by low-energy
muon-spin rotation

Physical Review B 85, 024505 (2012).
Group(s): Bernhard, Fischer, Keller, Morenzoni /

Project(s): 1, 4

Group of R. Flükiger and C. Senatore

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)

IEEE Transactions on Applied Superconductiv-
ity 21, 2649 (2011).

Group(s): Flükiger/Senatore / Project(s): 3

C. SCHEUERLEIN, M. DI MICHIEL, G. ARNAU,
R. FLÜKIGER, F. BUTA, I. PONG, L. OBERLI,
AND L. BOTTURA

Coarse Nb3Sn Grain Formation and Phase Evo-
lution During the Reaction of a High Sn Con-
tent Internal Tin Strand

IEEE Transactions on Applied Superconductiv-
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R. FLÜKIGER

Enhanced Connectivity and Percolation in Bi-
nary and Doped In Situ MgB2 Wires After Cold
High Pressure Densification

IEEE Transactions on Applied Superconductiv-
ity 21, 2680 (2011).

Group(s): Flükiger/Senatore / Project(s): 3

B. BORDINI, L. BOTTURA, G. MONDONICO,
L. OBERLI, D. RICHTER, B. SEEBER, C. SEN-
ATORE, E. TAKALA, AND D. VALENTINIS

Extensive Characterization of the 1 mm PIT
Nb3Sn strand for the 13-T FRESCA2 Magnet

IEEE Transactions on Applied Superconductiv-
ity (2012), doi:10.1109/TASC.2011.2178217.

Group(s): Flükiger/Senatore / Project(s): 3
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A. BILUŠIĆ, E. TUTIŠ, A. SMONTARA,
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I 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

Nature Communications 2, 575 (2011).
Group(s): Giannini, Morpurgo / Project(s): 2

J. TEYSSIER, R. VIENNOIS, E. GIANNINI, R. M.
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TRAN, D. STRICKER, J. A. MYDOSH, Y.-K.
HUANG, AND D. VAN DER MAREL

Hybridization gap and anisotropic far-infrared
optical conductivity of URu2Si2

Physical Review B 84, 184420 (2011).
Group(s): van der Marel / Project(s): 5

I I. CRASSEE, J. LEVALLOIS, D. VAN DER
MAREL, A. L. WALTER, T. SEYLLER, AND A. B.
KUZMENKO

Multicomponent magneto-optical conductivity
of multilayer graphene on SiC

Physical Review B 84, 035103 (2011).
Group(s): van der Marel / Project(s): 2

J. F. DITUSA, V. GURITANU, S. GUO, D. P.
YOUNG, P. W. ADAMS, R. G. GOODRICH, J. Y.
CHAN, AND D. VAN DER MAREL

Optical conductivity and superconductivity in
LaSb2

Journal of Physics: Conference Series 273,
012151 (2011).

Group(s): van der Marel / Project(s): 5

J. TEYSSIER, R. VIENNOIS, E. GIANNINI, R. M.
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A. ZHELUDEV, K. PRŠA, H.-R. OTT, AND
J. MESOT

Distribution of NMR Relaxations in a Random
Heisenberg Chain

Physical Review Letters 106, 137202 (2011).
Group(s): Mesot, Ott, Zheludev / Project(s): 6

F. PFUNER, S. N. GVASALIYA, O. ZAHARKO,
L. KELLER, J. MESOT, V. POMJAKUSHIN, J.-H.
CHU, I. R. FISHER, AND L. DEGIORGI

Incommensurate magnetic order in TbTe3

Journal of Physics: Condensed Matter 24,
036001 (2012).

Group(s): Degiorgi, Mesot / Project(s): 7

K.-J. ZHOU, M. RADOVIC, J. SCHLAPPA,
V. STROCOV, R. FRISON, J. MESOT,
L. PATTHEY, AND T. SCHMITT

Localized and delocalized Ti 3d carriers in
LaAlO3/SrTiO3 superlattices revealed by reso-
nant inelastic x-ray scattering

Physical Review B 83, 201402 (2011).
Group(s): Mesot, Staub / Project(s): 6

Group of F. Mila

I F. MICHAUD, F. VERNAY, S. MANMANA, AND
F. MILA

Antiferromagnetic spin-S chains with exactly
dimerized ground states

Physical Review Letters 108, 127202 (2012).
Group(s): Mila / Project(s): 6

I N. LAFLORENCIE AND F. MILA
Condensate-Free Superfluid Induced by the
Frustrated Proximity Effect

Physical Review Letters 107, 037203 (2011).
Group(s): Mila / Project(s): 6

Z. HAO, Y. WAN, I. ROUSOCHATZAKIS,
J. WILDEBOER, A. SEIDEL, F. MILA, AND
O. TCHERNYSHYOV

Destruction of valence-bond order in a S = 1
2

sawtooth chain with a Dzyaloshinskii-Moriya
term

Physical Review B 84, 094452 (2011).
Group(s): Mila / Project(s): 6

M. MOLINER, I. ROUSOCHATZAKIS, AND
F. MILA

Emergence of one-dimensional physics from the
distorted Shastry-Sutherland lattice

Physical Review B 83, 140414 (2011).
Group(s): Mila / Project(s): 6

S. R. MANMANA, A. M. LÄUCHLI, F. H. L.
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MORPURGO

Marginal topological properties of graphene: a
comparison with topological insulators

Physica Scripta T146, 014021 (2012).
Group(s): Büttiker, Morpurgo / Project(s): 2

I N. J. G. COUTO, B. SACÉPÉ, AND A. F. MOR-
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M. SIGRIST, AND T. M. RICE

Microscopic model for the semiconductor-to-
ferromagnetic-metal transition in FeSi1−xGex
Alloys

Europhysics Letters 95, 47007 (2011).
Group(s): Rice, Sigrist / Project(s): 5

Group of N. de Rooij

I P. JANPHUANG, D. ISARAKORN, D. BRIAND,
AND N. F. DE ROOIJ

Energy harvesting from a rotating gear using
an impact type piezoelectric MEMS scavenger

in Proceedings of the 16th International Conference
on Solid-State Sensors, Actuators and Microsys-
tems (TRANSDUCERS’11) (2011), p. 735.

Group(s): de Rooij / Project(s): 3

I A. SAMBRI, D. ISARAKORN, A. TORRES-
PARDO, S. GARIGLIO, J. M. TRISCONE, P. JAN-
PHUANG, D. BRIAND, N. F. DE ROOIJ,
O. STEPHAN, J. W. REINER, AND C. H. AHN

149



MaNEP Lists

Epi-Piezo Pb(ZrO:2TiO:8)O3 thin film on sili-
con for energy harvesting devices

to be published in Smart Materials Research –
Special Issue (2012).

Group(s): de Rooij, Triscone (JM) / Project(s): 3

I D. ISARAKORN, D. BRIAND, A. SAMBRI,
S. GARIGLIO, J.-M. TRISCONE, F. GUY, J. W.
REINER, C. H. AHN, AND N. F. DE ROOIJ

Finite element analysis and experiments on a
silicon membrane actuated by an epitaxial PZT
thin film for localized-mass sensing applications

Sensors and Actuators B: Chemical 153, 54
(2011).

Group(s): de Rooij, Triscone (JM) / Project(s): 3

D. ISARAKORN, D. BRIAND, P. JANPHUANG,
A. SAMBRI, S. GARIGLIO, J.-M. TRISCONE,
F. GUY, J. W. REINER, C. H. AHN, AND N. F.
DE ROOIJ

The realization and performance of vibration en-
ergy harvesting MEMS devices based on an epi-
taxial piezoelectric thin film

Smart Materials and Structures 20, 025015
(2011).

Group(s): de Rooij, Triscone (JM) / Project(s): 3

Group of H. M. Rønnow

S. FALLAHI, M. MAZAHERI, N. NIKSERESHT,
H. M. RØNNOW, AND M. AKHAVAN

Effect of Ca substitution on crystal
structure and superconducting prop-
erties of ferromagnetic superconductor
RuSr2−xCaxGd1.4Ce0.6Cu2O10−δ

Journal of Magnetism and Magnetic Materials
324, 949 (2012).

Group(s): Rønnow / Project(s): 6

A. MAISURADZE, Z. GUGUCHIA, B. GRANELI,
H. M. RØNNOW, H. BERGER, AND H. KELLER

µSR investigation of magnetism and magneto-
electric coupling in Cu2OSeO3

Physical Review B 84, 064433 (2011).
Group(s): Keller, Rønnow / Project(s): 4, 6

G. J. NILSEN, F. C. COOMER, M. A. DE VRIES,
J. R. STEWART, P. P. DEEN, A. HARRISON,
AND H. M. RØNNOW

Pair correlations, short-range order, and disper-
sive excitations in the quasi-kagome quantum
magnet volborthite

Physical Review B 84, 172401 (2011).
Group(s): Rønnow / Project(s): 6

I J. D. THOMPSON, P. A. MCCLARTY, H. M.
RØNNOW, L. P. REGNAULT, A. SORGE, AND
M. J. P. GINGRAS

Rods of Neutron Scattering Intensity in
Yb2Ti2O7 : Compelling Evidence for Signifi-
cant Anisotropic Exchange in a Magnetic Py-
rochlore Oxide

Physical Review Letters 106, 187202 (2011).
Group(s): Rønnow / Project(s): 6

T. FENNELL, J. O. PIATEK, R. A. STEPHENSON,
G. J. NILSEN, AND H. M. RØNNOW

Spangolite: an s = 1/2 maple leaf lattice antifer-
romagnet?

Journal of Physics: Condensed Matter 23,
164201 (2011).

Group(s): Rønnow / Project(s): 6

E. A. GOREMYCHKIN, R. OSBORN, C. H.
WANG, M. D. LUMSDEN, M. A. MCGUIRE,
A. S. SEFAT, B. C. SALES, D. MANDRUS, H. M.
RØNNOW, Y. SU, AND A. D. CHRISTIANSON

Spatial inhomogeneity in RFeAsO1−xFx
(R = Pr, Nd) determined from rare-earth
crystal-field excitations

Physical Review B 83, 212505 (2011).
Group(s): Rønnow / Project(s): 6

I J. SCHLAPPA, K. WOHLFELD, K. J. ZHOU,
M. MOURIGAL, M. W. HAVERKORT, V. N.
STROCOV, L. HOZOI, C. MONNEY, S. NISHI-
MOTO, S. SINGH, A. REVCOLEVSCHI, J.-
S. CAUX, L. PATTHEY, H. M. RØNNOW,
J. VAN DEN BRINK, AND T. SCHMITT

Spin-Orbital Separation in the quasi 1D Mott-
insulator Sr2CuO3

to be published in Nature (2012).
Group(s): Rønnow, Staub / Project(s): 6

S. NANDI, Y. SU, Y. XIAO, S. PRICE, X. F.
WANG, X. H. CHEN, J. HERRERO-MARTÍN,
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S. J. LEAKE, S. A. PAULI, P. R. WILL-
MOTT, M. STENGEL, P. GHOSEZ, AND J.-M.
TRISCONE

Electrostriction at the LaAlO3/SrTiO3 Interface
Physical Review Letters 107, 056102 (2011).

Group(s): Triscone (JM), Willmott / Project(s): 1

I A. SAMBRI, D. ISARAKORN, A. TORRES-
PARDO, S. GARIGLIO, J. M. TRISCONE, P. JAN-
PHUANG, D. BRIAND, N. F. DE ROOIJ,
O. STEPHAN, J. W. REINER, AND C. H. AHN

Epi-Piezo Pb(ZrO:2TiO:8)O3 thin film on sili-
con for energy harvesting devices

to be published in Smart Materials Research –
Special Issue (2012).

Group(s): de Rooij, Triscone (JM) / Project(s): 3

I M. GIBERT, P. ZUBKO, R. SCHERWITZL,
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Group(s): Troyer / Project(s): 5

B. SURER, M. TROYER, P. WERNER, A. M.
LÄUCHLI, T. O. WEHLING, A. WILHELM, AND
A. I. LICHTENSTEIN

Multi-orbital Kondo physics of Co in Cu hosts
Physical Review B 85, 085114 (2011).

Group(s): Troyer / Project(s): 5

R. GANESH, S. V. ISAKOV, AND
A. PARAMEKANTI
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Néel to dimer transition in spin-S antiferro-
magnets: Comparing bond operator theory with
quantum Monte Carlo simulations for bilayer
Heisenberg models

Physical Review B 84, 214412 (2011).
Group(s): Troyer / Project(s): 6

I M. ENDRES, M. CHENEAU, T. FUKUHARA,
C. WEITENBERG, P. SCHAUSS, C. GROSS,
L. MAZZA, M. C. BAÑULS, L. POLLET,
I. BLOCH, AND S. KUHR

Observation of Correlated Particle-Hole Pairs
and String Order in Low-Dimensional Mott In-
sulators

Science 334, 200 (2011).
Group(s): Troyer / Project(s): 8

M. HOHENADLER, M. AICHHORN, L. POLLET,
AND S. SCHMIDT

Polariton Mott insulator with trapped ions or
circuit QED

Physical Review A 85, 013810 (2012).
Group(s): Blatter, Troyer / Project(s): 8

D. POILBLANC, A. W. W. LUDWIG, S. TREBST,
AND M. TROYER

Quantum spin ladders of non-Abelian anyons
Physical Review B 83, 134439 (2011).

Group(s): Troyer / Project(s): 5

I P. CORBOZ, A. M. LÄUCHLI, K. PENC,
M. TROYER, AND F. MILA

Simultaneous Dimerization and SU(4) Symme-
try Breaking of 4-Color Fermions on the Square
Lattice

Physical Review Letters 107, 215301 (2011).
Group(s): Mila, Troyer / Project(s): 6, 8

S. FUCHS, E. GULL, M. TROYER, M. JARRELL,
AND T. PRUSCHKE

Spectral properties of the three-dimensional
Hubbard model

Physical Review B 83, 235113 (2011).
Group(s): Troyer / Project(s): 5, 8

I P. CORBOZ, S. R. WHITE, G. VIDAL, AND
M. TROYER

Stripes in the two-dimensional t− J model with
infinite projected entangled-pair states

Physical Review B 84, 041108 (2011).
Group(s): Troyer / Project(s): 5

I B. BAUER, L. D. CARR, H. G. EVERTZ,
A. FEIGUIN, J. FREIRE, S. FUCHS, L. GAM-
PER, J. GUKELBERGER, E. GULL, S. GUERTLER,
A. HEHN, R. IGARASHI, S. V. ISAKOV,
D. KOOP, P. N. MA, P. MATES, H. MAT-
SUO, O. PARCOLLET, G. PAWLOWSKI, J. D. PI-
CON, 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

Journal of Statistical Mechanics 2011, P05001
(2011).

Group(s): Troyer / Project(s): 5, 6, 8

B. BAUER, P. CORBOZ, A. M. LÄUCHLI,
L. MESSIO, K. PENC, M. TROYER, AND
F. MILA

Three-sublattice order in the SU(3) Heisenberg
model on the square and triangular lattice

Physical Review B 85, 125116 (2012).
Group(s): Mila, Troyer / Project(s): 6

I S. V. ISAKOV, M. B. HASTINGS, AND R. G.
MELKO

Topological entanglement entropy of a Bose-
Hubbard spin liquid

Nature Physics 7, 772 (2011).
Group(s): Troyer / Project(s): 5,6

M. H. FREEDMAN, L. GAMPER, C. GILS, S. V.
ISAKOV, S. TREBST, AND M. TROYER

Topological phases: An expedition off lattice
Annals of Physics (N.Y.) 326, 2108 (2011).

Group(s): Troyer / Project(s): 5

J.-W. HUO, F.-C. ZHANG, W. CHEN,
M. TROYER, AND U. SCHOLLWÖCK

Trapped ultracold bosons in periodically modu-
lated lattices

Physical Review A 84, 043608 (2011).
Group(s): Troyer / Project(s): 8

A. W. W. LUDWIG, D. POILBLANC, S. TREBST,
AND M. TROYER

Two-dimensional quantum liquids from inter-
acting non-Abelian anyons

New Journal of Physics 13, 045014 (2011).
Group(s): Troyer / Project(s): 5

I S. V. ISAKOV, R. G. MELKO, AND M. B. HAST-
INGS

Universal Signatures of Fractionalized Quan-
tum Critical Points

Science 335, 193 (2012).
Group(s): Troyer / Project(s): 5, 6

Group of A. Weidenkaff

D. MOSER, L. KARVONEN, S. POPULOH,
M. TROTTMANN, AND A. WEIDENKAFF

Influence of the oxygen content on thermoelec-
tric propertiesof Ca3−xBixCo4O9+δ system

Solid State Sciences 13, 2160 (2011).
Group(s): Weidenkaff / Project(s): 3
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Group of Ph. Willmott

Z. SALMAN, M. SMADELLA, W. A. MACFAR-
LANE, B. D. PATTERSON, P. R. WILLMOTT,
K. H. CHOW, M. D. HOSSAIN, H. SAADAOUI,
D. WANG, AND R. F. KIEFL

Depth dependence of the structural phase tran-
sition of SrTiO3 studied with β-NMR and graz-
ing incidence x-ray diffraction

Physical Review B 83, 224112 (2011).
Group(s): Morenzoni, Willmott / Project(s): 1

I C. CANCELLIERI, D. FONTAINE, S. GARIGLIO,
N. REYREN, A. D. CAVIGLIA, A. FÊTE,
S. J. LEAKE, S. A. PAULI, P. R. WILL-
MOTT, M. STENGEL, P. GHOSEZ, AND J.-M.
TRISCONE

Electrostriction at the LaAlO3/SrTiO3 Interface
Physical Review Letters 107, 056102 (2011).

Group(s): Triscone (JM), 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

Group of K. Yvon

G. SCHÖLLHAMMER, P. HERZIG, W. WOLF,
P. VAJDA, AND K. YVON

First-principles study of the solid solution of hy-
drogen in lanthanum

Physical Review B 84, 094122 (2011).
Group(s): Yvon / Project(s): 3

Group of A. Zheludev

A. ZHELUDEV AND D. HÜVONEN
Comment on “Transition from Bose glass to a
condensate of triplons in Tl1−xKxCuCl3”

Physical Review B 83, 216401 (2011).
Group(s): Zheludev / Project(s): 6

I. A. ZALIZNYAK, Z. J. XU, J. S. WEN, J. M.
TRANQUADA, G. D. GU, V. SOLOVYOV, V. N.
GLAZKOV, A. I. ZHELUDEV, V. O. GARLEA,
AND M. B. STONE

Continuous magnetic and structural phase
transitions in Fe1+yTe

Physical Review B 85, 085105 (2012).
Group(s): Zheludev / Project(s): 6

I E. WULF, S. MÜHLBAUER, T. YANKOVA, AND
A. ZHELUDEV

Disorder instability of the magnon condensate
in a frustrated spin ladder

Physical Review B 84, 174414 (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

Physical Review Letters 106, 137202 (2011).
Group(s): Mesot, Ott, Zheludev / Project(s): 6

I S. MÜHLBAUER, S. N. GVASALIYA, E. POM-
JAKUSHINA, AND A. ZHELUDEV

Double-k phase of the Dzyaloshinskii-Moriya
helimagnet Ba2CuGe2O7

Physical Review B 84, 180406 (2011).
Group(s): Zheludev / Project(s): 6

V. N. GLAZKOV, T. S. YANKOVA,
J. SICHELSCHMIDT, D. HÜVONEN, AND
A. ZHELUDEV

Electron spin resonance study of anisotropic in-
teractions in a two-dimensional spin-gap mag-
net (C4H12N2)(Cu2Cl6)

Physical Review B 85, 054415 (2012).
Group(s): Zheludev / Project(s): 6

D. SCHMIDIGER, S. MÜHLBAUER, S. N.
GVASALIYA, T. YANKOVA, AND A. ZHELUDEV

Long-lived magnons throughout the Bril-
louin zone of the strong-leg spin ladder
(C7H10N)2CuBr4

Physical Review B 84, 144421 (2011).
Group(s): Zheludev / Project(s): 6

I B. NÁFRÁDI, T. KELLER, H. MANAKA,
A. ZHELUDEV, AND B. KEIMER

Low-Temperature Dynamics of Magnons in a
Spin-1/2 Ladder Compound

Physical Review Letters 106, 177202 (2011).
Group(s): Zheludev / Project(s): 6

A. A. BUSH, V. N. GLAZKOV, M. HAGIWARA,
T. KASHIWAGI, S. KIMURA, K. OMURA, L. A.
PROZOROVA, L. E. SVISTOV, A. M. VASILIEV,
AND A. ZHELUDEV

Magnetic phase diagram of the frustrated S =
1
2 chain magnet LiCu2O2

Physical Review B 85, 054421 (2012).
Group(s): Zheludev / Project(s): 6

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
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B. C. KEITH, F. XIAO, C. P. LANDEE, M. M.
TURNBULL, AND A. ZHELUDEV

Random exchange in the spin ladder
Cu(quinoxaline)X2 (X = Cl, Br)

Polyhedron 30, 3006 (2012).
Group(s): Zheludev / Project(s): 6
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9.3.2 Scientific articles in journals without peer review

Group of C. Bernhard

I D. K. SATAPATHY, M. A. URIBE-LAVERDE,
I. MAROZAU, V. K. MALIK, S. DAS, T. WAG-
NER, C. MARCELOT, J. STAHN, S. BRÜCK,
A. RÜHM, S. MACKE, T. TIETZE, E. GOER-
ING, F. A., J. H. KIM, M. WU, E. BENCKISER,
B. KEIMER, A. DEVISHVILI, B. P. TOPERVERG,
M. MERZ, P. NAGEL, S. SCHUPPLER, AND
C. BERNHARD

Magnetic proximity effect in
YBa2Cu3O7/La1−xCaxMnO3 superlattices

arXiv:1111.5772 (2011).
Group(s): Bernhard / Project(s): 1

I V. K. MALIK, I. MAROZAU, S. DAS,
B. DOGGETT, D. K. SATAPATHY, M. A.
URIBE-LAVERDE, N. BISKUP, M. VARELA,
C. W. SCHNEIDER, C. MARCELOT, J. STAHN,
AND C. BERNHARD

Pulsed laser deposition growth of heteroepitax-
ial YBa2Cu3O7/La0.67Ca0.33MnO3 superlat-
tices on NdGaO3 and Sr0.7La0.3Al0.65Ta0.35O3
substrates

arXiv:1110.4173 (2011).
Group(s): Bernhard / Project(s): 1

Group of G. Blatter

I A. U. THOMANN, V. B. GESHKENBEIN, AND
G. BLATTER

Dynamic Aspects of Strong Pinning
arXiv:1110.4247 (2011).

Group(s): Blatter / Project(s): 5

Group of M. Büttiker

I J. LI, G. FLEURY, AND M. BÜTTIKER

Scattering theory of chiral Majorana fermion
interferometry

arXiv:1202.1018 (2012).
Group(s): Büttiker / Project(s): 2

Group of T. Esslinger

I L. TARRUELL, D. GREIF, T. UEHLINGER,
G. JOTZU, AND T. ESSLINGER

Creating, moving and merging Dirac points
with a Fermi gas in a tunable honeycomb lattice

arXiv:1111.5020 (2011).
Group(s): Esslinger / Project(s): 8

Group of A. Georges

I X. DENG, M. FERRERO, J. MRAVLJE, M. AICH-
HORN, AND A. GEORGES

Hallmark of strong electronic correlations in
LaNiO3: photoemission kink and broadening of
fully occupied bands

arXiv:1107.5920 (2011).
Group(s): Georges / Project(s): 4, 5

I J. MRAVLJE, M. AICHHORN, AND A. GEORGES

Origin of the high Néel temperature in SrTcO3

arXiv:1108.1168 (2011).
Group(s): Georges / Project(s): 4, 5

I G. SEYFARTH, A.-S. RÜETSCHI, K. SENGUPTA,
A. GEORGES, AND D. JACCARD

Heavy Fermion superconductor CeCu2Si2 un-
der high pressure: multiprobing the valence
crossover

arXiv:1111.4873 (2011).
Group(s): Georges, Jaccard / Project(s): 5

Group of T. Giamarchi

I E. AGORITSAS, V. LECOMTE, AND T. GIA-
MARCHI

Disordered elastic systems and one-dimensional
interfaces

Physica B (2012), doi:10.1016/
j.physb.2012.01.017.

Group(s): Giamarchi / Project(s): 1

A. TOKUNO, E. DEMLER, AND T. GIAMARCHI
Doublon production rate in modulated optical
lattices

arXiv:1106.1333 (2011).
Group(s): Giamarchi / Project(s): 8

I S. E. BARNES, J.-P. ECKMANN, T. GIA-
MARCHI, AND V. LECOMTE

Noise and Topology in Driven Systems - and
Application to Interface Dynamics

arxiv:1105.2219 (2011).
Group(s): Giamarchi / Project(s): 1

I D. SCHMIDIGER, P. BOUILLOT,
S. MÜHLBAUER, S. GVASALIYA, C. KOL-
LATH, T. GIAMARCHI, AND A. ZHELUDEV

Spectral and thermodynamic properties of a
strong-leg quantum spin ladder

arXiv:1112.4307 (2011).
Group(s): Giamarchi, Kollath, Zheludev / Project(s): 6
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Group of V. Gritsev

V. GRITSEV AND A. POLKOVNIKOV
Dynamical Quantum Hall Effect in the Param-
eter Space

arXiv:1109.6024 (2012).
Group(s): Gritsev / Project(s): 8

Group of D. Jaccard

I G. SEYFARTH, A.-S. RÜETSCHI, K. SENGUPTA,
A. GEORGES, AND D. JACCARD

Heavy Fermion superconductor CeCu2Si2 un-
der high pressure: multiprobing the valence
crossover

arXiv:1111.4873 (2011).
Group(s): Georges, Jaccard / Project(s): 5

Group of C. Kollath

J.-S. BERNIER, D. POLETTI, P. BARMETTLER,
G. ROUX, AND C. KOLLATH

Slow quench dynamics of Mott-insulating re-
gions in a trapped Bose-gas

arXiv:1111.4214 (2011).
Group(s): Kollath / Project(s): 8

I D. SCHMIDIGER, P. BOUILLOT,
S. MÜHLBAUER, S. GVASALIYA, C. KOL-
LATH, T. GIAMARCHI, AND A. ZHELUDEV

Spectral and thermodynamic properties of a
strong-leg quantum spin ladder

arXiv:1112.4307 (2011).
Group(s): Giamarchi, Kollath, Zheludev / Project(s): 6

Group of D. van der Marel

I J. LEVALLOIS, M. TRAN, AND A. B. KUZ-
MENKO

Decrypting the cyclotron effect in graphite us-
ing Kerr rotation spectroscopy

arXiv:1110.2754 (2011).
Group(s): van der Marel / Project(s): 2

D. VAN DER MAREL

Superconductivity: Beware of the pseudogap
Nature Physics 7, 10 (2011).

Group(s): van der Marel / Project(s): 4

Group of A. Morpurgo

I. MARTIN AND A. F. MORPURGO
Majorana fermions in superconducting helical
magnets

arXiv:1110.5637 (2011).
Group(s): Morpurgo / Project(s): 2

Group of C. Niedermayer

I D. HÜVONEN, S. ZHAO, M. MÅNSSON,
T. YANKOVA, E. RESSOUCHE, C. NIEDER-
MAYER, M. LAVER, S. GVASALIYA, AND
A. ZHELUDEV

Field-induced criticality in a gapped quantum
magnet with bond disorder

arXiv:1201.6143 (2012).
Group(s): Niedermayer, Zheludev / Project(s): 6

Group of T. M. Rice

A. J. A. JAMES, R. M. KONIK, AND T. M. RICE

Magnetic Response in the Underdoped
Cuprates

arXiv:1112.2676 (2011).
Group(s): Rice, Sigrist / Project(s): 4

Group of N. de Rooij

A. V. QUINTERO, D. BRIAND, P. JANPHUANG,
J. J. RUAN, R. LOCKHART, AND N. F. DE ROOIJ

Vibration energy harvesters on plastic foil by
lamination of PZT thick sheets

in to be published in Proceedings of the 25th Inter-
national Conference on Micro Electro Mechanical
Systems (IEEE MEMS 2012) (2012).

Group(s): de Rooij / Project(s): 3

Group of M. Sigrist

Y. YANASE AND M. SIGRIST
Antiferromagnetic Phases in the Fulde-Ferrell-
Larkin-Ovchinnikov State of CeCoIn5

arXiv:1104.2670 (2011).
Group(s): Sigrist / Project(s): 5

S. YOUN, M. H. FISCHER, S. H. RHIM,
M. SIGRIST, AND D. F. AGTERBERG

Hexagonal pnictide SrPtAs: superconductivity
with locally broken inversion symmetry

arXiv:1111.5058 (2011).
Group(s): Sigrist / Project(s): 5

D. MARUYAMA, M. SIGRIST, AND Y. YANASE
Superconductivity without Local Inversion
Symmetry; Multi-layer Systems

arXiv:1110.6000 (2011).
Group(s): Sigrist / Project(s): 5

A. J. A. JAMES, R. M. KONIK, AND T. M. RICE

Magnetic Response in the Underdoped
Cuprates

arXiv:1112.2676 (2011).
Group(s): Rice, Sigrist / Project(s): 4
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Group of J.-M. Triscone

P. GHOSEZ AND J.-M. TRISCONE

Multiferroics: Coupling of three lattice instabil-
ities

Nature Materials 10, 269 (2011).
Group(s): Triscone (JM) / Project(s): 1

M. GABAY AND J.-M. TRISCONE

Superconductors: Terahertz superconducting
switch

Nature Photonics 5, 447 (2011).
Group(s): Triscone (JM) / Project(s): 1

I M. L. REINLE-SCHMITT, C. CANCELLIERI,
D. LI, D. FONTAINE, M. MEDARDE, E. POM-
JAKUSHINA, C. W. SCHNEIDER, S. GARIGLIO,
P. GHOSEZ, J.-M. TRISCONE, AND P. R. WILL-
MOTT

Intrinsic origin of the two-dimensional electron
gas at polar oxide interfaces

arXiv:1112.3532 (2011).
Group(s): Triscone (JM), Willmott / Project(s): 1

Group of M. Troyer

D. POILBLANC, M. TROYER, E. ARDONNE,
AND P. BONDERSON

Fractionalization of itinerant anyons in one di-
mensional chains

arXiv:1112.5950 (2011).
Group(s): Troyer / Project(s): 5

S. V. STRELTSOV, E. GULL, A. O. SHORIKOV,
M. TROYER, V. I. ANISIMOV, AND P. WERNER

Magnetic susceptibility of Ce: an LDA+DMFT
study

arXiv:1106.3470 (2011).
Group(s): Troyer / Project(s): 5

S. PILATI AND M. TROYER
The bosonic superfluid-insulator transition in
continuous space

arXiv:1108.1408 (2011).
Group(s): Troyer / Project(s): 8

Group of A. Weidenkaff

L. KARVONEN, TOMEŠ, AND A. WEIDENKAFF
Thermoelectric Performance of Perovskite-type
Oxide Materials

Material Matters 6, 92 (2011).
Group(s): Weidenkaff / Project(s): 3

Group of Ph. Willmott

I M. L. REINLE-SCHMITT, C. CANCELLIERI,
D. LI, D. FONTAINE, M. MEDARDE, E. POM-
JAKUSHINA, C. W. SCHNEIDER, S. GARIGLIO,
P. GHOSEZ, J.-M. TRISCONE, AND P. R. WILL-
MOTT

Intrinsic origin of the two-dimensional electron
gas at polar oxide interfaces

arXiv:1112.3532 (2011).
Group(s): Triscone (JM), Willmott / Project(s): 1

Group of A. Zheludev

T. YANKOVA, D. HÜVONEN, S. MÜHLBAUER,
D. SCHMIDIGER, E. WULF, S. ZHAO, A. ZHE-
LUDEV, T. HONG, V. O. GARLEA, R. CUSTEL-
CEAN, AND G. EHLERS

Crystals for neutron scattering studies of quan-
tum magnetism

arXiv:1110.6375 (2011).
Group(s): Zheludev / Project(s): 6

I D. SCHMIDIGER, P. BOUILLOT,
S. MÜHLBAUER, S. GVASALIYA, C. KOL-
LATH, T. GIAMARCHI, AND A. ZHELUDEV

Spectral and thermodynamic properties of a
strong-leg quantum spin ladder

arXiv:1112.4307 (2011).
Group(s): Giamarchi, Kollath, Zheludev / Project(s): 6

I D. HÜVONEN, S. ZHAO, M. MÅNSSON,
T. YANKOVA, E. RESSOUCHE, C. NIEDER-
MAYER, M. LAVER, S. GVASALIYA, AND
A. ZHELUDEV

Field-induced criticality in a gapped quantum
magnet with bond disorder

arXiv:1201.6143 (2012).
Group(s): Niedermayer, Zheludev / Project(s): 6
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9.3.3 Scientific articles in anthologies

Group of R. Flükiger and C. Senatore

R. FLÜKIGER AND H. KUMAKURA

The MgB2 conductor story
in 100 Years of Superconductivity, H. ROGALLA
AND P. KES, eds. (Taylor and Francis, London,
2011).

Group(s): Flükiger/Senatore / Project(s): 3

Group of T. Giamarchi

L. BENFATTO, C. CASTELLANI, AND T. GIA-
MARCHI

Beresinskii-Kosterlitz-Thouless transition
within the sine-Gordon approach: the role of
the vortex-core energy

in to be published in Berezinskii-Kosterlitz-
Thouless Transition, J. V. JOSÉ, ed. (World Sci-
entific, 2012), arXiv:1201.2307.

Group(s): Giamarchi / Project(s): 1, 4

Group of J.-M. Triscone

J.-M. TRISCONE AND M. GABAY

Electric Field Effect Tuning of Superconductiv-
ity

in 100 Years of Superconductivity, H. ROGALLA
AND P. KES, eds. (Taylor and Francis, London,
2011).

Group(s): Triscone (JM) / Project(s): 1

C. LICHTENSTEIGER, P. ZUBKO, M. STEN-
GEL, P. AGUADO-PUENTE, J.-M. TRISCONE,
P. GHOSEZ, AND J. JUNQUERA

Ferroelectricity in ultrathin-film capacitors
in Oxide ultrathin films: science and technology,
G. PACCHIONI AND S. VALERI, eds. (Wiley,
2011), chap. 12.

Group(s): Triscone (JM) / Project(s): 1
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9.3.4 Publications involving several groups

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 21, 1213 (2011).

Group(s): Abplanalp, Decroux / Project(s): 3

P. J. W. MOLL, J. KANTER, R. D. MCDON-
ALD, F. BALAKIREV, P. BLAHA, K. SCHWARZ,
Z. BUKOWSKI, N. D. ZHIGADLO, S. KA-
TRYCH, K. MATTENBERGER, J. KARPINSKI,
AND B. BATLOGG

Quantum oscillations of the superconductor
LaRu2P2: Comparable mass enhancement λ ≈
1 in Ru and Fe phosphides

Physical Review B 84, 224507 (2011).
Group(s): Batlogg, Karpinski / Project(s): 4

J. ZHANG, A. BELOUSOV, J. KARPIŃSKI,
B. BATLOGG, G. WICKS, AND R. SOBOLEWSKI

Time-resolved femtosecond optical character-
ization of multi-photon absorption in high-
pressure-grown Al0.86Ga0.14N single crystals

Journal of Applied Physics 110, 113112 (2011).
Group(s): Batlogg, Karpinski / Project(s): 4

N. D. ZHIGADLO, S. KATRYCH, M. BENDELE,
P. J. W. MOLL, M. TORTELLO, S. WEYENETH,
V. Y. POMJAKUSHIN, J. KANTER, R. PUZNIAK,
Z. BUKOWSKI, H. KELLER, R. S. GONNELLI,
R. KHASANOV, J. KARPINSKI, AND B. BAT-
LOGG

Interplay of composition, structure, magnetism,
and superconductivity in SmFeAs1−xPxO1−y

Physical Review B 84, 134526 (2011).
Group(s): Batlogg, Karpinski, Keller / Project(s): 4

S. WEYENETH, P. J. W. MOLL, R. PUZNIAK,
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F. MURÁNYI, S. STRÄSSLE, A. MAISURADZE,
J. KARPINSKI, AND H. KELLER

Strong coupling between Eu2+ spins and
Fe2As2 layers in EuFe1.9Co0.1As2 observed
with NMR

Physical Review B 83, 144516 (2011).
Group(s): Karpinski, Keller / Project(s): 4

A. MAISURADZE, Z. GUGUCHIA, B. GRANELI,
H. M. RØNNOW, H. BERGER, AND H. KELLER

µSR investigation of magnetism and magneto-
electric coupling in Cu2OSeO3

Physical Review B 84, 064433 (2011).
Group(s): Keller, Rønnow / Project(s): 4, 6

I J. S. WHITE, T. HONDA, K. KIMURA,
T. KIMURA, C. NIEDERMAYER, O. ZAHARKO,
A. POOLE, B. ROESSLI, AND M. KENZELMANN

Coupling of magnetic and ferroelectric hystere-
sis by a multicomponent magnetic structure in
Mn2GeO4

Physical Review Letters 108, 077204 (2012).
Group(s): Kenzelmann, Niedermayer / Project(s): 6

R. TOFT-PETERSEN, J. JENSEN, T. B. S.
JENSEN, N. H. ANDERSEN, N. B. CHRIS-
TENSEN, C. NIEDERMAYER, M. KENZEL-
MANN, M. SKOULATOS, M. D. LE, K. LEF-
MANN, S. R. HANSEN, J. LI, J. L. ZARESTKY,
AND D. VAKNIN

High-field magnetic phase transitions and spin
excitations in magnetoelectric LiNiPO4

Physical Review B 84, 054408 (2011).
Group(s): Kenzelmann, Niedermayer / Project(s): 4

I Y. HU, M. BATOR, M. KENZELMANN, T. LIP-
PERT, C. NIEDERMAYER, C. W. SCHNEIDER,
AND A. WOKAUN

Strain and lattice distortion in (1 1 0)-epitaxial
orthorhombic TbMnO3 multiferroic thin films
grown by pulsed laser deposition

Applied Surface Science (2011),
doi:10.1016/j.apsusc.2011.10.082.

Group(s): Kenzelmann, Niedermayer / Project(s): 1

I T. SHIROKA, F. CASOLA, V. GLAZKOV,
A. ZHELUDEV, K. PRŠA, H.-R. OTT, AND
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M. TROYER, AND F. MILA

Simultaneous Dimerization and SU(4) Symme-
try Breaking of 4-Color Fermions on the Square
Lattice

Physical Review Letters 107, 215301 (2011).
Group(s): Mila, Troyer / Project(s): 6, 8

B. BAUER, P. CORBOZ, A. M. LÄUCHLI,
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MaNEP Finance

11.5 Comments on finances

NIRA 2.0 is a highly performing instrument
but continues to impose a heavy workload on
our management team.

Explanations to the reserve

The “reserve” which appears in the NIRA sum-
mary is 4’364’855 CHF. This corresponds on
the one hand to about 1’400’000 CHF of equip-
ment and consumables already paid in year 11
or projected until the end of year 11, but not
yet registered in NIRA. The remaining amount
of about 2’900’000 CHF is to a very large ex-
tent already allocated and represents the bud-
get for year 12. The initial budget for year 12
was planned as very low with the anticipation
that there would be a delay in the expenses
so that a reasonable budget for year 12 would
emerge from the transfers from years 9 – 11.
This is what has happened and corresponds to
the above-mentioned budget.
The main elements of the budget are (this is a
global budget and do not correspond to the ex-
act allocation):

1. For the 41 groups active since the
beginning of Phase III, estimated
transfer of budget years 9 – 11 to
year 12: 1’300’000 CHF
Together with the budget for year 12
this amounts on the average to about
37’000 CHF per group for one year, which
is a low but reasonable amount that the
groups will have no problem in using.

2. Budget allocated to the new mem-
bers from the reserve; 7 new members
(period January 1, 2012 – June 30,
2013): 450’000 CHF

3. Equipment for the professor presently be-
ing appointed: 500’000 CHF
The attraction of a top scientist to MaNEP
Geneva will be a major asset for the con-

tinued activity after the end of the NCCR
MaNEP and justifies the use of MaNEP
funds to that effect.

4. A new SQUID already ordered; contribu-
tion from MaNEP: 150’000 CHF

5. Contribution to the new He-liquefactor for
MaNEP Geneva: 200’000 CHF

The continuation of MaNEP after 2013
will depend critically on the availability
of enough liquid helium. Thus the new
liquefactor is essential for the maintaining
the activities of MaNEP.

6. In agreement with the recommenda-
tions of the Review Panel, we have in-
creased our effort in technology transfer
by allocating for the last year approxi-
mately: 300’000 CHF

Comment to the amounts available
under management

At the beginning of Phase III we set aside rel-
atively large amounts as reserve for education,
KTT and communication, amounts taken from
the solde Phase II. Of these we have not used
the total amount set aside for education since
we did receive 100’000 CHF from EPFL for this
purpose. For KTT our effort will be larger than
anticipated and a transfer from communication
and/or education of 300’000 CHF will be nec-
essary. For communication the amounts fore-
seen was planned to cover the expenses for the
large SUPRA100 event in 2011. As explained
in the report of last year, we were able to at-
tract over 350’000 CHF from private sponsors.
Thus we did not use the total amount trans-
ferred. The remaining funds on management
will be used to cover the expenses as explained
above.

176



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 10) and
displays the changes for year 11.

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)
[J.-M. Triscone, Willmott, Niedermayer]

Study of the electronic properties of conducting ox-
ide interface systems (transport properties)
[Jaccard, J.-M. Triscone, van der Marel]

Structure of LAO/STO interface
[Willmott]

Control of interface mobility at the LAO/STO inter-
face
[J.-M. Triscone, Willmott]

Fabrication of novel 2D electron gases not based on
SrTiO3
[J.-M. 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, J.-M. Triscone]

Multi-probe investigation of the LAO/STO interface
in various pressure media
[Jaccard, J.-M. Triscone]

Aspects of mechanisms
[Sigrist]

Aspects of non-centrosymmetricity
[Sigrist]

Investigate the atomic environment at surfaces and
interfaces close to the surface
[Aebi, J.-M. Triscone]

PES/ARPES of oxide films and oxide interfaces
[Aebi, J.-M. Triscone]

RIXS of interfaces and superlattices
[J.-M. Triscone]

Spectroscopic studies (Raman, optical studies)
[Niedermayer, Bernhard]

Magneto-transmission in the THz range
[van der Marel, J.-M. Triscone]

2. Coupling of instabilities at insulating interfaces

Growth and characterization of oxide interfaces
(PbTiO3/SrTiO3 and novel systems)
[Aebi, Paruch J.-M. Triscone]

Structural studies using SXRD of improper FE lat-
tices
[J.-M. Triscone, Willmott]

XPD measurement of tetragonality in ultra-thin PTO
films as a function of temperature
[Aebi, J.-M. Triscone]

Investigate the atomic environment at surfaces and
interfaces close to the surface
[Aebi, J.-M. Triscone]

Study of the electronic properties of insulating oxide
systems (dielectric, ferroelectric, multiferroic)
[Paruch, J.-M. 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]

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]

Magnetism control by electric fields
[Morenzoni, J.-M. Triscone]

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]

Nanoscale variable temperature studies of ferroelec-
tric domain walls in PbZr0.2Ti0.8O3
[Paruch]
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Milestones (Project 1, continued) Year 9 Year 10 Year 11 Year 12

Variable temperature studies of ferroelectric do-
mains in complex oxide systems
[Paruch, J.-M. Triscone]

Nanoscale variable temperature studies of ferroelec-
tric domain walls in BiFeO3
[Paruch]

Effects of atmosphere and surface chemical modifi-
cation on ferroelectric polarization
[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
[J.-M. Triscone, Morpurgo]

Electrostatically controlled Josephson junctions
[J.-M. Triscone, Morpurgo]

Interplay of superconductivity and confinement in
LaAlO3/SrTiO3 heterostructures
[J.-M. Triscone, Morpurgo]

Nanostructures for the investigation of spin-orbit in-
teraction
[J.-M. Triscone, Morpurgo]

Atomic force microscopy writing of nanostructures
at the LaAlO3/SrTiO3 interface
[Paruch, J.-M. Triscone]

Atomic force microscopy reading (conducting
AFM and capacitive) of nanostructures at the
LaAlO3/SrTiO3 interface
[Paruch, J.-M. 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, J.-M. Triscone]

Low temperature invesigations of AFM written
nanostructures at the LaAlO3/SrTiO3 interface
[Paruch, J.-M. 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, J.-M. 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]

Fonctionalized carbon nanotubes AFM tips for
multiferroic studies
[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]
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Milestones (Project 2, continued) Year 9 Year 10 Year 11 Year 12

Topological properties of gapped bilayer graphene
[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]

Luttinger liquids with an external bath
[Giamarchi]

4. Topolgical properties of electronic materials

Study of surface states in devices of 3D topological
insulators
[Morpurgo, Giannini]

Surface states charge dynamics of topological insu-
lators
[van der Marel]

Edge states in chiral p-wave superconductors
[Sigrist]

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/Senatore]

Development of long lengths of MgB2 wires
[Flükiger/Senatore]

Investigation of relaxation in inhomogenous YBCO
[Flükiger/Senatore]

Study of contact resistance between coated conduc-
tors and other superconductors
[Flükiger/Senatore, Bruker]
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Milestones (Project 3, continued) Year 9 Year 10 Year 11 Year 12

Development and calibration of an experimental
setup for the measurement of thermal conductivity
of coated conductors
[Decroux]

Thermal conductance of interfaces in coated conduc-
tors
[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 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 Heusler compounds and synthesis of per-
forming polycrystalline thermoelectric materials of a
new generation
[Weidenkaff ]

Modeling of energy conversion based on data from
the material specification
[Weidenkaff ]
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Milestones (Project 3, continued) Year 9 Year 10 Year 11 Year 12

Synthesis of single crystalline materials
[Weidenkaff]

Evaluation of candidate materials and decision
about which to use for the p and n type legs of a
ceramic and Heusler 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]

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]
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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]

Technology transfer to industrial partners
[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 Bi-based nanooxides 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.
targeted modification of Mo-oxides sensors
[Patzke, Phasis, Fischer/Cors]

Fabrication of portable gas-sensors based on oxidic
nanomaterials for CTI 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]

Proposal for a CTI project
[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 pseudogap?

ARPES studies of SC and pseudogaps in
(La,Nd)2−xSrxCuO4
[Mesot]

Muon spectroscopy and influence of isotope substi-
tution on the gap in cuprate high-Tc
[Keller]

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]
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Milestones (Project 4, continued) Year 9 Year 10 Year 11 Year 12

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?

The interplay between superconductivity and mag-
netism
[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]

ARPES studies of pnictides
[Mesot]

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]

Muon spectroscopy of the multiple-gap behavior in
pnictide superconductors
[Morenzoni, Keller]

Optical investigations of pnictides
[van der Marel]
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Milestones (Project 4, continued) Year 9 Year 10 Year 11 Year 12

Study of the coexistence and competition of
antiferromagnetism and superconductivity in
Ba(Fe1−xCox)2As2
[Niedermayer]

Pressure effect studies of iron-based superconduc-
tors
[Keller, Morenzoni]

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

Cuprates with reduced lattice parameter
[Jaccard]

investigations on the 122 FeAs compounds
[Degiorgi]

Interaction of localized f electrons with supercon-
ductivity
[Morenzoni]

Pressure effect studies of cuprate superconductors
[Keller, 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]

Superconductivity and antiferromagnetism
[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 com-
plex 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 Bi2Se3 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
[Gritsev]

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, Rüegg]

NMR/NQR on low-dimensional systems
[Mesot, Ott]

Theoretical
[Giamarchi, Troyer, Mila, Kollath]

Quenched disorder
[Zheludev, Ott, Rüegg]

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, Rüegg]

Frustration effects in Han Purple
[Mila, Rønnow, Rüegg]

3. Spin-liquids

Quadrupolar order in NiGaS4
[Mila]
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Milestones (Project 6, continued) Year 9 Year 10 Year 11 Year 12

Kagome spin-1/2 theory
[Mila]

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]

Microscopic studies of magneto-electric materials
[Forró, Keller]

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]

STM on copper intercalated TiSe2
[Renner]
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Milestones (Project 7, continued) Year 9 Year 10 Year 11 Year 12

High pressure study of TiSe2 and related compounds
[Forró]

High pressure study of Co1/3NbS2
[Forró, Rønnow]

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, Grioni]

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]
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Milestones (Project 8, continued) Year 9 Year 10 Year 11 Year 12

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]

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, Kollath]

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, Kollath]

Multi-flavor cold atoms in optical lattices
[Mila]

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]
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Milestones (Project 8, continued) Year 9 Year 10 Year 11 Year 12

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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