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1Executive summary

MaNEP was established in 2001 and entered into its third 4-year phase on July 1, 2009. The structure
for this phase was completely changed and 8 new collaborative projects established. We also added
a large number of new full members to the MaNEP Forum, whereas some earlier members either
left MaNEP or continue as associated members. This report covers formally the period from July 1,
2009 until March 31, 2010. However, for the members who continue from Phase II, results obtained
between April 1, 2009 and June 30, 2009 are also included. Below we summarize the most important
results obtained in this first period of Phase III.

Research

Project 1. This project addresses novel prop-
erties arising at interfaces and in superlattices.
The LaAlO3/SrTiO3 interface is a model sys-
tem because of the superconductivity discov-
ered earlier by MaNEP researchers. We have
continued to probe this interface with several
techniques resulting in a number of striking
observations. Superconductivity, magnetism
and ferroelectricity have been investigated in
oxide multilayers and charge transfer inter-
faces have been studied in organic compounds.

Project 2. Here we use oxide materials and
carbon based systems, such as graphene and
organic semiconductors, for the realization of
new nano-electronic devices. In this first pe-
riod, significant progress has been made on
nanoscale patterning of LaAlO3/SrTiO3 het-
erostructures and in integrating carbon nan-
otubes and ferroelectric materials. Research on
graphene has resulted in several remarkable re-
sults.

Project 3. This project focuses on applied
projects in collaboration with industry. In the
field of superconductivity we have achieved
record high values of critical currents in MgB2
wires. In the domain of MEMS and energy har-
vesting, we have produced epitaxial ferroelec-
tric layers on Si-membranes for novel trans-
ducers. An important step in the development
of neutron supermirrors has been achieved.
First investigations of intermetallic hydrides
for hydrogen detectors have been carried out
and giant piezoresistance devices have been in-
vestigated. A new surface treatment device for
marking technology has been developed.

Project 4. Although the so-called classical
low-temperature superconductors are well un-
derstood, since the discovery of the high-
temperature superconductors 24 years ago, the
field of superconductivity is confronted with a
huge challenge: how to understand the cuprate
superconductors and other superconducting
compounds like the pnictides. This project
aims at exploring the striking properties of
these novel superconductors. During the first
period of Phase III a number of important re-
sults are reported.

Project 5. Whereas Project 4 focuses on the
most striking classes of high-temperature su-
perconductors, Project 5 studies numerous
compounds with non-conventional supercon-
ductivity and other unusual electronic phases.
Among these are heavy fermion compounds
and non-centro-symmetric crystals. We have
started to explore this very rich field resulting
in a harvest of exceptional results.

Project 6. The aim of this project is to apply
a variety of complementary techniques to ad-
dress some of the most intriguing problems in
the modern field of quantum magnetism. The
focus this year was on specific structural fea-
tures: low-dimensionality geometric frustra-
tion, quenched disorder and magneto-electric
coupling. What we discovered is the emer-
gence of several qualitatively new and previ-
ously inaccessible quantum magnetic phases.

Project 7. This project aims at studying
the various electronic instabilities in low-
dimensional materials and their competition in
stabilizing the ground state of the system. A
highlight among many striking results is the
finding of a fingerprint of an excitonic conden-
sate in 1T-TiSe2 and the stabilization of super-
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MaNEP Executive summary

conductivity by pressure in the region of the
phase diagram where the excitonic order pa-
rameters show strong fluctuations.

Project 8. Here MaNEP introduces a project
where issues common to cold atomic gases and
condensed matter physics are studied. Dur-
ing this first year, progress has been made in
several directions, especially in using the cold
atoms as quantum simulators for fermionic
and bosonic systems. As an example, we can
mention that for fermions an excellent agree-
ment has been obtained between theory and
experiment on measurements of the double oc-
cupation, allowing for a very precise determi-
nation of the temperature and entropy in the
fermionic Hubbard model.

Knowledge and technology transfer

In Phase III, Project 3 represents a close col-
laboration with six different industrial compa-
nies. We have furthermore formalized collabo-
ration with three other companies. This reflects
a strong increase in our technology transfer ef-
forts. Last year, MaNEP proposed to establish a
new collaboration, the Geneva Creativity Cen-
ter (GCC), between MaNEP and the Physics
section of the University of Geneva, the engi-
neering school, Hepia, a part of HES-SO, and
the industry in Geneva. This idea is now in the
phase of implementation and GCC shall prob-
ably start its activity in the fall of 2010, adding
a new stimulus for technology transfer in the
Lake Geneva region.

Education, training and advancement of women

The MaNEP doctoral school in Geneva entered
now its second year and has become a new
approach to the doctoral studies in MaNEP.
This year MaNEP started collaboration with
the 3ème Cycle de la Physique en Suisse Romande.
As a result MaNEP has participated in the
establishment of the new doctoral program
for physics of the CUSO. With this program
MaNEP doctoral courses will become available
to all physics students in the 3ème Cycle and con-
versely our students will benefit from a larger
choice of courses.
The PhysiScope has continued its successful
story this year. Highlights were the participa-
tion in the 450 year anniversary of the Univer-
sity of Geneva.
MaNEP continues to offer to female students
summer internships. These internships are
highly appreciated by those who choose to take
advantage of them.

Communication

During this year we have continued to par-
ticipate to a number of outreach activities.
This was especially the case in relation with
the 450 year anniversary of UniGE. We are
also actively working with artists and the use
of superconductivity in the field of art. We
collaborate with the Swiss sculptor Etienne
Krähenbühl to propose and create an artwork
based on superconductivity. On the other hand
the artistic company Exos is elaborating perfor-
mances featuring superconducting levitation.
We are working on this towards the 100 year
superconductivity anniversary in 2011.
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2Research

2.1 Structure of the NCCR and status of integration

2.1.1 Structure of the NCCR

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

Academic institutions members of MaNEP

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

• University of Fribourg (UniFR)
• University of Berne (UniBE)
• University of Zurich (UniZH)
• Federal Institute of Technology, Lausanne

(EPFL)
• Federal Institute of Technology, Zurich

(ETHZ)
• Paul Scherrer Institute (PSI)
• Materials Science and Technology Re-

search Institute (Empa)
• Haute école de paysage, d’ingénierie et

d’architecture, Genève (Hepia)

Industrial Partners

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

Marin
• Bruker BioSpin, Fällanden
• Nirva Industries, Genève
• 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, PSI and ETHZ

MaNEP Forum

Full members:

• Markus Abplanalp, ABB
• Philipp Aebi, UniFR
• Dionys Baeriswyl, UniFR
• Bertram Batlogg, ETHZ
• Christian Bernhard, UniFR
• Gianni Blatter, ETHZ
• Markus Büttiker, UniGE
• Michel Decroux, UniGE
• Leonardo Degiorgi, ETHZ
• Daniel Eckert, Bruker BioSpin
• Tilman Esslinger, ETHZ
• Øystein Fischer, UniGE
• René Flükiger, UniGE
• László Forró, EPFL
• Thierry Giamarchi, UniGE
• Enrico Giannini, UniGE
• Marco Grioni, EPFL
• Didier Jaccard, UniGE
• Janusz Karpinski, ETHZ
• Hugo Keller, UniZH
• Michel Kenzelmann, PSI
• Dirk van der Marel, UniGE
• Joël Mesot, PSI and ETHZ
• Frédéric Mila, EPFL
• Elvezio Morenzoni, PSI
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MaNEP Research

• Alberto Morpurgo, UniGE
• Christof Niedermayer, PSI
• Hans-Rudolf Ott, ETHZ
• Patrycja Paruch, UniGE
• Greta Patzke, UniZH
• Christoph Renner, UniGE
• T. Maurice Rice, ETHZ
• Nico de Rooij, EPFL
• Henrik M. Rønnow, EPFL
• Manfred Sigrist, ETHZ
• Urs Staub, PSI
• Gilles Triscone, Hepia
• Jean-Marc Triscone, UniGE
• Matthias Troyer, ETHZ
• Anke Weidenkaff, Empa and UniBE
• Philip Willmott, PSI
• Klaus Yvon, UniGE
• Andrey Zheludev, PSI and ETHZ

Associate members:

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

Advisory Board

• Dave Blank, University of Twente, Nether-
lands
• Robert J. Cava, Princeton University, USA
• Antoine Georges, Ecole Normale

Supérieure, France
• Denis Jérôme, University Paris Sud, Orsay,

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

Columbia, Canada

Management (UniGE)

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

and, ad interim, knowledge and technol-
ogy transfer

• Pascal Cugny, accountant
• Michel Decroux, scientific manager, ed-

ucation and training, advancement of
women

• Lidia Favre-Quattropani, scientific man-
ager

• Elizabeth Gueniat, management secretary
• Ivan Maggio-Aprile, computer and inter-

net resources
• Greg Manfrini, technical organization

Collaborative projects

1. Novel phenomena at interfaces and in
superlattices

Project leader:

• J.-M. Triscone (UniGE)

Members:

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

six participating industries

4. Electronic properties of oxide superconductors
and related materials

Project leader:

• D. van der Marel (UniGE)

Members:

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

5. Novel electronic phases in strongly correlated
electron systems

Project leader:

• M. Sigrist (ETHZ)

Members:

• D. Baeriswyl (UniFR)

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

6. Magnetism and competing interactions in bulk
materials

Project leaders:

• F. Mila (EPFL)
• A. Zheludev (PSI and ETHZ)

Members:

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

7. Electronic materials with reduced
dimensionality

Project leader:

• L. Forró (EPFL)

Members:

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

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

Project leader:

• T. Giamarchi (UniGE)

Members:

• G. Blatter (ETHZ)
• T. Esslinger (ETHZ)
• T. Giamarchi (UniGE)
• V. Gritsev (UniFR)
• M. Troyer (ETHZ)
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MaNEP Research

2.1.2 Status of integration

The passage from Phase I to Phase II was
marked by a passage from individual projects
to collaborative projects. When passing from
Phase II to Phase III we have adjusted the col-
laborative projects to make them more focused
and balanced. This resulted in 8 new collabo-
rative projects. Between January 26 and Jan-
uary 29, 2010 we had the first MaNEP Inter-
nal Workshops in Phase III, during which each
of the 8 projects were discussed among the
group leaders (members of the Forum). This
is the opportunity to mutually inform about
the progress in each group participating in a
project and to adjust research goals according
to the latest results from our research. Thus this
event is each year improving contacts and syn-
ergies between groups. The milestones are sys-
tematically discussed at these meetings as well
and this is a very useful tool to boost integra-
tion.
As announced we have opened up for new col-
laborations to financially further stimulate the
interactions between groups. A call was sent
out in October 2009. Many groups took this op-
portunity to reinforce their collaborations with
groups in other institutions. The proposals
were discussed in the meeting of the scientific
committee on December 15, 2009 and it was de-
cided to give financial support to 8 new collab-
orations.

1. MaNEP collaborative project on ther-
moelectric [Ca2CoO3]RSCoO2 (P. Aebi
(UniFR), J. Hulliger (UniBE), A. Wei-
denkaff (Empa and UniBE)).

2. Low energy excitations of pressure tuned
correlated matter (L. Forró (EPFL), D. van
der Marel (UniGE)).

3. Synthesis and investigations of single-
crystals and polycrystalline samples of
FeAs based superconductors (B. Batlogg
(ETHZ), Ø. Fischer (UniGE), J. Karpinski
(ETHZ), H. Keller (UniZH)).

4. Numerical simulations of frustrated corre-
lated systems (F. Mila (EPFL), M. Troyer
(ETHZ)).

5. Topological properties of electronic states
of matter (D. van der Marel (UniGE),
A. Morpurgo (UniGE), M. Sigrist (ETHZ)).

6. Excitations of the orbital and spin degree
of freedom in quasi-one-dimensional
cuprates and multiferroic materials
(F. Nolting (PSI), H. M. Rønnow (EPFL),
U. Staub (PSI)).

7. High pressure phases in pure and doped
quantum antiferromagnets (M. Kenzel-
mann (PSI), H. M. Rønnow (EPFL)).

8. One-dimensional quantum magnets with
bond randomness: µSR and neutron scat-
tering (B. Batlogg (ETHZ), E. Morenzoni
(PSI), A. Zheludev (PSI and ETHZ)).

A significant indication of the importance of
the integration within the MaNEP network is
the fact that a large number of new mem-
bers wanted strongly to join the network in
Phase III. This was the case in spite of the
fact that the amount of yearly grant per group
amounts on the average only to about half a
doctoral student. Thus the membership counts
clearly much more than the financial support.
This sign of integration is also seen in the
strong participation to the MaNEP meetings.
The SWM meeting at les Diablerets gathers ev-
ery second year 200 MaNEP researchers and
the MaNEP participation to the Swiss Physical
Society continues to attract the largest group at
that meeting. About 130 participants are so far
registered for the upcoming meeting in Basel
on June 21 – 22, 2010.
During the last year, we have continued to
work on the integration and stabilization of
MaNEP Geneva into the Geneva University.
A brainstorming event took place on March
7, 2010 between some members of MaNEP in
Geneva and other senior scientists from other
parts of physics at the University, in order
to discuss how to structure future research in
Geneva. This was one important step among
many which will take place over the next year
to ensure the integration of MaNEP Geneva in
the official university structure.
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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 2009 to March 31st 2010.

Project 1 Novel phenomena at interfaces and in superlattices

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

Participating members: Ph. Aebi (UniFR), C. Bernhard (UniFR), D. Jaccard (UniGE), E. Morenzoni
(PSI), A. Morpurgo (UniGE), P. Paruch (UniGE), J.-M. Triscone (UniGE), Ph. Willmott (PSI)

Introduction: Interfaces are not simply the place where two distinct materials meet, with each of
them retaining their own distinct and bulklike properties. There are abrupt changes in both chemical
and electrostatic potentials, which can lead to an amazing variety of new physical properties and
phenomena including, for instance, novel spin, charge, or orbital orders and possible new phases. It
is the aim of this project to study existing exciting interface systems and try discovering new proper-
ties.

Summary and highlights

We list here very briefly some of the achieve-
ments obtained last year which are more de-
tailed below in the present report.

• Using the technique of infrared ellip-
sometry we determined the depth profile
of the carrier concentration of the elec-
trons that are confined to the interface of
LaAlO3/SrTiO3 heterostructures.

• Still at the LaAlO3/SrTiO3 interface, we
have shown that a large, tunable, spin-
orbit coupling takes place which correlates
the system phase diagram.

• A multiprobe experiment has been de-
signed to explore electric and thermoelec-
tric properties of the LaAlO3/SrTiO3 inter-
face at ambient and high pressures. This
study revealed a very large Nernst coeffi-
cient in the superconducting region and a
strong pressure dependence of the super-
conducting critical temperature Tc.

• With neutron reflectometry we observed
an interesting superconductivity-induced
modification of the ferromagnetic order in
multilayers consisting of cuprate high-Tc
superconductors and ferromagnetic man-
ganites.

• Using low-energy-µSR, we have investi-
gated the magnetic structure of La2CuO4/
La1.56Sr0.44CuO4 superlattices and shown
that the insulating part of the structure (12

CuO2 layers thick) is partially antiferro-
magnetic.

• In artificially layered ferroelectrics, such
as PbTiO3/SrTiO3 superlattices, we have
discovered a periodic ferroelectric domain
structure and we show that this system
might be ideal for studying the dynamics
of ferroelectric nano-domains in ultrathin
films under uniform applied fields.

• We have used photoemission to character-
ize thin oxide films of the nickelate fam-
ily. For a 100 Å thick NdNiO3 film, pho-
toelectron diffraction patterns have been
recorded to study the crystallographic ar-
rangement. Both, the resistivity of the film
and the valence band spectral weight have
also been measured.

• We have realized charge-transfer inter-
faces using TTF, TMTSF, and BEDT-TTF
as electron donors, and TCNQ as accep-
tors. Whereas TTF/TCNQ interfaces are
metallic, with a transferred charge es-
timated to be in the order of 0.5 car-
rier/molecule, TMTSF/TCNQ and BEDT-
TTF/TCNQ behave as small gap semicon-
ductors.

• We used surface X-ray diffraction to study
the detailed structures of ultrathin het-
eroepitaxial perovskite-like thin films, in-
cluding the interface to the substrate
and surface relaxations and/or recon-
structions, and therefore provide invalu-
able information about the possible physi-

9



MaNEP Research 2

FIG. 1: (a) Spectra of ε1 (10 K) and ε2 (200 K) for LS-5 (green lines) and bare SrTiO3 (blue lines). Insets: Magnification of
the differences. Corresponding spectra of ∆ε1,2 = ε1,2 − ε1,2(STO) for LS-5 (b), LS-3 (c), LS-50 (d), and LS-50-ov (e) showing
the Drude response. Top panels show the T -dependence of ∆ε1. Middle and bottom panels show ∆ε1 and ∆ε2 as obtained
from experiment (symbols) and model calculations (lines), respectively.

thickness, d, that is much smaller than the penetration
depth of the IR light, pIR ≈ 1µm; for details see Ref. [18].
Figures 1(c) and (d) show the data on LS-3 and LS-50
which confirm that we are probing the Drude response
of interfacial charge carriers. For LS-3 there is no clear
indication of an inductive decrease of ∆ε1, while for LS-
50 the magnitude of the inductive response is similar as
in LS-5. These trends agree with a previous report that
the conducting layer develops only above a LAO thick-
ness of 4 unit cells [3]. Finally, Fig. 1(e) shows our data
for LS-50-ov where even the bulk of the STO substrate
is known to be conducting [7]. Accordingly, its inductive
response is significantly stronger than in LS-50 and LS-5
(note the enlarged vertical scale).

The results of a quantitative analysis and the com-
parison with the transport (TR) data are detailed in
Fig. 2. The Drude response is well approximated by
the volumetric average of ε of the individual layers since
λIR " pIR " d, where λIR is the wave length. The
strength of the Drude response is thus proportional to
dω2

pl = N IR
s e2/ε0m

∗, where ωpl, m∗, e, and ε0 are the
plasma frequency, effective carrier mass, electric charge
and dielectric constant, respectively. N IR

s is the sheet
carrier concentration probed upon reflection of the IR
radiation. Furthermore, we obtain the scattering rate,
γ, or the electron mobility, µIR = e/(m∗2πcγ). In addi-
tion, m∗ can be deduced under the condition that the IR
and transport measurements are probing the same lat-
erally homogeneous electron system and thus yield the
same values for N IR

s and NTR
s , respectively. Figures 2(a)

and (b) show Ns and µ of LS-5 obtained by transport
(open squares) and calculated from IR data (solid cir-
cles) with m∗ = 3.2± 0.4me. The latter was obtained by

matching N IR
s = NTR

s for T ≥ 100 K and is used in our
further analysis. Notably, the value of m∗ is similar to
the one of bulk SrTi1−xNbxO3 [19] where the electrons
reveal polaronic correlations. In the latter m∗ gradu-
ally decreases at low T . The increase of N IR

s at 10 K
thus may be the signature of a corresponding decrease
of m∗. The sudden decrease of NTR

s below 100 K likely
has a different origin, possibly due to a weak localization
which affects the dc response but hardly the IR one. The
reason might be a tilting of the STO substrate below a
structural transition which has been observed on another
oxide heterostructure [20].

In comparing the different samples, we find that LS-5
and LS-50 (see also Fig. 2) have similar values of N IR

s ≈
9×1013 cm−2 at 10 K. This is despite a tenfold difference
in the LAO layer thickness and the fact that the samples
were grown in different conditions and growth chambers.
A significantly enhanced Drude response is only observed
in LS-50-ov where it is well established that additional
charge carriers caused by oxygen vacancies are present
in the bulk of the STO substrate [4, 7]. In agreement
with this conjecture, we find that the value of NTR

s =
1 × 1016 cm−2 is significantly higher than N IR

s = 4 ×
1014 cm−2 since the latter is limited by the probe depth
of the IR light of pIR ≈ 1µm. The difference in probe
depth can also explain the discrepancy between the low-
T values of µIR ≈ 20 cm2/Vs and µTR ≈ 104 cm2/Vs
of LS-50-ov [4] if the carriers near the interface are more
strongly scattered on defects than the ones in the bulk.

Next we present the analysis of a Berreman mode [21]
which provides insight into the vertical concentration
profile of the mobile carriers [22, 23]. Berreman modes
arise from a dynamical charge accumulation at interfaces

Figure 1: (a) Spectra of ε1 at 10 K and ε2 at 200 K for a sample with five unit cells of LaAlO3 on SrTiO3 (LS-5,
green lines) and bare SrTiO3 (blue lines). Inset: magnification of the differences. The corresponding spectra of
∆ε1,2 = ε1,2 − ε1,2(STO) are shown in (b)–(d) for the samples with 5, 3, and 50 unit cells of LaAlO3, respectively.
In agreement with the transport data, a clear Drude response occurs for LS-5 (b) but not for LS-3 (c). Top panels
show the T-dependence of ε1, middle and bottom panels show ε1 and ε2 as obtained from the experiment
(symbols) and model calculations (lines), respectively.

cal mechanisms at play in these systems.
• We have used piezoresponse force mi-

croscopy and related techniques to probe
new functionalities at ferroelectric domain
walls, and their behavior as elastic inter-
faces in disordered media. We have ob-
served a lateral shear at 180◦ domain walls
in epitaxial Pb(Zr0.2Ti0.8)O3 thin films,

forbidden by tetragonal symmetry in a
uniformly polarized region, but possible
specifically at the position of the domain
walls. We have also investigated the
switching dynamics in BiFeO3 films under
electric field applied by an atomic force
microscopy tip.

1 Conducting interfaces (C. Bernhard, J.-M. Triscone, D. Jaccard)

Since its discovery in 2004, the conducting in-
terface between LaAlO3 and SrTiO3 has gener-
ated a lot of interest and has been the subject of
intense investigation [27]. More generally, the
physics of oxide interfaces has become a very
active field of research. We summarize below
our investigations on the LaAlO3/SrTiO3 and
the LaAlO3/LaTiO3 systems.

1.1 Charge transfer at oxide interfaces (C. Bern-
hard)

a) Infrared ellipsometry on LaAlO3/SrTiO3 het-
erostructures We have performed infrared
ellipsometry and transport measurements on
LaAlO3/SrTiO3 heterostructures to investigate
the electrons at the interface which are sup-
posed to arise from a charge transfer between
these two band-insulators. With the optical

technique we were able to directly observe the
Drude-like response of the confined charge car-
riers (Fig. 1) and from the comparison with
the Hall-effect data (taken on the same sam-
ple) we obtained a sheet carrier concentration
of Ns ≈ 5− 9 · 1013 cm−2, an effective mass of
m∗ = 3.2(±0.4)me, and a strongly frequency
dependent mobility.
The latter are similar to bulk SrTi1−xNbxO3
and therefore suggestive of polaronic corre-
lations. From the analysis of a so-called
Berreman-mode (Fig. 2), which in parts arises
from the plasma-oscillation of the electron gas
in the vicinity of the interface, we were also
able to determine the vertical concentration
profile which has a strongly asymmetric shape
with a rapid initial decay over the first 2 nm
and a pronounced tail that extends to about
11 nm [1].
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FIG. 3: (a) Difference spectra of the ellipsometric angle, ∆Ψ = Ψ(LS-5)−Ψ(STO), showing the Berreman mode in the vicinity
of the highest LO phonon of STO. (b) Simulations of ∆Ψ with a block-like concentration profile of the conducting layer. Shown
from top to bottom (shifted for clarity) are the changes with respect to the black line (d = 11 nm, n = 5 × 1013 cm−3, µ =
33 cm2/Vs) upon variation of n (green, 2.2 × 1013 cm−3, red 13 × 1013 cm−3), of µ (green 10 cm2/Vs, red 80 cm2/Vs), and
d (green 6 nm, red 17 nm). (c) Comparison between the data of LS-5 at 10 K (open circles) and calculations assuming a
rectangular (green line) and a graded profile (red lines) of the conducting layer. The corresponding data for LS-3 are shown as
blue line. (d) Depth profile of n as obtained from the fit (red line) in (c). Error bars represent one standard deviation.

tail which contains most of the weight. In this context
we emphasize the significance of our optical data which
provide a truly macroscopic (in the lateral direction) and
fairly direct probe of the concentration profile.

Finally, we comment on the marked difference between
µIR = 34 cm2/Vs as derived from the Berreman mode
at 900 cm−1 and the corresponding µIR = 700 cm2/Vs
from the Drude response at low frequency. Notably, a
similar frequency dependence of the mobility, or a strong
inelastic contribution to the scattering rate, was observed
in bulk SrTi1−xNbxO3 [19] and explained in terms of
polaronic correlations.

In summary, with IR ellipsometry and transport mea-
surements we determined the sheet carrier concentra-
tion of Ns ≈ 5 − 9 × 1013 cm−2 of the electrons at the
LAO/STO interface and showed that the additional elec-
trons expected within the electronic reconstruction sce-
nario must be strongly bound with Eb ≥ 0.1 eV. We
deduced an effective mass of m∗ = 3.2 ± 0.4me and a
strongly frequency dependent mobility which are similar
as in bulk SrTi1−xNbxO3 and thus suggestive of pola-
ronic correlations of the confined electrons. We also de-
termined the vertical profile of the carrier concentration
which is strongly asymmetric with an initial fast decay
over 2 nm followed by a pronounced tail that extends to
about 11 nm.
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Figure 2: (a) Difference spectra of the ellipsometric angle ∆Ψ = Ψ(LS-5)−Ψ(STO), showing the Berreman mode
in the vicinity of the highest LO phonon of STO. (b) Simulations of ∆Ψ with a block-like carrier concentration
profile showing the variation with carrier concentration n, mobility µ, and thickness d, in increasing order for
green to red lines. (c) Comparison between the data of LS-5 at 10 K (open circles) and calculations with a
rectangular (green line) and a graded profile (red lines). Data for LS-3 are shown as blue line. (d) Depth profile
of n as obtained from the fit (red line) in (c).

b) Spectral ellipsometry on electronic anisotropy
of LaTiO3/LaAlO3 superlattices In addition we
have used the technique of spectroscopic ellip-
sometry at variable angles of incidence to in-
vestigate the anisotropy of the interband tran-
sitions parallel and perpendicular to the planes
of LaTiO3/LaAlO3 multilayers (Fig. 3).
Our measurements provide direct informa-
tion about the electronic structure of the two-
dimensional 3d1 state of the Ti ions near the
interfaces. In combination with local density
approximation, including Hubbard U calcula-

radius a0 ¼ aB"=m
" [11], where aBð¼ 0:53 !AÞ is the hy-

drogenic Bohr radius, " is the dielectric permittivity, and
m" is the effective electronic mass in LTO.With reasonable
estimates of m" % 2–4 and " % 20–50, we obtain a0 %
3–13 !A. Hence, in this study we pursued LTO layers with
n < 4.

Figure 1(b) shows x-ray !-2! scans around the STO 002
reflection, which reveal sharp superlattice satellite peaks
due to the periodicity of the multilayer. The"l between the
satellite peaks satisfies the relation"l ¼ 1=ðnþ 5Þ in each
ðLTOÞnðLAOÞ5 multilayer. X-ray reciprocal space map-
pings confirmed that the averaged in-plane lattice constants
were coherently strained to those of the STO substrates.
Although a nonstoichiometric phase with excessive oxygen
LaTiO3þ" [12] or La vacancies La1'xTiO3 [13] is known
to be metallic, our multilayers were highly insulating in the
measurements of dc conductivity and optical absorption
spectroscopy [14].

To investigate the electronic structure of the
ðLTOÞnðLAOÞ5 multilayers, we used bulk-sensitive spec-
troscopic ellipsometry in the ultraviolet photon energy
region, i.e., 3.3–6.5 eV, which is compatible with the en-
ergies of interband optical transitions of LTO.
Spectroscopic ellipsometry is a self-normalizing technique
that directly measures the complex dielectric function
~"ð!Þ½¼ "1ð!Þ þ i"2ð!Þ) of a multilayer without the
need of Kramers-Kronig transformation. (See the supple-
mentary material for details on the spectroscopic ellip-
sometry measurements and analyses [10].) Since the
probing depth of this technique is typically longer than
about 500 Å, it is very useful to characterize buried inter-
faces and layers. Ellipsometry is also advantageous in
determining the in-plane and out-of-plane optical re-
sponses of anisotropic materials.

Figure 2 shows the anisotropy of the optical conductivity
spectra [#1ð!Þ] of the ðLTOÞnðLAOÞ5 (n ¼ 1, 2, and 3)
multilayers. They were obtained by using the relation of
~"ð!Þ ¼ "1ð!Þ þ i4$#1ð!Þ=!. The parameters character-
izing the optical transitions were obtained by fitting to
Lorentz oscillators:

~"ð!Þ ¼ %1 þ
X

j

S0j!
2
0j

!2
0j '!2 ' i!#

: (1)

The results of this fit procedure are shown by the solid
lines. (The values of the fitting parameters are listed in
Table 1 of the supplementary material [10].) There are two
broad peaks in the in-plane (E k ab) optical spectra. The
low energy peak (&) and the high energy peak (') can be
assigned as charge transfer transitions from the O 2p state
to the unoccupied Ti 3d t2g and to the Ti 3d eg states,
respectively. The energy difference between the two opti-
cal transitions gives the crystal field splitting, 10Dq of the
Ti 3d state [15]. It is noteworthy that the &-peak position
increases as the thickness of LTO layers decreases while
the '-peak position remains almost unchanged. The inset

of Fig. 2(c) shows how 10Dq of the Ti 3d levels depends on
the LTO sublayer thickness in comparison to the value of
1.67 eV [17] in bulk LTO.
Another notable feature is a sharp peak (*) around

3.7 eV in the out-of-plane (E k c) spectra, which has not
been observed in any bulk crystals nor thin films of LTO
and LAO. In general, an interband optical transition inten-
sity Ii!f from an initial state i to a final state f at @!0 can
be described as Ii!fð@!0Þ ¼

R jhfjMjiij2(fð!Þ(ið!'@!0Þd! according to the Fermi golden rule, where M is
the matrix element, and (i and (f are the densities of states
for i and f, respectively. Hence, a sharp optical conductiv-
ity peak usually appears when it involves both narrow-
bandwidth initial (occupied) and final (unoccupied) states
such as quantized levels in a quantum well. Since the Ti-O
hybridization becomes weaker along the out-of-plane di-
rection than that along the in-plane directions, a narrowing
of the bonding state and a reduced bonding-antibonding
separation are expected. Although the origin of the peak
around 3.7 eV still remains unclear at this moment, it may
be a signature of the asymmetric hybridization in the
layered structure, which causes major modifications of
the electronic structure and optical properties. Note that
all of these experimental spectra cannot be explained by
the 2D effective medium approximation [18] using the
spectra of bulk LTO (Ref. [19]) and LAO (Ref. [16]).
This also suggests that the electronic structure of these
multilayers is not a simple average of the two mother
compounds but rather strongly reconstructed.
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FIG. 2 (color online). In-plane (left) and out-of-plane (right)
components of the optical conductivity spectra of the
ðLTOÞnðLAOÞ5 multilayers with (a) n ¼ 1, (b) n ¼ 2, and
(c) n ¼ 3. [Inset of (c)] 10Dq of Ti3þ as a function of n. The
dashed (blue) line gives the value in bulk LTO [17].
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Figure 3: In-plane (left) and out-of-plane (right)
components of the optical conductivity spectra of
(LTO)n/(LAO)5 multilayers with (a) n = 1, (b) n =
2, and (c) n = 3. Inset of (c): obtained crystal field
splitting, 10 Dq, of Ti3+ as a function of n. The
dashed (blue) line gives the value in bulk LTO.

tions, our data suggest that the confinement
in the TiO2 slabs lifts the degeneracy of the
t2g states leaving only planar dxy orbitals occu-
pied.
Our results demonstrate the unique poten-
tial of the spectral ellipsometry technique for
the investigation of the electronic properties
of interface states in oxide based heterostruc-
tures [2].

1.2 Tuning the electronic properties at the
LaAlO3/SrTiO3 interface (J.-M. Triscone)

It has been recently demonstrated by transport
experiments [3] and conductive AFM imag-
ing [28, 29] that the electron gas present in
LaAlO3/SrTiO3 heterostructures grown using
appropriate conditions is confined within a few
nanometers from the interface. This structural
configuration clearly breaks inversion symme-
try and, as a result, the electron gas confined in
the vicinity of a polar interface will experience
a strong electric field directed perpendicular to
the conduction plane. A new class of physi-
cal phenomena occurring because of the pres-
ence of this effective electric field are captured
by the Rashba Hamiltonian [30]

HR = α(n̂× k) · S (2.1)

where S are the Pauli matrices, k is the elec-
tron wave-vector and n̂ is a unit vector perpen-
dicular to the interface. One important con-
sequence of this interaction is that the disper-
sion relation of the electrons divides into two
branches separated at the Fermi surface by a
spin splitting ∆ = 2αkF, kF being the Fermi
wave-vector and α the strength of the spin-
orbit coupling. Perhaps the most appealing
feature of this interaction is that its coupling
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Figure 4: Modulation of the transport properties
of the LaAlO3/SrTiO3 interface under electric and
magnetic fields. (a) Magneto-conductance [σ(H) −
σ(H = 0)]/σ(H = 0) (σ being the sheet conduc-
tance, and H the applied magnetic field) measured
at 1.5 K in perpendicular magnetic field for differ-
ent applied gate voltages. (b) Sheet resistance (R0)
modulation resulting from the field effect measured
at 1.5 K. (c) Field effect modulation of the diffusion
coefficient D estimated at 1.5 K.

constant is defined by the total electric field ex-
perienced by the electrons and can be there-
fore tuned by applying an external gate volt-
age. Aiming to explore this phenomenon in
LaAlO3/SrTiO3 interfaces, we fabricated field
effect devices [4].
The intriguing coupling between spin dy-
namics and transport manifests in the mag-
netic field dependence of the conductance.
Fig. 4a shows the magneto-conductance
[σ(H) − σ(H = 0)]/σ(H = 0) (σ being the
sheet conductance and H the applied mag-
netic field), measured in a magnetic field
applied perpendicular to the LaAlO3/SrTiO3
interface at a temperature T = 1.5 K for gate
voltages V between −300 V and +200 V.
For large negative gate voltages we observe
a large positive magneto-conductance that
reaches more than +25% at 8 T and −300 V.
As we increase the voltage (V > −200 V), a
low-field regime characterized by a negative
magneto-conductance appears. Increasing
the gate voltage further, we observe that the
negative magneto-conductance regime widens
out. For the largest applied electric field,
we observe that the magneto-conductance
remains negative up to the largest accessible
magnetic field (8 T). Similar modulations
of magneto-conductance have already been
observed in metallic thin films [31] and semi-
conductor heterostructures [32]. Here, the
large electrostatic tunability of the magneto-
conductance observed in LaAlO3/SrTiO3

heterostructures is an explicit example of a
transport phenomenon occurring at an oxide
interface, never observed in its constituent
materials. A possible interpretation of this
phenomenon is based on the presence of a
strong spin-orbit interaction in a diffusive
system, which counteracts weak localization.
In a diffusive system the magneto-conductivity
can be described by the Maekawa-Fukuyama
(MF) theory [33] which takes into account the
Zeeman and spin-orbit effects on weak local-
ization. The parameters of the theory are Hi =
h̄/4eDτi, Hso = h̄/4eDτso and the electrons
g-factor g which enters into the Zeeman cor-
rection γ = gµBH/4eDHso. D is the diffu-
sion coefficient, e the elementary charge, µB
the Bohr magneton, τi is the inelastic scattering
time and τso is the spin-orbit relaxation time. In
a magneto-transport experiment we can then
quantify the two relevant time scales of the
problem, namely τso and τi. In the Rashba sce-
nario, the coupling constant α and the spin re-
laxation time τso are related through

τso =
h̄4

4α2m22D
(2.2)

The MF theory has been used to fit the exper-
imental data of Fig. 4a in terms of variation
of conductance with respect to e2/πh ' 1.2 ·
10−5 S. Since the effective mass (the elastic scat-
tering time) is one to two orders of magnitude
larger (smaller) than the corresponding quan-
tities for typical semiconductors, the diffusive
regime holds for fields up to 4 T. As the MF the-
ory is based on a perturbative expansion, we
have also checked that the magneto-resistance
and magneto-conductance are still equal in ab-
solute value up to 4 T. For the range of fields
and gate voltages (up to 100 V) that we ana-
lyzed, weak localization corrections dominate
Coulomb interaction contributions. The best
fits are presented in Fig. 5a, where we observe
a remarkable agreement between theory and
experiments. This analysis allows us to trace
the electric field dependence of the parameters
Hi, so, presented in Fig. 5b, and γ. To extract
from these parameters the relaxation times τi, so
and the electrons g-factor, we need to deter-
mine the electric field dependence of the diffu-
sion coefficient. For this purpose we measured
the electric field modulation of the sheet car-
rier concentration n2D by means of Hall effect
and by capacitance measurements [5]. An es-
timate of the Fermi velocity vF and of the elas-
tic scattering time using a parabolic dispersion
relation with an effective mass m∗ = 3me (me
is the bare electron mass) and data collected at
the temperature T = 1.5 K allows us then to
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Figure 5: Analysis of the magneto-conductivity of
the LaAlO3/SrTiO3 interface. (a) Best fits accord-
ing to the Maekawa-Fukuyama theory of the vari-
ation of conductance ∆σ, normalized with respect to
e2/πh, for different gate voltages. (b) Gate voltage
dependence of the fitting parameters Hi (red dots)
and Hso (blue squares). The lines are a guide to the
eye. (c) Left axis, purple diamonds: gate voltage de-
pendence of the electrons g-factor g. The line is a
guide to the eye. Right axis, blue triangles: super-
conducting critical temperature Tc as a function of
gate voltage for the same sample.

derive the diffusion coefficient as D = v2
Fτ/2

(τ being the elastic scattering time). Using this
approach we can plot D as a function of V as
shown in Fig. 4c. The steady rise of the diffu-
sion coefficient as the gate voltage is increased
signals an insulator to metal transition and, as
discussed below, correlates with the increase of
the spin-orbit coupling.
The gate voltage dependence of the g-factor is
presented in Fig. 5c. One observes a large in-
crease from a small value, around 0.5 for neg-
ative voltages, towards the typical value of 2
for bare electrons at positive voltages. We now
turn to the issue of the gate voltage depen-
dence of the parameters Hi, so that will allow
us to discern the modulation of spin-orbit cou-
pling brought about by the electric field.
The relaxation times τi, so are plotted against
gate voltage in Fig. 6a. For large negative
gate voltages we observe that the inelastic scat-
tering time is shorter than the spin relaxation
time, indicating that the effect of the spin-orbit
interaction is weak compared with the orbital
effect of the magnetic field. In this regime,
the quantum correction to the conductivity can
be ascribed to weak localization, in agreement
with the observed temperature evolution of the
conductivity [5]. Above a critical voltage the
spin relaxation time becomes shorter than the
inelastic scattering time and decreases sharply,
by three orders of magnitude, as the voltage
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Figure 6: Rashba control of the LaAlO3/SrTiO3 in-
terface electronic phase diagram. (a) Inelastic relax-
ation time τi (red circles) and spin relaxation time τso
(blue squares) plotted on a logarithmic time scale as
a function of gate voltage. The lines are a guide to
the eye. (b) Left axis, red dots: field effect modula-
tion of the spin-orbit coupling α. Right axis, blue tri-
angles: superconducting critical temperature Tc as a
function of gate voltage for the same sample.

is increased. On the other hand, the inelastic
scattering time remains fairly constant as we
increase the voltage. Here a weak antilocaliza-
tion regime appears, characterized by a strong
spin-orbit interaction. A detailed analysis of
the relation of τso with τ reveals that the spin-
orbit coupling stems from a Rashba-like mech-
anism. These observations indicate that the un-
usually strong and tunable spin-orbit interac-
tion found in LaAlO3/SrTiO3 heterostructures
arises from the interfacial breaking of inversion
symmetry.

A remarkable correlation between the onset of
strong spin fluctuations and the emergence of
superconductivity is evident looking at Fig. 6b,
where we notice that the superconducting
dome, measured on the same sample, devel-
ops as soon as the spin relaxation time be-
comes significantly smaller than the inelastic
scattering time. In Fig. 6b we can appreci-
ate the sharp increase of the spin-orbit cou-
pling constant α, calculated using equation 2.2,
as we move across the quantum critical point.
The spin-orbit coupling strength keeps increas-
ing as the voltage is increased up to optimal
doping. This remarkable correlation between
the critical temperature and the intensity of
spin-orbit coupling is probably indicative of
an unconventional superconducting order pa-
rameter at the LaAlO3/SrTiO3 interface. We
note that the spin splitting values are much
higher than the superconducting gap (which
is of the order of 40 µeV at optimal doping)
and comparable to the Fermi energy (which is
of the order of 20 meV). Hence the spin-orbit
coupling turns out to be an essential ingredi-
ent to describe the electronic properties of the
LaAlO3/SrTiO3 interface, both in the normal
and superconducting state.
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1.3 The LaAlO3/SrTiO3 interface under pres-
sure (D. Jaccard, J.-M. Triscone)

The low carrier concentration and the confine-
ment of the electron gas at the interface make
the LaAlO3/SrTiO3 heterostructure an inter-
esting system for doping the electron gas by
field effect [34][5]. A different tool for tuning
the properties of a solid is the application of
high pressures, which can also change the car-
rier density n. The question arises therefore,
how the tuning of the interface properties by
an electric field would compare to the tuning
of these same properties by pressure. For an-
swering this question a multiprobe study com-
bining electric and thermoelectric probes was
designed. The set-up allows us to measure on
a single sample resistivity, the Hall and Nernst
effects, and the thermopower, and to study
their dependencies on four control parameters,
namely temperature, pressure, magnetic field
and electric field. The measurements are per-
formed on the same sample at ambient pres-
sure and subsequently at high pressures. An
extensive report on this study can be found
in [6].
The first thermoelectric measurements of the
LaAlO3/SrTiO3 interface at ambient pressure
and low temperature are presented. The ther-
mopower at ambient pressure and 4.2 K is S '
−100 µV/K, which is a very large value com-
pared to the thermopower of a simple metal
with the same low carrier concentration. The
Nernst coefficient ν in the superconducting
state at ambient pressure is of the order of sev-
eral hundred µV/KT (Fig. 7). This is two or-
ders of magnitude higher than in the high-
temperature superconductors and a sign for
extremely mobile vortices. Under pressure the
residual sheet resistance increases due to an
increase of the pressure-induced disorder. As
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Figure 7: The Nernst coefficient and the sheet
resistance as a function of temperature of the
LaAlO3/SrTiO3 interface.

shown in Fig. 8, the sheet resistance at 4.2 K,
Rs(4.2 K), which characterizes the amount of
disorder, is a smooth function of pressure and
the ambient pressure data is a nice extrapo-
lation of the high-pressure data. We there-
fore have a proof for the good quality of the
pressure measurements and know that pres-
sure does not introduce a qualitative change of
the disorder. The high-pressure experiments
reveal that superconductivity is already sup-
pressed at the lowest investigated pressure of
0.8 GPa. It is assumed that superconductivity
is destroyed by the pressure-induced disorder.
The above multiprobe study has provided an
overview on a wide measurement space and
has given many interesting results. These find-
ings must however be confirmed and investi-
gated in more detail. For this we focus on the
two most promising results, namely the Nernst
effect at ambient pressure and the pressure de-
pendence of Tc. This allows us to optimize
the sample geometry for the specific physical
property. Since the Nernst effect is only mea-
sured at ambient pressure, a bigger sample can
be used. Nevertheless, not only for the Tc(p)
but also for the Nernst measurements, a small
sample must be cut-out from the 5 × 5 mm
raw sample and the SrTiO3 substrate must be
thinned. A new method was developed for
thinning evenly a relatively large sample down
to about 100 µm.
The influence of the sample preparation was
then studied. For this, contacts are placed on
the raw sample at the correct positions with
respect to the later cut-out small sample and
Rs(T) is measured. In a second step the small
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Figure 8: The sheet resistance Rs of the
LaAlO3/SrTiO3 interface at 4.2 K as a function of
pressure. Its smooth dependence on pressure is a
proof for the quality of the pressure measurements.
Inset: Rs(T) at low temperature at ambient pressure
and the lowest investigated pressure, where super-
conductivity is already suppressed.
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Figure 9: Normalized resistance of a
LaAlO3/SrTiO3 interface as a function of T.
The resistance is measured two times with the same
contacts, before and after having cut-out the small
sample.

sample is cut-out (around the existing contacts)
and the Rs(T) curve is again measured with
the same contacts. We found that the sam-
ple preparation does not qualitatively influ-
ence the temperature dependence of the sheet
resistance in the normal state. In the supercon-
ducting state Tc can be slightly shifted and the
zero-resistance state can be lost (Fig. 9). The lat-
ter could however also be due to sample inho-
mogeneities and the fact that the current is now
forced to keep within the small cut-out sample.
As mentioned above, important efforts have
been undertaken to improve the quality of the
Nernst measurements at ambient pressure. A
new sample geometry specially adapted for
this measurement was developed. This sam-
ple geometry increases the resolution by about
one order of magnitude in comparison with
the previous multiprobe study. In the latter
study, the thermal gradient was measured with
a thermocouple, since it had to fit inside a pres-
sure cell. Thermocouples have a limited pre-
cision, particularly at very low temperatures.
For the forthcoming experiment the resolution
of the measurement of the thermal gradient
will be greatly increased by using a RuO2 re-
sistive thermometer. The dimensions of this
thermometer were adapted to the sample size
and it was calibrated in a separate measure-
ment run. Since it is important to measure the
Nernst effect well below Tc and since the de-
pendence of the Nernst effect on the gate volt-
age will be studied, it is important to select a
sample with the highest possible Tc and a large
response to an applied electric field. The test-
ing of potential samples is now under way.

2 Magnetic/SC interfaces (C. Bernhard,
E. Morenzoni)

2.1 Competing orders at complex oxide inter-
faces (C. Bernhard)

Extensive work has been performed on super-
lattices consisting of cuprate high-Tc supercon-
ductors and colossal magneto-resistance
(CMR) manganites of the composition
Y0.6Pr0.4Ba2Cu3O7 (100Å) / La2/3Ca1/3MnO3
(100Å)× 10 that were grown on (001) oriented
surfaces of SrTiO3 substrates. Previously
we had investigated by synchrotron X-ray
diffraction and reflectometry how the various
kinds of structural phase transitions of the
SrTiO3 substrates affect the multilayers that
are grown on top. These experiments have
been preformed at the Material-beamline at
the Swiss Synchrotron Light Source (SLS) at
PSI in Villigen. We found that below 65 K a
surprisingly strong tilting of the substrate sur-
faces occurs which gives rise to the formation
of anisotropic micrometer sized domains that
are tilted with respect to each other by up to
0.5◦. This tilting was found to be translated
into the multilayer that is grown on top.
In addition, we investigated by means of neu-
tron reflectometry measurements which influ-
ence these tilt domains have on the magnetic
and superconducting properties of these super-
lattices. In particular, we studied how they af-
fect the superconductivity-induced formation
of a fractional-order Bragg peak which is in-
dicative of a giant superconductivity-induced
modulation of the ferromagnetic order in the
La2/3Ca1/3MnO3 (LCMO) layers. We had pre-
viously suspected that the observed drastic
changes in the magnetization density of the
LCMO layers are enabled by the near degen-
eracy of ferromagnetic and non-ferromagnetic
domains that are stabilized by the double ex-
change mechanism and the Jahn-Teller distor-
tion, respectively. In order to test this hypoth-
esis, we performed neutron reflectivity mea-
surements while applying uniaxial pressure to
the substrate. This enabled us to control the
orientation and the ordering of the structural
tilt domains of the SrTiO3 substrate. As shown
in Fig. 10, this allowed us to switch on and off
(by external pressure) the superconductivity-
induced modulation of the ferromagnetic mag-
netization density which shows up due to an
additional Bragg peak at the fractional-order
position [7]. The neutron experiments have
been mainly performed at the SINQ source of
the PSI in Villigen. These results demonstrate
a fascinating interplay between superconduct-
ing and ferromagnetic order which strongly
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Figure 10: Influence of the uniaxial pressure on the fractional-order Bragg peak and the structural and magnetic
domains in polarized neutron reflectivity data: (a) and (b) off-specular maps of the R-channel collected with an
area detector in time-of-flight mode at T = 8 K with the sample mounted under different uniaxial pressures of
0.4 MPa and 0.1 MPa, respectively. The signals from the different facets of the sample appear here on straight
horizontal lines at different values of 2θ, where θ is the angle of incidence of the neutrons with respect to the
facets as sketched in (c). At 0.4 MPa (a) a fractional-order superlattice Bragg peak appears for several facets
which is entirely absent at 0.1 MPa.

depends on the lattice strain that is transmitted
from the substrate.

2.2 Superconductivity and magnetism in
La2−xSrxCuO4 superlattices (E. Morenzoni)

Interfacial layers of oxide heterostructures can
display electronic states different from the
ground state of the constituents [8]. A recent
example is a metal-insulator bilayer of (214)
cuprates, which displays a superconducting
transition with Tc ∼ 30 K related to the pres-
ence of interface superconductivity on the in-
sulator side [35, 36].
So far complex-oxide heterostructures have
been studied by probes that are either macro-
scopic (e.g. transport measurements) and/or
not spin sensitive (X-ray, electron, and ion scat-
tering). Low-energy (LE)-µSR is sensitive to
the microscopic magnetic state (either static or
fluctuating) and can characterize and quan-
tify superconductivity (e.g. superfluid den-
sity) even in ultrathin layers. For instance, al-
though it has been shown that a unit cell thick
La2CuO4 (LCO) layer is insulating, nothing is
known about magnetic properties of very thin
LCO layers.

a) Magnetic properties For the present work,
we synthesized superlattices in which we
digitally varied the thickness of insulat-
ing LCO layers alternating with metallic
La1.56Sr0.44CuO4 (LSCO) layers. Counting in
1
2 unit cell (UC) increments, each of which
contains a single CuO2 plane, the investi-
gated superlattices have the repeated struc-
ture [3LSCO + 6LCO], [3LSCO + 9LCO], and
[3LSCO + 12LCO], respectively. The total film
thickness was kept at about 85 nm.

The main results from zero field measurements
are as follows. In [3LSCO + 12LCO] we observe
static antiferromagnetic (AF) order, evident
from the precession signal (Fig. 11). The inter-
nal field is equal to what is observed in single-
phase LCO films and bulk samples, thus show-
ing that the full electron magnetic moment is
present. However, the magnetic volume frac-
tion estimated from the oscillatory amplitude
of the muon polarization signal indicates that
the magnetic layer thickness corresponds to
only 4 − 5 CuO2 layers, i.e. about 1/3 of the
nominal number of insulating planes. This re-

Figure 11: Muon spin depolarization function,
A0P(t), for zero applied magnetic field for the
[3LSCO + 12LCO] superlattice. A0 is an instrumen-
tal number. The spontaneous precession signal im-
plies that the internal magnetic field Bint is static on
the muon time scale. The inferred value for Bint
is very close to what is found in antiferromagnetic
LCO single films and bulk. The T = 40 K and
T = 200 K curves are shifted up by 0.02 for clarity.
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Figure 12: A0P(t) for the [3LSCO + 6LCO] super-
lattice. The dash-dotted curve shows the expected
polarization at T = 2.9 K if one assumes the doping
level to be equal to that obtained from the charge-
transfer model and using parameters obtained from
single-phase film measurements.

duction reflects charge transfer with hole de-
pletion/accumulation at the metal/insulator
interface, as confirmed by model calculations
taking into account the chemical potential mis-
match (0.3 eV) between the metal and insu-
lating layers [37, 38]. In superlattices with
thinner insulating layers ([3LSCO + 6LCO],
[3LSCO + 9LCO]), magnetic long range order is
absent, even with the µSR spatial resolution of
∼ 5 nm. Although the exact nature of this state
requires further investigations the data suggest
a highly fluctuating, soft magnetic state com-
bined with residual small static magnetic mo-
ments. Such a state is not simply expected on
the basis of the above charge transfer model
and is also different from the so-called “spin
cluster glass state” (Fig. 12).

b) Superconducting properties The absence of
Meissner shielding for T < Tc when a field is
applied parallel to the ab-planes and the broad-
ening of the field distribution when the field is
applied perpendicular to the planes reflects the
formation of a vortex state restricted to the in-
terface in a thickness d ≈ 1− 2 nm. From the
field broadening we can deduce the effective
magnetic penetration depth λ||, where 1/λ2

||
is directly proportional to the sheet superfluid
density n2D [39]. We find the sheet superfluid

density equal in all investigated heterostruc-
tures with values corresponding to an average
density within d, n3D ' n2D/d of the same
order of magnitude as optimally doped bulk
LSCO.

3 Improper ferroelectricity and domain
structure in PbTiO3/SrTiO3 superlattices
(J.-M. Triscone)

3.1 Introduction

Continued investigations of PbTiO3/SrTiO3
superlattices have revealed new complexities
in this seemingly simple two-component sys-
tem. Artificial layering of the ferroelectric and
paraelectric constituents results in novel ma-
terials with electrical and structural properties
that can be tuned in a very controlled and pre-
dictable fashion [9]. One surprise came from
the “third” component – the interfaces between
the layers. Here a local breaking of symmetry
allows for the coupling of different structural
instabilities that results in a qualitatively new
type of interfacial ferroelectricity [10]. More re-
cently, we have focused our attention on a dif-
ferent aspect of the superlattices – the behav-
ior of ferroelectric nano-domains. The continu-
ing technological drive for device miniaturiza-
tion is pushing towards nano-scale dimensions
where the intrinsic domain structures of ferro-
electrics are becoming increasingly denser. The
structure and dynamics of such nano-domains
will thus play a crucial role in device perfor-
mance. Here we show that artificially layered
ferroelectrics give unique access to the physics
of ultrathin ferroelectric films allowing their
behavior to be studied using uniform electric
field with simultaneous imaging through X-ray
diffraction.

3.2 Dielectric response of superlattices

Ferroelectrics can rarely be considered in iso-
lation. Electrical characterization requires in-
timate contact with metallic electrodes and
hence the minimal system is generally a metal-
ferroelectric-metal sandwich. The choice of
electrode material often has a dramatic effect
on the observable properties of the ferroelec-
tric. As an illustration consider the two series
of superlattices shown in Fig. 13: one grown on
conducting Nb-doped SrTiO3 substrates (with
Pt top electrodes), the other, sandwiched be-
tween SrRuO3 (SRO) electrodes. While struc-
turally the two series are the same (as illus-
trated by their identical tetragonality in part (a)
of the figure), they display markedly different
electrical behavior. In particular, the remanent
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Figure 13: (a) Ratio of c to a lattice parameters for
two superlattice series with different electrodes as a
function of PbTiO3 volume fraction, showing similar
structural properties. (b) Polarization suppression
in superlattices with SRO electrodes as compared
to those grown on conducting Nb:STO substrates.
(c) The dielectric constants are in good agreement
with phenomenological theory predictions for para-
electric (low x) superlattices, but show significant
enhancement due to domain wall motion in the fer-
roelectric phase.

polarization of samples with SRO electrodes
seems to be unstable compared with that of
samples grown on Nb:SrTiO3 (Fig. 13b). A
clue to understanding this apparent discrep-
ancy is provided by the dielectric data shown
in part (c) of the figure. While the response
of paraelectric samples is well described by
a Landau-Devonshire theory based model, a
large enhancement in the dielectric response is
observed for the ferroelectric compositions, in-
dicating that domain wall motion is playing a
role. It thus appears that samples with SRO
electrodes are in a polydomain state with zero
(or small) net polarization.

3.3 180◦ nano-domains

The presence of domains was confirmed with
X-ray diffraction (XRD). Fig. 14 shows dif-
fuse satellites around the superlattice reflec-
tions arising from an ordered array of 180◦ fer-
roelectric domains. The domain period is es-
timated at approximately 6 nm, i.e. neigh-
boring domain walls are separated by only
about 3 nm. Similar domains have been pre-
viously observed in ultrathin films of PbTiO3.
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Figure 14: Reciprocal space map (a), crystal trun-
cation rod (b) and in-plane line scans (c) around
the (002) main superlattice (SL) reflection show-
ing the substrate (002) peak (STO), and two diffuse
in-plane satellites around each of the superlattice
peaks. These satellites arise from the regular 180◦
stripe domain structure. Part (c) also shows the
changes in intensities of the satellite peaks under ap-
plied electric field, as the domain walls move, caus-
ing the increased dielectric response. The domain
period is approximately 60 Å.

A study of their response to externally applied
electric fields, however, has so far been elu-
sive due to the large conductivity of the very
thin films. Scanning probe techniques such as
piezoresponse force microscopy (PFM), which
have been invaluable to our understanding
of switching phenomena and domain dynam-
ics in ferroelectric thin films, are also power-
less as these domain structures are finer than
the resolution limit of PFM. It is here that
PbTiO3/SrTiO3 superlattices offer a unique op-
portunity to probe ultrathin film physics in
structures with total thicknesses that can be
hundreds of nanometers, allowing large and
uniform electric fields to be applied over large
areas of the sample.
We illustrate the power of this approach by fab-
ricating a 500 nm thick superlattice, which still
exhibits the striped nano-domains of PbTiO3
films that are only a few unit cells thick, and
apply a uniform field through an electrode that
covers the whole 2× 2 mm2 sample surface. At
the same time we are able to observe with XRD
the changes in the intensity of the in-plane do-
main satellites due to the movement of domain
walls as the sample is poled. Taking care to ex-
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clude the effects of heating due to leakage, we
have been able to show that the observed in-
tensity changes are consistent with the chang-
ing relative sizes of up and down ferroelec-
tric domains, which were determined from the
electrical data and hence were able to reconcile
the structural data with the observed enhanced
permittivities reported in Fig. 13c. Note that
the intensities of the satellite peaks were ob-
served to recover to their original value upon
removal of the field, indicating a return to the
polydomain state with approximately equal
sizes of the up and down domains and consis-
tent with the absence of macroscopically mea-
surable remanent polarization, as observed in
Fig. 13b. A surprising finding was that de-
spite exceeding the thermodynamic coercive
field (as predicted by the phenomenological
model) the sample never reached a saturated
monodomain state.

4 RNiO3 thin film oxides: a photoemission
study (Ph. Aebi, J.-M. Triscone)

4.1 Introduction

Transition-metal oxides, exhibiting perovskite-
like structures, are very interesting. In such
materials, e.g. the nickelates, manganites or
cobaltites, the metal d orbitals overlap with the
oxygen p orbitals forming energy bands. The
bandwidth in transition-metal oxides is gener-
ally narrow and in these systems the Coulomb
repulsion plays an important role. Small per-
turbations can dramatically influence the bal-
ance between metallic and insulating proper-
ties leading to a metal-insulator transition.
In this scenario, the nickelate family RNiO3,
where R is a trivalent rare-earth ion, is a
very interesting case. LaNiO3 shows metal-
lic conductivity without extra doping, and for
R 6= La a metal to insulator transition appears
that requires neither electron nor hole doping.
The metal-insulator (MI) transition tempera-
ture TMI depends on the rare-earth atomic size
[40, 41] and it was observed for the heaviest
rare-earth nickelates a charge disproportiona-
tion and a crystal structure transition from or-
thorhombic to monoclinic, taking place at this
same temperature.
Although the nickelates is a family that has
been extensively studied during the last two
decades and very comprehensive reviews can
be found in the literature (see for instance
Medarde [42] or Catalan [43]), recent results
and the emergence of thin film research have
caused that, far from fading away, the interest
on this type of materials has increased.
Indeed, since high-quality large single-crystals

of RNiO3 are not available to date, the research
on thin films increases the experimental pos-
sibilities. Also thin films of these materials
have potential for various applications such as
electrode material in oxide electronics, thermo-
chromatic coatings or non-volatile memory.
Some examples of challenging open questions
on RNiO3 are: to provide a correct detailed
structural description that allows the compar-
ison with the smaller rare-earths and check
whether this structural description holds for
thin films, or to clarify the precise mechanism
for the gap opening which is still under debate.
Very recent data shows that charge dispropor-
tionation of Ni accompanied by a symmetry
change from orthorhombic to monoclinic could
be the driving force of the MI transition for the
entire RNiO3 family [44, 45].
A very recent paper from Scherwitzl et al. [11]
has shown that epitaxial LaNiO3 thin films
grown coherently on (001) SrTiO3 exhibit a MI
transition as the film thickness is reduced be-
low 8 unit cells. It follows from this work
that a study on a possible gap opening at this
transition would be an important issue to clar-
ify. Also it would be compelling to deter-
mine the crystal structure of these LaNiO3 ul-
trathin films and compare it to the rhombohe-
dral structure exhibited by the bulk material.
For this purpose, angle-resolved photoemis-
sion (ARPES) and X-ray photoemission spec-
troscopy (XPS) are ideal experimental tech-
niques since they are sensitive to material
properties in an area close to the surface de-
fined by the escape depth of the electrons. Our
experimental setup allows us to operate in two
distinct energy regimes: we can study the va-
lence band and the Fermi surface by the use
of ultraviolet photons and the core electrons by
using soft X-rays. Local, real-space information
on the geometrical structure around the emit-
ting atom can be also obtained by performing
X-ray photoelectron diffraction (XPD).

4.2 First results

A high-quality epitaxial film of NdNiO3 of 100
Å thickness has been grown on a [001]-oriented
NdGaO3 substrate (Pbnm) by pulsed laser de-
position. The details can be found in [12]. The
quality of the sample was tested by resistivity
measurements and X-ray diffraction. The re-
sistivity of the sample as a function of temper-
ature can be seen in the inset of Fig. 15. The
data was collected with the conventional four
probe technique. A clear hysteresis can be ob-
served which shows the first order character of
the MI transition. It should also be noted that

19



MaNEP Research

0

5

10

15

20

25

30

35

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2

35 K
300 K

In
t. 

In
t. 

(a
rb

. u
ni

ts
)

Binding Energy (eV)

0

2000

4000

6000

8000

10000

50 100 150 200 250 300

R
es

is
ta

nc
e 

(O
hm

)

Temperature (K)

Figure 15: Photoemission spectra in the vicinity of
the Fermi level measured at 35 and 300 K on a thin
NdNiO3 film. The inset shows the resistivity of the
thin NdNiO3 film.

TMI is about 20 K lower than in polycrystalline
NdNiO3 probably due to epitaxial strain.
Photoemission spectra were recorded using a
He resonance lamp in conjunction with an up-
graded Scienta SES-200 hemispherical analyzer
with energy resolution of ∆E = 10 meV and in-
tegrated in angle. The NdNiO3 thin film was
glued onto a copper sample holder mounted
on a He flow cryostat, which achieves temper-
atures between 18 K and 400 K. The surface
was treated with O2 plasma, and its cleanliness
was monitored by XPS. The Fermi energy and
instrumental energy resolution were calibrated
by measuring a polycrystalline copper sample.
Fig. 15 shows the comparison between UPS
spectra measured on NdNiO3 at temperatures
above and below the MI transition, i.e. 35 K
and 300 K. The change in the density of states
(DOS) across the MI transition indicates a gap
opening at EF. A noticeable hysteresis in anal-
ogy to the resistivity measurements could also
be observed.
Measurements on distorted NdNiO3 thin films
with in situ photoemission have also been
shown recently by Eguchi et al. [46]. How-
ever, the strain effect on those films was very
large, causing TMI to be 50 K higher than in the
bulk material and the unit cell parameters to be
closer to those on bulk SmNiO3.
Our data shows that plasma treatment of the
surface of these oxide thin films also allows us
to carry out photoemission studies on this type
of materials ex situ.

5 Organic charge transfer interfaces
(A. Morpurgo)

We recently discovered that a large charge
transfer occurs at the interface between single-
crystals of the organic molecules TTF and

TCNQ (acting as donor and acceptor, respec-
tively) [13]. This charge transfer results in the
accumulation of a large density of electrons at
the surface of the TCNQ crystal and of holes
at the surface of the TTF crystal (larger than
1014 cm−2). The electrons and holes are mo-
bile, and cause the interface to be in a metallic
state. Remarkably, the fabrication techniques
needed for the realization of these TTF/TCNQ
systems are extremely simple: for the interface
assembly it is sufficient to laminate two thin
(less than 1µm thick) crystals on top of each
other. This simplicity enables, at least in princi-
ple, a much broader class of molecular materi-
als to be used for the preparation of similar sys-
tems. This project focuses on the exploration
of charge-transfer interfaces based on new ma-
terials, with the ultimate goal of gaining con-
trol of the electronic properties of the interfacial
electron/hole conductor, through the selection
of specific organic molecules.

Our work has so far concentrated on exploring
different organic donor molecules to be used
in place of TTF. To this end, we have real-
ized interfaces between TMTSF and BEDT-TTF
crystals, and TCNQ, and analyzed their trans-
port properties as a function of temperature
(Fig. 16). We found that both TMTSF/TCNQ
and BEDT-TTF/TCNQ interfaces exhibit an
electrical conduction that is much larger than
that of the constituent materials (that being
large gap, undoped semiconductors are virtu-
ally insulating). This electrical conductivity,
however, is three-to-four orders of magnitude

Figure 16: Temperature dependence of the
resistance measured in TTF/TCNQ (red cir-
cles), TMTSF/TCNQ (green circles), and BEDT-
TTF/TCNQ (blue circles) interfaces. The data show
the activated behavior of the TMTSF/TCNQ and
BEDT-TTF/TCNQ systems.
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less in TMTSF/TCNQ than in TTF/TCNQ
(the conductivity is even smaller in BEDT-
TTF/TCNQ). In addition, in these new inter-
faces the conductivity decreases with lowering
temperature, exhibiting a thermally activated
behavior, indicating that these interfaces be-
have as small gap semiconductors. The mea-
sured activation energies are approximately
100 meV for TMTSF/TCNQ and 300 meV for
BEDT-TTF/TCNQ.
In the simplest possible scenario, the measured
activation energy should correspond to the dif-
ference between the energy of the lowest un-
occupied molecular orbital (LUMO) level in
TCNQ and the energy of the highest occu-
pied molecular orbital (HOMO) in the donor
molecules. The relative position (in energy) of
these molecular levels can be estimated from
cyclic voltametry measurements, even though
the absolute precision of this technique is lim-
ited (for instance, the values estimated de-
pend on the specific solvent used in the mea-
surements). These experiments indeed show
that the TMTSF HOMO level is lower than
that of TTF by 100 meV, and that the BEDT-
TTF HOMO level is between 200 and 400 meV
lower than the level of TTF, which corresponds
well to the activation energies measured in
transport for both TMTSF/TCNQ and BEDT-
TTF/TCNQ. This finding is important, because
it gives the clear indication that molecular ma-
terials with a higher HOMO level needs to be
found in order to achieve metallicity at an in-
terface in conjunction with TCNQ.

6 Advanced techniques to study oxide and
organic interfaces (Ph. Willmott)

As mentioned above, the discovery in 2004 of
a conducting interface between LaAlO3 and
SrTiO3 has generated intense activities to try
understanding this system and more broadly
oxide interface physics. An important aspect
of such studies is a detailed structural study of
such interfaces [47]. Efforts in this direction are
presented below.
In the period under review, work related to
Project 1 of the MaNEP network has concen-
trated on four systems, namely the interface of
LaAlO3 with SrTiO3; the detailed structure of
ultrathin YBa2Cu3O7 thin films on SrTiO3 and
(La1−xSrx)(AlyTa1−y)O3, including studies on
the efficacy of a new direct-method structural
solution technique, DCAF; the interface be-
tween under- and overdoped La2−xSrxCuO4;
and the structure of nano-templates based on
single-layer graphene and h-BN on transition-
metal surfaces.

Figure 17: Left: sample SXRD of a 5 ML LAO film
on STO. Right: the out-of-plane positions of the con-
stituent atoms emerging from the SXRD analysis.

6.1 The interface between LaAlO3 and SrTiO3

a) SXRD studies One of the most fascinating
properties of this system is the fact that con-
ductivity only appears for LaAlO3 (LAO) lay-
ers thicker or equal to four monolayers (MLs)
[34]. In addition, density-functional theory
(DFT) calculations by Pentcheva and Pickett
have predicted that the LAO film contains lay-
ers in which the Oxygen–cation chains become
buckled in response to the polar interface [48].
With these and other phenomena in mind, the
structure of these systems with picometer ac-
curacy are investigated using surface X-ray
diffraction (SXRD).
LAO films grown on STO with thicknesses of 2,
3, 4, and 5 MLs were obtained from the group
of Prof. Jochen Mannhart, at the University of
Augsburg. For each film, a complete SXRD
data set was recorded and subsequently data-
mined and analyzed using the three different
methods, DCAF [49], FIT, and COBRA [50].
The emerging atomic structures show that (a)
the interface is intermixed for all the investi-
gated films, and (b) there is no significant buck-
ling of the layers. A typical result is shown in
Fig. 17.

b) Hard X-ray photoelectron spectroscopy In
a collaborative project with the group of
Prof. Ralf Claessen from the University of
Würzburg, the depth profile of the Ti3+ con-
centration was investigated using hard X-ray
photoelectron spectroscopy at the BESSY syn-
chrotron [14]. By using hard X-rays, the photo-
electron escape depth becomes larger, allowing
one to probe embedded interfaces. From the
data, an upper limit of 10 nm could be inferred,
compatible with recent results using ellipsom-
etry from the group of C. Bernhard (UniFR) [1]
and transport anisotropy analyses performed
at UniGE [3] .
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6.2 Ultrathin layers of YBa2Cu3O7 and DCAF

The physical processes responsible for high-
temperature superconductivity in the cuprates
remains unresolved more than twenty years af-
ter their discovery. One of the most power-
ful tools available to condensed-matter physi-
cists to probe the electronic structure of these
materials is angle-resolved photoelectron spec-
troscopy (ARPES). The validity of ARPES data
depends intimately on the assumption that the
topmost region of the sample down to the pho-
toelectron escape depth of only one or two
nanometers is also representative of the bulk
properties. As the surface can often be radi-
cally different from the bulk, this assumption
was tested for ultrathin films of YBa2Cu3O7
(YBCO) using SXRD.
Films grown on both SrTiO3(001) (STO) and
(La1−xSrx)(AlyTa1−y)O3(001) (LSAT) exhibit
perfect pseudomorphic strain, that is the films
are tetragonal. Despite this, they show good
superconducting properties. Importantly, the
films all begin growth with the stacking se-
quence
substrate | BaO–CuO2–Y–CuO2–BaO–CuO–. . .
The cumulative out-of-plane positions of the
film atoms are all within ±5 pm of the known
bulk values. This result should improve the
confidence in interpretation of ARPES data.
In obtaining these results, the direct method
“DCAF” was used. The advantage of direct
(phase-retrieval) methods over conventional
fitting techniques is twofold. First, one can
avoid becoming trapped in local minima in
parameter space, and thereby find the global
minimum. Secondly, the technique is model-
independent – no input information is given
regarding the film structure [49]. That bulklike
YBCO emerges from our data and DCAF is a
stunning confirmation of the efficacy of this an-
alytical technique (Fig. 18).

6.3 The interface between under- and overdoped
La2−xSrxCuO4

In 2008, Gozar et al. reported on the for-
mation of high-temperature superconductivity
between under- and overdoped thin films of
La2−xSrxCuO4 (LSCO) [35], whereby the crit-
ical temperature is enhanced compared to that
of optimally doped bulk LSCO.
In a collaborative project with the groups of
Professors Ivan Bozovic and Ron Pindak, both
of Brookhaven National Laboratories (BNL),
the structure of the interface was investigated
using SXRD. The resulting data was then in-
dependently analyzed using COBRA (at BNL)
and DCAF (at PSI). Until now, the structures

Figure 18: DCAF results compared to bulk
YBCO: (a) ball-and-stick model; (b) isosurfaces of
the DCAF-retrieved electron-density map; (c) iso-
surfaces of a simulated electron-density map based
on (a).

that emerge are very similar, except in one crit-
ical aspect, the distance of the apical Oxygen at
the interface. The DCAF results seem to indi-
cate that the apical Oxygen is essentially bulk-
like, while from COBRA, an increase in the api-
cal Oxygen position is seen, which could ex-
plain the enhanced superconducting proper-
ties. The relative merits and degree of confi-
dence in these techniques is being investigated
to try and resolve this apparent contradiction.

6.4 Structural studies of h-BN and graphene on
transition metals

Graphene has provoked enormous interest
since its discovery in 2004 [51], due mainly
to its potential in electronic applications. On
the other hand, both graphene and its isoelec-
tronic cousin, single-layer hexagonal boron ni-
tride (h-BN), show fascinating structural fea-
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Figure 19: Graphene on Ru(0001) – a corrugated
and chiral structure. (a) the out-of-plane islands
and valleys produced by the moiré-like bonding of
graphene to Ru(0001). (b) map of the in-plane move-
ments of the same system.

tures when deposited on certain transition-
metal surfaces, particularly rhodium(111) and
ruthenium(0001). In these systems, the sp2-
hybridized layer (be it graphene or h-BN)
bonds relatively strongly to the metal surface,
whereby the slight differences in the lattice
constants cause the bonding strength to “beat”
causing the formation of a corrugated super-
structure with a periodicity of the order of 30 Å
[52, 53][15, 16, 17].
SXRD has proven to be exceptionally well
suited to study the detailed structures of these
systems, and has resolved open issues regard-
ing the periodicity of the superstructures and
the amplitude of the corrugation. Perhaps
the most exciting result to emerge, however,
has been the evidence of chiral twisting of
the graphene layer when grown on Ru(0001)
(Fig. 19) [15]. Very recent and unpublished re-
sults using the highest resolution scanning tun-
neling microscopy have confirmed the chiral-
ity.

7 Domain walls in ferroelectric/multiferroic
systems (P. Paruch)

7.1 Introduction

The delicate balance of long and short-range
interactions giving rise to ferroic ordering in
many complex oxide compounds have made
them fascinating objects of fundamental study,
as well as goldmines for present and future

technological applications using the different
physical properties (ferroelectric polarization,
magnetization, ferroelastic ordering, piezo-
and pyro-electricity) of these materials. Re-
cent interest in the field has focused on single-
phase or composite oxide thin films with two
or more coexisting and, ideally, coupled ferroic
orders (with the definition often broadened to
include different types of magnetic ordering,
and not just ferromagnetism) [54]. In partic-
ular, magneto-electric multiferroics in which
(anti)ferromagnetic ordering can be controlled
by applied electric fields, and the ferroelectric
polarization by applied magnetic fields, show
great promise for spintronic applications and
multiple-state memories [55, 56]. However, the
specific mechanisms behind magneto-electric
coupling in nano-composites [57], or its effects
on the switching dynamics [58] and domain
structure [18] in the one widely-studied, natu-
rally occurring room-temperature multiferroic,
BiFeO3 (BFO) remain a little understood theo-
retical and experimental challenge.

A large part of our research effort is focused
specifically on domain walls in (multi)ferroic
materials, an intrinsically nano-scale multi-
functional system, which can be quantitatively
probed using the high resolution of differ-
ent atomic force microscopy (AFM) techniques.
Fundamentally, domain walls provide a use-
ful model elastic disordered system: their be-
havior is governed by the competition between
their elastic energy, which tends to minimize
the domain wall surface, and the randomly
varying potential landscape due to disorder
present in the samples, which allows pinning
[19]. The domain walls present a characteristic
static roughness, and a complex dynamic re-
sponse when subjected to a driving force (ap-
plied field), with non-linear creep observed for
small forces, as has been shown in pure ferro-
magnetic and ferroelectric systems [59][20, 21].
In addition, as a result of different symme-
tries and electronic structures, as well as pos-
sible defect migration, these intrinsically nano-
scale interfaces often show additional proper-
ties, beyond those of their already multifunc-
tional parent material, such as conduction [60]
or possibly ferromagnetism [61] at certain fer-
roelectric domain walls in BFO, or polar be-
havior at ferroelastic domain walls in SrTiO3
[62], opening new perspectives for device ap-
plications [22]. Our studies, using a combina-
tion of piezoresponse force microscopy (PFM),
magnetic and electric force microscopies (MFM
and EFM, respectively), address these two as-
pects of domain wall behavior in a variety of
perovskite oxide systems.
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7.2 Shear effects in lateral piezoresponse force
microscopy at 180◦ ferroelectric domain
walls

Piezoresponse force microscopy is the primary
tool for nano-scale characterization of ferro-
electric domains, with the vertical (VPFM)
and lateral (LPFM) components of the piezore-
sponse, given by the vertical deflection and
lateral torsion of the AFM cantilever, respec-
tively, linked to the out-of-plane and in-plane
polarization. In the case of uniformly polar-
ized tetragonal ferroelectrics, the response to
an out-of-plane electric field is determined by
the d33 piezoelectric coefficient, leading to a
VPFM signal, while the d35 and d34 coefficients,
corresponding to a lateral shear response, are
zero by symmetry. However, studies on such
materials have shown non-zero LPFM signal at
180◦ domain walls, generally seen as an arti-
fact attributable to either surface tilting [63, 64]
or electrostatic effects [65]. Only recently, the-
oretical work has shown that a local symmetry
lowering at these walls can lead to a non-zero
d35 coefficient [66], thus allowing local shear
and an LPFM signal.
In PFM measurements of domains in epitax-
ial thin films of Pb(Zr0.2Ti0.8)O3 (PZT) (001)
films grown by rf-magnetron sputtering on
SrTiO3 substrates with SrRuO3 electrodes, we
observed a clear LPFM signal at 180 ◦ domain
walls, as shown in Fig. 20.

(a) (b) (c) (d)

(e) (f) (g)

(h)

Figure 20: PFM measurement of rectangular ferro-
electric domains written on PZT by applying +12 V
to the scanning tip in an as grown monodomain re-
gion (scale bar is 0.5 µm). Each domain structure
shows a 180◦ contrast in the vertical phase (a), (e)
with a corresponding minimal vertical amplitude at
the domain wall (b), (f). Two opposite non-zero sig-
nals (dark and bright colors) are observed in the lat-
eral phase (c) perpendicularly to the AFM cantilever
at the position of these domain walls, with a corre-
sponding rise in the lateral amplitude (d). The orien-
tation of the AFM cantilever is indicated by the blue
arrow in (c). (g) Schematic representation of domain
wall shear deformation due to locally non-zero d35
coefficient (dashed red lines show the initial domain
wall positions). (h) Topography of the region, show-
ing a 4 Å rms surface roughness [23].

To investigate the mechanism behind the ob-
served response, we carried out electric force
microscopy studies of the electrostatic surface
effects, which we found to diminish strongly
over time, while both the vertical and lat-
eral PFM signals remained close to their ini-
tial values, demonstrating that electrostatic ef-
fects do not significantly contribute to the ob-
served LPFM response. From topographical
measurements across the domain walls, com-
pared with numerical models of surface tilting,
we also eliminate this latter mechanism as a
significant contribution, and conclude that the
observed response is indeed due to the non-
zero effective d35 coefficient present only at do-
main walls [23]. We also show that a lateral
shear response is observed in systems such as
71, 180 and 109◦ domain walls in BiFeO3 and
90◦ domain walls in PZT films with both a and
c-axis domains, where it is superimposed on
the signal due to in-plane polarization [24].

7.3 Ferroelectric switching dynamics in epitaxial
BiFeO3 thin films

A promising candidate for room temperature
devices is BiFeO3 (BFO), presenting magneto-
electrically coupled antiferromagnetic and fer-
roelectric ordering up to high temperatures
[25]. However, extensive quantitative studies
have been rendered challenging in part by the
complex ferroelectric structure of BFO, with
eight equivalent polarization variants giving
rise to domains separated by three different
types of domain walls (71, 109 and 180◦). One
important aspect is control over the switching
path from one domain configuration to another
under an applied electric field [58], since this
may bring about a rotation of the antiferromag-
netic plane in the case of 109 and 71◦ switching.
To investigate switching in the combined ver-
tical and (very small) horizontal electric field
provided by the AFM tip, we carried out PFM
measurements of domains in epitaxial BFO
(001) films grown on SrTiO3 with SrRuO3 elec-
trodes by pulsed laser deposition [26]. Using
polydomain films presenting all eight polariza-
tion variants, we prepolarized wide horizon-
tal domains with alternating positive and neg-
ative voltage, then wrote lines sweeping the tip
along either [010] or [010].
In VPFM, as expected, the domains writ-
ten with negative voltage (“up” polarization)
show a dark contrast (Fig. 21b), while the
positive-voltage-written domains are bright.
In LPFM along [100] (Fig. 21c), we observe
that the negatively-written rectangles (1) show
bright contrast indicating an in-plane polariza-
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Figure 21: (a) Topography, (b) VPFM, (c) and
(d) LPFM after writing large horizontal rectangles
with negative and positive voltages and then sweep-
ing the tip vertically. The blue triangles indicate
the orientation of the cantilever during LPFM mea-
surements. As grown VPFM and LPFM images and
the written pattern are indicated in upper part of
(e). Lower part of (e): dark gray corresponds to
−12 V, light gray to +12 V, and the arrows indi-
cate the sweeping direction. For the rectangles, the
slow scan axis was along [010]. The black lines
correspond to domain walls written during verti-
cal tip sweeps (b). (f) Out-of-plane (bright and dark
colors) and in-plane orientation of polarization (ar-
rows) determined from the PFM measurements. The
black lines follow those of (b). For the numbers, see
text [26].

tion component along [100], while positively
written rectangles (2) show a predominantly
dark contrast (in-plane polarization compo-
nent along [100]). In the subsequently written
lines], the in-plane component of the polariza-
tion was also modified, but only in the specific
regions in which the out-of-plane polarization
was concurrently reversed (outlined in black
in Fig. 21b–d). The characteristic pattern ob-
served in these regions (dark LPFM contrast on
the right and bright on the left for the negative-
voltage-written lines (3, 5), and the opposite
for positive-voltage-written lines (4, 6), cor-
relates with the horizontal component of the
electric field perpendicular to the cantilever
axis during writing. In LPFM along [010]
(Fig. 21d), we again observe in-plane switch-
ing only where the out-of-plane polarization
component is switched (outlined in black). In
these measurements, however, the LPFM con-
trast depends on both the voltage polarity and
the tip sweeping direction during writing. For
lines negatively written along [010] (3) dark

(b)
(c)(a) [-1-11]

[111]

Figure 22: Schematic representation of the switch-
ing mechanism: starting with (a) a homogeneous
polarization along [111] (wide arrows), a negative
voltage applied to the tip switches the polarization
(dashed wide arrows) to [111] leftwards, and [111]
rightwards, following the direction of both verti-
cal and horizontal electric field components (small
narrow arrows) (b). When the negative-voltage tip
is swept leftwards the in-plane polarization will be
modified only if the out-of-plane component of the
polarization is switched, i.e. to the left of the can-
tilever (c). In the end, the in-plane component of the
polarization will thus present a thin stripe with po-
larization oriented along [111] in the initial switch-
ing region and then along [111] for the rest of the
area swept by the tip, giving an in-plane compo-
nent opposite to the tip sweeping direction, as ex-
perimentally observed (Fig. 21f) [26].

contrast is observed whereas while for lines
negatively written along [010], the contrast is
bright (5). For positively-written lines, the op-
posite is observed: along [010], the contrast is
bright (4), along [010], the contrast is dark (6).
The in-plane polarization switching under a bi-
ased tip is thus assisted by the out-of-plane po-
larization switching in this range of fields and
reproduces the horizontal electric field distri-
bution, as schematically described in Fig. 22.

8 Collaborative efforts

As can be seen from this report, several collab-
orations are ongoing and new ones are starting
between the MaNEP members of Project 1. Let
us mention here the new collaboration on nick-
elate thin films where growth, standard charac-
terization and transport measurements will be
complemented by photoemission and surface
X-ray diffraction studies (Aebi, Triscone, Will-
mott). A new collaboration will also start on
the LAO/STO interface where high pressure,
optical studies, and nano-lithography will be
used to try better understanding the properties
of this fascinating interface (Bernhard, Jaccard,
Morpurgo, Triscone). Finally, on PTO/STO su-
perlattices, X-ray photoelectron diffraction and
surface X-ray diffraction will be used to bet-
ter understand the structural properties at in-
terfaces, in particular for samples displaying
improper ferroelectricity (Aebi, Triscone, Will-
mott).
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Introduction: The development of novel materials with sufficiently well-controlled properties opens
the possibility to fabricate electronic devices that are useful for fundamental physics and have po-
tential for future applications. According to a strategy typical of mesoscopic physics, these devices
enable focused experiments to probe specific microscopic electronic processes not accessible in bulk
systems. In this project we focus on classes of novel materials that are sufficiently under control to
enable the realization of new nano-structures. The materials investigated include oxide heterostruc-
tures and thin films, carbon-based materials such as graphene and organic molecular crystals, and
their combinations. In the spirit of mesoscopic physics, the experimental program proceeds in con-
junction with a theoretical effort, that is needed to provide assistance in designing specific devices
and experiments, as well as in the interpretation of the experimental results.

Summary and highlights

We use oxide materials and carbon-based sys-
tems such as graphene and organic semi-
conductors for the realization of new nano-
electronic devices that are of interest for fun-
damental studies, and have potential for pos-
sible future electronics applications. On oxide
materials, we have developed a technology for
the nano-scale patterning of LaAlO3/SrTiO3
heterostructures (which are superconducting
and possess strong spin-orbit interaction), and
we have successfully created gate-tunable con-
ducting channels with 100 nm lateral dimen-
sion. Significant progress has also been made
in integrating carbon nanotubes and ferroelec-
tric materials, with the twofold goal of gain-
ing nano-scale control of the electrical polar-
ization of the ferroelectric, and of integrating
new electronic functionalities in nanotube de-
vices. Research on graphene-based materials
has advanced in several directions. These in-
clude the understanding of trilayer-graphene
(previously unexplored), the detailed study of
optical spectroscopy of gated bilayer devices
– that have enabled a complete understand-
ing of the basic band structure parameters, the

use of SrTiO3 as substrate, which provide a
very high dielectric constant environment for
charge carriers. Furthermore, first devices have
been fabricated to test a scanning probe facility,
which will be used to investigate local proper-
ties of graphene edges by means of combined
AFM/STM spectroscopy. The experimental
work has proceeded in parallel to theoretical
studies of the same problems. Graphene edges
have been investigated in the ideal disorder-
free case, to analyze the possible occurrence
of a Peierls transition in a temperature range
accessible experimentally. The effects of edge
disorder have been studied for gapped bilay-
ers – which have properties similar to those
of the newly discovered topological insulators.
This has led to the conclusion that edge states
of topological origin are robust against non-
idealities, and can give a dominant contribu-
tion to the conductance of actual devices un-
der realistic conditions. Finally, the analy-
sis of quasi-one-dimensional superconductiv-
ity has shown that weak coupling to a nor-
mal state conducting channel increases the sta-
bility of the superconducting state, a conclu-
sion that may be relevant for future work on
LaAlO3/SrTiO3 channels.

1 Nano-structures with oxide materials

A variety of different oxide materials have
become available in heterostructure and thin-
film form, with quality and reproducibility
sufficient to explore their nano-scale proper-
ties by means of different experimental tech-
niques. Contrary to the case of more conven-

tional semiconductors like gallium arsenide or
silicon, oxide-based nano-electronics is a new
emerging field, and research has a truly ex-
ploratory character. It offers the potential to
make unexpected discoveries and to identify
new phenomena potentially relevant for elec-
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tronic applications.

1.1 Nano-structuring LaAlO3/SrTiO3 conduct-
ing interfaces (J.-M. Triscone and A. Mor-
purgo)

The use of electron beam lithography (EBL)
makes it possible to fabricate solid state devices
with small lateral dimensions, on the scale
of different characteristics length of electronic
systems. This possibility has enabled the study
of fascinating physical phenomena in conven-
tional semiconductor devices. To date, how-
ever, the use of nano-fabrication techniques
to create nano-structures based on conducting
materials with novel electronic properties such
as complex oxides has been very limited.
In this collaborative project between the
groups of J.-M. Triscone and A. Morpurgo,
we explore the possibility to realize nano-scale
structures in the electron gas present at the
LaAlO3/SrTiO3 interface. This electronic sys-
tem displays a rich phase diagram [1], with a
superconducting phase separated by a quan-
tum critical point from a conducting phase,
which displays signatures of phase-coherent
transport phenomena (i.e. weak localization).
In addition, strong spin-orbit interaction is also
present and it was shown that both interface
superconductivity and spin-orbit coupling can
be tuned using the electric field effect [2]. Com-
bining the ability to tune the electronic proper-
ties of the system with an electric field together
with the capability of the electron beam lithog-
raphy to pattern small structures should allow
the fabrication of devices where the interplay
between spin-orbit and superconductivity can
be probed.
Different devices were fabricated, whose lat-

Figure 1: AFM topography of a side gate field effect
device based on the LaAlO3/SrTiO3 interface with
lateral dimension of the order of 150 nm.

eral dimension (around 100 nm) is compara-
ble to the electronic mean free path and to the
superconducting coherence length. Patterning
relies on a sophisticated combination of lift-off
processes with material re-growth. Specifically,
a mask defining a field effect device with a
narrow transport channel is patterned on the
surface of a single-crystal of TiO2-terminated
SrTiO3, using the electron sensitive negative
resist mr-EBL 6000 (produced by Micro Re-
sist Technology). After development, a 20 nm
thick layer of amorphous SrTiO3 is deposited
by room-temperature pulsed laser deposition
(PLD). The resist is then lifted-off, resulting
in the nano-structuring of the substrate as de-
picted in Fig. 1, where we can distinguish re-
gions where the amorphous STO is present
(thick and relatively rough) from a transport
channel and two side gate electrodes (atomi-
cally flat with a step and terrace structure). The
last step of the process consists in depositing a
thin film of LaAlO3 by high-temperature PLD.
Only in the regions of the substrate where the
amorphous SrTiO3 layer is absent, the LaAlO3
thin film grows epitaxially and an electron gas
is formed. These devices have been charac-
terized by transport measurements from room
temperature down to 20 mK. The samples ex-
hibit metallic behavior and superconductiv-
ity, as shown in Fig. 2. These observations
demonstrate the appropriateness of the fabri-
cation technology. As a next step, we will
study the effects of the reduced lateral size on
the superconducting properties of the system,
and subsequently we will try to fabricate more
complex device structures, such as Aharonov-
Bohm rings and electrostatically gated geome-
tries.
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Figure 2: Resistance versus temperature of a
150 nm wide channel based on the LaAlO3/SrTiO3
interface measured using a 4 points dc technique.
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Figure 3: (A) Schematic side view of the experimental device. (B) Optical microscope view (1000×) of the
central part of the electrodes and the position markers.

1.2 Hybrid ferroelectric/carbon nanotubes struc-
tures (P. Paruch)

Ferroelectric thin films and carbon nanotubes
(CNTs) both possess unique properties, such
as (reversible) spontaneous polarization, pyro-
electric and piezoelectric behavior for the for-
mer, and extremely high-mechanical strength
together with quasi-one-dimensional insulat-
ing, semi-conducting, and metallic behavior
for the latter. The properties of these individ-
ual systems are relatively well understood, but
their combination has remained virtually un-
explored, despite the potential for new multi-
functional devices. Indeed, CNTs can be used
to control the polarization of ferroelectrics, ide-
ally on a nanometer scale [3], since single-
wall CNTs have diameters of ∼ 2 nm, an or-
der of magnitude smaller than the sharpest
atomic force microscope (AFM) tips. Con-
versely, a ferroelectric substrate can be used to
inject or deplete charge carriers in an overly-
ing CNT through field effect [4], by accumu-
lating densities of carriers well beyond what
can be achieved with more conventional gated
devices, and potentially with nano-scale res-
olution [5]. From the technological side, the
main challenge is to obtain a clean interface
between defect-free single-wall CNTs and an
undamaged ferroelectric surface. In previous
work, we found that devices fabricated by di-
rect growth of CNT on BaTiO3 allowed po-
larization switching, but deteriorated the fer-
roelectric surface, leading to charge injection
rather than ferroelectric field effect [6]. The op-
posite strategy – i.e. the growth of ferroelectric
onto existing CNTs done by Kawasaki et al. –
resulted in deterioration of the CNTs during
the high-temperature oxygen annealing neces-
sary for ferroelectric crystallization [23].
The present project aims at going beyond
state-of-the-art, by realizing single-wall
CNT/ferroelectric interfaces suitable for both

nano-scale polarization control and clear fer-
roelectric field effect modulation. To this end,
we spin-coated CNTs onto a 270 nm PZT thin
film, grown by radio frequency magnetron
sputtering on SrTiO3 (001) single-crystals
(with a 35 nm conducting top SrRuO3 (SRO)
layer). Ti (5 nm)–Au (50 nm) electrodes were
fabricated using photolithography, e-beam
evaporation, and lift-off. The single-wall
CNTs, with nominal lengths between 5 and
15 µm, were purchased in powder form (SES
Research), and subsequently suspended in
deionized water using a long, low-power
sonication (24 h, 30 W, 45 kHz) with sodium
dodecylbenzenesulfonate as surfactant (the
resulting suspension was completely opaque
and stable for months). After multiple spin-
coating runs (4000 rpm), we found a density
of about 10’000 nanotubes/mm2 on the PZT
surface, whose length ranged between 1 and
5 µm. Individual CNTs in contact with the
Au-Ti electrodes were located and character-
ized by AFM tapping mode measurements.
To study the growth of ferroelectric domains
under and beside these CNTs, a voltage was
applied between the top Au-Ti electrode and
the SRO layer (see scheme in Fig. 3). Conduct-
ing CNTs in contact with the Au-Ti electrode
exhibit a uniform potential difference with
respect to the SRO bottom electrode, and thus
act as well-defined local electric field sources
for polarization switching. The ferroelectric
domain structure induced in this way could
be imaged by piezoresponse force microscopy
(PFM), and compared to the initial tapping
mode topographical scans.

We reproduced the results of CNT-mediated
switching of the polarization from the as
grown “UP” direction, by applying single 10 V,
10 s pulses (much shorter than in previous
studies). These pulses resulted in “DOWN”-
polarized domains whose shape exactly fol-
lowed the CNT position determined by AFM
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Figure 4: (A) An AFM tapping mode image of a cluster of nanotubes touching the side of an electrode. (B) A
PFM image of the same area after the successive application of three different voltages (10 V,−10 V, 10 V) on the
electrode. (C) A close up on the superposition of both previous images demonstrating the writing of “DOWN”-,
“UP”-, and “DOWN”-polarized domains whose outlines follow the positions of the CNT present in the cluster.

topography. We then investigated the re-
versibility of the CNT-controlled polarization
switching, by successively applying a positive
and negative voltage. Our previous work has
shown that the size of AFM-written domains
depends linearly on writing voltage, and log-
arithmically on writing time. Both these pa-
rameters can be varied to try to obtain the de-
sired domain size. Based on this knowledge,
we developed an empirical approach, apply-
ing +10 V for 1 minute, followed by −12 V
for 150 minutes, which only partially erase the
domain grown during the application of the
positive voltage. In Fig. 4 we show the result
of this procedure, followed by a third appli-
cation of a voltage (+10 V during 1 minute):
all three switching steps are clearly visible in
Fig. 4C, illustrating our current level of control
of the domain size. We are currently measuring
the transport properties of these PZT–CNT de-
vices, to understand whether ferroelectric field
effect modulation of charge carrier density in
the CNT can be achieved.

1.3 Carbon Nanotube growth for hybrid devices
(P. Paruch)

Since the deposition of water-suspended CNTs
can result in the presence of surfactant
molecules between the CNTs and the ferroelec-
tric surface, decreasing the quality of their in-
terface, we have also started working on a dif-
ferent technique for the deposition of CNTs.
In this case, CNTs grown by means of chemi-
cal vapor deposition (CVD) over trenches on a
substrate (Fig. 5 left), are subsequently trans-
ferred onto a pristine ferroelectric surface [24].
The substrate used for the CVD growth con-
sists of Si wafers with low-stress Si3N4 and

SiO2 layers, and trenches were realized by
lithographic patterning and different etching
steps. CNTs are grown by chemical vapor de-
position from ferrihydrite nanoparticle-based
catalysts. So far, our main efforts have fo-
cused on the optimization of the CNT growth
by adjustment of the feed source, reductive and
carrier gases (CH4, C2H4, H2 and Ar, respec-
tively), flow rates, and different catalysts. We
found that both an iron and molybdenum salt
based catalyst, supported on alumina nanopar-
ticles and suspended in water [25], as well as
ferrihydrite nanoparticles synthesized by fol-
lowing the standard procedure described by
Schwertmann [26] work well. The former re-
sults in dense growth of CNTs over trenches ≤
50 µm wide, while the latter is more suitable
for the growth of CNTs over wider trenches (up
to 150 µm), as determined by characterization
based on scanning electron microscopy (SEM)
imaging. Analysis of the as grown CNTs by
AFM and Raman spectroscopy, aiming at de-
termining their structural and electronic prop-
erties, is under way, and future work will fo-
cus on the transfer and micro-scale placement
of the CNTs onto the ferroelectric surfaces.

Finally, we have performed preliminary stud-
ies of the CVD growth of CNTs onto AFM
Si probes (either uncoated, or Co/Cr-coated).
This activity currently overlaps, in goals and
techniques used, with the work done to realize
CNT devices on top of ferroelectric substrates
(the CNT probes can be used to bias the ferro-
electric substrates with nanometer resolution),
but a much broader scope can be envisioned
once the technology will be fully under control
(e.g. AFM tips could be used as nano-scale in-
tracellular probes). At this initial stage, the as
grown CNTs are too long to be used as probes
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Figure 5: Left: SEM image of CNTs grown by chemical vapor deposition across an 80 µm wide trench etched
into an Si–SiO2–Si3N4 substrate. Right: SEM image of CNTs grown by chemical vapor deposition from ferrihy-
drite nanocrystal catalyst deposited on a commercial Si etched AFM tip (Nanosensors).

for AFM scanning, and their random orienta-
tion (Fig. 5 right) also poses problems. As a
next step, we will focus on the etching and
alignment of CNTs by different means, includ-
ing the application of external electric fields
between the tip and a rough conductive sub-
strate.

2 Carbon-based electronics

The activity on carbon electronics mainly fo-
cuses on graphene-based systems, with part
of the research also addressing organic single-
crystal transistors. The work on graphene ben-
efits from the complementary techniques made
available by the different participants. Mor-
purgo’s group brings in nano-fabrication capa-
bilities and specializes on low-temperature dc
transport measurements on nano-structures,
the group of van der Marel contributes with
state-of-the-art optical spectroscopy measure-
ments, and in the group of Renner the focus is
on scanning probe spectroscopy. These exper-
imental activities are well supported by theo-
retical efforts (Sigrist, Büttiker) described in the
next section.

2.1 Trilayer graphene as a semimetal with tun-
able band overlap (A. Morpurgo)

Since the discovery of graphene [27, 28], most
studies have focused on single-layer materi-
als, in which electrons behave as relativistic
massless particles. Bilayers are also subject
to an increasing number of investigations, be-
cause they possess very interesting properties
as well. For instance, the system is a zero-
gap semiconductor with quadratically dispers-
ing, chiral quasi-particles [29]; the quantum

Hall effect is anomalous [30]; the band struc-
ture can be tuned by applying a perpendicu-
lar electric field, that causes the opening of a
gap between valence and conduction bands [7].
These unique phenomena indicate that bilayer
graphene is a new material system, clearly dis-
tinct from single-layers. The question arises as
to whether thicker layers also are “unique” ma-
terial systems, or if their properties simply start
to resemble those of graphite (Fig. 6 shows an
optical microscope image of single-, double-,
and triple-layer graphene).
We have addressed this issue by performing
the first systematic investigation of transport
through trilayer graphene. Trilayer graphene
had not been investigated experimentally be-
fore, and band structure calculations had given
conflicting results for its low-energy electronic

Figure 6: Optical microscope images of graphene
flakes of different thicknesses. The contrast ob-
served under the microscope is sufficient to deter-
mine the layer thickness reliably.
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properties. Our work has relied on the use
of double-gated devices, in which the carrier
density and the electric field perpendicular
to the material can be tuned independently.
The response of trilayer graphene to a per-
pendicular electric field is strikingly different
from that of bilayers, and provide consider-
able information on the micoscopic electronic
structure. Magneto-resistance measurements,
consistently with the temperature dependence
of the resistance, clearly indicate that trilayer
graphene is a semi-metal with a band over-
lap of approximately 30 meV. Upon applying
a perpendicular electric field, the resistance of
trilayers decreases. We performed a theoret-
ical analysis of the data to show that the ef-
fect originates from a large increase in the band
overlap, which can be doubled by applying an
electric field of fairly moderate strength (E ≈
2 · 106 V/cm). The analysis of the electric field
dependence of the resistance and of its tem-
perature dependence also enables the determi-
nation of the effective mass of charge carriers.
We find it to be approximately 0.05 the free-
electron mass, in agreement with theory. These
results have been published in Nature Nan-
otechnology [8].

2.2 Optical conductivity of gate-tunable bilayer
graphene (D. van der Marel)

It was predicted [29] that in gated bilayer
graphene (sketched in Fig. 7a) an applied gate

Figure 7: (a) A sketch of the gated bilayer graphene
and of the reflectivity experiment. (b) The gate volt-
age dependence of the bandgap obtained by fitting
of the infrared spectra. The calculated bandgap ob-
tained using ab initio methods (that involve the self-
screening effects) is shown as a solid line. (c) The
measured differential reflectivity spectra. (d) The
fit of the measured spectra using the tight-binding
model. The assignments of the interband transitions
are given. (e) The four electronic bands of bilayer
graphene. The gap opens between the bands 2 and
3.

voltage does not only shift the chemical po-
tential, but also opens a bandgap due to the
induced interlayer difference in electrostatic
potential. Indeed, an insulating state could
be achieved in [7], although the size of the
bandgap could not be extracted from dc elec-
trical transport measurements. We measured
reflectivity spectra of bottom gated exfoliated
bilayer graphene using an infrared microscope
coupled to a Fourier transform spectrometer
[9, 10]. The gate voltage dependent value of
the gap was extracted (Fig. 7b) by fitting the
gate-modulated spectra, using a tight-binding
model and the Kubo formula. We find that
the self-screening effect is crucial to explain
the actual size of the bandgap. A close quan-
titative agreement between the experimental
and model spectra is achieved (Fig. 7c and
d), allowing us to determine self-consistently
the full set of tight-binding parameters, includ-
ing the ones responsible for the electron-hole
band asymmetry. All the interband optical
transitions (Fig. 7e) are identified in the spec-
tra as specified in Fig. 7d. There are certain
mismatches between the tight-binding model
and the data, which can be related to electron-
electron and electron-phonon interactions. Our
work amounts to demonstrating the possibil-
ity to directly fit infrared spectra using mi-
croscopic, physically meaningful parameters,
instead of the conventional phenomenological
Drude-Lorentz model. This result also shows
how the combination of electrostatic gating
and optical spectroscopy is able to provide
detailed information about the material band
structure.

An unexpected and surprising result of our
study is the observation of a giant increase of
the infrared intensity of the in-plane Eu phonon
mode (∼ 0.2 eV), as a function of the gate-
induced doping (Fig. 8) [11]. This phonon
peak was found to have a pronounced Fano-
like asymmetry, indicating that it is coupled to
a continuum of electronic excitations. We sug-
gest that the intensity growth and the soften-
ing originate from the coupling of the phonon
mode to the narrow electronic transition be-
tween parallel bands of the same character
(1 → 2 and 3 → 4 in Fig. 7e), while the
asymmetry is due to the interaction with the
continuum of transitions between the lowest
hole and electron bands (2 → 3). The growth
of the peak can be interpreted as a “charged-
phonon” effect [31] observed previously in or-
ganic chain conductors [32] and doped C60
[33]. It is remarkable that in graphene this ef-
fect can be tuned with the gate voltage, which
opens new possibilities for the use of this ma-

33



MaNEP Research

Figure 8: The real part of the optical conductivity
of bilayer graphene at different gate voltages in the
vicinity of the Eu phonon peak. The electronic base-
line is subtracted.

terial in electro-optical applications.

2.3 Graphene on SrTiO3 substrates (A. Mor-
purgo)

The dominant source of disorder in graphene
is represented by charged impurities present
in the supporting substrate. These impuri-
ties are responsible for rather large potential
fluctuations in the graphene layer, which scat-
ter charge carriers and, when the system is
close to charge neutrality, cause the formation
of regions where the Fermi level is either in
the conduction or in the valence band (the so-
called “puddles”). These effects affect the low-
energy properties of graphene and often pre-
vent the observation of its intrinsic properties.
It has been proposed to use high-dielectric con-
stant environments (e.g. substrates with high-
dielectric constant) to screen potential fluctu-
ations and suppress disorder due to electro-
static potential fluctuations. Several groups
have performed experiments based on differ-
ent strategies, and reported contrasting results.
As a consequence, it is currently unclear what
really are the main effects caused by a high-
dielectric constant substrate.
To address this point, we have started the in-
vestigation of transport through graphene on
SrTiO3 substrates. These substrates have a rel-
ative dielectric constant of 300 at room tem-
perature, reaching values in excess of 10’000

at liquid helium temperature. This is up to
three orders of magnitude higher than the
value for SiO2 substrates that have been rou-
tinely used in the past (the relative dielec-
tric constant of SiO2 is about 4). We have
developed the needed technology to realize
nano-devices, and performed first systematic
magneto-transport measurements. The results
show both similarities and differences with the
behavior of graphene on the commonly used
SiO2 substrates. In particular, the mobility of
graphene on SrTiO3 is comparable to that of
graphene on SiO2, indicating that the high-
dielectric constant of the substrate is not suffi-
cient to suppress disorder. In addition, in con-
trast to what is observed for graphene on SiO2
substrates, graphene on SrTiO3 shows a pro-
nounced, insulating-like temperature depen-
dence of the conductivity. A first analysis of
the measurements appears to indicate that the
phenomenon is due to the effect of short range
scattering, which is stronger for graphene lay-
ers on SrTiO3. When completed, this study will
clarify the mechanism responsible for the effect
of the dielectric environment on the properties
of graphene.
We have also performed first measurements on
devices consisting of nano-ribbons on SrTiO3
substrates. In this case the experimental results
are very different from the case of graphene on
SiO2. In particular, differently from SiO2 sub-
strates, no transport gap is observed. The effect
is likely due to the suppression of charging en-
ergy in the electronic “islands” that are formed
in the nano-ribbons (due to electron localiza-
tion caused by disorder) by the high-dielectric
constant of the substrate. More devices need to
be measured to draw a definitive conclusion. If
confirmed, these results will provide clear in-
dication as to the nature of transport through
graphene nano-ribbons, which is currently un-
der debate.

2.4 Scanning tunneling spectroscopy of
graphene-based systems: edges and in-
tercalated layers (C. Renner)

Two distinct aspects of graphite are motivat-
ing our work: i) the peculiar electronic struc-
ture of graphene and ii) the superconductivity
at remarkably high temperature discovered a
few years ago [34] in intercalated graphite com-
pounds (GIC). On the first topic, our aim is
to characterize edge states using scanning tun-
neling microscopy, both on single and multi-
layer exfoliated graphene flakes. The second
topic is building on our experimental capabil-
ities to decorate single and stacked graphene
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Figure 9: Gold contact layout to enable STM stud-
ies of two graphene flakes on SiO2 (top) and photo-
graph of its first implementation (bottom).

layers with selected atomic species. The goal
is to unveil key ingredients of superconductiv-
ity observed in GIC’s using scanning tunneling
spectroscopy.
Both experiments introduced above require the
ability to safely position the tip of our scan-
ning probe over tiny graphene flakes obtained
by exfoliation. The graphene flakes are de-
posited on an insulating substrate, SiO2, mak-
ing it impossible to safely find a flake and
its edge atoms using scanning tunneling mi-
croscopy (STM) alone: the STM tip would ir-
reparably crash into the substrate if we were to
miss the edge atoms by as little as an angstrom.
Consequently, we need to use combined STM
and atomic force microscopy (AFM). Electron
tunneling spectroscopy will be carried out us-
ing the STM while the AFM safely maintains
the tip within tunneling distance of the surface,
whether it is conducting or not.
We are using a very recently commissioned
commercial scanning probe instrument featur-
ing combined STM/AFM capabilities in ultra-
high vacuum and operating in the tempera-
ture range from 4.8 K to about 330 K. The sys-
tem is located in a dedicated Faraday cage and
is equipped with RHEED, LEED, XPS and a
range of evaporators allowing in situ deposi-
tion of submonolayer amounts of selected ma-
terials. The base pressure in the STM cham-
ber, with the system cold, reaches into the mid
10−12 mbar range.
The STM has outstanding performance, with
demonstrated 5 pm vertical imaging resolu-
tion. To study exfoliated graphene flakes with
the STM, a special electrode configuration was

Figure 10: Two graphene flakes mounted on the
STM sample plate. The arrow configuration of the
gold contacts pointing at the graphene flakes is
clearly visible to the naked eye.

designed to contact the sample and to assist in
the positioning the tip within close proximity
of the flake (Fig. 9). The arrow shape of the
contact pads near the samples provide a clear
landmark visible to the naked eye to locate
the flake to be studied (Fig. 10). Imaging the
oblique edge using AFM shall further enable to
steer the tip precisely onto the graphene flake.
We have tested the functionality of the above
setup, demonstrating the possibility to position
the tip over a selected graphene flake. We will
proceed with the planned experiments after a
few technical difficulties that we have encoun-
tered at this stage (with the electronics of the
controller unit, and with the sample holder –
which is currently being modified (Fig. 10)) are
solved.

2.5 Organic single-crystal transistors (A. Mor-
purgo)

The use of organic field-effect transistors (FETs)
for the investigation of the intrinsic transport
properties of organic semiconductors relies on
devices fabricated on crystals of the highest
possible quality, to minimize the influence of
disorder (originating from chemical impurities
and structural defects). An unambiguous man-
ifestation of the intrinsic transport properties
is the increase of carrier mobility with lower-
ing temperature, over a sufficiently broad tem-
perature interval. Until now, such a system-
atic increase in mobility in a FET configura-
tion has only been reported for devices realized
with rubrene single-crystals, which is why this
material has been extensively studied over the
past few years. However, the identification of a
broader class of materials whose quality is suf-
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Figure 11: Temperature dependence of mobil-
ity and threshold voltage in three different TMTSF
single-crystal FETs. The symbols represent the ex-
perimental data and the lines are fit based on our
model (red and black lines correspond to different
energy distributions of shallow traps, with the same
total trap density and characteristic energy).

ficient to reveal the intrinsic transport proper-
ties is clearly essential to reach a true under-
standing of organic semiconductors. Indeed,
only comparative studies of different materi-
als can indicate which of the properties that are
observed experimentally are generic to all or-
ganic semiconductors, and which are specific
to a given molecule.
To address this issue, we have realized organic
FETs made with single-crystals of many differ-
ent molecules, and we have found new materi-
als exhibiting a mobility increase upon cooling.
These are crystals of TMTSF (p-type) and PDIF-
CN2 (n-type; this is the first electron conduct-
ing organic material exhibiting a metallic-like
mobility in FET measurements). We discuss
here the case of TMTSF that we have already
analyzed in quite some detail. The experiment
consists in the measurement of the FET elec-
trical characteristics as a function temperature,
from which we extract the main FET parame-
ters, such as the carrier mobility and the thresh-
old voltage. The results are shown in Fig. 11 for
three different devices, together with theoreti-
cal curves that we have calculated from a sim-
ple – but microscopically well-defined – phe-
nomenological model. The model has as in-
put parameters the density of deep and shal-
low trap states and the corresponding energy
scales. By comparing the model predictions
and the experiments we can extract quantita-
tive values for all these parameters, in the dif-
ferent devices. The consistency of the model
can be checked by analyzing the measured
density dependence of the FETs characteristics,
that can be calculated in terms of the quan-
tities extracted by the analysis of the temper-
ature dependence, without the need to intro-
duce additional parameters. We conclude that
the model allows a reliable determination of
deep and shallow trap density. These results

also give an indication as to the origin of the
shallow traps (currently unknown in organic
FETs), which appears to be due in large part
to electrostatic potential fluctuations caused by
carriers trapped in the deep traps [12].
Finally, we have also investigated charge trans-
fer at metal/organic interfaces, using short
channel rubrene single-crystal FETs of differ-
ent length. In these devices, charge transfer
from the metal to the organic semiconductor
results in a length dependent threshold volt-
age shift, which can be accurately measured
and modeled (using Poisson’s equation, un-
der the assumption that the density of states
in rubrene is that of a conventional semicon-
ductor). Remarkably, all quantities involved in
the theoretical expression for the length depen-
dence of the threshold voltage shift are either
known from previous experiments, or can be
measured, and we find an excellent quantita-
tive agreement between data and model with-
out the need to introduce any unknown fitting
parameter. This result provides a clear indi-
cation of the internal consistency of the physi-
cal picture on which our description of organic
semiconductors is currently based [13].

3 Theory

The theoretical activities in this project pro-
ceed in close connection with the topics in-
vestigated experimentally. The work of Gia-
marchi’s group on superconducting quantum
wires is relevant for the transport experiments
that are being performed on LaAlO3/SrTiO3
nano-structures. The analysis of the elec-
tronic properties of graphene edges (Sigrist,
Büttiker) is directly related to experiments per-
formed in Morpurgo’s group, on transport
through graphene nano-ribbons and electro-
statically gapped bilayer graphene.

3.1 Superconducting quantum wires coupled to
a dissipative systems (T. Giamarchi)

Narrow superconducting (SC) wires with a di-
ameter d � ξ0 (where ξ0 is the bulk supercon-
ducting coherence length) are low-dimensional
systems in which strong fluctuations of the or-
der parameter inhibit long-range order (LRO),
and only quasi-LRO (i.e. power-law decay
of the order-parameter correlation function)
can exist [35]. Recent advances in nano-
fabrication have enabled the realization of ul-
tranarrow SC wires, in which quantum fluctu-
ations completely dominate the physics at low
temperatures, allowing to address fundamen-
tal questions in low-dimensional superconduc-
tivity [36]. Particularly, in the group of J.-M.
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Figure 12: A superconducting wire coupled to a
dissipative environment; paradoxically the dissipa-
tive environment reinforces the superconductivity
in the wire.

Triscone it was suggested recently the possibil-
ity to fabricate (among other nano-structures)
narrow SC wires embedded in a normal metal-
lic matrix by the means of the ferroelectric
field effect, in experiments done on SC Nb-
doped SrTiO3 films covered with ferroelectric
Pb(Zr,Ti)O3 [14]. While ideally isolated 1D SC
systems have been thoroughly studied in the
past [15], the complete understanding of sys-
tems coupled to the environment is still an
open issue. In particular, the interplay between
fluctuations and dissipation induced by the en-
vironment in quantum systems is at present
under intensive research [37, 38].
In this project, we concentrate on the study of
thin SC wires coupled to a diffusive metallic
film as shown in Fig. 12. In a BCS description
at T � Tc, where Tc is the bulk SC transition
temperature, the SC order parameter can be ex-
pressed as ∆(x) = ∆0eiθ(x), where ∆0 is the BCS
gap parameter, and x ≡ (x, τ), with x the co-
ordinate along the wire and τ the imaginary-
time. The “phase-only” description of the cou-
pled SC wire/2D diffusive metal system writes
S[θ] = S0[θ] + SE[θ], where S0[θ] is the action
of the isolated wire, which follows a Luttinger
liquid description [15]. On the other hand, the
effects of the environment are embedded in the
term

SE ∝ −
∫

dxdx′Pc
(
x− x′

)
cos

[
θ (x)− θ

(
x′
)]

(2.1)
where the kernel Pc (r− r′, τ − τ′) is the
Cooperon propagator of a electronic pair in the
2D diffusive metal. Interestingly, we have
found that the term SE of Eq. (2.1) induces
a quantum phase transition towards a phase
with true SC LRO in the wire at T = 0
[16]. This is possible due to the long-range
coupling in τ−space introduced by the kernel
Pc (r− r′, τ − τ′) ∼ δ(r− r′)/ (τ − τ′)2 on the
field θ(x). At finite temperatures T � Tc, this
coupling translates into a higher effective SC
stiffness of the wire. Indeed, our results show

that the resistivity due to phase slip processes
(vortices in 1 + 1 dimensions) is smaller in the
case of the wire/2D metal system than in the
isolated case [16].

3.2 Electron phonon coupling in graphene nano-
ribbons (M. Sigrist)

Electronic properties near the boundary of
graphene sheets are strongly influenced by the
type of edges. It has been shown that zigzag
edges give rise to zero-energy bound states
of non-bonding character which live only on
one sublattice. In narrow graphene ribbons,
so-called nano-graphene ribbons (NGR), these
bound states acquire a dispersion through the
overlap of edge states from the two ribbon
sides. It had been speculated early on that the
large density of states at the zero-energy could
give rise to instabilities of these edge states.
In our study, we investigated how susceptible
the graphene ribbons are against a lattice in-
stability [17]. At half-filling (µ = 0) the non-
bonding character of the edge states protects
them against a Peierls instability, despite the
diverging density of states. For finite chemical
potentials the overlap for non-bonding states
from both edges (both belonging to opposite
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Figure 13: Peierls instability in nano-graphene rib-
bons. (a) The mean field critical temperature of NGR
of width 1 and 2 as a function of chemical poten-
tial. Note that Tc vanishes as µ = 0 is approached.
(b) Temperature dependence of the quasi-particle
gap at the Fermi energy for NGR of width 1 and dif-
ferent values of µ.
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sublattices) yields a finite electron-phonon cou-
pling which leads to a Peierls deformation with
Q = 2kF. The fact that the electron-phonon
coupling relies on the overlap of two edge
states leads to a very low energy scale for
the instability which shrinks dramatically with
growing ribbon width. The estimates by Staar
et al. [17] give a critical temperature of order
10–20 K for the most narrow NGR of width 1
and show that this temperature drops by 2 or-
ders of magnitude for a width of 2 (Fig. 13).
Thus, although doped NGR can undergo a
Peierls deformation which opens a gap in the
electron spectrum and leads to insulating be-
havior, the critical temperatures are extremely
low and would most likely not affect the trans-
port properties of ideal zigzag-NGR.

3.3 Topological insulators (M. Büttiker)

Topological insulators are a new class of mate-
rials, for which today only a few realizations
exist. Three-dimensional topological insula-
tors are predicted to have conducting surface
states and two-dimensional topological insula-
tors support edge states. Thus, even if these
materials are insulators in their bulk, they are
in fact conducting due to their surface or edge
states. Edge states are known from the quan-
tum Hall effect where they explain the quan-
tization of conductance. To see conductance
quantization due to the quantum Hall effect,
typically magnetic fields of the order of Tesla
need to be applied. In contrast, in topological
insulators, edge states exist in the absence of
a magnetic field. However, different from the
case of the quantum Hall effect, in topological
insulators, edge states come in pairs. The edge
states are helical in nature: spin and momen-
tum are coupled such that at an edge spin up

Figure 14: Topological insulator (a and c) compared
to a quantum Hall conductor (b and d) at filling fac-
tor 2. The direction of carrier motion in the edge
states is indicated with arrows. A voltage probe (c)
changes the conductance of a topological insulator
by half a conductance quantum. In contrast, the
quantized Hall conductance (d) remains unaffected
by the presence of a probe. After [18].

electrons travel to the left and spin down elec-
trons to the right. Fig. 14, taken from [18], com-
pares a topological insulator (b) with a quan-
tum Hall conductor at filling factor 2 (a). A re-
cent experiment [39] tests the existence of edge
states by attaching additional contacts serving
as voltage probes along an edge. For a topolog-
ical insulator (Fig 14d) a voltage probe has the
effect that half of the current which flows into
the probe is sent back to the contact from which
the probe is fed. Only half of the current leaves
the probe in the forward direction to the next
contact. As a consequence the conductance is
reduced by half a conductance quantum. In
contrast the quantum Hall sample (Fig 14c) is
immune to the presence of a voltage probe.
The experiment mentioned above [39] is per-
formed in a mercury telluride heterostruc-
ture. It is interesting to ask whether more
readily available materials are topological in-
sulators. An important candidate is bilayer
graphene which can be gapped with the help
of gates [19]. There are two experiments which
have measured this gap; one by Morpurgo et
al. [7] investigates transport and another mea-
sures the gap optically [40]. The gaps observed
in these two experiments are rather different.
In recent work, Jian Li, Ivar Martin and Alberto
Morpurgo (unpublished) have examined edge
states in bilayer graphene and suggest that the
existence of these states explains the difference
between the two experiments.
It turns out that electrostatically gapped bi-
layer graphene is not a true topological insu-
lator, or at best only a weak one. In contrast to

Figure 15: Edge state in a gapped bilayer graphene
ribbon. Lower panel: light colors indicate a high
electron density. Upper panel: disordered edge. Af-
ter Li, Martin and Morpurgo (unpublished).
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Figure 16: Mesoscopic capacitor. After [20].

a true topological insulator, surface roughness
leads to localization of the edge states. Fig 15
shows an example of a numerical simulation of
such a localized edge state. Thus at zero tem-
perature bilayer graphene is strictly speaking
an insulator. However, at some elevated tem-
perature, as it exists in an experiment, there
is variable range hoping along the edge which
at even higher temperature changes to nearest
neighbor hopping. In this way the localized
edge states provide a contribution to transport.

3.4 Quantum coherent electronics with single-
particle emitters (M. Büttiker)

Recent experiments have demonstrated that
it is possible to use mesoscopic capacitors
(Fig. 16) to emit a single-electron and a single-
hole into a conductor in each cycle of a peri-
odic voltage applied to the capacitor [41]. Such
sources represent a novel tool for the investi-
gation of electrical transport and might revolu-
tionize electronics in a similar way that lasers
revolutionized optics. The experiment realizes
single-electron and hole emission at high fre-
quencies in the GHz range. We have exam-
ined the use of mesoscopic capacitors as charge
detectors [20]. We have shown that with the
help of two single-particle emitters we can real-
ize two-particle Aharonov-Bohm oscillations,
generating shot noise which depends on the
Aharonov-Bohm flux through two distant in-
terferometers [21]. In addition, we have exam-
ined the heat production and noise of a single-
particle emitter [22].

4 Collaborative efforts

Within this project, several collaborative ef-
forts are ongoing, and others are likely to
be established in the near future. On ox-
ides, the collaboration between the groups of

Triscone and Morpurgo is making it possible
to combine new materials (LaAlO3/SrTiO3 het-
erostructures) with nano-fabrication for the re-
alization of devices. The collaboration between
Paruch’s and Triscone’s groups is important
for the study of nano-scale domains in ferro-
electrics. On graphene-based electronics, col-
laborations are active between the groups of
Morpurgo, Renner, and Büttiker, focusing on
different experimental and theoretical topics.
Additional collaborative work – combining de-
vice nano-fabrication with experimental tech-
niques like optical spectroscopy – is currently
being discussed.
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Project 3 Electronic materials for energy systems and other
applications

Project leader: Ø. Fischer (UniGE)

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

Introduction and highlights: This project continues the effort carried out in Project 6 of Phase II.
The goal is to develop applications based on the research carried out in MaNEP. Compared to Phase
II some of the successful projects continue and many new projects have been added. In the field
of superconductivity, a distinct highlight is that we have achieved record values of critical currents
in industrial in situ MgB2 wires at high magnetic fields. We have started a new project on “Oxides
for energy harvesting”. The first part of this subproject aims at developing the technique to de-
posit epitaxial ferroelectric thin films on silicon wafers. Here we report on the realization of PZT
epitaxial films and on further optimization of the deposition process. Furthermore we have success-
fully fabricated epitaxial PZT transducers in the form of membranes and cantilevers. This represents
a first important step towards of the use of such structures in energy harvesting devices and other
MEMS applications. Our project on applications of artificial superlattices focuses on the use of metal-
lic superlattices in neutron mirrors. A key result of this research is that we have demonstrated the
fabrication of metallic substrates with extraordinarily low surface roughness allowing even better
neutron mirrors opening up an avenue towards advanced neutron optical devices. Another new set
of projects is contained in the subproject “Hydrogen detectors and other sensors”. In this part we
report in particular on progress in our search for an optimal material for which the metal-insulator
transition resulting from hydrogen uptake of an intermetallic compound can be used as a hydrogen
selective gas detector. Finally the subproject “New surface treatments for microcomponents” repre-
sents a novel development in which nano-powder-printed marks can be written into a surface. This
new technology opens up the door for a number of different applications, in particular in the watch
industry.

Summary

Applied superconductivity

1. Very high Jc and Birr values in densified in
situ MgB2 wires: by means of the cold high
pressure densification (CHPD) method devel-
oped in Geneva, we have improved the Jc
value of industrial in situ MgB2 wires to the
world’s highest values of Jc(4.2 K) = 104 A/cm2

at 13.4 T and 6.0 T for 4.2 and 20 K, respec-
tively. The value of Birr has been enhanced by
2 T: solenoids producing fields of ∼ 5 T at 20 K
are now possible.
2. Impact of steel reinforcement on Nb3Sn in-
ternal tin wires under tensile strain: the behav-
ior of Jc of a multifilamentary Nb3Sn wire has
been measured up to 19 T as a function of ap-
plied tensile stress, showing a strong improve-
ment compared to the behavior of unsheathed
wires. The analysis of the results shows the ef-
fect of three-dimensional stresses.
3. Synchrotron radiation for the characteriza-
tion of Nb3Sn wires under transverse com-

pression: high resolution synchrotron diffrac-
tion measurements were performed for the first
time on Nb3Sn wires at 4.2 K simultaneously
to the application of transverse compressive
stresses. The elastic strain in powder in tube
(PIT) Nb3Sn wires is higher than for other wire
types, in agreement with the higher sensitivity
of Jc with respect to transverse stresses.
4. Towards understanding thermal properties
of coated conductors for fault current limiters:
we have characterized the electrical and the
thermal properties of coated conductors (CC).
We have determined the local electric field in
the CC at the beginning of the short-circuit.
The heat propagation velocity in the substrate
has been measured thank to the development
of a special structure on CC. We confirm that
this heat propagation velocity is of the order of
few cm/s. For the measurement of the thermal
conductivity of the CC a new probe has been
built.
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Oxides for energy harvesting

This subproject aims at investigating the use
of oxides in either mechanical or thermoelec-
tric energy harvesting. Oxides with their large
spectrum of different properties open up a rich
field of investigation in this domain. In the first
part of this subproject we aim at developing
the technique to deposit epitaxial ferroelectric
thin films on silicon wafers. This approach will
open up the door to electromechanical MEMS
devices. Here we report on the realization of
PZT epitaxial films on Si and on further op-
timization of the deposition process. Further-
more we have successfully fabricated epitaxial
PZT transducers in the form of membranes and
cantilevers. The resonance behavior of these
structures have been studied. This represents
a first important step towards of the use of
such structures in energy harvesting devices
and other MEMS applications. On the other
hand, in order to explore the potential of oxides
for use in thermoelectric devices we have stud-
ied Nb doped CaMnO3. This material was syn-
thesized and characterized for a possible ap-
plication as n-type conductor in all oxide ther-
moelectric converters. This compound has a
very high Seebeck coefficient but also a very
high electrical resistivity and thermal conduc-
tivity. Doping this compound and producing it
in a granular form has a potential for improved
thermoelectric figure of merit.

Applications of artificial superlattices

We have developed a process for polishing
metallic substrates to produce an extraordinar-
ily low surface roughness compared to high-
quality float glass. In a first step, we produced
neutron supermirror coatings on aluminum
substrates with a reflectivity R ≈ 91% at the
critical angle of reflection of m = 2, demon-
strating the excellent quality of the aluminum
surface. In a second step, we succeeded to coat
m = 3.6 supermirror on aluminum and steel
substrates with R ≈ 77%. These supermirrors
on metallic substrates open new options for ad-
vanced neutron optical devices. A prerequisite
for the development of the metallic substrates
for neutron mirrors was an adequate method
to measure the surface roughness. We per-
formed measurements with atomic force mi-
croscopy (AFM) in order to determine the sur-
face roughness for supermirror substrates. We
find that AFM provides a valuable tool for
quality control of the neutron supermirror pro-
duction. This project is carried out with Swiss-
neutronics.

Hydrogen detectors and other sensors

Members of the metal-hydrogen series
LnMg2T-Hx (Ln = La, Ce, Pr, Nd; T = Ni,
Pd, Pt) were further characterized with respect
to structure, electric resistivity and hydrogen
sorption properties. The systems are metallic
for x < 7 and insulating for x = 7. No major
structural reconstruction occurs during the
metal-insulator transition, and the transi-
tions are reversible. All systems display an
intermediate hydride phase of approximate
composition LnMg2T-H∼3. Hydrogen ab-
sorption/desorption plateau pressures of the
palladium members (Ln = La, Ce, Pr, Nd)
increase in the sequence La < Ce < Pr < Nd
and scale with cell volume. This shows that
the MI transitions can be “tuned” to suit given
hydrogen pressure-temperature conditions.
This project is developed in the framework of a
CTI project with Asulab (a member of Swatch
group).
Over the past months, we have successfully
implemented nano-structured alkali W/Mo-
oxides for ammonia sensing. The sensitivity of
the W/Mo-oxide nano-materials depends on
the alkali cation that is incorporated into the
hexagonal channel structure and thereby also
on the different nano-scale morphologies that
range from nano-wires to hierarchical arrange-
ments. Furthermore, we have hydrothermally
synthesized and characterized novel bismuth
oxysulfate, Bi6S2O15, nano-wires with high as-
pect ratio. Their humidity sensing properties
are quite promising for environmental applica-
tions.
We made significant progress in understanding
the giant piezoresistance observed in metal-
semiconductor hybrids (MSH) and depleted
silicon nano-structures. A couple of compa-
nies have expressed interest in this work and a
white paper has been written to explore pres-
sure sensors based on MSH with Freescale
Semiconductors Inc. Depleted silicon nano-
structures have been fabricated in an attempt
to demonstrate the supposed electrostatic ori-
gin of a giant piezoresistance recently observed
in silicon nano-wires. To date however, the
measured piezoresistances are small compared
to that previously measured in silicon nano-
wires.

New surface treatments for microcomponents

In this new subproject we are developing a
novel technology using an STM inspired de-
vice to write marks on a microscopic scale into
a metallic surface. The marks consist of small
dots of in situ synthesized surface alloys. This
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is achieved using ultrashort sparks across a
composite dielectric containing nano-powders.
A system has been developed to write any
form and any material onto the surface. A first

application has been developed for marking
against counterfeiting and a CTI project with
Vacheron Constantin has been awarded.

1 Applied superconductivity

1.1 Enhanced superconducting properties of in
situ MgB2 wires after Cold High Pres-
sure Densification (R. Flukiger, D. Eckert;
Bruker-Biospin)

The cold high pressure densification technique
(CHPD) recently developed in Geneva has led
to a considerable improvement of the in-field
critical current density Jc in in situ binary and
alloyed MgB2 wires and tapes [1, 2]. For wires
alloyed with malic acid (C4H6O5), the highest
Jc values reported so far for in situ wires were
found after applying CHPD at 1.5 GPa, reach-
ing at 4.2 K the value 104 A/cm2 at 13.4 T [2].
These densified wires exhibit a considerably
higher MgB2 mass density and a lower elec-
trical resistivity, thus reflecting an improved
grain connectivity (Fig. 1). A common feature
observed in binary as well as in the alloyed
MgB2 wires is the enhancement of Birr with in-
creasing CHPD pressures.
Specific heat measurements show a consid-
erably narrower Tc distribution for densified
MgB2 filaments (Fig. 2): the onset Tc value re-
mains unchanged, while the downset value is
shifted to higher temperatures. This shift of the
average Tc to higher values for densified wires
is correlated to the increase of the average Bc2
and thus of Birr, with Birr up to 2 T higher. At
the same applied field, the value of Jc for den-
sified wires is increased by a factor 2.
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Figure 1: Resistivity vs magnetic field at 25 K for
the non-pressed MgB2 wire (red symbols) and for
the wire densified at 2 GPa (orange symbols).

1.2 Impact of steel reinforcement on Nb3Sn
internal tin wires under tensile strain
(R. Flukiger, D. Eckert; Bruker-Biospin)

In large magnets, as for example the ITER
toroidal coils (TF), the Lorentz forces at 12 T be-
come very large, with strong consequences for
the Ic in the Nb3Sn wires. In order to get fur-
ther information about the behavior of cable-
in-conduit (CIC) superconductors, we have
studied the behavior of Ic of a steel jacketed
Nb3Sn wire produced by Oxford Instruments
(OST, ITER type-I) as a function of the applied
compressive stress. The strain dependence of
Ic was measured with a Walters spring probe
(WASP) in magnetic fields up to 19 T (Fig. 3).
As a consequence of the higher thermal pre-
compression of the A15 layer induced by the
stainless steel (SS) jacket, the strain value cor-
responding to the maximum of Ic, εm, is shifted
by 0.31% with respect to the bare wire (Fig. 3).
The SS reinforced wire does not exhibit any
degradation of Ic after releasing the tensile
force from applied strains values as high as
1.03%. The irreversibility limit, εirr, for the bare
wire has been raised by more than 0.50%. The
strain behavior of Ic in Fig. 3 shows a three-
dimensional characteristics, not only for high
compressive strains, but also for high tensile
strains.
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Figure 2: Distribution of Tc for the non-pressed
MgB2 wire (dark blue symbols) and for the wire den-
sified at 2 GPa (light blue symbols).
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Figure 3: Ic vs intrinsic strain for both bare (solid
symbols) and SS reinforced samples (open symbols),
at T = 4.2 K and for four different applied fields.

1.3 Synchrotron radiation techniques for the
characterization of Nb3Sn wires under trans-
verse compression (R. Flukiger, D. Eckert;
Bruker-Biospin)

The high flux of X-rays in high-energy syn-
chrotron beam lines has enabled a variety of
new experiments with the highly absorbing
Nb3Sn superconductors [3]. Until recently the
materials characterization of multifilamentary
wires has been performed almost entirely by
destructive methods, apart from studies per-
formed with neutron techniques. In contrast to
laboratory X-ray sources, high-energy X-rays
from synchrotron sources allow in situ diffrac-
tion measurements in transmission geome-
try. In the present work, high-resolution syn-
chrotron X-ray diffraction measurements were
performed in situ at 4.2 K during the trans-
verse compression of individual, bare Nb3Sn
wire samples. Three types of strands were
studied: powder in tube (PIT), restack rod pro-
cessed (RRP) internal Sn, and bronze route. Be-
low a certain threshold stress, the strain in RRP
and bronze route wires depends very little on
the applied stress, suggesting that the matrix
may initially protect the filaments. The elas-
tic strain in the Nb3Sn filaments at equivalent
stresses is higher in the PIT than in the RRP
and the bronze route wires (Fig. 4). This is con-
sistent with the Jc measurements on bare PIT
wires showing a stronger sensitivity to trans-
verse compression.

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

a) Introduction The superconducting fault
current limiter (SFCL) is a device which limits
the current in the electrical network during a
short-circuit. Thanks to the fast superconduct-
ing to normal transition, the SFCL can limit the
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Figure 4: Crystallographic strain vs compressive
stress (left axis) and Ic vs compressive stress (right
axis) for a bronze route Nb3Sn wire (solid symbols)
and a PIT Nb3Sn wire (open symbols).

current in less than a ms. We are now focusing
on SFCL made of superconducting thin films
grown onto a metallic substrate (Hastelloy)
known as coated conductors (CC). We have
already reported on the behavior of CC during
a short-circuit and we have highlighted some
weaknesses of these CC [4]. The first one is
the low mean electric field they can sustain
(<1 V/cm) and the second is the low propa-
gation velocities of the switched region (of the
order of few cm/s compared to 20 m/s in films
grown onto sapphire wafer) [4]. These low
propagation velocities are related to the poor
thermal properties of the structure, i.e the ther-
mal properties of the superconducting/buffer
layer, of the substrate and the thermal coupling
between them. Therefore during this year we
have both studied the electric field in CC at
the beginning of a short-circuit and we have
started the thermal characterization of the CC
by the study of the substrate.

b) Electric field in coated conductors In CC, at
the beginning of a short-circuit, only a part of
the superconducting line is switching into the
normal state. The applied voltage appears on
this normal region and therefore the local elec-
tric field Elocal is higher than the mean electric
field Emean (= applied voltage divided by the
length of the line). This leads to a local power
density which can be higher than a threshold
value and therefore damaging the sample. It
is then important to have an idea of the value
of this local electric field. We have then care-
fully measured the behavior of a superconduct-
ing line during short constant voltage pulses.
The resistance of the line at the beginning of
the voltage pulse is shown on Fig. 5.
This graph shows that the resistance increases
linearly with Emean until a kink appears at the
total resistance of the line in the normal state.
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Figure 5: Resistance of a 1.2 cm long line 40 µs after
the beginning of a constant voltage pulse as a func-
tion of the applied mean field.

This indicates that the whole line has switched
for an applied field of 13 V/cm. This means
that if one applied a low Emean (�13 V/cm)
to this CC (produced by Theva with dYCBO =
300 nm) the local electric field in the switched
region will be 13 V/cm, i.e Elocal can be much
higher than Emean.

c) Heat propagation within the substrate The
propagation of the heat in the Hastelloy sub-
strate certainly plays a role in the propagation
velocity of the normal zone. It is then interest-
ing to determine what the heat propagation ve-
locity in this substrate is. For this measurement
we have developed a special structure made of
several parallel superconducting strips along
the tape on which we can record the propaga-
tion of the temperature front within the sub-
strate as shown on Fig. 6 (inset). The heat is
generated by applying a current pulse (J > Jc)
on a heater strip. The switching sequence of
these stripes is reported on Fig. 6.
From these measurements we can estimate that
the heat propagation velocities in the substrate
are around 1–3 cm/s. These velocities are
lower than the measured propagation veloc-
ities of the normal zone along the CC (8 −
15 cm/s) and further studies are needed to de-
termine if the difference is coming from the
propagation of the heat in the superconduct-
ing/buffer bilayer.

d) Thermal conductivity of thin films One im-
portant parameters which play a crucial role in
the propagation of the normal zone is the ther-
mal conductivity of the different layers of the
CC’s structure. We have then developed a new
probe which allows us to measure the thermal
conductivity of thin films as shown on Fig. 7.

Figure 6: Resistance of the heater and the ther-
mometer stripes during a 120 ms constant current
pulse applied to the heater line. The space between
the thermometer stripes (L1, L2, L3) is 200 µm. The
inset shows the structure used for this measurement.

The heat, on the CC, is generated by a current
biased strain gauge. We are now calibrating
the setup and we have already measured, by a
steady-state technique, the thermal conductiv-
ity of an Hastelloy/MgO structure. The ther-
mal conductivity we measured is close to the
value reported in the literature.

2 Oxides for energy harvesting

2.1 MEMS based on epitaxial oxides on silicon
(J.-M. Triscone, G. Triscone, N. de Rooij)

a) Oxide growth and characterization Si mi-
crofabrication technology has demonstrated its
huge potential and success with microelec-
tromechanical systems (MEMS) such as ac-
celerometers or digital light processing de-
vices, widely used in commercial applications.
Providing new and/or improved functional-
ities to MEMS with crystalline complex ox-
ides is the scope of this collaborative project.
In particular, we aim to integrate epitaxial
piezoelectric thin films with silicon microfab-
rication techniques to realize deflecting mem-
branes and cantilevers for sensing, actuation
and energy harvesting.
The main challenges for the integration of
oxides on silicon are the control of the sili-
con/oxide interface at the atomic level, the
growth of high quality epitaxial oxide films
and the choice of microfabrication processes,
allowing the excellent properties of the oxide
layers to be retained, in order to maximize the
performance of fabricated devices.
Our all-epitaxial MEMS are based on a piezo-
electric Pb(Zr0.2Ti0.8)O3 (PZT) layer grown on
a silicon substrate through two oxide layers:
SrTiO3 used as structural buffer and metal-
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Figure 7: Probe for the measurements of the thermal conductivity of thin films.

lic SrRuO3 (SRO) used as bottom electrode.
A few unit cell thick epitaxial (001) SrTiO3
film is initially grown by molecular beam epi-
taxy on 2” (001) silicon wafers, providing the
structural interface between the silicon and
the perovskite structure [14]. We then em-
ploy off-axis magnetron sputtering to deposit a
30 nm thick metallic SrRuO3 and a ferroelectric
Pb(Zr0.2Ti0.8)O3 layer, typically 150 nm thick
[5].
X-ray θ − 2θ diffractograms confirm the c-axis
orientation of the oxide stack (see MaNEP
Progress Report, Year 8). Local measurements
of the d33 piezoelectric coefficient, performed
with an atomic force microscope, permit to esti-
mate a d33 value of the order of 50 pm/V and a
coercive field of ∼100 kV/cm. Current-voltage
(I − V) and polarization-electric field (P − E)
measurements realized on test structures (sur-
face area 100× 100 µm2) show clear ferroelec-
tric switching peaks without a significant pres-
ence of leakage currents up to 20 V, indicating
a robust ferroelectric response of the epi-piezo
thin film on silicon. The estimated remnant po-
larization is around 70 µC/cm2.
Different tests have been performed to evalu-
ate the influence of the microfabrication steps
on the properties of the piezoelectric layer. We
have investigated the role of different materi-
als suitable as top electrodes. Au/Cr, Pt/Ta
and Pt/Ti have been tested. The results show
that the degradation in the remnant polariza-
tion is least severe for PZT thin films with
Au/Cr top electrode. The thermal budget of
the heterostructures during the patterning pro-
cess was also studied. It was found that high
processing temperatures can degrade the prop-
erties of piezoelectric thin films. We have real-
ized test structures with Au/Cr top electrodes
for P − E measurements. The samples have
been heated in an oven in ambient atmosphere
at different temperatures for 30 minutes and
then characterized at room temperature. Fer-
roelectric properties remain robust up to an
annealing temperature of 250◦C, as shown in
Fig. 8; at 300◦C, I − V curves reveal the ap-
pearance of a large leakage component, mask-

ing the ferroelectric switching current.

b) Processing and characterization of de-
vices Epitaxial PZT transducers (membranes
and cantilevers) are fabricated using micro-
patterning techniques optimized for these
oxide layers [6]. The front-side processing
is a combination of wet etching for the PZT
layer and dry etching for the SRO electrode.
For the Si back-side etching, a deep reactive
ion etching technique has been used to obtain
membranes with a thickness of the order of
10 µm. To release the cantilever structures from
the wafer, a direct laser cutting technology has
been employed.
Circular membranes fully covered by an elec-
trode with different diameters of 1000, 1500
and 2000 µm with a silicon thickness of 20 µm,
as shown in Fig. 9, and cantilever beams with
different sizes have been fabricated.
The static and dynamic behavior of these struc-
tures has been investigated by optical probes.
The resonant frequencies have been identified
by exciting the structure with a white noise sig-
nal. These resonant frequencies, observed in
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Figure 8: Remnant polarization measured at room
temperature versus the annealing temperature T.
P− E loop of an as grown sample reveals a remnant
polarization of 70 µC/cm2, which is maintained up
to an annealing temperature of 250◦C. For anneal-
ing temperatures above 300◦C, the leakage becomes
important.
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Figure 9: Optical microscope view of the front-side
of a 1000 µm circular membrane. The Cr/Au metal-
lization (light gray area) covers the PZT layer of the
membrane and works as top electrode. The access
to the SrRuO3 bottom electrode is visible in the left
top corner.

Fig. 10 for a 2000 µm membrane, are in agree-
ment with theoretical simulations.
Successively, the quality factor (Q factor) of the
first resonance mode has been measured with
an excitation signal of 1 V ac, in atmospheric
pressure and under vacuum. The Q factor, cal-
culated as the ratio between the resonant fre-
quency and the full width half maximum of
the resonant peak is an important parameter in
resonant applications, since it determines the
sensitivity of the device. Fig. 11 shows the fre-
quency spectra for a 1500 µm diameter mem-
brane under atmospheric and 0.1 mbar pres-
sures. We observe that the resonant peak in-
creases in intensity and shifts to higher fre-
quency with decreasing pressure. This phe-
nomenon is due to the reduction of air damp-
ing around the structures. In the case of the
membrane, the Q factor is 50 at atmospheric

Figure 10: Resonance frequencies for a 2000 µm
membrane excited by a white noise signal. The dif-
ferent deformation modes have been theoretically
calculated and are shown for each resonance fre-
quency.

Figure 11: Frequency spectra for a 1500 µm diame-
ter membrane under atmospheric and 0.1 mbar pres-
sures.

pressure and increases markedly to 323 when
the pressure is reduced to 0.1 mbar.

2.2 Controlling the structure and thermoelectric
properties of perovskite-type manganates
(A. Weidenkaff )

a) Identification of promising thermoelectric ox-
ides Thermoelectric (TE) materials are used
for the direct conversion of heat into electric-
ity. If a temperature gradient is imposed on
two sides of the thermoelectric module, a volt-
age gradient will form in response via the See-
beck effect. The value of the voltage generated
for the temperature drop of 1 K is character-
ized by the Seebeck coefficient and depends
on the electronic structure of the compounds.
CaMnO3 exhibits a large thermoelectric coef-
ficient (S(T = 300 K) = −800 µV/K), which is
essential for the application in thermoelectric
converters. As described by the so-called di-
mensionless figure of merit ZT = S2T/ρκ,
high S needs to be combined with low electri-
cal resistivity ρ and thermal conductivity κ.
Although CaMnO3 does not fill the low-ρ re-
quirement, a better n-type conductivity can be
introduced through substitution of Mn with
cations having higher stable oxidation num-
bers. This principle was applied when synthe-
sizing improved n-type thermoelectrics with a
nominal composition of CaMn0.98Nb0.02O3−δ.
The theoretical Seebeck coefficient values were
calculated by applying the extended Heikes
formula taking spin entropy terms into ac-
count. The results were confirmed with See-
beck measurements and a detailed error calcu-
lation. With increasing Nb substitution, the re-
sistivity is lowered as expected and confirmed
by theoretical evaluations. Nevertheless, it was
found that the density and morphology of the
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Figure 12: The nano-structures of high-ZT (left) and low-ZT (right) CaMn0.98Nb0.02O3 materials.

samples on the thermoelectric performance ZT
has to be determined very accurately, since the
deviation in reproducibility can be up to one
order of magnitude. This finding led to a crit-
ical review of the available literature data on
the most promising new materials and was un-
fortunately confirmed for all published data on
thermoelectric oxides.
For further systematic studies
CaMn0.98Nb0.02O3 phases with different
densities (60% – 100%) and morphologies are
being produced and characterized (fig 12).
Samples with smaller grain size and lower
density show extremely low thermal conduc-
tivity. The grain boundaries work effectively
as phonon scatterers and together with pores
provide higher ZT values having impact on
the efficiency of the thermoelectric conversion.

b) Finite element modeling The efficient usage
of energy at all stages along the energy sup-
ply chain and the utilization of waste heat are
very important for a sustainable energy supply
system. Thus, thermoelectric modules need to
be modeled to be optimized according to the
operating temperature gradients between hot
Th and cold Tc sides of the module. The re-
quired output voltage V, current I, and gen-
erated power output P is evaluated by using
the acquired input parameters, i.e. the ther-
moelectric properties S, ρ and κ, and validated
with experimental values from thermoelectric
modules. The equations governing the multi-
dimensional temperature and electrical poten-
tial distributions in TE materials, under steady-
state conditions and in the absence of an ap-
plied magnetic field, can be presented as the

energy equations:

∇(λ∇T)− T · J ∂α

∂T
∇T + ρJ2 = 0 (2.1)

and current flow:

J + σ(∇V + α∇T) = 0 (2.2)

∇J = 0 (2.3)

q = αTJ − λ∇T (2.4)

where the vector J is the electric current per
unit area, the vector q is the heat transfer rate
per unit area, T is the temperature, λ is the
thermal conductivity at zero current, σ = 1/ρ
is electrical conductivity, ρ is electrical resistiv-
ity, α is the absolute Seebeck coefficient (ther-
moelectric power) and V is the voltage. All
the materials properties are functions of tem-
perature. These functions are based here on in-
terpolation of measured data. The equations
above form a system of two direct coupled par-
tial differential equations with two dependent
variables the temperature T and the electrical
potential V. In COMSOL Multiphysics the ge-
ometry is modeled by using the internal CAD
tool.

3 Applications of artificial superlattices –
development of neutron guides (M. Ken-
zelmann; Swissneutronics)

3.1 Introduction

It is well known that decreasing the roughness
of the substrate surface and/or of the layer in-
terfaces can substantially increase the reflectiv-
ity of neutron supermirrors. However, in the
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process of neutron mirror deposition, the inter-
face roughness is usually increased. This effect
can be minimized by appropriate deposition
parameters. In particular, recent developments
of the coating process for neutron supermirrors
[7][15] showed that a high reflectivity can be
achieved if the supermirros are deposited on
ultrasmooth surfaces.
During recent years, supermirrors became an
essential component at most neutron scatter-
ing instruments and are widely used for the ef-
ficient transport and manipulation of neutron
beams. Present neutron guides and optics are
usually assembled from flat glass substrates.
The natural surface of floated glass provides an
extremely small roughness, and this allows the
deposition of supermirrors with high reflectiv-
ity for very large angles of reflection, i.e. up to
m = 7 times the critical angle of Ni. For exam-
ple, reflectivities R > 80%, 70%, 60%, and 50%
are regularly obtained for m = 4, 5, 6, and 7, re-
spectively [7]. Unfortunately, glass has limited
stability against irradiation, temperature, and
mechanical stress. Hence metal substrates of a
similarly high quality are desired for demand-
ing application [8].

3.2 metallic substrates

We developed processes to refine the surface
on aluminum substrates and monitored the re-
sults by AFM. The roughness is quantified by
the vertical deviations of the surface from its
ideal form. The simplest description of sur-
face or interfacial roughness is the root mean
square (RMS) value Sq (areal roughness). The
surface of floated glass served as the reference
because borated or non-borated glass has been
proven to be the best substrate for supermir-
ror coatings when prepared properly. Fig. 13a
shows a typical image of the topography of a
float glass [8]. The analysis results in a RMS
roughness of Sq ≈ 1.8 Å. We also succeeded to
adapt the refining process to steel substrates.
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is rather close to the typical value of floated glass. Measurements on various locations confirm the homogeneity of 
the quality indicating that the refinement process is constant across the complete substrate area of 70mm x 180mm. 
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Fig. 1: AFM images of the surface of 
a) float glass and b) steel substrate. 
The surface of the steel substrate 
exhibits fine scratches from the 
polishing process. The color code is 
identical for both images.  
 
 
 

 
The aluminum substrates were coated with a Ni/Ti supermirror m = 2 and 3.6. The measured reflectivity profiles 

are presented in Fig. 2 showing R = 91 % at m = 2.1 and R = 77 % at m = 3.6. For comparison the reflectivity of a 
similar supermirror on float glass is included reaching R = 94 % and R = 82 % at the respective edge of the 
supermirror. The reflectivity of the supermirror m = 3.6 on a steel substrate is also included in Fig. 2 reaching R ≈ 77 
% at m = 3.6. The excellent neutron reflectivity of the supermirror on aluminum and steel substrates confirm the 
excellent smooth surface. However it becomes also clear that the float glass is still slightly superior when compared 
with the refined metallic substrates, which is in good agreement with the trend seen from the AFM data. The 
absolute roughness values Sq may not be real because of the tip diameter of the AFM described above, which results 
in a smoothed measured profile. 
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Fig. 2: Neutron reflectivity of a 
mnominal = 2 resp. mnominal = 3.6 
supermirror deposited on refined 
aluminum (circles) and steel 
substrates (triangle) and on float 
glass (squares). The m-values differ 
slightly from the targeted value due 
to a small deviation of the thickness 
calibration of the deposition process.  

 
 
 
 
 
 

Figure 13: AFM images of the surface of (a) float
glass and (b) steel substrate. The surface of the steel
substrate exhibits fine scratches from the polishing
process. The color code is identical for both images.

Fig. 13b displays the AFM image of the steel
surface as obtained from a state-of-the-art re-
finement process. A roughness of Sq ≈ 2.1 Åis
obtained, which approaches the typical value
of floated glass. Measurements on various lo-
cations confirm the homogeneity of the qual-
ity, indicating that the refinement process is
constant across the complete substrate area of
70 mm×180 mm.
The aluminum substrates were coated with
a Ni/Ti supermirror m = 2 and 3.6. The
measured reflectivity profiles are presented in
Fig. 14 showing R = 91% at m = 2.1 and
R = 77% at m = 3.6. For comparison, the re-
flectivity of a similar supermirror on float glass
is included, reaching R = 94% and R = 82% at
the respective edge of the supermirrors. The re-
flectivity of the supermirror m = 3.6 on a steel
substrate is also included in Fig. 14 reaching
R ≈ 77% at m = 3.6. The excellent neutron re-
flectivity of the supermirror on aluminum and
steel substrates confirms the excellent smooth
surface. However, it is also clear that the float
glass is still slightly superior compared with
the refined metallic substrates. This is in agree-
ment with our AFM measurements.
With this study, we also demonstrated the im-
portance of AFM measurements for the deter-
mination of the surface roughness of supermir-
ror substrates. We succeeded to correlate the
RMS roughness from AFM and the reflectivity
data of the coated substrates consistently. This
method thus provides a valuable tool for the
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the quality indicating that the refinement process is constant across the complete substrate area of 70mm x 180mm. 
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a) float glass and b) steel substrate. 
The surface of the steel substrate 
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are presented in Fig. 2 showing R = 91 % at m = 2.1 and R = 77 % at m = 3.6. For comparison the reflectivity of a 
similar supermirror on float glass is included reaching R = 94 % and R = 82 % at the respective edge of the 
supermirror. The reflectivity of the supermirror m = 3.6 on a steel substrate is also included in Fig. 2 reaching R ≈ 77 
% at m = 3.6. The excellent neutron reflectivity of the supermirror on aluminum and steel substrates confirm the 
excellent smooth surface. However it becomes also clear that the float glass is still slightly superior when compared 
with the refined metallic substrates, which is in good agreement with the trend seen from the AFM data. The 
absolute roughness values Sq may not be real because of the tip diameter of the AFM described above, which results 
in a smoothed measured profile. 
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Fig. 2: Neutron reflectivity of a 
mnominal = 2 resp. mnominal = 3.6 
supermirror deposited on refined 
aluminum (circles) and steel 
substrates (triangle) and on float 
glass (squares). The m-values differ 
slightly from the targeted value due 
to a small deviation of the thickness 
calibration of the deposition process.  

 
 
 
 
 
 

Figure 14: Neutron reflectivity of a mnominal = 2
resp. mnominal = 3.6 supermirror deposited on re-
fined aluminum (circles) and steel substrates (trian-
gle) and on float glass (squares). The m-values differ
slightly from the targeted value due to a small de-
viation of the thickness calibration of the deposition
process.
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quality control of the neutron supermirror pro-
duction.
It is not clear how reliable the absolute rough-
ness values Sq are, which are obtained from
our AFM measurements [16]. The AFM has a
few drawbacks in relation to the quantitative
measurement of surface roughness. One of the
undesirable shortcomings is the coupling of
the tip geometry with the scanned image. Due
to the finite size of the tip, the image scanned
by an AFM is a convolution of the tip geom-
etry and sample topography [16]. Our AFM
measurements were carried out in air using a
Nanosurf easyscan II operated in the tapping
mode. Images were acquired on 9.26 µm ×
9.26 µm areas having 256 × 256 data points.
This area is approximately complying with the
lateral coherence length of the neutron beam.
We plan to include further AFM features such
as the skewness to overcome present limita-
tions of the RMS roughness.
In summary, using AFM characterization of
substrate surfaces, we developed a polishing
process to refine the surface of aluminum and
steel substrates, which enable the growth of su-
permirrors with a high reflectivity R ≈ 91% at
m = 2.1 and R ≈ 77% at m = 3.6 . Metal-
lic substrates are required for neutron optics in
order to overcome limitations implied by glass.
Benefits are: i) increased durability against
large changes in temperature and intense irra-
diation, ii) enhanced mechanical deformation
to impose more complicated geometrical de-
signs of guides, e.g. for focusing, and iii) ro-
bustness against mechanical damages and im-
plosions. Dedicated applications of neutron
guides with metallic substrates are initial guide
sections very close to the moderator to reduce
streaming of neutrons.

4 Hydrogen detectors and other sensors

4.1 Progress towards a solid-state hydrogen de-
tector (K. Yvon, J. Cors, Ø. Fischer; Asulab
(Swatch group))

a) Aim of project Hydrogen fuel cells and
electrolysers play a key role in future energy
scenarios. Mass markets such as hydrogen
powered vehicles and hydrogen production
units for residential areas require hydrogen
detectors and sensors on a very large scale.
The devices must be cheap, sensitive, selec-
tive, and require little energy. The project
aims at developing such devices by using thin
films technologies on novel materials undergo-
ing hydrogen-induced metal-insulator transi-
tions. Here we report on further results con-
cerning the material’s issue of the project. The

La Ce Pr Nd Sm
Ni x x x
Pd x x x x x
Pt x

Table 2.1: Known LnMg2TH7 analogues.

work is performed within the framework of a
CTI project and benefits from support by an in-
dustrial partner.

b) Materials available Among the metal-
hydrogen systems showing hydrogen induced
metal-insulator (MI) transitions, the LnMg2T-
Hx systems are of particular interest because
they undergo no major structural recon-
struction during the MI transition and the
transitions are reversible within a useful fa-
vorable hydrogen pressure-temperature range.
Members were previously found for Ln = La,
Ce, Pr, Nd and T = Ni, Pd, Pt (see MaNEP
Progress Report, Year 8). The palladium
member with Ln = La was found to be metallic
at x < 3 and insulating at x = 7. At 50◦C the
material was found to absorb hydrogen in the
pressure range 0− 0.1 bar, i.e. the MI transition
presumably occurs under these conditions, at
least in the bulk.

c) Work performed A search for new
LnMg2TH7 representatives revealed the exis-
tence of the previously unknown palladium-
samarium member SmMg2PdH7. An updated
list of known LnMg2TH7 representatives is
given in Table 2.1.
Pressure-composition isotherms for hydrogen
absorption/desorption were measured for the
palladium systems LnMg2Pd-H (Ln = La, Ce,
Pr, Nd). As shown in Fig 15, all four systems

Figure 15: Hydrogen plateau pressures of
LnMg2Pd-H systems (Ln = La, Ce, Pr, Nd) at 150◦C
during absorption.
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Figure 16: Log of hydrogen plateau pressures
for LnMg2Pd-H analogues (Ln = La, Ce, Pr, Nd) at
150◦C during absorption versus cell volume.

display a second plateau consistent with the
formation of an intermediate hydride phase
of approximate composition LnMg2PdH∼3.
Consequently, the hydrogen induced metal-
insulator transition is expected to occur at or
near this composition. Clearly, in situ resis-
tance measurements are required to substan-
tiate this expectation. Furthermore, it can be
seen from Figs. 15 and 16 that the hydrogen
absorption plateau pressures increase in the se-
quence La < Ce < Pr < Nd and scale with cell
volume: the larger the cell volume the lower
the plateau pressure at a given temperature.
These findings are important because they al-
low one to “tune” the plateau pressures and
thus the hydrogen induced MI transitions.

d) Conclusions and perspectives The hydrogen
absorption/desorption pressures and MI tran-
sitions in the LnMg2T-H systems can be conve-
niently “tuned” by lanthanide substitution. In
situ resistance measurements on bulk and thin
film samples, as well as sputtering tests are un-
der way. While the pressure-temperature con-
ditions for hydrogen absorption in these sys-
tems appear to be in a useful range for hydro-
gen detectors/sensors, additional efforts ap-
pear to be necessary to decrease the hydrogen
equilibrium pressures. For that purpose, ex-
ploring the potential of other materials show-
ing hydrogen induced MI transitions is desir-
able.

4.2 Development of novel sensors based on oxide
nano-wires (G. Patzke, J. Cors; Phasis)

a) Construction of the experimental sensor setup
We focus on enhancing the sensitivity and im-
proving the selectivity of oxide-based gas sen-
sors starting from MoO3 nano-rods and nano-

structured W/Mo-oxides wires [9] as well as
from Bi-containing oxides [10]. Further oxide
materials are tuned with respect to morphol-
ogy and composition via hydrothermal syn-
thesis [11]. Semiconducting sensors based on
gas-sensing metal-oxide layers detect in princi-
ple the impedance change on the metal-oxide
surface before and after contact with the tar-
get gases [17]. The sensor signal is induced by
surface redox reactions and can be measured
at operating temperatures usually over 200◦C.
The following experimental setup is now being
constructed in our laboratory:

• the measurement takes place in a chamber
made of steel with exchangeable gas flow;

• the heater with 150 W power can be oper-
ated up to 400◦C and it is regulated by an
external temperature regulator;

• a glass pane is fixed as a substrate on the
bronze over the heater and the effective
working temperature is measured by an
external temperature controller;

• two gold electrodes are fixed on the glass
pane with a distance around 20 µm for
measuring the electrical properties (to be
fabricated at FIRST Center for Micro- and
Nanoscience, ETHZ);

• several drops of ethanol with dissolved
nano-powders are put in between the elec-
trodes on the substrate.

b) NH3 sensing properties of nano-structured
W/Mo oxides As our setup for sensing mea-
surements is just being installed, additional
sensing investigations were performed in col-
laboration with the group of Prof. G. Chen,
Department of Materials Science, Fudan Uni-
versity, China1. In our previous studies, we
demonstrated how the alkali chlorides can
strongly influence the morphologies of mixed
W/Mo-oxides [9, 12]: whereas the smaller al-
kali cations (Li, Na) favor the formation of
nano-rods, the larger cations (K, Rb, Cs) sup-
port hierarchical arrangements of nano-rods
into spherical architectures. Our NH3 sens-
ing study revealed that their sensor properties
are strongly dependent on the cations incor-
porated into the hexagonal channel structure.
Fig. 17 shows the sensitivity versus operating
temperature of the gas sensors for 100 ppm
NH3 diluted in pure Ar. Here, the sensitiv-
ity S was defined as the relative resistance:
S = RAr/Rammonia. Generally, the resistance
of the W/Mo-oxide-based sensors decreases in
the presence of NH3, which is characteristic

1Supported by the Sino Swiss Science and Technology
Cooperation, SSSTC, EG05-092008
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Figure 17: Sensitivity S vs operating temperature
for 100 ppm NH3 sensing among the WMo-oxide se-
ries.

for n-type semiconductors. All investigated
alkali-containing nano-structured oxides of the
W/Mo-series reach their maximum sensitivi-
ties around 275◦C and they exhibit higher sen-
sitivities than the reference alkali-free W/Mo-
oxide. Furthermore, the sensitivity of the
WMo-sensors increases with the size of alkali
cations, i.e. SWMo Rb > SWMo K > SWMo Na >
SWMo Li.
An analogous trend of sensitivity versus gas
concentration can be observed at 275◦C as
shown in Fig. 18. The sensitivity increases
rapidly and saturation is achieved for high gas
concentrations. The measurement data fitted
well with the power law of the semiconducting
oxide gas sensor defined as follows:

S = 1 + Ag(Pg)β (2.5)

where Pg is the target gas partial pressure,
which is proportional to the gas concentration,
Ag is a prefactor, and β is the exponent on

Figure 18: Sensitivities of the alkali W/Mo-oxides
versus different NH3 concentrations (operating T =
275◦C).

Pg. Our results clearly demonstrate that the
sensitivity of W/Mo-oxides towards NH3 can
be remarkably enhanced through incorporat-
ing different alkali cations into the oxide chan-
nel structure and thereby shaping the particle
morphology.

c) Humidity sensing properties of new Bi6S2O15
nano-wires Humidity sensors are very impor-
tant for practical applications in environmen-
tal monitoring, industrial process control and
in daily life. We studied the humidity sens-
ing properties of new Bi6S2O15 nano-wires
that were obtained from hydrothermal synthe-
sis. Fig. 19 shows the characteristic humid-
ity hysteresis of a model humidity sensor con-
structed from Bi6S2O15 nano-wires. The up-
per line is corresponding to the adsorption pro-
cess, while the lower one represents the des-
orption process: the resistance changes from
about 107Ω to 104Ω when the relative humid-
ity (RH) increases from 11% to 95%. This resis-
tance change of three orders of magnitude over
the RH range points to a very high sensitiv-
ity of the Bi6S2O15 nano-wire sensor. Further
dynamic testing procedures were performed
which provide more information such as re-
sponse, recovery time and reproducibility of
the sensor. The response and recovery times,
defined as the time required for sample con-
ductance variation to reach 90% of the equi-
librium and return to 10% above the original
conductance, were about 6 s and 40 s with RH
values from 11% to 85%, respectively. These
results indicate that Bi6S2O15 nano-wires dis-
play a promising application potential regard-
ing environmental monitoring and electronic
devices for humidity control.

Figure 19: Humidity hysteresis of the Bi6S2O15
nano-wire sensors (inset: SEM image of the nano-
wire sensor chip, scale bar = 20 µm).
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4.3 Giant piezoresistance silicon cantilever
(C. Renner)

a) Introduction The focus of this project is on
understanding and exploiting unusually large
piezoresistances observed in custom designed
silicon devices. The goal is to develop very
sensitive gauges capable of measuring minute
strains that occur, for example, in atomic force
microscopy cantilever. The interest for such
gauges is not only driven by achieving the
ultimate sensitivity. Indeed, very sensitive
piezoresistive strain gauges offer better signal-
to-noise ratio than standard gauges when oper-
ated at low currents. This is a decisive advan-
tage for applications where power consump-
tion is the defining parameter, like in mobile
(one reason why Freescale Semiconductors Inc.
is interested) and distributed sensor network
applications.
We have been working on two distinct im-
plementations. A metal-silicon hybrid (MSH),
where the piezoresistance is controlled by a
metal shunt evaporated along a doped sili-
con strip, and a depleted silicon nano-structure
where the piezoresistance is supposed to stem
from an electrostatic effect. The results have
been presented at international professional
fairs, attracting the interest of several compa-
nies. Two patents were filed in 2009, and we
have received one of the two first UniGAP
awards to build a functional MEMS cantilever
using these novel strain gauges. A white pa-
per has been drafted to explore the potential
of MSH in the area of pressure gauges with
Freescale Semiconductors Inc.

b) Metal-Semiconductor Hybrid Metal-semi-
conductor hybrid (MSH) strain gauges are
planar devices (Fig. 20) fabricated using stan-
dard lithography from a boron implanted
(p = 1 · 1017cm−3) silicon (001) wafer. Giant
piezoresistance observed in MSH devices
[13] is a purely geometrical effect controlled

Figure 20: (a) False color SEM picture of a metal
semiconductor hybrid strain gauge. x and y point
along the [110] and [110] silicon crystal axes, respec-
tively. (b) Measured gauge factor GF as a function
of distance b.

by the distance b separating the metal shunt
(aluminum in our case) from the four ohmic
contacts to the silicon strip for a given device
width W. In p-type silicon, the maximum
response is obtained for stresses X applied
along the [110] direction, corresponding to the
y axis in Fig. 20. The gauge factor GF = ∆R

R0
/ ∆`

`0
was measured using the four terminal con-
figuration shown in Fig. 20a. Although this
configuration, with the voltage leads posi-
tioned very close together, yields very high
GF, it turned out to be inadequate for appli-
cations due to low signal-to-noise ratio. This
experimental observation was subsequently
confirmed theoretically by Hansen et al. [18].
Unfortunately, this result implies that four
terminal MSH are not suitable to monitor the
deflection of an AFM or biomechanical assays
cantilever.
Large gauge factors translate into greater sensi-
tivity only for two terminal devices [18]. Upon
inspection of the simplified conductivity ten-

sor σ̃ = σ0

(
1 + δ 0

0 1− δ

)
(where δ ≈

X
2 π44, X is the stress applied along [110] and
π44 = 138.1× 10−11Pa−1) describing the trans-
port property of the MSH depicted in Fig. 20,
one finds a critical stress Xc ≈ 2

π44
for which

the conductance along the y direction can be
switched off, thereby generating a large GF.
Hence, to achieve large GF, a two-terminal
MSH requires an offset stress. We are confident
that for some applications it will be possible to
comply with the required offset stress. This is a
very promising prospect, since a two-terminal
(piezo-)resistor is much easier to integrate into
an electronic circuit than a four terminal com-
ponent.

c) Piezopinch strain gauge A very large and
non-linear piezoresistance observed in Si nano-
wires [19] prompted us to explore a different
avenue to achieve large gauge factors. The
piezoresistance in these nano-wires was shown
to result from a stress-induced modulation of

Figure 21: (a) Model view of a depleted silicon
piezopinch device. (b) False color SEM picture of
a cantilever with an integrated piezopinch gauge at
its base.
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Figure 22: Relative conductance changes of a
piezopinch strain gauge measured as a function of
bias voltage for different applied stresses. The re-
sponse in the vicinity of 0 V and -2 V is consistent
with large GF.

the surface depletion region width ω [20]. This
model predicts that tensile stress applied to a
silicon slab with at least one dimension trans-
verse to the current flow smaller than 2ω,
would reduce the carrier density enough to ul-
timately pinch off the current flow. Based on
this quantitative understanding, we fabricated
depleted silicon nano-structures (Fig. 21a), in-
cluding on-cantilever devices (Fig. 21b), to
demonstrate the supposed electrostatic origin
of the giant piezoresistance. We have en-
countered a number of experimental difficul-
ties in measuring these so-called piezopinch
devices. Initial experiments showing very
large piezoresistances (Fig. 22), consistent with
the measurements made on silicon nano-wires
[19], were subsequently found to be totally in-
dependent of applied stress. These difficulties
have now been overcome, however to date, the
piezoresistances measured in our devices are
small compared to the values previously mea-
sured in silicon nano-wires. We are currently
pursuing a number of possibilities to better
understand the absence of a giant piezoresis-
tance in our structures. It should be noted
that the results on silicon nano-wires [19], al-
though largely cited, have not yet been repro-
duced and the community is still waiting for a
convincing experimental demonstration.

5 New surface treatments for micro-
components (J. Cors, J.-M. Triscone,
Ø. Fischer; Vacheron Constantin)

5.1 Scope of the project

This work uses a STM-inspired experimen-
tal setup to mark metal objects at the micro-
scopic scale. The marks consist of small dots

Figure 23: A metal tip is brought to a well-defined
distance of the surface of the sample. The process
leaves a nano-powder printed mark on the surface.
Numerical control software allows for the transfer of
pre-defined patterns.

of in situ synthesized surface alloys. This
is achieved by promoting ultrashort sparks
across a composite dielectric containing se-
lected nano-powders. Hair-thin transient
plasma channels occur in the gap between the
tip and the surface of the sample (Fig. 23). The
energy settings (voltage, current shape) are op-
timized to produce plasma masses containing
volatilized nano-powder material.
The process leaves surface dots displaying a
tailored composition that acts as a chemical
fingerprint2. The STM-like configuration al-
lows for the precise control of the spark lo-
cations and for the use of viscous liquids.
Applications for this technique range from
part traceability in quality control to anti-
counterfeiting and even decorative engravings.
First application tests were carried out in the
framework of a CTI feasibility grant3. At
that exploratory stage, several potential indus-
trial partners were approached who confirmed
their keen interest in the technology. The main
results of that exploratory phase showed that
the technology can be used in a wide range
of applications and markets. Technical al-
loys, hard metals, or precious metals could
be marked successfully showing the potential
for applications in fields as diverse as jewelry,
medical and aerospace industries, among oth-
ers.

2International Patent Application WO 2008/010044 A3
3CTI feasibility project N◦ 8897.1
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Figure 24: A rhodiated, decorated watch barrel
marked with a 70 microns wide tungsten line.

5.2 Watch industry applications

Counterfeiting is a serious threat for the Swiss
watch industry. Together with Vacheron Con-
stantin, a prestigious watch manufacturer, we
have now started a focused, product-specific
project. The non-contact nature of the present
marking method makes it extremely attractive
for the microscopic marking of finished, deli-
cate watch parts. We have obtained a regular
CTI grant4 for a project whose main goals are 1)
to achieve marks of metallurgical quality com-
patible with the highest standards of watch-
making and 2) to develop the required periph-
eral automation technology for batch process-
ing thousands of watch parts.
Finished watch parts bring the additional chal-
lenge of the presence of galvanic coatings and
decorative structures on the surface (Fig. 24).
The main parameters of the marking process,
like the spark energies and the servo-control
constants for the accurate vertical motion of
the tip have been investigated. Dedicated tech-
nologies for marking the watch parts have been
prepared. Numerical control software has been
developed to “write” structured patterns, sym-
bols and logos in 2D (Fig. 25).
The chemical signature is incorporated in the
fine engravings as a security feature. Refrac-
tory alloys and hard ceramics (nitrides, car-
bides) can be blended together with other met-
als and compounds. The former provide ro-
bustness to the marks while the latter act as
chemical taggants. Also, visually attractive ef-
fects can be achieved with macroscopic marks.
Continuous paths of “printed” surface alloys
have a large potential for decorative applica-
tions as well.

4CTI project N◦ 10281.2

Figure 25: Fine titanium engravings on a stain-
less steel surface. (a) SEM image, (b) EDX mapping
showing the presence of Ti on the marks. The dis-
placement of the tip is software-driven and follows
a pre-defined pattern.

5.3 Towards local probe metallurgy

Local alloying is achieved by the interaction
of a dense, radiating transient plasma channel
with the substrate surface. Encapsulated by the
viscous dielectric between the tip and the sur-
face, the spark plasma has a high energy den-
sity. Its physical properties (temperature, pres-
sure, mass and composition) can be adjusted
by the electronics setup (pulse duration, cur-
rent level, gap size) and the composition of the
dielectric. This configuration provides to the
material scientist a flexible setup to synthesize
alloys at a “local” scale. Polarity and current
pulse shape effects are shown in Fig. 26. By
switching the polarity and the current pulse
shapes, a dot-matrix symbol has been writ-
ten using one single composite dielectric. This
shows that electronically controlled selective
alloying is possible. Moreover, the composition
of the dielectric can be tuned to achieve a very
large range of mark compositions. This is pos-
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Figure 26: Dot-matrix structure printed on a steel
surface. Dark and bright dots have a different met-
allurgical composition. Identification data is en-
coded into the 2D symbol of lateral dimensions
1 mm×1 mm.

sible since only very small amounts of metal-
lic impurities are required to dramatically re-
duce the breakdown strength of the dielec-
tric [21]. This means that a large number of ma-
terials, including semiconductors and insula-
tors, can be used as taggants. Also, surface ac-
tive impurities like S or Te are known to affect
surface tension gradients in melt pools [22].
For instance, inward radial flow of the molten
metal is suitable to achieve smaller and deeper
marks. While smaller marks are suitable for
better covertness, deeper marks are more ro-
bust against wear and operations like polish-
ing.
Technical blending of precise micro-
positioning, high-speed electronics and
nano-powder-based metallurgy offers exciting
perspectives for surface alloys science and
engineering.

6 Collaborative efforts

In view of Phase III we have made a consider-
able effort to establish collaborations between
MaNEP groups and industrial companies as
well as between two or more research groups.
Within Project 3 the collaborative efforts can be
summarized as follows:

Applied superconductivity
Superconducting wires: René Flukiger
(UniGE) with Carmine Senatore (UniGE)
and Daniel Eckert (Bruker Biospin).
Fault current limiters: Michel Decroux (UniGE)
with Markus Abplanalp (ABB).

Oxides for energy harvesting
A close collaboration has been established
between Jean-Marc Triscone (UniGE), Nico
de Rooij (EPFL) and Gilles Triscone (Hepia-
Geneva) to develop silicon membranes and
cantilevers with an epitaxial layer of a ferro-
electric oxide.
First meetings have taken place between
Anke Weidenkaff (Empa and UniBE), Man-
fred Sigrist (ETHZ) and Jean-Marc Triscone
(UniGE) concerning thermoelectricity.

Application of artificial superlattices
The close collaboration between PSI (Michel
Kenzelmann) and Swissneutronics (Peter Böni)
continues in view of the development of super-
mirrors for neutron guides.

Hydrogen detectors and other sensors
A close collaboration between Klaus Yvon
(UniGE), Øystein Fischer (UniGE), Jorge Cors
(UniGE) and Asulab SA to develop hydro-
gen sensors has been further strengthened this
year. Furthermore Greta Patzke (UniZH), Jorge
Cors (UniGE) and Phasis continue to develop
their collaboration on the use of nano-material
for gas sensors.

New surface treatment for microcomponents
A new collaboration has been started this year
between Jorge Cors (UniGE), Øystein Fischer
(UniGE), J.-M. Triscone (UniGE) and the watch
company Vacheron Constantin.
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Introduction: Superconductivity is the phenomenon of electric current flow without any loss of en-
ergy. Indeed, superconducting coils in persistent mode can generate magnetic fields which do not
decay on a time scale of the age of the universe or longer. Superconducting electro-magnets large
enough to contain an entire human body are routinely used in hospitals for the purpose of scanning
NMR. At present no materials are known which exhibit superconductivity at ambient temperatures.
In fact, almost all superconducting applications require cooling to liquid helium temperatures. One
of the important goals of the research in Project 4 is to understand superconductivity and to develop
novel materials exhibiting superconductivity at higher temperatures requiring no cooling with liquid
helium. Actually cuprate superconductors can already be used at liquid nitrogen temperature. The
strong progress in the microscopic understanding of high-Tc superconductivity obtained in the con-
text of MaNEP invites us to reach toward novel superconducting materials with strongly improved
properties.

Summary and highlights

Strong progress has been made in the micro-
scopic theory of the electronic structure and
phase diagram of the cuprates. The Yang-Rice-
Zhang (YRZ) phenomenological ansatz [1] for
the single-particle propagator is evolving into a
useful theoretical formulation that can be used
to integrate the anomalous results from a wide
range of experiments into a consistent descrip-
tion of the pseudogap phase of underdoped
cuprates. It explains the anomalous Fermi
surfaces seen in angle resolved photoemission
(ARPES) from underdoped with its apparent
Fermi arcs to a full Fermi surface for over-
doped samples. In the past year this ansatz
has been demonstrated to also explain recent
STM experiments on the Fermi arcs under-
lying the coherent Bogoliubov quasi-particle
spectrum and many features of the checker-
board patterns seen with STM [2]. The YRZ
model was furthermore shown to predict the
particle-hole asymmetry in underdoped sam-
ples as one moves along the Fermi arc away
from the nodal direction observed by ARPES,
and angle integrated photoelectron spectra on
underdoped cuprates, confirming that the hole
density of states is described by doping a va-
lence band with a Dirac spectrum at its max-
imum [3]. Based on the variational ansatz by
Baeriswyl [4], a coherent picture of the super-
conducting phase diagram as a function of car-
rier concentration is emerging for the repulsive

Hubbard model in two dimensions.

ARPES was used to investigate electronic ex-
citations in various hole-doped cuprates. The
results on underdoped La2−xSrxCuO4 (LSCO)
reveal that in the pseudogap phase, the
dispersion has two branches located above
and below the Fermi level with a mini-
mum at the underlying kF [5, 6]. This is
the characteristic of the Bogoliubov disper-
sion in the superconducting state. ARPES
of Bi2Sr2CaCu2O8−δ (Bi-2212) displayed a
smooth evolution of the excitation spectrum,
along with the appearance of coherent quasi-
particles, as one goes through the insulator-
to-superconductor transition as a function of
doping [7]. Inelastic neutron-scattering exper-
iments on the high-temperature superconduc-
tor La1.855Sr0.145CuO4 reveal a magnetic excita-
tion gap that decreases continuously upon ap-
plication of a magnetic field perpendicular to
the CuO2 planes. The gap vanishes at the crit-
ical field required to induce long-range incom-
mensurate antiferromagnetic order, providing
compelling evidence for a field-induced soft-
mode driven quantum phase transition [8]. In
Bi-2201 doping dependent STM measurements
show the unambiguous signature of the Van
Hove singularity (VHS). The VHS approaches
– and even crosses – the Fermi energy as dop-
ing increases progressively from underdoped
to strongly overdoped [9].

Optical spectra and ARPES of electron doped
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SrTiO3 show the manifestation of moderate
electron-phonon interaction, as revealed by
mid-infrared features and a moderate (fac-
tor ∼ 2) mass enhancement, and is shown
to agree quantitatively with the many-body
large-polaron theory of Devreese [10]. In py-
rochlores, the phonon density of states ex-
tracted from the spectra of K-based and Rb-
based compounds using STM reveal low-
energy modes which may account for the sur-
prisingly high surface Tc observed in the STS
measurements
In the past year a concentrated effort has
been made within Project 4 on the so-called
“11” family of Fe-based chalcogenides FeCh
(Ch = Te, Se, S). It represents the simplest sys-
tem for investigating the interplay between su-
perconductivity and magnetism in the class
of Fe-based superconductors with the PbO-
based crystal structure. By reducing the Fe
excess and increasing the Se substitution for
Te in Fe1+xTe1−ySey crystals, the antiferromag-
netic order is modified, the spin localization
is weakened, and a superconducting ground
state is favored over a wide range of compo-
sitions (y > 0.1) [11]. Using magnetic sus-
ceptibility, muon-spin rotation (µSR) and neu-
tron diffraction, three regimes of behavior arre
found: (i) commensurate magnetic order for
x ≤ 0.1, (ii) bulk superconductivity for x ∼ 0.5,
and (iii) a range x ≈ 0.25− 0.45 in which su-
perconductivity coexists with incommensurate
magnetic order [12]. In the Fe-Se system, a sta-
ble phase exhibiting superconductivity at Tc '
8 K was discovered in a narrow range of sele-
nium concentration (FeSe0.974±0.005) [13]. At a
pressure ' 0.8 GPa the non-magnetic and su-
perconducting FeSe1−x enters a region where
static magnetic order is realized above Tc, and
bulk superconductivity coexists and competes
on short length scales with the magnetic order
below Tc. For even higher pressures an en-
hancement of both the magnetic and the super-
conducting transition temperatures as well as

of the corresponding order parameters is ob-
served. For FeTe the RIXS spectra exhibit edge-
singularity behavior predicted for metals by
Nozières and Abrahams, and reported exper-
imentally for the first time [14].
Two new superconductors with crystal struc-
ture similar to the iron-pnictide high-Tc mate-
rials have been discovered: (i) BiOCuS with
Tc = 5.8 K when holedoped by introducing
Cu-vacancies [15], and (ii) RbFe2As2 with Tc =
2.6 K [16].
Superconductivity in SmFeAsO has been gen-
erated by Th and P substitution for Sm and
As respectively. A new NaAs flux has been
used successfully for SmFeAsO single-crystal
growth. Large superconducting single-crystals
of CaFe2−xCoxAs2 and EuFe2−xCoxAs2 have
been grown. The transport properties of
SmFeAsO0.7F0.25 single-crystals were found to
reveal a promising combination of high (> 2 ·
106 A/cm2) and nearly isotropic critical cur-
rent densities along all crystal directions. The
pinning forces have been characterized by scal-
ing the magnetically measured peak effect of jc.
Muon-spin rotation of SmFeAsO1−xFx shows
that static magnetism persists well into the su-
perconducting regime [17].
The spin-density wave (SDW) metal BaFe2As2
has a depletion in the far-infrared energy in-
terval of the optical conductivity below TSDW,
ascribed to the formation of a pseudogap-like
feature in the excitation spectrum. This is
accompanied by the narrowing of the Drude
term consistent with the dc transport results
and suggestive of suppression of scattering
channels in the SDW state [18]. Infrared spec-
tra of optimally doped BaFe2−xCoxAs2 reveal
two superconducting gaps, 2∆ = 6.2 meV and
2∆ = 14 meV [19]. Further support for the
two-gap scenario for Fe-based superconduc-
tors is obtained by employing the complemen-
tarity of µSR and ARPES in superconducting
Ba1−xKxFe2As2 (Tc ' 32 K) [20].

1 Microscopic properties of the cuprates

1.1 Checkerboard pattern in underdoped cuprate
superconductors (T. M. Rice and M. Sigrist)

Understanding the anomalous properties
of the pseudogapped phase of underdoped
cuprate high-temperature superconductors
has long been considered a key to constructing
a microscopic theory for these materials.
Several years back Yang, Rice and Zhang
(YRZ) proposed a phenomenological ansatz
for the single-particle propagator based on the

resonant valence bond (RVB) model. The goal
was to combine the insights from earlier func-
tional renormalization group calculations at
weak to moderate coupling and renormalized
mean field theories of a RVB description of
strong coupling, into a tractable form for the
propagator. At that time they showed how this
YRZ form for the propagator gave a very good
description of the evolution of the anomalous
Fermi surfaces seen in angle resolved photoe-
mission (ARPES), from underdoped with its
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Figure 1: Comparisons between (a) Quasi-particle
dispersion Ek, (b) spectral weight zk, from the
YRZ propagator, and the values obtained from the
ARPES results. Error bars reflect the uncertainties
in the fitting procedures; zk at low energies in cuts
2 and 3 have large error bars due to uncertainties in
the choice of the rising background.

apparent Fermi arcs to a full Fermi surface at
overdoped. Since then more detailed ARPES
results have emerged. We could show that
the particle-hole asymmetry observed by the
ARPES group at Brookhaven [40] in under-
doped samples as one moves along the Fermi
arc away from the nodal direction, which is
unexpected in simple pairing scenarios, fits
nicely with the YRZ form [3]. A separate set
of angle integrated spectra on underdoped
cuprates is also fitted nicely by the YRZ form
and confirms that the hole density of states is
described by doping a valence band with a
Dirac spectrum at its maximum (Fig. 1).
More recently we have put a great deal of
effort into a careful analysis of the scan-
ning tunneling microscopy (STM) results by
the Seamus Davis group [41]. Their results,
which find Fermi arcs underlying the coher-
ent Bogoliubov quasi-particle spectrum which
ends at the diamond connecting the antin-
odal points, fit nicely to the YRZ propaga-
tor. However the higher voltage STM spec-
tra, which probe the localized states near antin-

odal, are harder to interpret. We spent con-
siderable effort trying to determine the condi-
tions in these highly disordered underdoped
Bi2Sr2CaCu2O8−δ (Bi-2212) samples that lead
to a locally prominent checkerboard pattern
which breaks the square C4-symmetry, but
without convincing success [2]. So, while we
could explain many features of these STM pat-
terns, which have attracted so much attention,
there are still some important questions unre-
solved about the correct interpretation of these
STM results. The YRZ phenomenology is used
also to interpret the strong local fluctuations in
the magnitude of the antinodal energy gap in
underdoped Bi-2212 as a consequence of a spa-
tially varying hole density in this compound
which is randomly doped with acceptors.
The YRZ form conforms to the widely dis-
cussed two-gap description of the underdoped
cuprates which distinguishes the antinodal
and superconducting energy gaps. Carbotte,
Nicol and coworkers in a series of papers have
used the YRZ ansatz to successfully analyze
the doping and temperature dependence of
many basic properties of the pseudogap phase,
i.e. specific heat, London penetration depth,
infrared conductivity and Raman scattering
spectra [42]. The YRZ ansatz is evolving into a
useful theoretical formulation that can be used
to integrate the anomalous results from a wide
range of experiments into a consistent descrip-
tion of the pseudogap phase of underdoped
cuprates.

1.2 Superconductivity in the repulsive Hubbard
model (D. Baeriswyl)

The question of superconductivity out of
purely repulsive interactions remains an inter-
esting, heavily debated issue. The PhD the-
sis of David Eichenberger has produced de-
tailed variational results for the ground state of
the repulsive two-dimensional Hubbard model
[21, 22]. More recently, the comparison of our
results with those of other studies gave a rather
coherent picture [4]. Fig. 2 shows the d-wave
order parameter for the simple Hubbard model
(only hopping t to nearest neighbors), as ob-
tained with four different methods. The early
calculations by Giamarchi and Lhuillier [43]
and more recent results by Paramekanti et
al. [44] appear to predict superconductivity in
a very large doping range, but both results
should be taken with caution for x > 0.2. In
fact, in [43] the correlation length exceeds the
system size in this range, while the data of [44]
have been obtained for the t-J Hamiltonian,
which can be used at most close to half filling,
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Figure 2: Comparison of superconducting order
parameters for the simple Hubbard model. Black
squares: Paramekanti, red triangles: Giamarchi,
green circles: Eichenberger, blue diamonds: Aimi
and Imada.

say, for x < 0.2 (and for very large U). Our
own results, which predict superconductivity
only below a doping of about 18%, agree with
the finite-size analysis of Aimi and Imada [45],
who did not find superconductivity above 18%
(but did not provide a corresponding analy-
sis for smaller dopings). In the more realistic
case, where hopping to next-nearest neighbors
is included, our variational results agree very
nicely with quantum cluster calculations and
also with the experimental values for the crit-
ical dopant concentrations, both for electron
and hole doping [4].

1.3 Ground state fidelity for the reduced BCS
Hamiltonian (D. Baeriswyl)

The PhD thesis of Bruno Gut was concerned
with crossover problems in many-body sys-
tems. It turned out that the ground state fi-
delity, a quantity used frequently for charac-
terizing quantum phase transitions, does also
provide a valid criterion for a crossover, as ex-
emplified for superconductivity as a function
of system size and/or coupling strength. Con-
sider a Hamiltonian H(λ), where λ is some pa-
rameter, such as |U|/t in the attractive Hub-
bard model. The ground state fidelity is de-
fined as

F = 〈Ψ0(λ)|Ψ0(λ + dλ)〉 , (2.1)

where |Ψ0(λ)| is the ground state of H(λ). For
dλ→ 0, F can be expressed as

F2 = 1− χF(dλ)2 , (2.2)

where χF is referred to as fidelity susceptibility.
We have considered the reduced BCS Hamilto-

0
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0 1 2 3 4 5 6 7
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Figure 3: Fidelity susceptibility per site for the half-
filled reduced BCS Hamiltonian on the square lattice
for the following system sizes, starting from the low-
est peak upwards: L = 6, L = 8, L = 10, L = 12,
L = 14, L = 16, L = 18 and L = 20.

nian of the attractive Hubbard model,

H = ∑
kσ

εknkσ − |U|L2 ∑
k,k′

b†
kbk′ , (2.3)

where nkσ = c†
kσckσ is the occupation num-

ber and b†
k = c†

k↑c
†
−k↓ creates a pair of elec-

trons with momentum zero. This model is sol-
uble thanks to Richardson’s solution of a re-
lated BCS model [46]. We have calculated χF
for a square lattice of size L× L for various val-
ues of L. The results of Fig. 3, obtained with
a tight-binding spectrum εk at half filling, ex-
hibit a pronounced peak, which shifts slowly
to smaller values of |U|with increasing system
size and at the same time becomes sharper. It
is tempting to identify the location of the peak
with the onset of superconductivity for small L
and with the BCS-BEC crossover at large L. A
paper on these results is in preparation.

1.4 Evidence for preformed Cooper pairs in the
pseudogap phase of cuprates (J. Mesot)

What is the relationship between the pseudo-
gap and the superconducting gap in the un-
derdoped cuprates is still shrouded in mys-
tery. Using ARPES we have performed a sys-
tematic study of electronic excitations in the
pseudogap phase of moderately underdoped
La2−xSrxCuO4 (LSCO) [5, 6]. Our main ex-
perimental findings are: 1) beyond the gap-
less Fermi arc, the pseudogap above Tc has
the same simple d-wave form as the super-
conducting gap below Tc, 2) above Tc there
exists a Bogoliubov-like dispersion near the
underlying kF where the spectra are gapped
(Fig. 4), and 3) the same underlying Fermi sur-
face was obtained both in the superconduct-
ing state and in the pseudogap phase. The
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Figure 4: ARPES spectra for underdoped LSCO (Tc = 30 K) at 49 K. (a)–(d) The spectra along cut 1 in (e).
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Fermi function divided spectra. The thick and thin lines in (d) are spectra at 49 K and 12 K, respectively. (e) Fermi
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are along cut 2 in (e). (j) The dispersions in the gapped region of the zone obtained from the Fermi function
divided spectra. The pair of closed circles are the two branches of the dispersion derived from (d) at 49 K.

similarity between the Bogoliubov-like disper-
sion in the pseudogap phase of underdoped
LSCO and the dispersion of Bogoliubov quasi-
particles in the superconducting state of heav-
ily overdoped Bi-2212 provides direct evidence
that the pseudogap in underdoped cuprates
arises from pairing of electrons, and thus the
pseudogap phase is a state precursor to super-
conductivity [5].

1.5 Observation of a d-wave nodal liquid in
highly underdoped Bi-2212 (J. Mesot)

A key question in condensed matter physics
is to understand how high-temperature su-
perconductivity emerges on adding mobile
charged carriers to an antiferromagnetic Mott-
insulator. We address this question using
ARPES to probe the electronic excitations of
the non-superconducting state that exists be-
tween the Mott-insulator and the d-wave su-
perconductor in Bi2Sr2CaCu2O8−δ. We observe
that the sharp quasi-particles of the supercon-
ducting state exist down to the lowest dop-
ing levels while rapidly losing spectral weight
(Fig. 5), but are no longer visible on the insu-
lating side. Nonetheless, a low-energy d-wave
like gap survives the phase-disordering transi-

tion. The simplest picture consistent with our
data is that the nodal liquid is just a phase-
incoherent version of the d-wave superconduc-
tor, and adding charged carriers to this liquid
establishes phase coherence, leading to high-Tc
superconductivity [7].

1.6 The Ortho II band folding in Y123 films
(J. Mesot)

By combining two well established experimen-
tal techniques, pulsed laser deposition (PLD)
and ARPES, we have been able for the first time
to grow and study the electronic structure of
the Ortho II ordered surface of YBa2Cu3O7−δ

films without any sample cleaving. Through
a careful control of the growth, we success-
fully produced underdoped surfaces with or-
dered oxygen vacancies within the CuO chains.
The resulting Fermi surface displays a clear
Ortho II band folding (Fig. 6), in good agree-
ment with theoretical predictions/calculations,
but in contradiction to previous ARPES re-
sults from the potassium treated surface. This
clearly highlights the importance of having not
only the correct carrier-concentration, but also
a very well ordered and clean surface to fa-
cilitate ARPES data representative of the com-
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Figure 5: Spectral function versus doping for Bi-2212. (a) Doping levels of four samples for which spectra
are plotted in (d)–(g). (b) Insulator nodal spectrum and background (D in (a)) at T = 16 K. (c) Background-
subtracted, symmetrized intensity for sample D, showing a gap at the antinode and zero gap at the node. (d)–(g)
Symmetrized energy distribution curves for an insulating film at T = 16 K (d), a Tc = 33 K film at T = 16 K (e),
a Tc = 69 K crystal (f) and a Tc = 80 K film at T = 40 K (g); the spectra are plotted from the antinode (top) to the
node (bottom). The intersection of the red lines in (d) defines the gap in the insulator.

pound’s true nature [23]. We emphasize that it
is difficult to obtain a very well ordered surface
by cleaving a single-crystal of YBCO cuprates
[24], because their crystal structures lack natu-
ral cleavage plane.

1.7 Magnetic field induced soft-mode quantum
phase transition in the high-temperature su-
perconductor La1.855Sr0.145CuO4 (C. Nieder-
mayer)

We performed an inelastic neutron scattering
study of the low-energy spin fluctuations in
slightly underdoped La1.855Sr0.145CuO4, which
in the absence of a magnetic field is a homoge-
neous, magnetically disordered superconduc-
tor with an excitation gap. The gap decreases
on approaching a field-induced transition to a
magnetically ordered state, that coexists with
superconductivity, and vanishes at the point
where spin-density wave (SDW) order sets in
(Fig. 7) [8]. These observations follow the ex-
pectations for a continuous soft-mode driven
quantum phase transition [47] and suggest the

existence of a line of such transitions in the
doping-field phase diagram of La2−xSrxCuO4.

Closure of the excitation gap appears to be
a universal phenomenon in cuprates host-
ing quantum phases in which superconduc-
tivity can coexist with magnetic order. In
YBa2Cu3O6+p, the gap collapses abruptly for
p ∼ 0.5 [48], and a robust superconduct-
ing phase with incommensurate, quasi-static
fluctuations (an electronic nematic) emerges
at lower doping levels (YBa2Cu3O6.45) [25].
Static incommensurate magnetic order devel-
ops at even lower temperatures. Application
of a magnetic field strongly enhances this or-
der and induces a spectral-weight shift in the
magnetic-excitation spectrum [26].

Further work is needed to clarify precisely how
the closure of an excitation gap and appearance
of incommensurate magnetic order relate to the
reconstruction of the Fermi surface into small
pockets as revealed by recent quantum oscilla-
tion experiments in YBa2Cu3O6+p with p ∼ 0.5
[49].
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Figure 6: (a) Fermi surface of YBa2Cu3O6.5, ob-
tained by energy integration of ARPES spectra over
a 35 meV window about EF. (b) Phase diagram of
YBa2Cu3O7−δ as function of hole doping and oxy-
gen content. The doping level psurf was extracted
from the Fermi surface volume.

1.8 First direct observation of the Van Hove sin-
gularity in the tunneling spectra of cuprate
(Ø. Fischer)

In two-dimensional lattices the electronic lev-
els are unevenly spaced and the density of
states (DOS) displays a logarithmic diver-
gence known as the Van Hove singularity
(VHS) [50]. This issue is particularly relevant
in the study of high-temperature cuprate su-
perconductors. The scanning tunneling mi-
croscope (STM) probes the DOS and is there-
fore the ideal tool to observe the VHS. How-
ever no STM study of cuprate superconduc-
tors has reported such an observation. A pop-
ular interpretation is that the DOS is canceled
in the tunneling spectra just as in ideal pla-
nar tunnel junctions. An alternative is that
the VHS peak is suppressed due to the inter-
action of electrons with collective excitations.
One then expects to recover the VHS peak
on reducing the coupling to collective modes,
i.e. on reducing the critical temperature (Tc).
Among the cuprates, Bi2Sr2CuO6+δ (Bi-2201)
combines several properties required for an op-
timal scanning tunneling spectroscopy (STS)
investigation of the VHS: it is nearly two-

Figure 7: (a) and (b) Magnetic field dependence of
the inelastic neutron response at QIC = (0.63, 0.5, 0)
with h̄ω = 2 and 1 meV, respectively. (c) Elas-
tic neutron response at QIC as a function magnetic
field. (d) Field dependence of the excitation gap ∆.
The gap is extremely sensitive to the application of a
magnetic field: following an initial dramatic drop, ∆
subsequently softens more slowly and finally van-
ishes at the critical field Hc � Hc2 which marks
the onset of long range incommensurate magnetic
order.

dimensional and has a low maximal Tc of
around 12 K [27] giving access to the normal
state at low temperature. Our doping depen-
dent STM measurements on this compound
show unambiguously and for the first time in
a cuprate the VHS [9].

As seen in Fig. 8(a) some of the spectra ob-
tained in Bi-2201 only show a single and high
peak at negative energies. We attribute this fea-
ture to the VHS. Other spectra are gapped, sug-
gesting an interplay of the VHS with supercon-
ductivity. Fig. 8(b) shows how the spectra are
distributed over the sample surface. The differ-
ences between the spectra are due to variations
of the local doping level. This is supported by
the fact that in extremely overdoped samples
it is possible to obtain single peaked spectra at
positive energy such as seen in Fig. 8(c). As it
was previously done in parental Bi-based su-
perconducting cuprates [28, 29, 30], we have
performed accurate fits to the experimental
spectra obtained in Bi-2201 (Fig. 8(d)). This has
confirmed our interpretation of the tunneling
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(a)
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(b)

(c) (d)

0-40 meV 60 meV

Figure 8: Low-temperature STS of Bi-2201 (Tc =
11 K). (a) Evolution of the tunneling spectra along
the white arrow drawn on figure (b) which is a
14× 14 nm2 map of the gap value (positive) and the
VHS position (negative). (c) Spectra of a strongly
overdoped sample (Tc < 1.8 K) showing a VHS
at positive energy (red). (d) dI/dV experimental
curves (circles) and fits based on a VHS + BCS model
(lines).

spectra as being the result of an interplay be-
tween a d-wave superconducting gap, a realis-
tic band structure exhibiting a strong VHS, and
a coupling of the electrons with collective exci-
tations. Our study proves that the STM tunnel-
ing conductance is proportional to the full elec-
tron DOS, not only the superconducting DOS.
This must be taken seriously for the interpreta-
tion of tunneling spectra in materials with sin-
gularities in the electron dispersion.

1.9 Modelling the tunneling spectra of Y-123
single-crystals (Ø. Fischer)

In striking similarity with Bi-based com-
pounds, tunneling spectra of YBa2Cu3O7
(Y-123) single-crystals systematically reveal the
presence of a “dip-hump” feature. We showed
in previous studies [28, 29, 30] that this spec-
troscopic feature can be identified as the sig-
nature of the collective bosonic mode revealed
by neutron scattering experiments [51, 52, 53].
For Y-123 as well, this mode is locally anticor-
related with the superconducting gap (Fig. 9a
and b). On the other hand the tunneling spec-

(c)

(a) (b)

Figure 9: 20 × 20 nm2 spectroscopic maps of the
local superconducting gap (a) and the mode energy
(b). (c) Experimental tunneling spectrum (blue) and
calculated spectrum fitted using a strong coupling
model (orange).

tra of Y-123 reveal a number of differences com-
pared to those measured on Bi-2212 with simi-
lar Tc: the zero-bias conductance is always high
and the conductance at high bias is strongly
energy-dependent; the main coherence peaks
define a gap of ∼ 20 meV, much closer to the
value expected for a BCS d-wave supercon-
ductor than the gap observed in the Bi-based
cuprates; weak shoulders flank the main peaks
at higher energy. This multiple peak struc-
ture does not correspond to the simple d-wave
expectation. We followed the procedure ap-
plied to fit the tunneling spectra of Bi-based
cuprates, using the strong-coupling model tak-
ing into account the two-dimensional band
structure of the Cu-O planes and an interac-
tion of the quasi-particles with the (π, π) spin
resonance [54]. The mode energies obtained
by fitting the tunneling spectra are in excel-
lent agreement with the ones obtained in neu-
tron scattering measurements [52]. In addition,
most of the measured spectroscopic features
are well reproduced in the calculated spectra
(Fig. 9c). The symmetry of conductance fea-
tures observed at positive and negative ener-
gies is obtained by taking into account the bi-
layer splitting of the bands, with two Van Hove
singularities positioned slightly above and be-
low the Fermi level. It clearly appears that
the shoulder flanking the coherence peak is the
signature of the spectral weight redistribution
(hump), and hence a consequence of the col-
lective mode excitation. The high-conductance
at low bias as well as the strong energy de-
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pendence of the tunneling conductance at high
bias cannot be reproduced without consider-
ing additional contributions in the tunneling
conductance. The fits can be considerably im-
proved when a normal energy-dependent tun-
neling channel is introduced in parallel with
the superconducting channel. Such an analy-
sis is currently under progress.

1.10 Doping study of bosonic mode energy in
Bi2Sr2Ca2Cu3O10+δ by scanning tunneling
spectroscopy (Ø. Fischer)

We report on a STM study of the three-layer
compound Bi2Sr2Ca2Cu3O10+δ (Bi-2223). We
have recently shown that the energy of the col-
lective mode, Ω, can be approximated by the
difference in energy between the negative bias
coherence peak and the minimum of the well-
known dip structure [30]. We further showed
that for a nearly-optimally doped sample, Ω
decreases as ∆ increases. We now have fur-
thered these results by performing a doping
dependence study of Ω. Three separate sam-
ples with different doping levels (underdoped,
optimally doped, and overdoped) were inves-
tigated. The evolution of the mode energy
with ∆ is remarkably similar for the three sam-
ples (Fig. 10). The trend of Ω decreasing with
increasing ∆ clearly holds true in the under-
doped regime. However the same cannot be
said on the overdoped side, since Ω is seen to
saturate at around 36 meV for gap sizes under
40 meV.
We suggest [30], as have others before us [54],
that the bosonic mode used in the strong-
coupling model to explain the dip structure
in the tunneling spectra is the magnetic res-
onance seen by neutrons [55]. In the under-
doped regime, since Ω decreases with increas-
ing gap size, our data agree with neutron scat-
tering experiments [56] which report a scaling
of the mode energy with Tc. According to the
neutron data, this scaling with Tc remains valid
also in the overdoped regime (although very
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Figure 10: Ω vs ∆ for three samples with differ-
ent dopings, showing a clear saturation of Ω in the
overdoped regime (small ∆).

few measurements were done in this regime).
This is in contradiction with the evident satura-
tion of the mode energy we observe at low dop-
ing levels by STS. ARPES measurements did
not see a decrease in Ω when going towards
overdoping, although from the data it is dif-
ficult to say that Ω saturates [57]. However
superconductor-insulator-superconductor tun-
neling data suggests the contrary, that Ω scales
with Tc across all dopings [58]. It should be
noted that the measurements from [58] are not
on the same material (Bi-2212 vs Bi-2223 in our
measurements). Further inelastic neutron scat-
tering studies are nonetheless necessary to clar-
ify this issue.

2 Electron-phonon coupling in transition
metal oxides

2.1 Many-body large polaron optical conductiv-
ity in SrTi1−xNbxO3 (D. van der Marel)

Insulating SrTiO3 has a perovskite structure
and manifests a metal-insulator transition at
room temperature around a doping of 0.002%
La or Nb per unit cell [59]. At low doping con-
centrations, between 0.003% and 3%, strontium
titanate reveals a superconducting phase tran-
sition [60] below 0.7 K. Various optical experi-
ments [61, 59, 62, 63, 64] show a mid-infrared
band in the normal state optical conductivity
of doped SrTiO3 which is often explained by
polaronic behavior. In the recently observed
optical conductivity spectra of [31], shown in
Fig. 11, there is a broad mid-infrared optical
conductivity band starting at a photon energy
of h̄Ω ∼ 100 meV, which is within the range
of the phonon energies of SrTi1−xNbxO3. A
recent ARPES study (collaboration of the uni-

Figure 11: The many-large-polaron optical conduc-
tivity compared with the experiment at T = 7 K. The
doping level is x = 0.1% (a), 0.2% (b), 0.9% (c) and
2% (d).
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versities of Stanford and Geneva) from high-
quality surfaces of lightly doped SrTiO3 re-
veals the signatures of only moderate electron-
phonon coupling: a dispersion anomaly asso-
ciated with the low-frequency optical phonon
with a λ′ ∼ 0.3 and an overall bandwidth
renormalization suggesting an overall λ′ ∼ 0.7
coming from the higher frequency phonons
[32].
In collaboration with J. Devreese (University
of Antwerpen), the many-body large-polaron
model based on the Fröhlich model is ap-
plied to electron doped SrTiO3 [10]. This
model provides a fair agreement between the
theoretical large-polaron optical conductivity
band and the experimental mid-infrared op-
tical conductivity band without any adjustment
of material parameters. In the Fröhlich model,
the constant αj, characterizing the interaction
of an electron with the j−th optical vibra-
tional mode, follows directly from the exper-
imentally known optical phonon frequencies
and oscillator strengths of SrTiO3 [65]. The
value of the effective electron-phonon coupling
constant obtained in the present work corre-
sponds to electron-phonon coupling of inter-
mediate/weak strength. The anisotropy of the
electronic effective mass of about 25 is taken
into account, as well as the triple degeneracy of
the Ti t2g conduction bands. The large-polaron
model then provides a convincing interpre-
tation of the experimentally observed mid-
infrared band of SrTi1−xNbxO3. Significant ad-
vances of many-polaron theory are testified by
the correct prediction of the amplitude and po-
sition along the energy axis of the mid-infrared
peak of SrTiO3, without any adjustable param-
eters.

2.2 Analysis of the electron-phonon coupling
from the tunneling spectra of RbOs2O6 and
KOs2O6 (Ø. Fischer)

Tunneling conductance spectra on RbOs2O6
single-crystals (Tc of 5.5 K) reveal a clear sig-
nature of a superconducting gap of the order
of 1 meV, which yields a 2∆/kTc of 3, close
to the s-wave BCS ratio. Strikingly, tempera-
ture dependent spectroscopy revealed that the
gap remains open up to 7.4 K, 2 K above the
bulk Tc. The tunneling spectra of both β-
pyrochlore compounds investigated show the
presence of a dip at an energy approximately
2.4 meV above that of the coherence peak. Such
dips are characteristic signatures of the cou-
pling of quasi-particles with collective mode
excitations [33]. Using an inversion procedure,
we extracted the so-called Eliashberg coupling
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Figure 12: Spectrum and α2F for KOs2O6. Top: ex-
perimental spectrum (blue dots), and BCS s-wave fit
(red line). Middle: α2F (ω) extracted from the spec-
trum. Bottom: reconstructed spectra including the
phonon contribution.

function, α2F(Ω), from our spectra for both
RbOs2O6 and KOs2O6 [34]. The results for
α2F(Ω) in KOs2O6 are shown in Fig. 12 to-
gether with the fitted and original spectra.
The Eliashberg coupling function is similar to
that of RbOs2O6 and also exhibits a peak at
∼ 2.4 mV. The observation of such a low-
energy phonon mode is compatible with a rat-
tling motion of the alkali atom [66, 67]. The
energy we find is however significantly lower
than the 6.4 or 5.3 meV reported from inelastic
neutron scattering [67] and specific heat mea-
surements [35] respectively. We think that this
is a manifestation of a surface phonon mode
which could explain the increased surface Tc
for RbOs2O6. A first analysis showed that a
simple scenario based on a softening of the
bulk low-energy phonon mode cannot explain
the observations for both compounds. We are
therefore currently investigating the possibil-
ity of an interplay between bulk and surface
phonon modes.

3 Superconducting iron chalcogenides

These recently discovered Fe-based high-
temperature superconductors feature an in-
triguing competition between magnetic, struc-
tural and superconducting phases. Initially,
superconductivity was found in single-layer
RO1−xFxFeAs pnictides (R = rare-earth metal),
then in oxygen free MFe2As2 double-layer ma-
terials (M = Ca, Sr, Ba), and later on in the FeSe
chalcogenide with PbO structure (Tc = 8 K).
When doping Fe1+xTe with Se, superconduc-
tivity is found over a wide composition range.
The Fe atoms are tetrahedrally coordinated by
Se ions in a similar fashion as in the FeAs
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planes of other pnictides. Because FeSe con-
sists only of the “superconducting” Fe-Se lay-
ers and is thus less complex than other pnic-
tides, it represents a good model system to
study the properties of superconductivity in
the pnictides. In the FeSexTe1−x series, a substi-
tution of Se with Te leads to an increase of Tc up
to 15 K (x = 0.5) and magnetic order changes
from short range to long range by a further in-
crease of the Te content [68].

3.1 Effect of the chemical composition on the
structure and properties of superconducting
iron chalcogenides (E. Giannini)

We have grown a series of crystals of
Fe1+xTe1−ySey with controlled Fe-excess and
Se-doping (x < 0.1, 0 ≤ y ≤ 0.45) (Fig. 13)
and systematically investigated the role of the
chemical composition on the structural and
physical properties. The evolution of the crys-
tallographic parameters with the actual com-
position was extracted from structure refine-
ments and related to the evolution of the mag-
netic properties [11]. We have found that
the occupation of the additional Fe site, Fe2,
decreases with increasing the Se atomic frac-
tion. The shape of the tetrahedron changes
with Se doping as well, going towards a lesser
anisotropy, and this change is enhanced by the
reduction of excess Fe in the actual composi-
tion. The interplane Fe1-Te distance, labeled h
in Fig. 13, decreases with decreasing Fe excess
x.
A crossover from an antiferromagnetic (AF)
to a superconducting ground state takes place
at h ' 1.72 Å, regardless of the Se dop-
ing [11]. According to theoretical predictions
based on density functional calculations [69],
above such h value (and correspondingly at
high/low Fe/Se contents) a double-stripe AF
ordering is favored and no superconductiv-

Figure 13: Crystal structure and crystals of
Fe1+xTe1−ySey. The FeTe4 tetrahedron and the Fe1-
Te interplane distance, h, are shown.
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Figure 14: 3D phase diagram of Fe1+xTe1−ySey. x
and y indicate the nominal Fe excess and Se doping,
respectively.

ity occurs. Below this value, that means at
low/high Fe/Se contents, a transition to a
single-stripe AF ordering, rotated by 45◦, takes
place. This AF ordering is unstable at low tem-
perature and superconductivity occurs. Ac-
cording to this scenario, superconducting pair-
ing in Fe-chalcogenides and Fe-pnictides is me-
diated by the same kind of spin-fluctuations.
An improved 3D phase diagram is shown in
Fig. 14, in which the transition temperatures
are plotted as a function of both Fe-excess and
Se-doping.

3.2 Coexistence of incommensurate magnetism
and superconductivity in Fe1+ySexTe1−x
(M. Kenzelmann)

We have grown single-crystals of
Fe1+ySexTe1−x (0 ≤ x ≤ 0.5) by a modi-
fied Bridgeman method similarly as reported
by Sales et al. [68] and studied these materials
through a combination of magnetic suscepti-
bility, muon-spin rotation (µSR) and neutron
diffraction. At the boundary between mag-
netic and superconducting phases, we observe
a region of doping in which superconductivity
coexists with incommensurate magnetic order.
Our µSR experiments detect magnetism in
the x = 0.4, 0.25, 0.1 and 0.0 samples be-
low T = 18, 30, 40 and 70 K, respectively,
consistent with neutron diffraction for the
x = 0.25 single-crystal. Fig. 15 summarizes
these results on magnetism and superconduc-
tivity in Fe1+ySexTe1−x. Superconductivity
occurs through the bulk of the x = 0.45 and
0.5 crystals, but decreases continuously with
decreasing x and occupies only up to 10% of
the sample volume in the x = 0.25 and x = 0.4
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samples at T → 0.

3.3 Synthesis, crystal structure and chemical
stability of the superconductor FeSe1−x
(M. Kenzelmann)

We performed comparative studies of the su-
perconducting FeSe1−x (x = 0.0 − 0.15) sam-
ples synthesized by two different routes – the
low-temperature synthesis using Se and Fe pow-
ders as the starting material and performed in
sealed silica tubes at 400 − 700◦C similar to
proposed by [70] and by the high-temperature
synthesis similar to the one proposed recently
by McQueen et al. [71] starting from Fe pieces
and Se shot at temperatures up to 1075◦C.
We have investigated the effect of stoichiom-
etry on the phase purity of the obtained sam-
ples and its superconducting transition tem-
perature. On the basis of our neutron pow-
der diffraction data, we have revised the Fe-
Se concentration phase diagram proposed by
Okamoto [72]. In particular, we have found
that in the Fe-Se system a stable phase exhibit-
ing superconductivity at Tc ∼ 8 K exists in
the narrow range of selenium concentration
(FeSe0.974±0.005). As revealed by our neutron
powder diffraction study, FeSe1−x undergoes
a second order structural phase transition at
T ∼ 100 K from a tetragonal phase (space
group P4/nmm) to an orthorhombic (space
group Cmma) on cooling. Fe-Se-Fe bond an-
gles in the FeSe4 pyramids become different
in low-temperature phase, whereas the Fe-Se
bond lengths are not changed at the transition.

3.4 Pressure induced static magnetic order in su-
perconducting FeSe1−x (H. Keller)

The phase diagram of the recently discovered
Fe-based high-temperature superconductors
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Figure 16: (a) Pressure dependence of the su-
perconducting transition temperature Tc, the mag-
netic ordering temperature TN , and the internal field
Bint (magnetic order parameter) obtained from ac
susceptibility and muon-spin rotation experiments.
(b) Pressure dependence of TN , Tc, and the mag-
netic volume fraction. The Tc(p) and TN(p) lines are
guides to the eye. The closed and the open symbols
refer to the samples FeSe0.94 and FeSe0.98, respec-
tively. SC, M, and PM denote the superconducting,
magnetic and non-magnetic (paramagnetic) states of
the sample.

(HTS) share a common feature with cuprates
and heavy fermions. The parent compounds of
the Fe-based HTS, such as LnOFeAs (Ln = lan-
thanoids), AFe2As2 (A = alkaline earth metals)
and FeCh (Ch = chalcogenides) [73, 74][12] ex-
hibit long-range static magnetic order. Upon
doping or application of pressure (chemical or
external), magnetism is suppressed and super-
conductivity emerges.
We performe a detailed study of the electronic
phase diagram of FeSe1−x as a function of pres-
sure by means of µSR and ac susceptibility
measurements. These techniques are direct
and bulk sensitive. Furthermore, it is possible
to determine the superconducting transition
temperature Tc as well as the Néel temperature
TN in a region where both magnetism and su-
perconductivity coexist. The so obtained phase
diagram is presented in Fig. 16. The transition
temperature Tc shows a monotonic increase up
to pressures p ' 0.8 GPa. At higher pressures
magnetic order coexists and competes with su-
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perconductivity. Static magnetic order is es-
tablished below TN > Tc and bulk supercon-
ductivity sets in below Tc. The competition of
the two ground states in this pressure range is
evident from the following two observations:
first, Tc is weakened as a function of pressure
as soon as magnetic order appears, leading to
a local maximum at p ' 0.8 GPa in Tc(p)
(Fig. 17a); second, the internal field Bint (mag-
netic order parameter), as well as the mag-
netic volume fraction, decrease as a function
of temperature below Tc showing that mag-
netism which develops at higher temperatures
becomes partially (or even fully) suppressed
by the onset of superconductivity (Fig. 17c, d).
The superconducting volume fraction is close
to 100% for all pressures (Fig. 17b), while the
magnetic fraction increases continuously and
reaches ' 90% at the highest pressure investi-
gated p ' 1.39 GPa (Fig. 17d). In other words,
both ground states coexist in the full sample
volume at p = 1.39 GPa. The data do not
provide any indication for macroscopic phase
separation into superconducting and magnetic
clusters (larger than a few nm in size). Actually,
the data rather point to a coexistence of both or-
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Figure 17: (a) Dependence of Tc on p of FeSe0.94
and FeSe0.98. (b) Pressure dependence of the nor-
malized ac susceptibility −χac (1− N) at T = 6 K.
Dependence of the internal field at the muon stop-
ping site, Bint, which is proportional to the magnetic
order parameter (c), and the magnetic volume frac-
tion (d), on temperature at various pressures. The
solid lines in panel (b) are the fit of Bint(T) in the
region Tc(p) ≤ T ≤ TN to Bint(T) = Bint(0)[1 −
(T/TN)α]β (α and β are the power exponents).

der parameters on an atomic scale and seem to
be stabilized by pressure, since Tc as well as TN
and the magnetic order parameter simultane-
ously increase with increasing pressure. This
exceptional observation provides a new chal-
lenge for theories describing the mechanism
of high-temperature superconductivity in the
iron-based superconductors.

3.5 Resonant inelastic X-ray scattering of FeTe
(D. van der Marel)

Resonant Inelastic X-ray Scattering (RIXS)
spectra of Fe1.087Te were taken at the ADRESS
beamline of the Swiss Light Source [14]. The
energy of the incident beam was tuned near
the Fe L3 edge (2p(J = 3/2) → 3d transitions)
of non-superconducting Fe1.087Te. The incident
energy resolution was set to 50 meV, and the to-
tal resolution of the scattered beam (energy ω′)
was 73 meV. Fig. 18 displays high-resolution
RIXS data in the form of a contour plot with
linear interpolation between the data points.
The intensity is strongest when 705 eV < ω
and ω′ < ω. The resonant inelastic X-ray scat-
tering cross section at the L3 edge of Fe rep-
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Figure 18: (a) False color plot of the RIXS data,
plotted versus incident and scattered photon ener-
gies, with elastic peak subtracted and linear inter-
polation applied between the data points. (b) RIXS
spectra in detail. The two vertical dashed lines in-
dicate the position of the maximum (left) and a kink
(right). Triangles point to the 0.9 eV feature in the
Raman-dispersing, sub-threshold regime. (c) To-
tal fluorescence yield (TFY) and total electron yield
(TEY) spectra, showing the two-peak L3 structure.
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resents the response of a many-particle, itiner-
ant electron system to the sudden generation
of a localized potential, with the concomitant
addition of 1 electron to the Fe 3d subsystem.
In contrast to the sharp peaks typically seen
in insulating systems at the transition metal L3
edge, we observe spectra which show different
characteristic features. For low-energy trans-
fer, we observe experimentally many-body ef-
fects of resonant Raman scattering from a non-
interacting gas of fermions, theoretically pre-
dicted by Nozières and Abrahams [75]. Fur-
thermore, we find that limitations to this many-
body electron-only theory are realized at high
Raman shift, where an exponential lineshape
reveals an energy scale not present in these
considerations. This regime, identified as emis-
sion, requires considerations of lattice degrees
of freedom to understand the lineshape. We
show that both observations are intrinsic gen-
eral features of many-body physics of metals.
In the fluorescence regime, we have identified
an energy scale which appears to reflect mate-
rial properties related to lattice vibrations.

3.6 BiOCu1−yS (E. Giannini)

In the search for new materials with a struc-
ture related to that of ferro-pnictides RFeAsO
and similar chemical properties, we have ex-
plored As-free chemical systems in which the
R is replace by Bi. The quaternary BiOCuS is
isostructural to the superconducting LaFeAsO
and can be synthesized by a low-temperature
(500◦C) solid state reaction from Bi2O3, Bi2S3
and Cu2S. This compound is a diamagnetic in-
sulator, but can be successfully doped by either
partially substituting Fluorine for Oxygen, or
creating vacancies on the Cu-site, or even dop-
ing both the Bi-site with lanthanides and the
Cu-site with other transition metals. Single-
phase BiO1−xFxCuS (x ≤ 0.5) and BiOCu1−yS
(y ≤ 0.15) polycrystalline samples have been

Figure 19: Superconducting transition and crystal
structure of BiOCu1−yS.
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Figure 20: Temperature dependence of the mag-
netic susceptibility for Sm1−xThxFeAsO samples
measured at 0.5 mT in zero-field-cooled (ZFC)
mode. The determination of Tc,e f f is illustrated.

obtained. The latter is found to exhibit super-
conductivity below Tc = 5.8 K and nominal
y = 0.1 (Fig. 19) [15].

4 High-Tc iron pnictides

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

Superconducting poly- and single-crystalline
samples of Sm1−xThxFeAsO with partial sub-
stitution of Sm3+ by Th4+ with a sharp dia-
magnetic onset at Tc up to ∼ 53 K were syn-
thesized using high-pressure technique [36].
The samples are characterized by a full dia-
magnetic response in low magnetic field, by
a high intergrain critical current density for
polycrystalline samples, and by a critical cur-
rent density of the order of 8 · 105 A/cm2 for
single-crystals at 2 K in 7 T. It was found that
the magnetic penetration depth anisotropy γλ

exhibits a pronounced increase with decreas-
ing temperature, in agreement with the al-
ready reported behavior for single-crystals of
SmFeAsO1−xFy (Fig. 20) [36].

4.2 Superconductivity in SmFe(As,P)O com-
pounds (J. Karpinski)

Polycrystalline samples and single-crystals of
SmFeAs1−xPxO are synthesized using high-
pressure technique. Fig. 21 shows the tempera-
ture dependence of the magnetic susceptibility
of SmFeAs1−xPxO polycrystalline samples in a
magnetic field of 10 Oe. Polycrystalline sam-
ples with x = 0.5 and 0.45 show bulk super-
conductivity with a superconducting transition
at ∼ 23 and 18 K, respectively. Single-crystals
of P substituted SmFeAsO are also grown us-
ing NaCl/KCl as a flux. Though conditions
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Figure 21: Temperature dependence of the
magnetic susceptibility for SmFeAs1−xPxO sam-
ples measured at 1.0 mT in zero-field-cooled (ZFC)
mode.

of crystal growth and doping still require fur-
ther optimization we have grown crystals with
a size of ∼ 100× 100 µm2 and a refined com-
position SmFeAs0.66P0.34O. Fig. 22 displays the
temperature dependence of the electrical resis-
tivity (ρ) of a SmFeAs0.5P0.5O polycrystalline
sample. The resistivity exhibits metallic char-
acteristics before the onset of the supercon-
ducting transition. The transition width is
rather sharp, suggesting the homogeneous na-
ture of the sample. Fig. 22 (right inset) shows
the resistive measurements at various mag-
netic field strengths. The left inset of Fig. 22
shows the temperature dependence of the up-
per critical field calculated with 50% resistance
drop criteria.
In order to increase the size and surface quality
of LnFeAsO-type single-crystals, different kind
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Figure 22: Temperature dependence of the elec-
trical resistivity (ρ) of a SmFeAs0.5P0.5O polycrys-
talline sample. The right inset shows the resistive
measurements at various magnetic field strengths.
The left inset shows the temperature dependence of
the upper critical field.

 

Figure 23: First single-crystals of Sm1111 grown
using NaAs flux at 1380◦C within 40 h (on mm
scale).

of fluxes are investigated. Preliminary single-
crystal growth experiments show that the
NaAs flux can be a good candidate for increas-
ing the size and X-ray quality of 1111 single-
crystals. First grown single-crystals are studied
on a four-circle diffractometer equipped with a
CCD detector. Structure investigation confirm
high structural perfection with very low mo-
saicity (less than 1 degree) in c direction. Fur-
ther experiments are in progress. Fig. 23 shows
as grown crystals.

4.3 Critical currents of SmFeAs(O,F) crystals
(B. Batlogg)

Reliable measurements perpendicular to the
FeAs layers, i.e. along the crystallographic c di-
rection, require new methods of sample prepa-

2 μm

500 nm

Figure 24: Two SmFeAsO0.7F0.25 nano-bridges for
critical current measurements along and perpendic-
ular to the FeAs layers carved into a single-crystal.
(cross-section 600 nm×600 nm, length of narrow
part 1–3 µm).
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Figure 25: Temperature dependence of jc ‖ ab for
µ0H = 1 T. At low temperatures, the critical current
anisotropy jc(H ‖ ab)/jc(H ‖ c) is reduced and the
values of jc converge.

ration. We have employed a Focused Ion Beam
(FIB) as a powerful tool for shaping and con-
tacting on sub-µm dimensions. A Ga2+ ion
beam is accelerated by 30 kV and focused onto
the target, where it ablates the crystal with-
out collateral damage. In addition, the FIB is
also used to deposit µm–sized electric leads of
platinum without exposing the structure to air
(Fig. 24).
For applications in superconducting magnets,
large critical current densities jc are required.
We find a nearly-isotropic intragrain jc in the
range of 106 A/cm2, employing the follow-
ing two methods. The most direct way to
obtain the critical current density jc is to in-
crease the applied current through a supercon-
ducting sample until a potential drop can be
observed. The second method to estimate jc
involves measurements of the magnetization
loops M(H) of macroscopic crystals, and jc has
been calculated using Bean’s model. The re-
sults for jc from both methods are given in
Fig. 25, and each of them emphasizes different
aspects.
Starting at low temperature, particularly note-
worthy are: (1) jc exceeds 106 A/cm2, (2) jc is
essentially independent of the field and only
weakly field and current orientation depen-
dent up to 14 T, and (3) the two methods ap-
plied to different crystals from different growth
runs yield very similar results. The large val-
ues of jc reflect the highly effective pinning in
this materials class and give reason to expect
that jc can be further enhanced by proper mate-
rial design and treatment. Even at the present
level, jc reaches values that are generally con-
sidered a minimal requirement for technical
applications.

Figure 26: Magneto-resistance of SmFeAsO0.7F0.25
in pulsed fields up to 65 T at various temperatures
for fields and currents along and perpendicular to
the c-axis.

4.4 Magneto-resistance of SmFeAs(O,F) crys-
tals (B. Batlogg)

In Fig. 26, the magneto-resistance of
SmFeAsO0.7F0.25 is shown for field orien-
tations parallel and perpendicular to the
FeAs-planes and for currents along both
orientations. The four panels capture the
main qualitative results: the over-all feature
and field-scale of the resistive transition is
mainly determined by the orientation of the
magnetic field with respect to the crystal axes,
and is essentially independent of the current
direction. This is an important prerequisite
for the application in superconducting wires
as the supercurrent in a polycrystalline wire is
always limited by the least favorably oriented
crystallites.
At a given temperature, the low-dissipation re-
gion (ρ ≈ 0) extends to higher magnetic fields
when the field is parallel to ab (right panels of
Fig. 26).
To identify the field scales for potential appli-
cations, we estimate the magnetic field H∗ up
to which dissipation-free current transport can
be maintained. Given the noise floor in pulsed
fields, we have adopted a conservative defini-
tion of H∗(T) at ρ(T, H∗) = 10 µΩcm. The
thus defined field scale H∗ is extremely high
for H ‖ ab, i.e. > 50 T already 10 K below
Tc of 48 K, and even for H ‖ c, H∗ extrap-
olates well above 50 T at temperatures below
15 K (Fig. 27). Even more relevant for technical
aspects, however, is the weak dependence of
H∗ on the current direction and thus an addi-
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Figure 27: A color map of the critical current den-
sity jc ‖ ab (H ‖ c) in SmFeAsO0.7F0.25 bordered by
H∗ (marking the dissipation level of 10 µΩcm) mea-
sured in pulsed fields.

tional important requirement for operation in
high fields is met.
In addition to the presented highly promising
intragrain transport properties, grain bound-
ary current suppression and metallurgical is-
sues will have to be addressed. From a mi-
croscopic physics point of view, it will be
an outstanding challenge to understand how
multi-band, multi-gap superconductivity with
pronounced temperature dependence, e.g. of
the superfluid density, will influence vortex
physics and its implications for the technical
critical current density.

4.5 Magnetism and superconductivity in iron
based superconductors (C. Niedermayer)

The discovery of superconductivity in iron
based compounds has raised the suspicion that
these new materials share a similar pairing
mechanism with the cuprate superconductors,
as both families exhibit superconductivity fol-
lowing charge doping of a magnetic parent
material. In this context, it is important to
follow the evolution of the microscopic mag-
netic properties of the pnictides with doping
and hence to determine whether magnetic cor-
relations coexist with superconductivity. A
detailed muon-spin rotation (µSR) study on
SmFeAsO1−xFx shows that static magnetism
persists well into the superconducting regime
(see phase diagram in Fig. 28). This analogy
to the cuprates is quite surprising as the parent
compounds of the two families have rather dif-
ferent magnetic ground states: itinerant spin-
density wave for the pnictides contrasted with
the Mott Hubbard insulator in the cuprates.
Our findings therefore suggest that the proxim-
ity to magnetic order and associated soft mag-

Figure 28: Phase diagram of the magnetic and
superconducting properties of SmFeAsO1−xFx as a
function of the F substitution and thus electron dop-
ing. There is a region of coexistence between x = 0.10
and 0.15 and Tc reaches its maximal value just as
static magnetism disappears.

netic fluctuations, rather than strong electronic
correlations in the vicinity of a Mott-Hubbard
transition, may be the key ingredients of high-
Tc superconductors [17].

5 Oxygen-free high-Tc iron pnictides

5.1 Single-crystals of CaFe2−xCoxAs2 and
EuFe2−xCoxAs2 (J. Karpinski)

Single-crystals of pure CaFe2As2, EuFe2As2
and Co substituted CaFe2−xCoxAs2 and
EuFe2−xCoxAs2 were grown out of Sn flux in
alumina crucibles sealed under reduced Ar
pressure in quartz ampoules. Typical crystals
were of plate-like shape (up to 7× 5 mm2) with
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Figure 29: Temperature dependence of the re-
sistance for EuFe2−xCoxAs2 single-crystals. Inset
shows single-crystals of EuFe2As2.
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Figure 30: Temperature dependence of resistivity
for CaFe2−xCoxAs2 single-crystals [37].

the crystallographic c-axis perpendicular to
the plate (Fig. 29 inset). An interesting feature
of EuFe2As2 is antiferromagnetic ordering of
magnetic moments localized on Eu+2 ions
(TN = 18 K). This ordering is not affected by
Co doping. Magnetization and resistivity data
for EuFe2−xCoxAs2 show the suppression of
the spin-density wave (SDW) state with Co
substitution and finally the appearance of
superconductivity (Fig. 29). The effect of Eu+2

magnetic ordering on superconductivity leads
to the re-entrant behavior. Magnetization and
resistivity measurements of CaFe2−xCoxAs2
single-crystals show that the SDW transition
is gradually suppressed by Co doping leading
to superconductivity for x = 0.08 (Fig. 30).
Undoped CaFe2As2 reveals a substantial in-
crease of the Nernst coefficient and the Seebeck
coefficient in the SDW state [37].

5.2 Superconductivity in RbFe2As2 (J. Karpin-
ski)

Polycrystalline samples of RbFe2As2 were syn-
thesized by solid state reaction. Superconduc-
tivity was found in this compound with a Tc =
2.6 K [16].

5.3 Charge dynamics of the spin-density wave
state in BaFe2As2 (L. Degiorgi)

Superconductivity in suitably doped BaFe2As2
compounds conclusively proves that it origi-
nates only from the iron arsenide layers, re-
gardless of the separating sheets. It is also
currently believed that the superconductivity
in these systems is intimately connected with
magnetic fluctuations and a spin-density wave
(SDW) anomaly within the FeAs layers. This is
obviously of interest, since a SDW phase may

Figure 31: (a) Optical reflectivity and (b) real part
σ1(ω) of the optical conductivity as a function of
temperature in the far-infrared spectral range. The
insets in both panels show the same quantities at 10
and 200 K from the far-infrared up to the ultraviolet
spectral range with logarithmic energy scale.

generally compete with other possible order-
ings and complicated phase diagrams are of-
ten drawn due to their interplay. It is therefore
of relevance to acquire deeper insight into the
SDW phase and to establish how this broken
symmetry ground state affects the electronic
properties of these materials.
We focused our attention on BaFe2As2 at
temperatures both above and below TSDW.
Fig. 31a displays the optical reflectivity for ω ≤
600 cm−1. The inset shows R(ω) over the en-
tire measured range. R(ω) of BaFe2As2 has
an overall metallic behavior, characterized by
a broad bump at about 5000 cm−1 and by the
onset of the reflectivity plasma edge below
3000 cm−1 (inset Fig. 31a). The temperature
dependence of R(ω) indicates a depletion of
R(ω) with decreasing temperature in the en-
ergy interval between 200 and 500 cm−1 fol-
lowed by a progressive enhancement of R(ω)
below 200 cm−1, so that all R(ω) spectra cross
at 200 cm−1. From the real part of the opti-
cal conductivity (Fig. 31b) a picture emerges in
which at T > TSDW the free charge carrier con-
tribution, represented by the Drude peak cen-
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tered at ω = 0, coexists with bound charge
contributions between 50 and 700 cm−1. When
lowering the temperature below TSDW, a pseu-
dogap develops and a rearrangement of states
takes place in such a way that excitations pile
up in the spectral range around 420 cm−1 as
well as around 50 cm−1. These latter excita-
tions merge into the high-frequency tail of the
narrow Drude term. We also observe that the
narrowing of the metallic contribution in σ1(ω)
at TSDW tracks the behavior of the dc transport
properties.

5.4 Two-gap behavior in the optical conductivity
of BaFe2−xCoxAs2 (D. van der Marel)

We have measured temperature dependent op-
tical data on BaFe2−xCoxAs2 (BCFA), with x =

Figure 32: (a) Low-energy experimental reflectivity
(blue) and reflectivity obtained from the BCS simu-
lation (violet) at 10 K. Also shown are the reflectivity
(red) and Drude-Lorentz model result (green) at Tc.
(b) Ratio of 10 K reflectivity to the one at Tc (24 K)
for the experimental data (blue) and simulation (off-
set for clarity by 1.002, in red). (c) Comparison of
the 10 K optical conductivity determined from ex-
periment (blue) and simulation (violet) and the 24 K
data (red) and Drude- Lorentz model (green). Note
the low-frequency upturn in the simulation which
arises from finite temperature broadening. We also
show the two contributions to the conductivity from
the BCS calculation.

0.14, between 4 meV and 6.5 eV [38]. The
reflectance spectrum was measured between
4 meV and 0.75 eV, and ellipsometric mea-
surements were made in the range 0.75 eV to
6.2 eV. The experiments were performed be-
tween 10 K and 300 K, using stabilized, high-
vacuum cryostats (≤ 10−9 mbar in the mid-
infrared to ultraviolet range). The optical con-
ductivity in the entire range reveals contribu-
tions due to interband transitions at energies as
low as 10 meV. We determined the superfluid
density ρs ≈ 2.2± 0.5 · 107 cm−2, which places
optimally doped BFCA close to the Uemura
line. Our experimental data shows clear signs
of a superconducting gap with 2∆1 = 6.2 ±
0.8 meV (Fig. 32). In addition we found that
the optical spectra are consistent with the pres-
ence of an additional band of strongly scattered
carriers with a larger gap, 2∆2 = 14± 2 meV.

5.5 Two-gap superconductivity in
Ba1−xKxFe2As2: a complementary study of
the magnetic penetration depth by µSR and
ARPES (E. Morenzoni)

Much effort is devoted to the investigation
of the manifestations and the mechanism of
unconventional superconductivity in the iron-
arsenides, since many of their features clearly
set them apart from other superconductors. Ab
initio calculations, for instance, indicate that
superconductivity originates in the d-orbitals
of the Fe ion, which normally would be ex-
pected to be pair-breaking [76]. Several dis-
connected Fermi-surface sheets contribute to
the superconductivity, as revealed by angle-
resolved photoemission spectroscopy (ARPES)
[77]. Furthermore, indication for multi-gap
superconductivity was obtained in measure-
ments of the first and second critical fields Hc1
and Hc2 [78], the magnetic penetration depth λ
[79], as well as in point-contact Andreev reflec-
tion spectroscopy experiments [80].
Within this work [20] we have studied the
temperature evolution of the in-plane (λab)
and the out-of-plane (λc) magnetic penetra-
tion depth in a single-crystalline sample of
Ba1−xKxFe2As2 (BKFA, Tc ' 32 K). The pen-
etration depth anisotropy γλ = λc/λab in-
creases with decreasing T from γλ ' 1.1 at
T ' Tc to γλ ' 1.9 at T ' 1.7 K, just opposite
to the trend found for the Hc2 anisotropy γHc2
in [81]. This resembles very much the situation
in double-gap MgB2 where both anisotropies
are equal at Tc, but evolve oppositely with
T. The notion of two superconducting gaps is
supported by the observation of an inflection
point in λab at ∼ 7 K (Fig. 33). From a fit of
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Figure 33: (a) Temperature evolution of the in-
verse squared in-plane magnetic penetration depth
λ−2

ab . The solid line represents the result of a fit by
means of the α-model, the dashed line represents a
calculation of λ−2

ab from the electronic structure re-
vealed by ARPES. Inset: contributions of different
Fermi surface sheets to λ−2

ab . (b) Fermi surface of
BKFA. (c) Temperature dependence of the supercon-
ducting gap, extracted from ARPES spectra.

λ−2
ab to the phenomenological α-model we ob-

tain gap values of ∆1 = 9.1 meV and ∆2 =
1.5 meV. A comparison of λ−2

ab (T) measured by
µSR with the one calculated from ARPES data
shows a remarkable agreement between these
two complementary approaches, lending fur-
ther support to our conclusions and establish-
ing ARPES as a tool to estimate λab.

6 Influence of Mg deficiency on crystal
structure and superconducting properties
in MgB2 single-crystals(J. Karpinski)

The effect of high-temperature vacuum an-
nealing on crystal structure and superconduct-
ing properties of MgB2 single-crystals is in-
vestigated [39]. As the annealing tempera-
ture is increased from 800 to 975◦C, the aver-
age Mg content in the MgB2 crystals system-
atically decreases while Tc remains essentially
unchanged and the superconducting transition
slightly broadens from ∼ 0.55 to ∼ 1.3 K
(Fig. 34). The reduction of the superconduct-
ing volume fraction is noticeable already af-
ter annealing at 875◦C. Samples annealed at
975◦C are partially decomposed and the Mg
site occupancy is decreased to 0.92 from 0.98
in as grown crystals. Annealing at 1000◦C
completely destroys superconductivity. First-
principles calculations of the Mg1−x(VMg)xB2
electronic structure, within the supercell ap-
proach, show a small downshift of the Fermi
level. Holes induced by the vacancies go to
both σ and π bands. These small modifica-
tions are not expected to influence Tc, in agree-
ment with observations. The significant re-
duction of the superconducting volume frac-

Figure 34: Diamagnetic moment in a field of 5 Oe
normalized to zero field cooled magnetization value
at 5 K as a function of temperature for MgB2 as
grown crystal and after being annealed under vac-
uum (> 10−6 Torr) and at temperatures between 850
and 975◦C. The measurements are performed upon
heating from the zero-field-cooled state. The field is
applied along the c-axis of the crystal.

tion without noticeable Tc reduction indicates
the coexistence, within the same crystal, of su-
perconducting and non-superconducting elec-
tronic phases, associated with regions rich and
poor in Mg vacancies.

7 Collaborative efforts

Collaborative efforts are – and will continue to
be – of essential importance for the success of
Project 4. Highly successful examples are the
numerous collaborations between all crystal
growers and all experimental groups involved
in this project: almost all materials men-
tioned above (cuprates, iron-pnictides, iron-
chalcogenides, pyrochlores) have been grown
in laboratories at the ETHZ, UniGE and PSI
and have been studied by at least two other
groups at different home-institutions. Theory
groups at the ETHZ, UniFR and UniGE have
strongly contributed to the modeling the re-
sults obtained with ARPES, STM and optics at
PSI and UniGE, and providing theoretical feed-
back. Experimental groups at EPFL, UniGE
and PSI have ongoing projects at PSI with ex-
periments carried out jointly at the ADRESS
beamline, and the infrared beam-line at SLS.
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Project 5 Novel electronic phases in strongly correlated electron
systems

Project leader: M. Sigrist (ETHZ)

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

Summary and highlights: Progress on various novel and unusual electronic phases in heavy fermion
materials, non-centrosymmetric transition metal monosilicides, ruthenates and materials with topo-
logical electronic structure is reported here. Among the heavy fermion superconductors, the so-
called Q-phase of CeCoIn5 receives at present most attention. Neutron scattering studies explore
the interplay of incommensurate spin and pair density wave order, accompanied by several theoret-
ical studies. CeCu2Si2 shows strong indication for valance fluctuations induced superconductivity
and is broadly investigated using a multi-probe facility. While with the newly grown crystals of
CeCoGe3−xSix so far mainly magnetic properties have been studied, here also possibility appears to
analyze an exciting non-centrosymmetric superconductor. In the field of vortex matter the dynam-
ics of the vortex lattice in the crossover from the moderate to the strong pinning regime has been
analyzed. Various alloys (Mn,TM)Si have been synthesized and studied for their magnetic proper-
ties, finding that in Mn1−xCoxSi the helical magnetic order is gradually suppressed and turns into a
state with spin-glass properties. A theoretical discussion of the metamagnetic transition in Sr3Ru2O7
elucidates the role of a peculiar type of staggered spin-orbit coupling. The character of the pres-
sure induced semiconductor-semimetal transition in elemental Bi has been investigated by optical
measurements. Features of topological phases play a role in the studies of chiral p-wave supercon-
ductivity in Sr2RuO4, the topological insulator state of Sb-doped Bi and in anyon model systems.
Moreover, optical studies show progress in characterizing the hidden order phase of URu2Si2.

1 Superconducting Q-phase of CeCoIn5

The interpretation of the low-temperature
high-magnetic field phase of the heavy fermion
superconductor CeCoIn5 had been believed to
be a good example of a Fulde-Ferrel-Larkin-
Ovchinnikov (FFLO) phase. Recent measure-
ments of this phase – nowadays called Q-
phase – suggest, however, a more complex pic-
ture [1]. The Q-phase appears as an incom-
mensurate spin-density wave state which only
exists within the superconducting phase and
disappears abruptly with the vanishing of su-
perconductivity at the upper critical field. This
finding implies for theoretical reasons that the
superconducting order parameter (assumed to
be of dx2−y2 -wave symmetry) is supplemented
by a pair density wave (PDW) component, i.e.
a Cooper pair amplitude with finite total mo-
mentum corresponding to the incommensurate
wave vector. In this project experimental as
well as theoretical work on this subject is cov-
ered.

1.1 Experimental evidence by neutron scattering

Kenzelmann’s group used high-field neutron
diffraction to probe the magnetic order in the
Q-phase for magnetic fields along the crystal-

lographic [1 0 0] direction (H ‖ [1 0 0]). This is a
different field direction than in previous exper-
iments reported last year (see also [1]) where
H ‖ [1 -1 0] was taken. By measuring the
properties of the magnetic order for different
field directions in the basal plane, it is possible
to distinguish if the field-induced spin-density
wave (SDW) in CeCoIn5 is pinned to the direc-
tion of the field, or if it is pinned to the direction
of the dx2−y2 line nodes. Furthermore, this ex-
periment allows to test some of the predictions
of the theories which are based essentially on
concepts close to FFLO idea.

The observed spin-density wave order for H ‖
[1 0 0] shows an incommensurate modula-
tion Q = (q, q, 1/2) and q = 0.45(1), which
within the experimental uncertainty is indis-
tinguishable from the spin-density wave found
for fields applied along [1 -1 0] (Fig. 1). The
magnetic order is thus modulated along the
lines of nodes of the dx2−y2 superconducting
order parameter, suggesting that it is driven by
the electron nesting along the superconducting
line nodes. From their results Kenzelmann et al.
postulate that the onset of magnetic order leads
to the reconstruction of the superconducting
gap function and a magnetically-induced pair
density wave.
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Figure 1: (a) Neutron diffraction intensity for wave-
vectors (h, − h, 0.5), showing the magnetic diffrac-
tion peak of the field induced magnetic order in
the superconducting phase of CeCoIn5. (b) Inten-
sity of the magnetic Bragg peak for wave-vectors
(h, − h, 0.5). (c) Tilt scan of the magnetic Bragg
peak along (h, − 0.44, 0.5), showing that the mag-
netic order is long-range ordered along the flux line
direction. (d) Magnetic field dependence of the in-
commensuration h = q. The solid line represents
the expected field dependence of q predicted by
Miyake [19].

1.2 Theoretical approaches to the Q-phase

Based on the early experimental results Agter-
berg, Sigrist and Tsunetsugu developed a phe-
nomenological approach to the Q-phase which
allows to identify possible symmetries of the
pair density wave (PDW) [2]. The gener-
alized Ginzburg-Landau theory, which de-
scribes, based on symmetry arguments, the
coupling of the d-wave and the PDW order, still
leaves a highly degenerated set of possible su-
perconducting order parameters. Eventually,
including the magnetic field as well as the cou-
pling to the incommensurate magnetic order
reduces the choice to two candidates. The re-
sulting structure of the Ginzburg-Landau the-
ory is compatible with the experimental find-
ing of first and second order phase boundaries.
Interestingly, the nucleation of the PDW order
parameter on top of the d-wave state yields the
possibility of complex vortex lattices of “split”
vortices involving spatial separation of the ze-
ros (vortex cores) of the two order parameter
components. Moreover, the vortex lattice im-
prints its modulation on the spin-density wave
order and would in this way give rise to mag-
netic Bragg peaks characteristic for the vortex
lattice structure and observable conveniently
by neutron scattering [2].

The more microscopic approach by Yanase
and Sigrist starts by identifying the origin of
the Q-phase as a FFLO state of the Larkin-
Ovchinnikov type, i.e. a modulation of the
d-wave order parameter magnitude, ∆d(r) =
∆d0 cos(Q · r) [3]. The π-phase difference of
the order parameter passing through planes of
zero node leads to zero-energy Andreev bound
states. The accumulation of states at the Fermi
energy in turn triggers an instability to an
incommensurate spin-density wave order ac-
companied with a so-called “π-triplet pairing”
order equivalent to the PDW mentioned above
(Fig. 2). From this consideration Yanase et al.
make the prediction of the magnetic satellite
peaks in addition to the known incommensu-
rate Bragg peak. However, this has not been
verified so far by neutron scattering experi-
ments. While the theory by Miyake [19] based
on the FFLO concept has been experimentally
most likely ruled out, the present theory is still
compatible with the present experimental sta-
tus.
Both approaches have concentrated on mag-

Figure 2: Results from the Bogolyubov-de Genne
approach: spatial modulation of (a) the d-wave pair-
ing amplitude in the FFLO state with two zero nodes
and (b) the z-component of the magnetic moment.
The direction of the magnetic field is indicated by
the arrow on the top.
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netic fields along the [1 1̄ 0] and have to be ex-
tended to other field directions in order to test
their capability to reproduce the newest exper-
imental developments.

2 CeCu2Si2: new insights from magneto-
thermal measurements

CeCu2Si2, the first identified example of a Ce-
based heavy fermion (HF) superconductor, ex-
hibits several interesting properties such as
a complex H-T phase diagram at low tem-
perature with two high-field magnetic phases
called A (antiferromagnetic) and B. For a stoi-
chiometric composition, superconductivity ex-
pels the spin-density wave (SDW) order at low
magnetic field but the SDW is recovered in an
over-critical magnetic field for superconductiv-
ity (“A/ S-type” CeCu2Si2).
Hydrostatic pressure has a pronounced influ-
ence on the antiferromagnetic (AF) and the
superconducting (SC) properties of this sys-
tem. The AF ordering vanishes at low pres-
sure (∼3.2 kbar) and the pressure dependence
of TSC was shown to exhibit several anoma-
lies above 16 kbar [4]. It was observed that
there exists a distinct superconducting phase
in CeCu2Si2 under high pressure (TSC ≈ 2 K,
p ≈ 4 GPa), well beyond the superconduct-
ing phase at ambient pressure (TSC ≈ 0.7 K).
While the superconducting phase at ambient
pressure is believed to be due to critical spin
fluctuations, the second one is suggested to be
mediated by critical valence fluctuations near
a second quantum critical point (QCP9 [4][20].
The main motivation of the work by Jaccard
and coworkers is to understand the nature and
mechanism of the SC state at ambient as well
as at high pressures through multiprobe mea-
surements (resistivity, ac heat capacity, thermo-
electric power, Hall and Nernst effect) in a sin-
gle experimental setup. Here they are report-
ing some of their preliminary results of the
Nernst effect at ambient pressure.
One high-purity single-crystal of CeCu2Si2 is
used for the present study and is cut in a
square shape (600(l) × 576(b) × 25(w) µm3).
Different contacts are made in such a way so
that it can be directly inserted into a pressure
cell. The SC ordering temperature, determined
from the onset of vanishing resistivity, is found
to be 780 mK. This value is quite high com-
pared to other reports on this system. Fig. 3
shows the Nernst signal, N, under external
magnetic fields. Fig. 3a indicates the N be-
low the SC temperature (TSC) and Fig. 3b above
TSC. The maximum field, applied perpendic-
ular to the a − b plane, is 8 T. At the low-
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Figure 3: Nernst voltage plotted against magnetic
field at different temperatures, (a) below the order-
ing temperature (T < TSC) and (b) above (T > TSC).

est temperature (220 mK) N exhibits a broad
maximum at around 4 T, which is substantially
above the critical field. Note that this maxi-
mum is shifted towards lower fields, but the
magnitude of the maxima keeps increasing up
to 570 mK. While the peak position is observed
to decrease monotonically with temperature,
the magnitude starts decreasing above 570 mK.
The maximum ceases to exist near the TSC. It is
also noticed that there is a sign change start-
ing at 570 mK, at around 5 T. The value of
the fields where the sign change in the Nernst
signal starts are also found to be a decreasing
function of temperature. Moreover, note that,
above TSC, the Nernst signal is linear only up
to small applied fields. Above a certain value
it becomes non-linear and the non-linearity in-
creases as one moves from 4.5 K to 0.87 K.
The H-T phase diagram is shown in Fig. 4.
The open circles represent the melting curve,
i.e. the field at which resistivity deviates from
zero value, whereas the onset from the normal
to SC states is marked by the open rectangles.
The green triangles indicate the onset of the
Nernst signal, which is quite close to the melt-
ing curve. The closed red circles describe the
value of magnetic fields where the Nernst sig-
nal is maximum. It is interesting to note that
the Nernst signal is significant only above the
melting curve, i.e. above the SC state or in A-
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Figure 4: H − T phase diagram obtained from the
Fig. 3 (details see text).

phase, and this is even more obvious in Fig. 5.
Figs. 5a, b and c describe the resistivity at 1,
2 and 3 T respectively and the corresponding
Nernst signals at those fields. It is quite obvi-
ous that at 3 T, which is quite well inside the A-
phase, the Nernst signal is non-negligible and
its magnitude remains the same as for applied
fields smaller than the upper critical field. This
points towards the fact that the dominant con-
tribution of the Nernst signal arises from the
antiferromagnetic A-phase and not from the
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(c) 3 T. In all these plots, the zero-field resistivity is
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vortex state which is commonly found in dif-
ferent SC systems.
Similar investigations at high pressures are al-
ready underway.

3 Crystal growth of CeCoGe3−xSix

CeCoGe3 is a heavy fermion material show-
ing at ambient pressure antiferromagnetic (AF)
order which can be suppressed by pressure
to lead to a superconducting phase, which
is a recently discovered example of a non-
centrosymmetric superconductor. Giannini
and coworkers have studied the magnetic
properties at ambient pressure for modified
chemical composition. The substitution of sili-
con for germanium in CeCoGe3 drives this ma-
terial from the long-range AF order (0 ≤ x ≤
1) to short-range AF order (up to xc = 1.2).
At such critical concentration, associated to a
quantum phase transition (QPT), non-Fermi-
liquid behavior is observed. This point sepa-
rates the magnetic and non-magnetic regimes
at T = 0 [21]. The understanding of the na-
ture of the magnetic excitations in this material
requires high-purity single-crystals of various
compositions.
Single-crystals of the end compound CeCoGe3
can be grown in a flux of either Sn or Bi. In
order to grow Si-doped crystals, Giannini and
coworkers have improved the same method by
optimizing the temperature profile of the ther-
mal treatment and the starting composition.
Whereas crystals of pure CeCoGe3 have been
successfully grown up to a mm3 size, in the
presence of Si some problems have to be over-
come. Si-doped crystals do not grow larger
than 0.5 mm and growth dislocations appear
at the surface of Si-doped crystals. Two typical
crystals of pure CeCoGe3 and CeCoGe2.9Si0.1
are shown in Fig. 6. Despite the growth ter-
races visible at the surface of the crystal, the
composition is highly homogenous. The major
problem in growing Si-doped crystal is the up-
per limit of Si entering the structure. Whereas
highly homogeneous polycrystalline samples

Figure 6: Crystals of (a) CeCoGe3, and
(b) CeCoGe2.9Si0.1.
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of the whole solid solution (0 ≤ x ≤ 3) can be
processed, when growing crystals with nomi-
nal x > 0.1 secondary phases form (CoSi, ele-
mental Ge, other Bi-alloys). This changes the
melt composition and prevents the formation
of crystals with the wanted stoichiometry. Fur-
ther improvements of the growth technique,
like changing the flux and tuning the optimum
Si-rich starting composition, are in progress, in
order to push the Si fraction to higher values.

4 Superconductivity and ferromagnetism in
multilayers

Recent experiments on superconductor-
ferromagnet (SC–FM) multilayers [5] revealed
a complicated interplay between supercon-
ductivity and ferromagnetism. For instance,
the onset of superconductivity was found to
change qualitatively the magnetic state of the
ferromagnetic layers. These findings have mo-
tivated Baeriswyl and coworkers to investigate
such SC–FM multilayers theoretically. In a first
step they address the question to what extent
the superconducting order parameter and the
free energy are affected by the relative orienta-
tion of the magnetic moments of the adjacent
FM layers. The ferromagnet is modeled using
Stoner-like majority/minority bands. A fixed
relative angle of magnetic moments in consec-
utive FM layers (spiraling magnetization) is
considered. The superconducting material is
assumed to be described by a spin-singlet BCS
state. In the multilayer, the superconducting
order parameter is allowed to vary spatially.
A spin-dependent potential combined with

Figure 7: The spatial dependence of the anomalous
amplitude for normal impact of the quasi-particle
trajectory. The model parameters are typical mate-
rial parameters for the multilayers used in the ex-
periment, i.e. T = Tc/2, width of a single-layer
10 nm, coherence length 3.3 nm. Note the slowly
decaying triplet correlations in the FM layer and the
triplet correlations inside the SC layer.

Rashba spin-orbit coupling is assumed to act at
the interface. The resulting spin-flip processes
can generate spin-triplet pairs which may
penetrate into the ferromagnet and tunnel to
the next SC layer (Fig. 7). In this way two
consecutive SC layers can be coupled.

5 Vortex matter: dynamic approach to
strong pinning

Flux lines threading a type II superconductor
exposed to a magnetic field are moved when
subject to a Lorentz force, thereby generating
dissipation. Electrical conduction without re-
sistance can be reestablished by inhibiting the
motion of the vortices, i.e. by pinning them
by a defect-induced potential. The classifi-
cation of the regimes of weak collective pin-
ning (WCP, pinning due to joint action of many
pins) and strong pinning (SP, pinning due to in-
dividual pins) can be achieved using a Labusch
criterion [22] and a detailed study of the two
regimes and the crossover between them in the
static case was performed by Blatter et al. [6].
The study of the dynamics within WCP is usu-
ally restricted to a perturbative treatment of
the random pinning potential at large trans-
port currents j > jc (critical current jc) [23].
In this project, Blatter and coworkers focus
on the dynamics near the SP/WCP crossover
and above in the SP regime. They determine
the full force-velocity (current-voltage) rela-
tion within a generic model for the pinning of
a three-dimensional, homogeneous, isotropic
elastic manifold with a one-dimensional dis-
placement field u(r, t) and elastic constant C.
Unlike previous attempts [24], they include the
full dynamics of the manifold and solve the
relevant equation for a single pin at the ori-
gin (range σ, strength f0) coupling to a specific
point of the manifold; the latter then exhibits a
non-trivial time evolution y(τ) = u(0, τt0)/σ,
where time is measured in units of t0 = ηr2

0/σ,
η the viscosity, and distance in units of the
width σ of the defect (a short-distance cutoff
r0 ∼ ξ is used). Making use of the Green’s
function g(τ) = (1 + τ)−3/2 of the elastic prob-
lem, one obtains

y(τ) = y∞(τ)

+
∫ τ

−∞
dτ′

fp[y(τ′)]
2 fLab

g(τ − τ′), (2.1)

where y∞(τ) = ντ − 1 is the position of the
manifold at infinity. Here, ν = vt0/σ is the di-
mensionless velocity and fLab = 4π3/2Cσr0 the
Labusch force.
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For a linear force model fp(y) = − f0y, y ∈
[−1, 1] (Fig. 8, left inset), Eq. (2.1) can be solved
exactly with the help of the Laplace transform.
Note that for this potential (with sharp edges)
pinning is maximally strong as the Labusch cri-
terion max[ f ′(y)] > fLab is always fulfilled at
y = ±1. The resulting velocity-dependence
of the pinning force density 〈 fpin〉(ν) is found
through combined time and disorder averages
(Fig. 8, right inset).
Using the effective viscosity ηeff ∼ fLab/ fcξ3

(critical force density fc), the force-balance
equation f / fc + ηeffν + 〈 fpin〉(ν)/ fc = 0 de-
termines the force-velocity relation ν( f ) (Fig. 8)
which reveals a bi-stable region.
In order to investigate the dynamics in a mod-
erately SP regime, Blatter and coworkers con-
sider a piecewise linear force allowing for
the tuning of the Labusch parameter f I/ fLab
( f I the initial force gradient pulling the vortex
into the pin, f I = ∞ in the above case). Blatter
and coworkers find that close to the crossover
to weak pinning a bi-stability in ν( f ) only ap-
pears for sufficiently small viscous coefficient
ηeff. The determination of the detailed criteria
for the appearance of the bi-stability is part of
ongoing work.

6 Sr2RuO4: chiral p-wave superconductivity

There is strong evidence that Cooper pairing
has chiral p-wave character in Sr2RuO4, i.e. the
gap function can be represented by d(k) =
∆0ẑ(kx ± iky) involving a finite orbital angu-
lar momentum along the z-axis for the Cooper
pairs (Lz = ±h̄ ). During this project period

Sigrist and collaborators addressed two effects
connected with the chiral nature of the super-
conducting order parameter.

6.1 Chiral domains and the Josephson effect

A few years ago van Harlingen’s group
reported anomalous interference effects for
Josephson junctions between Sr2RuO4 and Pb
in a magnetic field [25]. These experimental-
ists claimed that their result is evidence for the
presence of chiral domains. Domain walls in-
tersecting the Josephson junction could lead
to an order parameter phase structure along
the junction which induces characteristic de-
viations from the standard Fraunhofer-like in-
terference pattern. Bouhon and Sigrist analyze
the basic conditions for such a kind of behavior
using a Ginzburg-Landau model for domain
walls and the Josephson effect [7]. They no-
tice that the domain wall structure has to sat-
isfy certain conditions in order to account for
the observed effects. In particular, they find
that the domain wall orientation as well as the
degree of Fermi surface anisotropy play an im-
portant role in this context. For certain spe-
cial directions domain walls undergo a sym-
metry breaking phase transition in their inter-
nal structure as a function of system parame-
ters, which can be essential for the observed
interference properties. Additionally they find
that magnetic fields can modify domain wall
sates such that a hysteretic behavior is possi-
ble, in qualitative agreement with experiments,
as displayed in Fig. 9. Moreover, on the same
footing characteristic noise behavior can be ex-
plained.

6.2 Evolution of spontaneous flux in eutectic Ru-
Sr2RuO4

Eutectic Ru-Sr2RuO4 containing µm-size Ru-
metal inclusions in Sr2RuO4 are known for
the occurance of the so-called 3 Kelvin phase
– an inhomogeneous superconducting phase
above the bulk transition. Superconductiv-
ity nucleates most likely at the interface be-
tween Ru and Sr2RuO4. Ru-metal itself be-
comes superconducting at TcRu = 0.5 K well
below the critical temperature Tc = 1.5 K.
Kaneyasu and Sigrist study the properties of
the s-wave superconducting phase in a sin-
gle cylinder shaped Ru-inclusion [8]. The chi-
ral nature of the surrounding superconductor
imposes through Josephson coupling a phase
winding on the s-wave order parameter of Ru:
ψs(r = R) ∝ eiθ (R: cylinder radius). Imme-
diately below TcRu the external phase winding
yields a flux pattern on the interface between
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Figure 9: Left panel: experimentally observed hysteretic behavior of the field dependence of the Josephson
critical current in a junction between Sr2RuO4 and Pb (black curve is the initial upsweep of the magnetic field,
while red and blue curves correspond to subsequent down and upsweeps respectively) (from Kidwingira et
al. [25]. Right panel: simulation of hysteretic behavior where the solid (dashed) line describes the critical current
during a downsweep (upsweep) of the magnetic field.

Ru and Sr2RuO4 without net magnetic flux.
This is an effect of phase frustration between
the two superconductors. As temperature
is lowered the flux pattern deforms to well-
localized flux line and an extended counter
flux. Eventually at low enough temperature
the flux line jumps from the interface to in-
terior of the Ru-inclusion as a ordinary vor-
tex, while the compensating flux remains uni-
formly spread over the interface. While such
a spontaneous flux pattern may be experimen-
tally observable by a scanning SQUID micro-
scope, it could also have interesting influence
on quasi-particle tunneling and the Josephson
effect through the interface. These latter as-
pects will be studied in the coming project pe-
riod.

7 Spin-glass ground state in transition metal
monosilicides TMSi

The helimagnetic state of MnSi is rapidly sup-
pressed by doping with either Fe, Co or Ni.
Above a given doping threshold (∼ 0.2 elec-
trons/transition metal (TM)-atom) the mate-
rial enters a new magnetic ground state, never
reported so far. The transition temperature of
(Mn,TM)Si does not depend on the particu-
lar doping element but only on the total num-
ber of electrons in the outermost shell [9]. The
transition from the helimagnetic to the new
ground state is characterized by a change of
sign of the Weiss temperature, indicating an
antiferromagnetic interaction, and an upturn
in the resistivity at low temperature. In or-
der to elucidate the nature of such a mag-
netic state and the origin of the charge local-
ization, a complete set of experimental investi-
gations has been carried out, namely magnetic

and transport measurements, neutron diffrac-
tion, and muon-spin relaxation (µSR) experi-
ments. Strong indication of a spin freezing into
a glass state in Mn1−xCoxSi (0.05 < x < 0.9)
is provided by the frequency-dependence of
the transition temperature in ac magnetic sus-
ceptibility (Fig. 10a and b). The occurrence
of a spin-glass state is confirmed by µSR ex-
periments. The randomly distributed potential
wells introduced by the Co doping can localize
itinerant electrons and create local spins. This
causes a decrease of the electrical conductivity
with cooling (Fig. 10c) and, below the transi-

Figure 10: (a) and (b) ac susceptibility at var-
ious frequencies for the Co atomic fractions 23%
and 50%, respectively. (c) Resistivity of the spin-
glass Mn0.5Co0.5Si, compared to that of helimagnetic
Mn0.95Co0.05Si and pure CoSi.
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tion temperature Tg, the freezing of localized
spins into a spin-glass state. Differently from
FeSi, the system remains a metal at low tem-
perature. A spin-glass ground state is there-
fore added to the already rich phase diagram
of “B20” transition metal silicides.

8 Metamagnetism in bilayer ruthenates

Ultraclean samples of the bilayer ruthenate,
Sr3Ru2O7, display a metamagnetic transition
at fields between 5 and 8 T depending on the
field orientation [26, 27]. It has been found
that at temperatures below 1 K a new phase
appears around the transition, yielding addi-
tional anomalous structures into the magne-
tization curve. The character of this phase,
which has only been observed for fields per-
pendicular to the layers, has not been iden-
tified so far. One of the most popular pro-
posals is a so-called nematic phase which re-
sults from a Pomeranchuk instability deform-
ing the Fermi surface [28, 29]. Sigrist and col-
laborators address two problems in this con-
text assuming a dx2−y2 -type nematic instability
for this low-temperature phase. First, Adachi
and Sigrist consider a possibility to identify
the phase by means of ultrasound absorption
above the phase transition taking fluctuation
effects into account [10]. They show that there
are clear selection rules for the propagation
direction and polarization of the ultrasound
visible in the absorption rate and the sound
velocity renormalization. As a result there
is a softening for transverse modes along the
[1 1 0] propagation direction while no soften-
ing should be observed along [1 0 0]. Surpris-
ingly the calculations show that for longitu-
dinal modes the softening occurs in all direc-
tions. Moreover in the same study renormal-
ization effects have been analyzed using a self-
consistent renormalization scheme in order to
elucidate the modifications of the phase dia-
gram through quantum and thermal fluctua-
tions [10].
The puzzling field anisotropy of the meta-
magnetic transition and the low-temperature
phase cannot be simply explained by assum-
ing an anisotropic g-tensor. Therefore Fis-
cher and Sigrist extend the analysis of spin-
orbit effects by taking specific lattice proper-
ties of Sr3Ru2O7 into account [11]. In this lay-
ered perovskite structure the RuO6-octahedra
are rotated around the c-axis such that a stag-
gered inversion symmetry breaking occurs for
all in-plane bonds. The resulting spin-orbit
coupling leads to a Fermi surface reconstruc-
tion (FSR), if a magnetic field is applied in the

basal plane. No such effect appears for fields
along the c-axis. The mechanism for a nematic
instability is based on a specific form of for-
ward scattering and occurs when the chemi-
cal potential moves through a Van Hove sin-
gularity (VHS) – this may be also the ori-
gin of the metamagnetic transition [12]. The
FSR for in-plane fields removes spectral weight
from the VHS such that the nematic instabil-
ity is suppressed. This finding is in qualitative
agreement with the experimental observation
which only reports a low-temperature phase
for fields along the c-axis with little in-plane
components. The FSR is accompanied with
an induced staggered magnetic moment of the
Ruthenium sites in addition to the uniform
magnetization. Therefore this study predicts
the presence of a canted antiferromagnetic spin
component in fields around the metamagnetic
transition, which could be possibly observed in
neutron scattering experiments.

9 Processing and crystal growth of topolog-
ical insulators

The growth of Sb-doped Bi-crystals has been
pursued by Giannini and collaborators in or-
der to study their exciting electronic proper-
ties by tuning the Sb-content. The most at-
tracting peculiarity of this system is the topo-
logical Dirac insulating behavior. Other ma-
terials have been predicted to exhibit a topo-
logical insulating state, and the recent ac-
tivity of the Giannini group has mostly fo-
cussed on Bi-chalcogenides, predicted to be
simplest 3D topological insulators [30]. In the
V2VI3 compounds (V = As, Sb, Bi; VI = Se,
Te), the physical properties can be tuned by
controlling the composition in the solid so-
lution (Sb,Bi)2(Se,Te)3. It is expected that in
Sn-doped samples, (Bi1−xSnx)2Te3, Sn doping
can be adjusted to observe only the surface
states. Single-crystals of (Bi1−xSnx)2Te3 have
been grown using a controlled cooling method,
starting from stoichiometric mixtures of Bi, Te
and Sn in vacuum sealed reactors. After heat-

Figure 11: Crystals of (Bi1−xSnx)2Te3.
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ing, melting, and homogenizing at 700◦C for
24 hours (repeated several times), the sam-
ples were heated at 850◦C for 16 h and slowly
cooled at 5◦C/h to 400◦C in a thermal gradi-
ent of ∼ 5◦C/cm. Crystals grown with this
method are shown in Fig. 11.

10 Pressure tuned semimetal-semiconduc-
tor transition in Bi

Since the seminal work of Wigner in 1930’s,
it has been believed that the large relative
electron-electron interactions in low-density
electron gases manifest themselves in a vari-
ety of novel phases like electronic crystals, cor-
related heavy electron fluids, and phase sep-
arated states. In principle elemental bismuth
is a model system to investigate such physics.
It is a semimetal with a small valence and
conduction band overlap that results in three
small electron Fermi pockets (at the L points)
and a hole Fermi pocket (at the T point), mas-
sive Dirac electronic dispersions and an equal
(small) number of electrons and holes [31]. A
material which has been of interest for a long
time with many remarkable properties [31], el-
emental bismuth has recently been found to be
host to a variety of exotic electronic phenom-
ena, including phase transitions at high field to
a “valley-ferromagnetic” state [32], signatures
of charge fractionalization in the ultraquan-
tum high-field limit [33], and strongly coupled
electron-plasmon “plasmaron” features in the
optical spectra [13]. Lately, it has been claimed
that Bi1−xSbx alloys are “topological insula-
tors”, with robust topologically protected sur-
face states [34].
Among its remarkable phenomena, bis-
muth undergoes an interesting semimetal-
semiconductor (SMSC) transition with
the application of modest pressures
(≈ 20 − 25 kbar) [35, 36]. This transition
is relatively under-investigated [37, 35], but
unlike more conventionally discussed Mott-
or Anderson-style metal-insulator transitions
driven by interactions or disorder respectively,
this transition is believed to be driven by a
reduction of the semimetal conduction and
valence bands overlap. As the overlap de-
creases, Fermi surfaces shrink and eventually
vanish. Within a non-interacting purely band
point of view this is an electronic topological
transition of the “Lifshitz” variety [38]. It
is unclear however which role is played by
electronic correlations on the approach to the
transition. Do interaction effects dominate
as the charge density decreases resulting in
a strongly correlated liquid state? Perhaps

the topological “Lifshitz” band transition
is superseded by a phase like an electronic
crystal [39, 40], excitonic insulator [41], or
inhomogeneous state [42].
The application of pressure to bismuth reduces
the overlap of the semimetal bands and even-
tually results in a semimetal-semiconductor
(SMSC) transition. This transition is nominally
of the “Lifshitz” Fermi surface topological va-
riety, but there are open questions about the
role of interactions at low-charge densities. Us-
ing a pressure cell with optical access devel-
oped by the group of Forró, the van der Marel
group has performed an extensive study of its
infrared conductivity under pressure. In con-
trast to the expected pure band behavior, sig-
natures were observed of enhanced interaction
effects, including strong charge-plasmon cou-
pled (plasmaron) features [13] and plasma fre-
quency which remains finite through the tran-
sition. Interactions appear to play a central
role in driving the transition and hence it is
not of the pure “Lifshitz” band variety. At
first glance, the appearance of strong correla-
tion features in the optical spectra and their
role in the SMSC transition for this pressure
range is surprising. Although bismuth is a low-
density metal (approximately one charge per
105 atoms), in which one might expect strong
correlation effects [39, 40], in reality the effec-
tive dimensionless Wigner-Seitz radius rs at
ambient pressure is small due to a large ε∞
and small effective mass (for parabolic bands
rs = me2

n1/3 h̄24πε∞
≈ 1.3). Even at the high-

est pressure, rs ≈ 2.3 does not approach the
regime at which a 3D Wigner crystal is believed
to exist (rs = 62− 100 [40, 43]). However, there
are a number of aspects of bismuth which may
allow such physics to occur at even moderate
values for rs. Firstly, we should remind our-
selves that typical calculations which estimate
the significance of rs are typically based on the
jellium approximation, which may have only
a passing relevance to real materials. In the
case of bismuth, the breaking of Galilean in-
variance by the presence of both electrons and
holes allows a pairwise interaction that is not
relevant for translational invariant systems. It
has been shown that there is a strong tendency
for Coulomb crystallization in two components
plasmas at densities where rs is of order of
unity. This is far below that necessary in one-
component systems [44]. Such a tendency is re-
inforced in systems with a large mass asymme-
try as in bismuth.
At first glance the effect of pressure is similar
to the effect of temperature; the charge density
decreases as the band overlap decreases. This
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Figure 12: (a) Plasma frequency as a function of
pressure at various temperatures. This quantity be-
comes very small in a region close to the expected
critical pressure (Pc ≈ 23 kbar) of the SMSC tran-
sition in bismuth. (b) Temperature dependence of
the plasma frequency at ambient pressure and at
20.5 kbar as a function of temperature.

behavior is summarized in Fig. 12, where, as
a function of pressure, the plasma frequency
(ωp) of the zero-frequency Drude component
from a Drude-Lorentz fit to the reflectivity
data is plotted at different temperatures. In
Fig. 12, the data are compared to a theoreti-
cal calculation of the Drude spectral weight.
The computation was done taking into account
three different types of carriers near by the
Fermi level [45]: (i) heavy holes (hh) at the
T point which have a standard massive dis-
persion εhh

k = h̄2k2/mhh
k ; (ii) light electrons

(le) and their light hole (lh) counterparts at
the three-fold degenerate L point, for which
the energy dispersion is εk = ∆ − εg/2 ±√

ε2
g/4 + h̄2|k · vF |2 where εg is the direct gap

between the two light bands.
Although in the whole accessible pressure
range the system is liquid, it seems likely that
the system is in a regime where incipient crys-
tallization is manifesting itself. Alternatively,
one may be seeing the consequence of excitonic
scattering [46] or correlations [41] near the
SMSC transition as is believed to be the case in
TmSe0.45Te0.55 [47]. Other possibilities include
the spontaneous formation of metallic inhomo-
geneous states such as microemulsions [42] or
phase-separated electron-hole droplets [48]. Ir-
respective of this behavior’s origin, it is shown
here that correlation effects play a central role
in the SMSC and need to be taken into account
to describe it properly. Near the SMSC transi-
tion of bismuth, the expected “Lifshitz” transi-
tion appears to be superseded by strong corre-
lation effects.

11 Hidden order in URu2Si2

Since more than two decades, the origin
of the enigmatic low-temperature phase in

URu2Si2 [49] is still a mystery [50, 51]. At
THO = 17.5 K, all the thermodynamical
and transport measurements exhibit a clear
anomaly and suggest a Fermi surface recon-
struction. Therefore, this low-temperature
phase is called hidden order and despite all the
theoretical and experimental efforts, the order
parameter which characterizes this phase re-
mains unknown.

The van der Marel group has measured the
detailed temperature dependence of the opti-
cal conductivity of URu2Si2 for electric field
along the a-axis and the c-axis of the tetrag-
onal structure. A temperature-frequency col-
orplot of the real part of the conductivity is
displayed in Fig. 13. In addition to a pro-
nounced anisotropy, one can see a clear par-
tial suppression of the optical conductivity be-
tween 50 cm−1 and 200 cm−1 below 25 K, cor-
responding to a sharp crossover. This temper-
ature is well above the thermodynamic phase
transition at THO. Moreover, it was shown that
this behavior is accompanied by a renormaliza-
tion of the plasma frequency and the scattering
rate. These observations imply that electronic
states located within a few meV from the Fermi
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Figure 13: Temperature-frequency colorplot of the
real part of the conductivity. The dash horizontal
line corresponds to the known hidden-order tem-
perature, THO ∼ 17.5 K.
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level start to slide when the temperature is de-
creased below 25 K.

12 Numerical simulation of complex quan-
tum phases

The efforts by Troyer’s group on the compu-
tational side of this project are focussing on
the development of new schemes to treat com-
plex strongly correlated electron systems and
on the numerical simulation of complex phases
in particular those with topological character.

12.1 Algorithmic developments

The main algorithmic development of the past
year is the development of a diagrammatic
quantum Monte Carlo (DiagMC) algorithm for
the Hubbard model [14]. This algorithm sam-
ples connected Feynman diagrams instead of
the partition function and works successfully
in the correlated Fermi liquid regime of the
Hubbard model. It will be used in the future
to calculate phase diagrams and equations of
state of 2D and 3D Hubbard model in the mod-
erately correlated regime

12.2 Topological phases and anyonic models

A topological quantum liquid phase, if realized
in an experiment, would pave the way towards
stable, robust and decoherence-free quantum
bits: it can encode information in a non-local
topological property and no local source of
noise can disturb this quantum bit. In this
context, Troyer and coworkers have performed
the following investigations. They have shown
that the critical gapless ground states of these
models are due to an unusual symmetry [15],
and have calculated the phase diagrams of
spin–1 models [15]. Similar phases have been
found in related anyonic models on high-genus
surfaces [16, 17]. These models allow a simple
and intuitive graphical visualization of topo-
logical phases and models giving rise to such
phases.
Scarola in Troyer’s group has contributed sig-
nificantly to a publication with experimental-
ists [18], who have been able to see the disper-
sion relation of quasi-particles and especially
a roton minimum which had been first calcu-
lated by Scarola several years ago.

13 Collaborative efforts

Several subprojects involve collaborative ef-
forts fostered by the MaNEP network. The
foremost example is the study of the Q-phase
which at its starting state was already based

on close interaction between the Kenzelmann
group on the experimental and the Sigrist
group on the theory side. During the last year
both experimental and theoretical progress
evolves in mutual contact. A further impor-
tant case is the field of topological phases
which encompases a wide range of materials,
the topological insulators, as Sb-doped Bi) (Gi-
annini, van der Marel and Morpurgo), chiral
p-wave superconductors (Sigrist) and model
cases (anyon models and quantum Hall sys-
tems) in the context of quantum computation
(Troyer). A new collaborative project, named
“Topomatter”, is devoted to topological in-
sulators and related systems, which involve
mainly contributors of this project (van der
Marel, Sigrist and Morpurgo). While for other
subprojects there are at present no immedi-
ate collaborations between theory and exper-
iment, there is an obvious overlap in interest
due to previous studies. This is particularly
true for the transition metal silicides and the
non-centrosymmetric and heavy fermion su-
perconductors, including hereby also the hid-
den order system URu2Si2.
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Project 6 Magnetism and competing interactions in bulk materials

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

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

Introduction: The aim of this project is to apply a variety of complementary techniques to address
some of the most intriguing problems in the modern field of quantum magnetism. The focus this
year was on specific structural features: low-dimensionality, geometric frustration, quenched disor-
der and magnetoelectric coupling. Their effect on “classical” systems is well understood, but the
challenge is to see what happens in “quantum” magnets, i.e. spin-systems where quantum fluctua-
tions play a significant role. What we discovered is the emergence of several qualitatively new and
previously inaccessible quantum magnetic phases.

Summary and highlights

One part of the research effort involves a search
for new prototype materials, synthesis and
sample characterization. Magnetic properties
of the newly discovered and several previously
known compounds are then investigated us-
ing neutron scattering, resonant magnetic X-
ray scattering, NMR spectroscopy and bulk
methods. At the same time, a theoretical and
numerical effort aims to explain the results and
provide directions for further experiments.
For spin-ladders, we focus on exotic magnetic
excitations beyond the simplistic single-mode
approximation. In particular, neutron scat-
tering experiments provide unique insight on
the breakdown of the single-particle picture
at field-induced quantum phase transitions in
two metalloorganic materials. In one case,
(C5H12N)2CuBr4, the effect is due to the ex-
treme one-dimensionality of magnetic interac-
tions. Here theory (DMRG calculations) is very
successful in making quantitative predictions
for comparison with experiments. In another
material, Sul-Cu2Cl4, the quasi-particle break-
down is found to result from strong geometric
frustration. Theoretical studies provide a com-
prehensive picture of magnetization plateaus
in such frustrated ladders.

The effect of structural (chemical) disorder is
studied in two other ladder materials. In one
case, Bi(Cu1−xZnx)2PO6, the disorder directly
involves the magnetic ions. Here NMR ex-
periments for the first time detect a “freezing”
of finite-size spin clusters formed around the
spin-liquid-destroying S = 0 defects. When
the disorder affects only the magnitude of mag-
netic interactions, IPA-Cu(Cl1−xBrx)3, the spin-
liquid state is found to persist. Nevertheless,
at high magnetic fields we obtain the first di-
rect evidence for a new quantum “Bose glass”
phase.
The effect of extreme geometric frustration
is also studied in two dimensions. In the
Sutherland-Shastry frustrated dimer network
SrCu2(BO3)2 a new quantum phase is found at
high pressure. Neutron scattering experiments
on two prototypical Kagome lattice systems
find tantalizing evidence of a two-dimensional
spin-liquid phase. As in the one-dimensional
case of spin-ladders, rather remarkable prop-
erties are predicted to emerge in frustrated 2D
systems in the presence of disorder. Results
obtained in numerical studies of this prob-
lem are directly relevant to experiments on
the above-mentioned Sutherland-Shastry and
Kagome lattice materials.

1 Magnetic excitations and quantum phase transitions in spin-ladders

Arguably the simplest geometrical realiza-
tion of a model where triplet excitations de-
localize and become dispersive is the spin-
ladder. We investigate several realizations of
this model – from Sr14Cu24O41, whose copper-
oxygen configuration is related to the high-
Tc cuprates with similar energy scales of sev-

eral hundred meV; to piperidinium copper bro-
mide (C5H12N)2CuBr4 (pipCuBr4), whose 1000
times lower energy scale allows studies all the
way to saturation in an external magnetic field;
and to Cu2Cl4-Sul, where a geometric frustra-
tion of rung interactions gives rise to a qualita-
tively new chiral high-field phase.
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Figure 1: RIXS intensity after subtraction of the
elastic signal and calculated one- (red dashed line)
and two-triplon (black full lines) dispersion curves.

1.1 X-ray study of magnons in Sr14Cu24O41
(H. Rønnow)

Exploiting world best resolution of the new
resonant inelastic X-ray scattering (RIXS)
beamline ADDRESS at Swiss Light Source
(SLS) at PSI, we identified two-triplet excita-
tions in Sr14Cu24O41 (Fig. 1) [1]. This impor-
tant step towards a quantitative understanding
of the RIXS cross-section for magnetic excita-
tions establishes an exciting alternative to neu-
tron scattering. It can be performed on sub-
millimeter crystals. A new MaNEP joint col-
laboration has been launched to pursue excita-
tions in other low-dimensional quantum mag-
nets.

1.2 Magnon fractionalization in spin-ladders
(H. Rønnow)

In pipCuBr4, tuning the magnetic field into
the Luttinger liquid phase, the magnons
fractionalize into spinons displaying both
commensurate and incommensurate continua
(Fig. 2) [2]. Several other studies, including
low-temperature susceptibility, thermal trans-
port [3] etc. were also performed. More de-
tails can be found also in the theoretical contri-
bution by the Giamarchi group below in para-
graph 1.4.

1.3 Dynamics of a chiral magnon condensate
(A. Zheludev)

The metalloorganic material Sul-Cu2Cl4 is
composed of very weakly interacting 4-leg
S = 1

2 “spin-tubes”. The ground state
is a spin-singlet, protected by a gap of ∆ ∼
0.5 meV. Due to a strong frustration of rung
interactions, the minimum of one-dimensional
dispersion is at an incommensurate position
q‖ = 0.48π. The most exciting observation is
that applying a magnetic field beyond Hc ∼

Figure 2: Excitation spectrum in the Luttinger liq-
uid phase (TN < T = 250 mK < TLL) at B = 10.1 T
(m = 0.5) compared to theoretical calculations.

3.75 T produces an incommensurate helimag-
netically ordered chiral phase [17]. This tran-
sition breaks the complete O(2) = SO(2) × Z2

Figure 3: Neutron spectra measured in Sul-Cu2Cl4
at the 1D AF zone-center (0.5, 0, 0.48) in various ap-
plied magnetic fields above the critical field, H >
Hc. Shaded areas are partial contributions of sepa-
rate excitation branches.
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point symmetry group and was argued to be-
long to one of the chiral universality classes.
The new study employs inelastic neutron scat-
tering to investigate the spin dynamics in this
novel helimagnetic phase. The results are dis-
cussed in detail in [4]. As illustrated in Fig. 3,
the spectrum measured at H > Hc at the mag-
netic zone center is qualitatively different from
that in conventional magnetic Bose-Einstein
condensate (BEC). An understanding of this
behavior was drawn from a field-theoretical
analysis. It turns out that there are actually
two low-energy modes. One is indeed gapless,
though it is not directly visible in the neutron
data due to resolution effects. The second cor-
responds to the observed gap excitation. The
magnitude of the gap scales with the square of
the ordered helimagnetic moment, in excellent
quantitative agreement with experiment.

1.4 Dynamical correlation functions from DMRG
calculations (T. Giamarchi)

On the theory side, we explore the dynamics of
spin− 1

2 ladders using time dependent density

Figure 4: Example of the SzSz dynamical structure
factor computed by the DMRG technique, for vari-
ous values of the external magnetic field (top to bot-
tom). The left are the symmetric excitations whose
low-energy part can be described by a Luttinger liq-
uid theory. The right are the antisymmetric excita-
tions, that are specific to the ladder.

matrix renormalization group (DMRG). This
method allows us to compute the time and
space dependent correlations that are Fourier
transformed to obtain the spectral functions,
directly comparable with neutron experiments.
Our method gives an excellent energy and
momentum resolution (at the moment, even
better than the existing neutron experiments).
An example of the spectrum computed by the
DMRG method is shown in Fig. 4.
We compare our results with measurements
on the compound CuBr4(C5H12N)2 which is a
unique realization of weakly coupled spin− 1

2
ladders with small inter-spin couplings. All the
high-energy excitations can now be character-
ized.

1.5 Frustration-induced plateaus (F. Mila)

A parallel theoretical effort is aimed at un-
derstanding the magnetization process of frus-
trated spin-ladders [5]. In the strong-rung
limit, we have used degenerate perturbation
theory to prove that frustration leads to mag-
netization plateaus at fractional values of the
magnetization for all spins S and to determine
the critical ratios of parallel to diagonal inter-
rung couplings for the appearance of these
plateaus. A typical example (S = 1) is de-
picted in Fig. 5. To confirm these results and
to investigate the properties of these ladders
away from the strong-coupling limit, we have
performed extensive DMRG calculations up to
S = 2. For intermediate inter-rung couplings,
several surprises have appeared, including the
development of magnetization jumps and, in
some cases, the appearance of one or more
phase transitions inside a given plateau.

Figure 5: Magnetization of the frustrated spin–1
ladder in the strong-rung limit as a function of the
ratio of the leg to cross coupling.
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Figure 6: 31P NMR line positions and widths vs
temperature for Bi(Cu1−xZnx)2PO6 with x = 0.01.
Red, blue and green dots are Gaussian fits to the
main line, yellow dots mark the maximum of the im-
purity signal.

2 Quenched disorder in spin-ladders

2.1 Spin-ladder with site dilution (H.-R. Ott and
J. Mesot)

With the present project we aim at the
identification of generic magnetic features
of a 2-leg spin-ladder system with a low
concentration of non-magnetic defects using
Bi(Cu1−xZnx)2PO6 as the model system [6].
For x = 0, the χ(T) data reveal the expected
features of a low-dimensional dimerized spin
S = 1

2 arrangement. The temperature in-
duced shift of the magnetic resonance signal
reflects the generic magnetization of the spin-
system. For x = 0.01, evidence for impurity-
induced local magnetization is obtained again
from χ(T) data at low temperatures and from
NMR spectra. In addition to the main NMR
line, which broadens considerably in the low-
T regime, we observe an impurity-induced
peak which exhibits a logarithmic tempera-
ture dependence. This peak shifts from the
low-frequency side of the main line at high
temperatures to the high-frequency region in
the NMR spectra at low temperatures (Fig. 6).
Preliminary quantum Monte Carlo (QMC) cal-
culations using reasonable values for the ex-
change interactions along and perpendicular to
the ladder legs confirm the generic character of
these features.
Data of the NMR spin-lattice relaxation rate
T−1

1 (T) are obtained for x = 0, 0.01 and 0.05.
Above 25 K, T−1

1 (T) is approximately the same
for all three Zn concentrations and the ex-
ponential temperature dependence reflects a
spin gap ∆ in the dimer excitation spectrum
with ∆/kB ' 55 K, which does not change

2 4 6 8 10 12 14
0

200

400

600

800

1000

1200

Temperature [K]

1/
T 1 [s

−1
]

Figure 7: Low-temperature spin-lattice relaxation
rate T−1

1 (T) for Bi(Cu1−xZnx)2PO6 with x = 0.05.
The blue line is a guide to the eye; the red line em-
phasizes the exponential decrease of T−1

1 (T).

visibly with increasing x and persists up to
temperatures above 200 K. This is compati-
ble with the assumption that the spin-ladder
system is thermally quite isolated from the
crystal lattice. Distinct differences are, how-
ever, observed at low temperatures. The ex-
ponential decrease of the relaxation rate is
interrupted at low temperatures and T−1

1 (T)
passes through an x-dependent minimum at
Tmin(x). For x = 0 and 0.01, the relaxation rate
increases slightly below Tmin and smoothly
reaches an x-dependent saturation value. For
x = 0.05, a considerable enhancement of the
relaxation rate indicates substantial magnetic
fluctuations in the spin-system. Before satura-
tion is reached, T−1

1 (T) exhibits a rather nar-
row maximum with a sharp reduction of the
relaxation at lower temperatures. This feature,
displayed in Fig. 7, clearly indicates a transi-
tion in the spin-system, most likely a freez-
ing of the impurity-induced local magnetiza-
tion clouds.

2.2 Observation of a magnetic Bose glass
(A. Zheludev)

The metalloorganic compound IPA-CuCl3 is
one of the most thoroughly studied spin-ladder
materials, and is a beautiful realization of BEC
of magnons that occurs at Hc ∼ 10 T [18]. The
present study [7] addresses a very fundamental
question: how will BEC of magnons be affected
by the introduction of quenched disorder?
Our experiments are performed on single-
crystals of IPA-Cu(Cl1−xBrx)3. Br-doping does
not affect the magnetic Cu2+ sites, but ran-
domizes the strength of antiferromagnetic (AF)
leg and rung interactions in the spin-ladders.
For the magnons, such a bond strength varia-
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Figure 8: The uniform magnetization (a, cir-
cles), differential susceptibility (a, squares) and
magnetic Bragg intensity (b) measured in IPA-
Cu(Cl0.95Br0.05)3. The solid curves correspond to the
undoped material.

tion is equivalent to a random potential. Most
data are collected on a x = 0.05 sample. In
zero field the magnetic properties and excita-
tion spectrum are very similar to those in the
undoped compound, and typical of a spin gap
system. However, in high magnetic fields, two
consecutive transitions are observed (Fig. 8).
Beyond the first transition at Hc = 10 T the
spin-liquid is destroyed. Uniform magnetiza-
tion becomes non-zero and magnetic suscepti-
bility dM/dH shows a roughly linear increase.
However, long-range AF order is not observed
until H′ = 11 T, where half-integer magnetic
Bragg reflections are detected, and dM/dH is
a constant. The intermediate phase between
Hc and H′ is absent in the undoped material,
where the two fields coincide. All evidence, in-
cluding a history-dependent magnetic correla-
tion length, suggests that the new phase is the
thought-after Bose glass [19]. As expected, it
has a non-zero compressibility (magnetic sus-

Figure 9: Neutron spectra (left) and specific heat
(right) from SrCu2(BO3)2.

ceptibility), but lacks at true Bose condensate
(AF order). To improve our experimental un-
derstanding of this phenomenon, we are cur-
rently investigating the possibility of doping
several new spin-ladder and chain compounds
[8].

3 Two-dimensional frustrated spin-systems

3.1 The 2D antiferromagnet (H. Rønnow and
F. Mila)

SrCu2(BO3)2 (SCBO) is the only known re-
alization of the highly frustrated Shastry-
Sutherland antiferromagnetic spin− 1

2 model.
We discovered that the 3 meV singlet-triplet
gap softens with applied pressure (Fig. 9). The
2-triplet bound state (BT) softens faster. When
it catches up with the 1-triplet, the system en-
ters a new quantum phase. We further mea-
sured ac specific heat up to 30 kbar [9]. As the
broad peak in specific heat Cp shifts to lower
temperature (consistent with the decreasing
gap), it sharpens dramatically into almost a di-
vergence at 20 kbar. Simultaneously, a new
lower temperature peak appears. The analy-
sis to identify the nature of this intermediate
phase is ongoing.
Motivated by the possibility of controlled
impurity-doping of SrCu2(BO3)2, we have in-
vestigated the properties of the model with
non-magnetic impurities [10]. We have shown
that, in this geometry of orthogonal dimers,
non-magnetic impurities generate bound states
below the spin gap. These bound states and
their symmetry properties have been deter-
mined by exact diagonalization of small clus-
ters and successfully interpreted within a sim-
ple effective model describing a spinon sub-
mitted to an attractive extended potential. We
have also calculated the Raman spectrum in a
simple geometry and shown that Raman spec-
troscopy is an ideal technique to probe these
bound states.

3.2 Spin− 1
2 Kagome antiferromagnets

(H. Rønnow)

Despite intense theoretical focus, there exist to
date only two prominent candidates for phys-
ical realization of the S = 1

2 Kagome model:
Herbertsmithite ZnCu3(OH)6Cl2, and Volbor-
thite Cu3V2O7(OH)2·2H2O.
Herbertsmithite reveals scale free fluctuations
with Q-dependence corresponding to nearest
neighbor correlations (Fig. 10) [11]. The mo-
mentum, energy and temperature dependence
is confirmed by polarized neutron scattering
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(a) (b)

Figure 10: Excitation spectra of Herbertsmithite.
Fitting time-of-flight data at 5 temperatures pixel-
by-pixel, allowed separating into (a) constant and
(b) Bose statistics components. Phonon contribu-
tions follow Bose statistics. A rod of energy indepen-
dent scattering occur around 1.2 Å−1 in the constant
part.

measurements. Indications are that this fea-
ture is indeed the footprint of a quantum spin-
liquid (and if so of which type).
The spectrum in Volborthite (Fig. 11) [12]
is markedly different from that of Herbert-
smithite, with a flat band around 5 meV
and two rods in energy at Q’s correspond-
ing to theoretically proposed ordering pat-
terns. The energy integrated magnetic scat-
tering recorded using polarization analysis re-
veals the superposition of a broad liquid like
structure factor with sharper peaks suggest-
ing semi-classical short range order below 5 K.
Likely a combination of a structural distor-
tion and Dzyaloshinskii-Moriya (DM) interac-
tion drives Volborthite towards this situation.

3.3 Non-magnetic impurities and Dzyaloshinskii-
Moriya interactions in the Kagome antiferro-
magnet (F. Mila)

Motivated by recent nuclear magnetic res-
onance experiments on Herbertsmithite,
ZnCu3(OH)6Cl2, we have performed an
exact diagonalization study of the com-
bined effects of non-magnetic impurities and
Dzyaloshinskii-Moriya (DM) interactions in
the S = 1

2 Kagome antiferromagnet [13]. The
local response to an applied field has revealed
that the response of the dimers next to the
impurities remains typical of that of frozen
dimers, which are known to be present around
each impurity for D = 0, up to large values
of the DM interaction, in fact far beyond the
critical value that stabilizes the q = 0 order in
the clean system. This has lead to a consistent
interpretation of the two-peak structure of the
oxygen NMR line of Herbertsmithite in terms
of oxygen sites near or further away from a
vacancy.
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Figure 11: S(Q, ω) at 50 mK in Volborthite.

3.4 Quantum Monte Carlo and other algorithms
in application to exotic frustrated lattices
(M. Troyer)

In order to explore more esoteric interaction ge-
ometries, we use quantum Monte Carlo (QMC)
to map out the peculiar phase diagram of
bosons on a star lattice [14]. Additional sim-
ulations on the so-called compass model in
two dimensions reveal how thermal fluctua-
tions lead to a canting of magnetic order at el-
evated temperatures [15]. Seeking numerical
methods beyond QMC, we have explored new
two-dimensional generalizations of the DMRG
method [20], and compared it to benchmark
results on non-frustrated and frustrated spin-
systems [16]. With additional improvements
the novel algorithm might be very useful for
strongly correlated systems in two dimensions.

4 Magnetoelectric effects (U. Staub)

In systems with strong magnetoelectric inter-
actions, a multiferroic order parameter based
on the coupling of magnetic moments and elec-
tric polarization could be produced by consid-
ering the toroidal moment (also called anapole
moment), which in its simplest form is Ω =
Si × Ri, with Si the spin and Ri the electric
dipole moment at the same place. The obser-
vation of toroidal moments on the atomic level
on a given site i is more challenging.
An ideal candidate for a fundamental study
of these strange magnetoelectric multipoles is
GaFeO3, a magnetoelectric material with a fer-
rimagnetic transition at 230 K. The material is
piezoelectric and crystallizes in the polar space
group Pc21n. We have performed resonant X-
ray diffraction experiments at the K edge and
the L2,3 edges of Fe. We could show that these
experiments at space group forbidden reflec-
tions are sensitive to magnetoelectric multi-
poles of rank zero (magnetoelectric monopole)
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Figure 12: Magnetic field dependence of the (0 1 0)
reflection at T = 100 K and σ primary polarization.
Intensities in panel (a) have (+) polarity, in panel (b)
have (-) polarity or are collected in (+) polarity but
the azimuthal angle (ψ) differs by 180◦ from the an-
gle used in the other three sets of data. Open circles
in panel (a) are obtained following recovery of the
magnetic state from (-) in panel (b). Inset to panel (a)
is data collected prior to the imposition of a mag-
netic field on the sample.

Figure 13: Azimuthal angle (ψ) dependences of the
difference X-ray intensity for a magnetization sign
change for the Friedel pair of k = ±5 in GaFeO3. The
fit is based on a model of magnetoelectric multipole
moments with an orbital contribution.

and two magnetoelectric quadrupole of the
open Fe valence shell. The energy scan of the
(0 1 0) reflection containing the magnetoelectric
signal is shown in Fig. 12 for experiments at the
L2,3 edges [21]. Fig. 13 shows the magnetiza-
tion difference signal as a function of rotation
around the Bragg wave vector taken at the pre-
edge of K absorption line of the (0 k 0) Friedel
pair reflections. The main difference in the in-
tensities between the two Friedel pair reflec-
tions are the change in sign, which occurs over
the whole range of the azimuthal scan. This
sign change is directly linked to the change of
sign of a magnetic parity odd multipole (mag-
netoelectric).

5 Collaborative efforts

By design, the project is structured to maxi-
mize collaboration between theorists and ex-
perimentalists. For example, neutron scatter-
ing experiments that are employed in many
of the above-mentioned studies directly mea-
sure spin-spin correlation functions. The very
same characteristics are computed numerically
for a direct comparison. On the one hand, we
try to take maximum advantage of the various
experimental techniques available in different
groups. In this context, a truly breakthrough
development is our use of synchrotron X-rays
to probe magnetic properties.

MaNEP-related publications

[1]I J. Schlappa, T. Schmitt, F. Vernay, V. N. Strocov,
V. Ilakovac, B. Thielemann, H. M. Rønnow, S. Van-
ishri, A. Piazzalunga, X. Wang, L. Braicovich, G. Ghir-
inghelli, C. Marin, J. Mesot, B. Delley, and L. Patthey,
Physical Review Letters 103, 047401 (2009).

[2]I B. Thielemann, C. Rüegg, H. M. Rønnow, A. M.
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Project 7 Electronic materials with reduced dimensionality

Project leader: L. Forró (EPFL)

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

Summary and highlights: The program of the project is to study various electronic instabilities
in low-dimensional materials and their competition in stabilizing the ground state of the system.
The most focused part of the project is devoted to the transition metal dichalcogenides where exci-
tonic, charge density wave (CDW), superconductivity instabilities and Mott-localization form a very
rich phase diagram. The highlight is the finding the the fingerprints of an excitonic condensate in
1T-TiSe2 and the stabilization of superconductivity by pressure in the region of the phase diagram
where the excitonic order parameter shows strong fluctuations. In another dichalcogenide, 1T-TaS2,
the suppression of the long range commensurate order of CDW favors the appearance of super-
conductivity. Further highlight is the in-depth STM spectroscopic characterization of the Chevrel
phases.

1 Study of the excitonic insulator: the case
of TiSe2 (Ph. Aebi)

In the early 1960s, a new insulating phase
was predicted to possibly exist at low tem-
perature in solids having small energy gaps.
Jérome et al. [16] published an extended study
of this phase developing a BCS-like theory of
its ground state. However, at that time an ex-
perimental realization of this phase was miss-
ing.
The excitonic insulator phase may occur in
a semi-metallic or semiconducting system ex-
hibiting a small (negative respectively posi-
tive) gap. Indeed, for a low carrier density,
the Coulomb interaction is weakly screened,
allowing therefore bound states of holes and
electrons, called excitons, to build up in the
system. If the binding energy EB of such pairs
is larger than the gap EG, the energy to cre-
ate an exciton becomes negative, so that the
ground state of the normal phase becomes un-
stable with respect to the spontaneous forma-
tion of excitons. According to Jérome et al. [16],
at low temperature, these excitons may con-
dense into a macroscopic coherent state in a
manner similar to Cooper pairs in conventional
BCS superconductors. Kohn [17] argued that
exciton condensation may lead to the forma-
tion of charge density waves (CDW) of purely
electronic origin (neglecting any lattice distor-
tion), characterized by an order parameter.
1T-TiSe2 is a layered transition-metal dichalco-
genide exhibiting a commensurate (2× 2× 2)
CDW [18] accompanied by a periodic lattice
distortion below the transition temperature of
Tc ∼= 200 K. The origin of its CDW phase was

controversial for a long time. Different scenar-
ios have been proposed, the best candidates
being a band Jahn-Teller effect [19] and the
excitonic insulator phase [20, 21]. An angle-
resolved photoemission spectroscopy (ARPES)
study, evidencing directly the CDW, gave re-
cently much support to the latter by compar-
ison between experiment and theory [1]. Pho-
toemission intensity maps were generated with
the spectral function calculated in the frame-
work of the excitonic insulator phase model,
which has been adapted to TiSe2 and renamed
the exciton condensate phase model [2].

In order to get a better understanding of how
this exotic phase appears and grows up, we
studied its temperature dependence both the-
oretically and experimentally. Our goal was
in particular to extract from ARPES measure-
ment the behavior of the order parameter as a
function of temperature, ∆(T). From that per-
spective, we have first investigated the renor-
malized band structure of TiSe2 in the exciton
condensate phase model. It is found that the
influence of the order parameter is the most
visible at the border of the Brillouin zone (L
point). By choosing a specific form for ∆(T)
(in the present case a BCS-like behavior), we
can calculate the corresponding temperature
dependent spectral function at L and look for a
spectral feature characteristic of ∆(T) [3]. The
calculated spectra are shown in Fig. 1a. We
see that the backfolded valence band v1, which
lies in the occupied states, is the most distinc-
tive signature of the temperature dependence
of ∆(T).

Armed with this knowledge, we performed
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Figure 1: (a) Calculated spectral function of the ex-
citon condensate phase at L, as a function of tem-
perature. (b) Photoemission spectra of TiSe2 mea-
sured at L, as a function of temperature. (c) Order
parameter ∆(T) extracted from the photoemission
measurements shown in (b). (d) Chemical poten-
tial shift extracted from the photoemission measure-
ments shown in (b).

temperature dependent ARPES measurements
on TiSe2, focusing on the situation at L [4]. The
spectra are shown in Fig. 1b. Peak B in the
experiment is identified with the backfolded
valence band v1 (peak A is a second back-
folded valence band which is, for simplicity,
not considered in our model) and peaks C and
D are contributions from the conduction band
c1. From the position of the peak B (backfolded
valence band) as a function of temperature, we
derived the order parameter ∆(T) of the exci-
ton condensate phase, shown in Fig. 1c. Below
the critical temperature of Tc ' 200 K, it ex-
hibits a clear increase, reminiscent of a BCS-like
exciton condensation. However, in this study,
we also find a non-zero order parameter above
Tc, which we interpret as the signature of a
strong electron-hole fluctuation regime (above
Tc). Finally, we also evidence a chemical poten-
tial shift (Fig. 1d), mainly caused by the spec-
tral weight transfer occurring in the exciton
condensate phase among the original and the
backfolded bands.

2 Superconductivity through disorder in the
Mott-insulator 1T-TaS2 (M. Grioni)

One of the most intriguing phenomena in the
solid state is the occurrence of electronic in-
stabilities towards broken symmetry states.
When two or more instabilities are simultane-
ously at work, complex phase diagrams and
unusual physical properties are found, and
new states of matter may eventually emerge.

Broken-symmetry phases are especially promi-
nent in the 2D transition metal dichalcogenides
(TMDs), which exhibit a variety of charge den-
sity waves (CDW) transitions and, in few cases,
superconductivity (SC). CDW and SC tend to
gap parts of the same Fermi surface, and are
generally considered to be competing.
In a collaboration with the MaNEP groups of
Forró and Rønnow, we have studied the TMD
1T-TaS2, which exhibits a unique sequence of
CDW and Mott-phases, as a result of the in-
terplay of electron-phonon and Coulomb inter-
actions. Sipos et al. [5] have shown that the
application of external pressure suppresses the
Mott-transition, and that for p > 2.5 GPa SC
coexists with a CDW below ∼ 5 K. We have
now found that SC can also be induced in TaS2
at ambient pressure by a small amount of dis-
order. ARPES data show that SC emerges from
a normal state where strongly damped quasi-
particles (QP) bear the spectral signatures of
the underlying CDW and of the incipient Mott-
transition.
It is known that tiny amounts of disor-
der – induced, e.g., by irradiation or non-
stoichiometry – suppress the metal-insulator
transition in TaS2 by destroying the long-range
coherence of the CDW. Our single-crystal sam-
ple, prepared by H. Berger with a stoichiome-
try Ta0.985S2 (herewith d-TaS2), contains a small
amount of disorder. Unlike pristine TaS2, the
in-plane electrical resistivity of d-TaS2 bears no
signature of the Mott-transition at∼ 180 K, and
at 2.1 K it exhibits a sharp drop. The occurrence
of SC is unambiguously proven by the mag-
netic susceptibility, which indicates that small
SC regions start to form below 2.9 K, but do
not percolate through the whole sample.
ARPES spectra measured at 70 K in the Mott-
phase of TaS2 and in the “normal” phase of
d-TaS2 are shown in Fig. 2. They were sym-
metrized around EF to remove the Fermi cut-
off. Thanks to electron-hole symmetry the
symmetrized spectra are proportional to the
spectral function A(kF, E), since for the Fermi
function f (E, T) = (1 − f (−E, T)). The line
shape of TaS2 is that expected for a Mott-
insulator, where the spectral weight is piled
up in the Hubbard subbands, separated by a
correlation gap, or possibly a deep pseudo-
gap. The picture of d-TaS2 is qualitatively dif-
ferent. A(kF, E) exhibits a weak coherent QP
peak at EF. Spectral weight is removed from
EF and placed in the broad incoherent side-
bands. Clearly d-TaS2 is on the verge of open-
ing a gap. The broad, intense, sidebands show
that the QPs are strongly renormalized both by
electron-phonon and Coulomb interactions.
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Figure 2: ARPES spectra of pristine 1T-TaS2 and
d-TaS2, measured at k = kF and 70 K, and sym-
metrized around EF.

These data show that SC can emerge even in
the presence of domains of a strong CDW,
when the Mott-instability is suppressed in
TaS2. The ARPES line shape in the normal state
indicates that the coherent weight of the quasi-
particles is considerably reduced by the inter-
actions, and that the system remains quite close
to a metal-insulator instability. Future exper-
iments will aim at establishing a quantitative
relation between the superconducting fraction
and the amount of disorder.

3 Superconductivity in 1T-TiSe2 (L. Forró)

We report on the superconductivity in pure
1T-TiSe2, studied around sub-Kelvin tempera-
tures, as a function of pressure up to 10 GPa,
with the superconducting dome appearing
around the critical pressure related to the CDW
meltdown (Fig. 3) [6]. The doping-induced dis-
order is not present in our system, therefore im-
purity effects may not be held responsible for
the closing of the superconducting dome [22].
The results of the present study strongly sug-
gest that the CDW fluctuations are tightly
linked with superconductivity in 1T-TiSe2. The
parallels with several families of materials
where the superconducting dome has been
discovered in the vicinity of purely electronic
ordered phase, dressing the quantum critical
point, strengthen the viewpoint of excitonic
superconductivity in 1T-TiSe2. On the other
hand, the continuous development of the soft
phonon mode in the vicinity of the CDW tran-
sition, both in Cu-intercalated and pure and
pressurized material [22], suggests that the lat-

Figure 3: Pressure-temperature phase diagram of
1T-TiSe2. On the left axis we see the evolution of
the CDW transition temperature and the supercon-
ductivity transition temperature (×10) with pres-
sure. The superconducting dome is constrained to
the pressure ranges of 2–4 GPa. On the right axis
we see the strong pressure dependence of the resid-
ual resistivity over the entire investigated pressure
range (note the logarithmic scale). The lower part of
the diagram shows the pressure dependence of the
thermal exponent n of the resistivity.

tice deformation may not be regarded as a sec-
ondary effect that simply follows the electronic
ordering. The soft phonon mode, generally re-
garded as unfavorable for superconductivity
within the weak-coupling BCS single-phonon
exchange picture, has been identified as help-
ful in several instances for higher values of the
electron-phonon coupling. This marks an alter-
native route for searching for the origin of the
superconducting dome in 1T-TiSe2.
The new phase diagram of pristine 1T-TiSe2
under pressure complements and puts in a
new light recently reported superconductiv-
ity in Cu-intercalated 1T-TiSe2 [6]. The ab-
sence of dopants in our case implies that the
closure of the superconducting dome is unre-
lated to impurity-induced scattering. Given
the similarities between the intercalated and
the pressurized system, analogous reasoning
may be extended for Cu-intercalated system.
On the other hand we also point out the qual-
itative differences in electronic states that de-
velop along P and x axis, marked by oppos-
ing signs of the Hall coefficient in the nor-
mal state, different maximum superconduct-
ing transition temperatures Tmax

SC (1.8 K ver-
sus 4.15 K for pressure and intercalation, re-
spectively) and diverse magnetic properties in
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the superconducting state. These dissimilari-
ties leave open the question whether two sep-
arate superconducting domes develop in this
phase diagram, corresponding to two distinct
critical points. The alternative perspective of a
critical line in the T = 0 plane of the phase di-
agram, covered by the “superconducting tun-
nel”, is a challenging topic for future studies.

4 Magnon dispersion and extended
magnetic interactions in Sr2CuO2Cl2
(M. Grioni)

Sr2CuO2Cl2 (SCOC) is an insulating single-
layer parent compound of the high-Tc super-
conducting (SC) materials, isostructural to the
high-temperature tetragonal phase of La2CuO4
(LCO), with La replaced by Sr, and the apical
Oxygen ions of the CuO6 octahedra replaced
by Cl. SCOC exhibits antiferromagnetic (AF)
order below TN = 256 K, with a reduced Cu
moment of 0.34 µB. For its structure and prop-
erties, SCOC can be considered as an almost
ideal realization of an (S = 1

2 ) 2D square-lattice
Heisenberg AF. The superexchange energy has
been estimated to be J = 0.13 eV. So far the
spin-wave dispersion could be measured by in-
elastic neutron scattering (INS) only close to
Q = 0, due to the large J and the small volume
of available crystals.
In collaboration with the MaNEP groups of
Rønnow and van der Marel, and with collab-
orators in Milan, we set out to study magnetic
excitations in SCOC by resonant inelastic X-ray
scattering (RIXS). RIXS is the X-ray counterpart
of resonant optical Raman spectroscopy but,
since the X-ray photon carries a momentum
comparable to the size of the Brillouin zone
(BZ), it is not limited to Q = 0 excitations.
The large spin-orbit energy (∼ 20 eV) of the
Cu 2p hole enables the observation of ∆S 6= 0
single-magnon excitations by RIXS at the Cu L-
edge (930 eV) [23]. Data were measured at the
ADRESS end station of the Swiss Light Source,
which provides unsurpassed energy and mo-
mentum resolution for soft X-ray RIXS.
The Q−dependence of the magnon energy ex-
tracted from the RIXS data is summarized in
Fig. 4. It is consistent with the small-Q results
from INS, but reveals for the first time the full
dispersion up to the boundary of the BZ. A
striking 60 meV difference is observed between
the magnon energies at (π, 0) and (π/2, π/2).
This can be compared with the ∼ 20 meV dis-
persion observed in LCO [24]. The energy at
(π, 0) is similar in the two compounds, but the
(π/2, π/2) value is higher in LCO (292 meV)
than in SCOC (250 meV).

Figure 4: Magnon energies extracted from the RIXS
data. The red line is a Hubbard model fit yielding
J = 142 meV, and a ring exchange term Jc = 89 meV.

For the simple (S = 1
2 ) 2D Heisenberg model

with nearest-neighbor (NN) exchange, linear
spin-wave theory predicts a constant magnon
energy h̄ω = 2Zc J along the AF zone bound-
ary, where Zc = 1.18 is a uniform renormal-
ization factor. A larger energy at (π, 0) is ex-
pected in an extended model which includes
second- and third-nearest-neighbor as well as
4−spin ring exchange interactions, described
by additional exchange parameters J′, J′′ and
Jc. The dispersion of Fig. 4 is therefore di-
rect evidence of magnetic interactions, beyond
nearest-neighbor spins. A good fit to the data
(red line) is obtained with J = 142 meV, J′ =
J′′ = 4 meV, and Jc = 89 meV. These values
can be compared with J = 146 meV, J′ = J′′ =
3 meV and Jc = 61 meV for LCO at T = 10 K
[24]. The largest difference is found in the ring
exchange term, which is 50% larger in SCOC.
These results strongly suggest that long-range
magnetic interactions are generally important
in the parent compounds of the high-Tc cuprate
superconductors. They also confirm that RIXS
is a valuable probe of magnetic interactions,
quite complementary to the more traditional
INS. In the cuprates, in particular, its lower en-
ergy resolution is compensated by the easy ac-
cess to energies of order J, and by the small
sample volume it requires.

5 Raman scattering evidence for a cascade-
like evolution of the charge density wave
collective amplitude mode in rare-earth
tri-tellurides (L. Degiorgi)

A family of layered compounds which have at-
tracted a lot of attention recently are the rare-
earth (R) tri-tellurides RTe3. They host an
unidirectional, incommensurate CDW already
well above room temperature for all R ele-
ments lighter than Dy, while in the heavy rare-
earth tri-tellurides (i.e. R = Tm, Er, Ho, Dy) the
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Figure 5: Temperature dependence of the Raman
scattering spectra of DyTe3 at ambient pressure (a)
and of LaTe3 at 6 GPa (b). The spectra have been
shifted for clarity. In panel (a) the oscillators em-
ployed for the data fits are shown for the measure-
ment at 30 K (dotted lines) and the arrows mark the
weak features at 113 and 143 cm−1. The labels A and
B denote the weak mode at∼ 60 cm−1 and the sharp
one at ∼ 70 cm−1 at low temperatures, respectively.

corresponding transition temperature, TCDW1,
lies below ∼ 300 K and decreases with increas-
ing R mass. In the latter systems, a further
transition to a bidirectional CDW state occurs
at TCDW2, ranging from 180 K for TmTe3 to
50 K for DyTe3. The drastic change in transi-
tion temperatures with the size of the R ion or
externally applied pressure on a given material
is accompanied by a similarly large change in
the properties of the CDW itself. In particular,
the CDW gap of RTe3 progressively collapses
when the lattice constant is reduced, which, in
turn, induces a transfer of spectral weight into
the metallic component of the excitation spec-
trum, the latter resulting from the fact that the
Fermi surface in these materials is only par-
tially gapped by the formation of the CDW. The
response of this residual metallic component
completely screens all optically active modes
(including the collective CDW phase excita-
tion) and makes their observation by infrared
absorption methods impossible. This is why

we turned to Raman scattering in our recent
study of these materials.
We have new Raman scattering investigations
as a function of temperature on DyTe3 at ambi-
ent pressure (TCDW1 = 307 K, TCDW2 = 49 K)
and on LaTe3 at 6 GPa, with a lattice con-
stant between that of DyTe3 and HoTe3, and
TCDW1 ∼ 260 K. Typical spectra are shown in
Fig. 5. The covered spectral range extends from
5 to 200 cm−1, thus giving access to the en-
ergy region in which the collective modes are
expected to appear. Raman scattering experi-
ments as a function of temperature on DyTe3
and on LaTe3 at 6 GPa provide a clear-cut evi-
dence for the emergence of the respective col-
lective CDW amplitude excitations. The tem-
perature dependence of the A and B modes be-
haves as an order parameter. In the unidirec-
tional CDW phase, we discover that the am-
plitude mode develops as a succession of two
mean-field, BCS-like transitions with different
critical temperatures, which we associate with
the presence of two adjacent Te planes in the
structure [7, 8, 9, 10].

6 Scanning tunneling spectroscopy studies
of cluster compounds (Ø. Fischer)

The metal-insulator transition in M2Mo6Se6
quasi-1D systems has been investigated by
means of transport and X-ray measurements
and confronted with local density approxi-
mation (LDA) calculations of the band struc-
ture. The transport data are entirely compat-
ible with the theoretical picture of a dynamic
charge density wave, with a quantum critical
point separating this phase from the supercon-
ducting one. Scanning tunneling spectroscopy
(STS) measurements on the quasi-3D materi-
als reveal pseudogapped core spectra for both
PbMo6S8 and SnMo6S8, probably related to the
strongly anisotropic Fermi surfaces and strong
interband scattering. STS vortex mapping re-
veal a transition from a quasi-ordered to a dis-
ordered glassy phase at high field.

6.1 Dynamic density waves and quantum criti-
cality in quasi-one-dimensional molybdenum
selenides

The nature of the metal-insulator transition
in M2Mo6Se6 (M = Na, K, Rb, Cs) has re-
mained mysterious since its discovery in the
early 1980s. These materials are quasi-one-
dimensional (Q1D) metals at room temper-
ature, but their electrical resistivity passes
through a broad minimum upon cooling before
diverging at low temperature. The position of
the minimum (considered to be the transition)
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shifts progressively to higher temperature as
the mass of M increases. Revised band struc-
ture calculations performed in Stuttgart reveal
a single-Q1D Mo d band at the Fermi level,
leading to a remarkably simple Fermi surface
consisting of two lightly-warped plates at kF ∼
±π/2c (where c is the chain axis lattice param-
eter). Such a highly-nested Fermi surface is
immediately suggestive of a Peierls transition;
however low-temperature X-ray diffraction ex-
periments at the European Synchrotron Radia-
tion Facility in Grenoble have indicated the ab-
sence of a structural phase transition through-
out the M2Mo6Se6 family.
Fortunately, this apparent impasse may be cir-
cumnavigated: X-ray measurements have a rel-
atively long timescale (several minutes) and
are hence insensitive to high-frequency fluc-
tuations. LDA calculations for the electron-
phonon coupling reveal a very shallow phonon
potential, implying that any Peierls transition
in M2Mo6Se6 is likely to be dynamic rather
than static and hence explaining the absence
of any structural modulation at low tempera-
ture. This interpretation is reinforced by re-
cent ARPES experiments carried out at the
Elettra synchrotron in Trieste, Italy. In addi-
tion to confirming the calculated band struc-
ture, a temperature-dependent pseudogap was
observed to open upon cooling in K2Mo6Se6.
This behavior is entirely compatible with both
our transport data and the theoretical picture
of a dynamic charge density wave. Further
ARPES experiments are planned to confirm

Figure 6: Phase diagram for Q1D M2Mo6Se6.
Upon increasing the isotropy, the system passes
from a Luttinger liquid (LL) to a Q1D superconduc-
tor (SC) via a fluctuating or dynamic charge density
wave (CDW). The x-axis (electronic isotropy) may
be tuned by chemical doping, hydrostatic pressure
or uniaxial stress along the (Mo6Se6)∞ chains.

that a pseudogap is universally present in insu-
lating molybdenum selenides, as well as inves-
tigating the scaling of the gap magnitude with
transition temperature.
Following our previous work on the su-
perconducting molybdenum selenides
(M = Tl, In) [11], we may now assemble
the entire phase diagram for M2Mo6Se6
(Fig. 6). We postulate that a Quantum Critical
Point (QCP) – in this case representing a critical
warping of the Fermi surface plates – separates
the dynamic density wave and supercon-
ducting phases. Above this QCP, fluctuations
of the density wave order parameter may
result in superconductivity developing from
a pseudogapped ground state, in a situation
analogous to the high-Tc cuprates.

6.2 Vortex core spectroscopy and the link to
Fermi surface anisotropy in Chevrel phase su-
perconductors

Previously, we have obtained conclusive spec-
troscopic and thermodynamic evidence for
multi-band superconductivity in the Chevrel
phases SnMo6S8 and PbMo6S8 [12]. Upon
extending our measurements to the mixed
state of these materials, we reveal further ex-
otic behavior. Fig. 7 displays a spectroscopic
trace through a vortex core in SnMo6S8: an
anomalous non-state-conserving pseudogap is
present within the vortex cores. This pseudo-
gap is distinct from that seen in the cuprates,
since there is no competing magnetism in

Figure 7: Vortex core spectroscopy in SnMo6S8 at
2 T. (a) Fast contrast map to pinpoint an individ-
ual vortex, followed by (b) 30 nm spectroscopic scan
through the center of the core (trace depicted by ar-
row in (a)). (c) Superposition of spectra from the
trace. A typical spectrum from the superconduct-
ing matrix outside the core is shown in red, while a
spectrum from the center of the core is highlighted
in green.
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Figure 8: Calculated Fermi surfaces in PbMo6S8,
SnMo6S8 and LaMo6S8. All Fermi surfaces are cen-
tered on the Γ point and displayed within the first
Brillouin zone. The calculated Sommerfeld constant
γ scales linearly with the critical temperature Tc in
each compound, illustrating that the electronic den-
sity of states is the primary factor influencing the su-
perconducting transition in Chevrel phases.

Chevrel phases and no normal-state gap above
the superconducting transition. Even more
extreme behavior is seen in PbMo6S8, where
the vortex core spectra are barely distinguish-
able from superconducting spectra outside the
cores (except for a very slight suppression of
the coherence peaks). Despite imaging at tem-
peratures well below the quantum limit, no
discrete core states may be observed in ei-
ther material. The upper critical field Hc2 of
PbMo6S8 is nearly double that of SnMo6S8,
suggesting that the depth of the pseudogap
may scale with Hc2.
The precise origin of this pseudogap remains
mysterious. However, clues for its existence
may be found in the strongly anisotropic Fermi
surfaces intrinsic to the Chevrel phases. Fig. 8
displays calculated Fermi surfaces for several
members of the Chevrel family: the minor-
ity contributor to the density of states (right
panel) clearly has a highly anisotropic distri-
bution in momentum space. During our STM
experiments, tunneling occurs parallel to the

(001) axis and preferentially probes the quasi-
isotropic majority band. Upon applying a mag-
netic field parallel to (001), although the su-
percurrent surrounding the vortex core is nat-
urally carried by both bands, it is not implausi-
ble to suggest that superconductivity may sur-
vive in the minority band due to its anisotropic
nature. In the case of strong interband scat-
tering, this minority band may induce pairing
(though not phase coherence) within the vor-
tex cores observed in the majority band, thus
leading to the observed pseudogap.
Further experiments to clarify the nature of
this pseudogap and investigate the role of in-
terband scattering in Chevrel phase supercon-
ductors are planned. In particular, evaluating
the influence of two-band superconductivity
on Hc2 in these compounds may lead to impor-
tant breakthroughs in understanding the pnic-
tides, which also exhibit a multi-band order pa-
rameter and high values of Hc2.

6.3 Real-space vortex imaging and glassy topol-
ogy in extreme type-II superconductors

Scanning tunneling spectroscopy (STS) is an
unrivalled tool for vortex imaging in supercon-
ductors, since it is the only technique which
permits real-space mapping in high magnetic
fields. In order to probe the vortex ground
state, we have performed sub-Kelvin STS on
the Chevrel phase SnMo6S8 in fields up to 9 T.
The maps obtained (Fig. 9) display a transition
from a quasi-ordered low-field state – which
we identify as a Bragg glass – to a disordered
glassy phase at 9 T.
Complementary studies reveal a peak effect in
the bulk magnetization at much higher tem-
peratures. The lack of correlation between the
observed peak effect and the vortex glass for-
mation implies that these two phenomena are
unrelated. Heat capacity measurements in a
magnetic field display a small lambda anomaly
just below the superconducting transition, in-
dicative of a metastable vortex melting tran-
sition. Together, our spectroscopic and ther-
modynamic data combine to support a kinetic
glass model for vortex glass formation [13].
Given that the upper critical field of SnMo6S8
is around 40 T, the majority of (H − T) phase
space appears to be occupied by a vortex glass
in this material: an unprecedented result which
is largely due to its small coherence length and
hence increased susceptibility to fluctuations.
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Figure 9: Vortex structure in SnMo6S8 at 400 mK
imaged by STS at (a) 2, (b) 5 and (c) 9 T. Right
panels: corresponding Delaunay triangulations with
nearest-neighbors linked by orange lines and topo-
logical defects highlighted with orange triangles.

7 Transport and orbital currents in low-
dimensional systems (T. Giamarchi)

We computed the Hall effect in quasi-1D con-
ductors in a geometry with the field along the
chains. We determined the effects of impurities
in an orbital current phase of a two-leg ladder.

7.1 Hall effect in Bechgaard salts

Measuring the Hall coefficient RH in organic
conductors is exceedingly delicate, and the ex-
perimental data available so far is sparse. In
(TMTSF)2PF6 – the compound in which or-
ganic superconductivity was first observed un-
der pressure in 1980 [25] – measurements of
RH(T) were reported for two different orien-
tations of the magnetic field with respect to the
crystalline axes. In one case [26] the field was
along the least conducting axis c and the cur-
rent along the most conducting axis a (geom-
etry I). RH(T) was found to increase with T
at temperatures well above the ordering tem-
perature ∼ 20 K. In another case [27], the field
was along a and the current along c (geome-

try II). There RH(T) was found to be essentially
T-independent at high temperature. Classi-
cally the Hall effect is a remarkably robust
property, insensitive to scattering effects and
anisotropies, which admits a simple interpre-
tation in terms of the carrier charge and carrier
density. When the Hall coefficient varies with
temperature, this is generally attributed ei-
ther to strong-correlation effects, or to a phase
transition in which the charge and/or den-
sity of the carriers changes. A first calculation
for geometry I, including strong correlations
– but not dissipation – led to a temperature-
independent RH consistent with the classical
result, despite the fact that both longitudi-
nal and transverse conductivities showed Lut-
tinger liquid power-law temperature depen-
dencies [28]. We have previously found [14]
that the temperature dependence of RH(T) in
geometry I can be ascribed to the interaction-
induced dissipation along the a axis that was
neglected in [28]. We have pursued this investi-
gation by studying the role of dissipation in ge-
ometry II, in the case where the umklapp scat-
tering responsible for dissipation is an irrele-
vant perturbation. Thanks to a scaling anal-
ysis we find that both transverse and longi-
tudinal conductivities are again temperature-
dependent power laws in this case, but that the
exponents exactly cancel, so that RH becomes
T-independent, unlike in geometry I, consis-
tently with experiment. The more difficult case
where the umklapp scattering is a relevant per-
turbation remains to be investigated.

7.2 Orbital currents in ladder systems

We continue our analysis of three-band lad-
ders. As we showed in the previous report
such ladders, contrarily to a single-band lad-
der, can exhibit a massless phase with orbital
currents, with relatively simple and microscop-
ically reasonable interactions. In these works
we explore the consequences of such orbital
currents and in particular we explore the pos-
sibility to detect such orbital currents without
having to perform a polarized neutron scatter-
ing experiment. We examine in particular the
effect of impurities in such a phase [15]. We
find that impurities lead to distinct signatures,
that can be explored both by STM experiments
or by NMR. For example we show in Fig. 10
the oscillatory part of the local density of states
(LDOS), induced by the presence of an impu-
rity located either on a Cu or an O atom.
We also examine the effects induced by the
coupling of charge flow with spin degree of
freedom. This is a specific type of spin-orbit
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(a)

(b)

Figure 5. Alternating part of the LDOS around an impurity. The impurity sits
in the cell at the left of the left boundary of each panel (hence is not shown).
Interference patterns around (a) a strongly asymmetric impurity (Zn substitution
of a Cu atom for example) and (b) a weakly asymmetric one (for example on-
rung or apical O); β = 1/T = 100; the values of the Ki parameters are the same
as in table 1.

LSW coming from this part has a different periodicity ((kFo + kFπ)
−1) along the ladder from the

intraband components and it alternates in the y-direction so it should be detectable by Fourier
transform of an STM spectrum. As was pointed out in the previous section, band mixing favors
π -CDW instanton tunneling and the existence of this extra part in A(ω, x) is in full agreement
with the physical argument presented there.

These effects are illustrated on the density plots shown in figure 5. In order to obtain a
realistic plot, it is important to use the correct relative amplitudes for the various components.
For that, one needs to know the values of roo, rππ and roπ at some given temperature, for a given
type of defect within the unit cell. We calculated these coefficients, using the method presented
in the appendix and we give their values in table 1, for T = 0.130 (which, assuming 30 ∼ t ,
corresponds to 100 K) and for various positions of the defect in the unit cell. The reflection
coefficient for the on-leg oxygen atom is very similar to that of the copper atom, except for the
fact that the interband reflection coefficient roπ is reduced. The amplitudes given in the table

New Journal of Physics 11 (2009) 055059 (http://www.njp.org/)

Figure 10: Example of the alternating part of the
LDOS around an impurity. The impurity sits in the
cell at the left of the left boundary of each panel
(hence is not shown). Interference patterns around
(a) a strongly asymmetric impurity (Zn substitution
of a Cu atom for example) and (b) a weakly asym-
metric one (for example on-rung or apical O).

coupling, which can be caused by the orbital
current pattern (OCP) flowing within the lad-
der. The problem is treated in a renormal-
ization group framework, generalized to the
case when interactions in the spin-sector are
anisotropic. We show that, despite the small-
ness of the induced magnetic field, because of
the spin-rotation SU(2) symmetry breaking, a
pseudo-gap can emerge in the spin-sector. This
gives rise to observable effects in NMR or neu-
tron scattering experiments, but also may in-
crease the conductivity along the ladder (paper
submitted to Physical Review B).

8 Collaborative efforts

The most intense collaboration is devoted to
the study of the transition metal dichalco-
genide family. Beyond regular email and tele-
phone exchanges, a half day meeting was or-
ganized in Lausanne with the participation
of the Aebi group, Hans Beck, Marco Gri-
oni, Helmuth Berger, a guest scientist Eduard
Tutis (University of Zagreb) and the project
leader. The strategy of improving sample qual-
ity, the relevant doping/intercalation scenar-
ios and the future common experiments were
discussed. The theoretical models of the ex-

citonic mechanism of superconductivity were
also raised.
The collaboration with other MaNEP projects
are related to graphene and pnictide supercon-
ductors.
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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), M. Troyer (ETHZ)

Introduction: The project focusses on issues common to cold atomic gases and condensed matter
physics. Indeed cold atomic systems offer unique possibilities to realize model systems with an
unprecedented level of control and tunability, allowing to test many issues pertinent to the field of
strong correlations, and thus directly centered on the interest of the MaNEP community.
The project revolves mainly around three axes. i) The exploration both theoretical and experimental
of the various model systems, such as the Hubbard model, that can be realized by cold atomic gases.
ii) The issues of probes and thermometry that are mandatory if one wants to be able to investigate
the physics of the strongly correlated quantum systems that can be realized in the cold atomic gases.
iii) The out of equilibrium dynamical situations and the novel phases that can be realized in the cold
atomic gases and that have not yet their counterpart in condensed matter but can potentially open
new fields of investigation, or prompt for new materials in the later.

Summary and highlights

During this year several progress have been
made in using the cold atoms as quantum
simulators for fermionic and bosonic systems.
For bosons, experiments have been validated
against very precise numerical calculations.
For fermions an excellent agreement has been
obtained between theory and experiments on
measurements of the double occupation, al-
lowing for a very precise determination of
the temperature and entropy in the fermionic
Hubbard model. Other systems relevant for
condensed matter have been explored, such
as disordered and quasi-periodic interacting
bosons, showing localization and Bose glass
phases, and photons in microcavities, allow-
ing for Mott to superfluid transitions. Several

out of equilibrium phenomena have been an-
alyzed both theoretically and experimentally
such as the doublon decay in the Hubbard
model. For out of equilibrium physics a gen-
eral class of systems for which the time evo-
lution can be obtained exactly has been found.
Novel phases, offered by the versatility of the
cold atomic gases have been explored, in par-
ticular the ones that one can obtain in dipo-
lar gases which allow for long range interac-
tions between the atoms. For Bose-Bose mix-
ture the possibility to realize a novel univer-
sality class of one-dimensional systems, a fer-
romagnetic liquid, has been investigated. Last
but not least, several analytical and numeri-
cal techniques were developed in the context
of this project, many of which are directly rele-
vant to other MaNEP projects.

1 Model systems

Experimental progress in the field of atomic
quantum gases has led to a fundamentally
new approach to examining open questions
in quantum many-body physics. The realiza-
tion of quantum degenerate and strongly in-
teracting Fermi gases, as well as the success-
ful implementation of optically induced lat-
tice potentials [32] allow the study of a center-
piece of quantum condensed matter, the Fermi-
Hubbard model, using ultracold atoms [33].
Recent experiments [34, 35] have reported im-
portant progress in efforts to access phases
of the low-temperature Fermi-Hubbard model
with repulsive interactions. Using improved

cooling methods, experiments are now reach-
ing out to explore spin ordered phases. How-
ever, the lack of a quantitative determination
of temperature and entropy in the lattice has,
so far, remained a key obstacle in the approach
to quantum magnetism.

1.1 Fermions in optical lattices

a) Hubbard model Previous methods to deter-
mine the temperature of fermions in the lat-
tice were used in extreme regimes of the Hub-
bard model. These include the non-interacting
or zero-tunneling [34] regimes. The non-
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Quantitative Quantitative comparisoncomparisonpp

H i t T/T / 2

Theory: 2nd order high temperature series

Harmonic trap: T/TF = s/ π2

R. Jördens, et. al (ETHZ), V. Scarola, L. Pollet & M. Troyer; 
L. De Leo, C. Kollath & A. Georges, arXiv: 0912.3794 (2009)

Figure 1: Comparison between the experimental
results, and the theoretical calculations for the dou-
ble occupancy in the Hubbard model, as a function
of the total number of atoms N. The agreement is
excellent and allows for an accurate determination
of the entropy of the system, and hence the temper-
ature.

trivial intermediate regime encompasses rich
physics. Here quantitative agreement between
theory and experiment should be attainable as
long as the current parameters are numerically
tractable. It is therefore desirable to develop
a reliable method to calibrate experimental re-
sults and locate them in parameter space. The
essential element here is an accurate, measur-
able, and sensitive experimental observable al-
lowing a determination of the temperature in
the lattice.
In a collaborative work from the groups of
T. Esslinger, M. Troyer and the group in Ecole
Polytechnique (Paris) a combined experimen-
tal and theoretical study of entropy and tem-
perature in the metallic and Mott-insulating
regimes of two-component fermions in an op-
tical lattice was reported [1]. Accurately mea-
suring the double occupancy of the system
gives direct access to thermal excitations. The
crossover from the regime of thermal creation
of double occupancies to the regime of thermal
depletion was analyzed. The variability of the
double occupancy with respect to temperature
allows the entropy of the system to be inferred
directly from two complimentary ab initio theo-
retical methods. An example is shown in Fig. 1.
By determining all other quantities entering
the analysis separately and with methods that
are independent of the double occupancy mea-
surement, the versatility and sensitivity of the
double occupancy in quantifying the state of
the system was demonstrated. The reliabil-

ity of the entropy determination has been sub-
stantiated by a comprehensive analysis of all
systematic errors. In the center of the Mott-
insulating cloud they have obtained an en-
tropy per atom as low as 0.77kB which is about
twice as large as the entropy at the Néel transi-
tion. The corresponding temperature depends
on the atom number and, for small fillings,
reaches values on the order of the tunneling
energy. In addition, the group of M. Troyer
proposed [2] a probe to measure the “core
compressibility” to check for the existence of
incompressible phases in trapped fermionic
atoms in optical lattices.
To go beyond the Mott regime, and observe,
e.g., doped phases, and determine whether a
two-dimensional Hubbard model could be su-
perconducting, would be difficult due to the
presence of the trap that imposes inhomoge-
neous phases. An alternative method was pro-
posed, in the group of T. Giamarchi, based on
a canonical transformation between the attrac-
tive and repulsive Hubbard model [3].

b) One-dimensional fermions One-
dimensional fermions exhibit also quite
interesting features. In particular, in experi-
ments with confined ultracold gases, the 1D
interaction parameters are precisely known
and can be tuned using Feshbach resonances
or by varying the harmonic transverse confine-
ment strength. Such a 1D experimental system
has been already realized for potassium. For
spin-polarized fermions, only scattering in
odd partial wave channels is present, and,
at low energies, p-wave scattering is the
strongest. However the effective range of
scattering needs to be taken into account. The
group of V. Gritsev studied this issue and
provided an exact solution that accounts for
both scattering volume and effective range
[4]. They found several new effects, such as
the inversion of particle- and hole-like spectra
for low momenta, or roton-like minima in
the excitation spectrum. They also calculated
density profiles and breathing mode frequen-
cies in the harmonic trap. They developed an
asymptotic Bethe ansatz (BA) solution which
is justified at sufficiently small densities, when
only two-particle collisions are important.

1.2 Bosons and photons

a) Photons and cavities The recent experi-
mental success in engineering strong interac-
tions between photons and atoms in high-
quality micro-cavities has triggered an im-
mense interest in quantum condensed and
coherent light-matter systems. One of the
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Figure 2: Phase diagram for a hypercubic lattice
in D = 2, with the polariton chemical potential
(µ − ωc)/g (shifted by cavity frequency ωc) versus
photon hopping J/g, displaying a Mott-insulating
(MI) and superfluid (SF) phase. Two Mott-lobes for
n = 1, 2 polaritons at zero detuning are shown for
first-order perturbation theory (dashed), mean-field
RPA (dot-dashed) and quantum fluctuations (solid).

most exciting questions in this emerging field
is whether one can realize a Mott-insulator–
superfluid transition of strongly correlated po-
laritons. The so-called Jaynes-Cummings-
Hubbard model (JCHM) [36] has been intro-
duced to describe such a quantum phase tran-
sition of light in an array of coupled quantum
electrodynamics (QED) cavities, each contain-
ing a single photonic mode interacting with a
two-level system (qubit), e.g. using an atom.
The competition between strong atom-photon
coupling g, giving rise to an effective photon
repulsion (localization), and the photon hop-
ping J between cavities (delocalization) leads
to a quantum phase diagram featuring Mott-
lobes reminiscent of those of ultracold atoms
in optical lattices as described by the seminal
Bose-Hubbard model (BHM) [37]. The group
of G. Blatter used a diagrammatic linked-
cluster expansion to obtain simple, analytic for-
mulas for the phase diagram as well as elemen-
tary excitations in the Mott-phase for arbitrary
temperatures, detuning parameters and lattice
geometries. They find two new modes and
discuss dispersion relations, spectral weights,
and effective masses within strong-coupling
random phase approximation (RPA) [5]. The
effects of quantum fluctuations on the phase
boundary are studied beyond RPA (Fig. 2).

b) Bosons In the case of bosons, combined
diagrammatic techniques and quantum Monte
Carlo simulation have been used in the group
of M. Troyer to test a variant of Beliaev’s di-
agrammatic methods for calculating proper-

ties of bosonic gases. They obtained a set of
relations that accurately describes the proper-
ties of interacting 2D and 3D Bose gases away
from the critical region [6]. In addition, in
[7], the Troyer group has quantitatively com-
pared experiments on interacting bosonic sys-
tems with quantum Monte Carlo numerical
simulations. This allows to validate the exper-
iments as quantum simulator for such systems
and to get the limits of such an approach. The
experiments can then be carried out in a reli-
able way in regions that the numerics cannot
reach (dynamics for example).

1.3 Disordered systems

Cold atomic systems offer very controlled re-
alization of disordered interacting systems.
Quite recently one-dimensional systems have
been realized and Anderson localization has
been observed. For strongly interacting par-
ticles, one-dimensional systems with quasi-
periodic lattices have been realized and the
questions of the existence of a Bose glass in
such systems has been investigated.
For true disorder the phase diagram of disor-
dered bosons was investigated by the group
of M. Troyer [8, 9]. They could settle a long-
standing open question of whether there can
be a direct transition between a superfluid and
a Mott-insulating phase in disordered bosonic
systems. They have proven theorems that
show the absence of such a direct transition,
and that there always has to be an insulating
gapless phase bordering the superfluid phase.
The group of T. Giamarchi focussed on the is-
sue of the comparison between the effects of
true disorder and the one that was realized by
biperiodic lattices. Indeed such a system is in
fact quasi-periodic, and it is thus important to
know how much the properties of such sys-
tems resemble or not, for interacting particles,
the ones of a true disorder. The phase diagram
was shown to be very similar [10]. However
important differences appear when one exam-
ines the response of the two systems to a shak-
ing of the optical lattice. This method, which
is similar albeit not identical to an optical con-
ductivity experiment, has been a very useful
probe for systems in optical lattices. The ab-
sorption of energy coming from such a shaking
was computed for both systems [11]. Surpris-
ingly, a perturbative treatment in both cases,
weak and strong disorders, gives a good de-
scription at all frequencies, as is shown in
Fig. 3.
This result is unexpected since for other quan-
tities, like the conductivity in one-dimensional
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involve transitions from states far below the Fermi level �i.e.,
���	��� into empty states far above it �i.e., ���
���. As a
result, the Fermi-Dirac distributions in Eq. �7� become irrel-
evant, and thus any dependence on the value chemical po-
tential � disappears.

However, at low frequencies, the absorption rate vanishes
quadratically with frequency for any strength � of the dis-
order. To understand this, let us expand in Eq. �7� the distri-
bution functions f����− f��������−�����f����. Taking into
account that, at zero temperature, ��f���=−���−��, we find
that F�C�2, where the constant

C =
�

2 �
���

K����� − ������ − ��� �15�

can be evaluated numerically. From Eq. �15�, it can be seen
that the constant C is nonzero provided there are nonvanish-
ing matrix elements K�� connecting two states � and � at
the Fermi level ��=��=�.

In the limit of weak disorder corresponding to �	J, the
absorption can be evaluated using Eq. �9�, where �Vk�2
=�2 /3M, as follows from the expression for the Fourier
transform of the disorder potential Vk. Going to the thermo-
dynamic limit and introducing the density of states ����
= �2�J�1−�2 /4J2�−1, we find

F =
��2

24�J4�
a

b d�

�1 − �2/4J2�1 − �� + ��2/4J2
, �16�

where a=max�−2J ,�−�� and b=min�� ,2J−��. Here the
chemical potential � is related to the filling factor by �=
−2J cos ��. By expanding Eq. �16� at low frequencies, we
again obtain that the quadratic behavior discussed above

F =
�2�

6J2 ����2�2 =
�2

24�J4

�2

sin2����
. �17�

It should be noticed that the right-hand side of Eq. �17� di-
verges in the limit of vanishing lattice filling �→0 because
the density of states ���� has a Van Hove singularity at zero
energy in one dimension. Thus, the low filling limit, the qua-
dratic behavior of Eq. �17� is only recovered at increasingly
low frequencies, as shown in Fig. 2 �upper panel�.

In Fig. 3, we show a comparison, in the limit of weak
disorder ��=0.01J�, of the numerical results �open symbols�
obtained using exact diagonalization with the analytical ex-
pression of Eq. �16� �continuous lines�. The agreement is
indeed very good over the entire frequency range. In the
inset, it is demonstrated that numerical results are consistent
with the quadratic behavior of Eq. �17�, expected at low fre-
quencies.

On the other hand, in the opposite limit of strong disorder
�
 J, the tunneling can be neglected. In this limit, the ab-
sorption rate can be evaluated directly from Eq. �10�. Taking
into account that the on-site energies � j at different sites are
completely uncorrelated, we find

F = ���
−�

�̄

d��̄����
�̄

�

d���̄������� + � − ��� , �18�

where �̄ and �̄ are the disorder-averaged chemical potential

and density of states, respectively. In the random potential,
the latter is constant and given by �̄���=1 /2�, and therefore
�̄= �2�−1��. Using Eq. �18�, the following low-frequency
behavior is obtained:

F =
�

4�2��min��̄,� − �� − max�− �,�̄ − ��� . �19�

This behavior is exhibited by the numerics, as shown in Fig.
2 �lower panel, see also discussion further below�. Further-
more, in the low-frequency limit �19�, we again recover the
quadratic behavior described above on general grounds

F =
�

4�2�2. �20�

Notice however that the proportionality constant is now in-
dependent of the filling factor. In Fig. 4, a more detailed
comparison of the numerics with the analytical result of Eq.
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FIG. 3. �Color online� Comparison between numerics �symbols�
and analytics �Eq. �9�, solid line� for weak disorder. Here, � /J
=0.01 and we consider two filling factors �=0.3 and �=0.5. The
length of the chain is M =2000 and the number of disorder realiza-
tions is Nr=2000. The inset is a zoom of the low-frequency regime,
where the absorption rate is quadratic in frequency as given by Eq.
�17�.
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FIG. 4. �Color online� Comparison between numerics �symbols�
and analytics �solid line, Eq. �19�� for strong disorder. The value of
the disorder is � /J=100 and the filling factors are �=0.3 and �
=0.5. The length of the chain is M =2000 and the number of disor-
der realizations is Nr=2000. In the inset, we compare our numerics
with the quadratic expansion �20� expected at low frequency. In
both cases, the agreement is quite good.
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Figure 3: Energy absorbed in a shaking of the opti-
cal lattice for a one-dimensional disordered system.
The agreement between the analytical calculation
(lines) and a numerical solution (dots) is remarkable
at all energies. The insert shows a blowup of the
low-energy part where the absorption is quadratic
at low frequencies. Quasi-periodic systems can be
studied in a similar way, and show a quite different
absorption spectrum.

systems, perturbation theory is only applicable
at high frequencies. The infrared-absorption
rate in the thermodynamic limit is found to
be quadratic in frequency. Quasi-periodic and
truly disordered systems show some marked
differences in the absorption.

2 Probes, thermometry and out of equilib-
rium physics

Understanding the far-from-equilibrium dy-
namics of strongly correlated systems is a
highly challenging task. Even the identification
of the basic processes involved and the associ-
ated time scales is non-trivial when the system
cannot be described by weakly interacting exci-
tations or quasi-particles. Dynamics may cou-
ple states with widely different energies mak-
ing the description in terms of a restricted set
of low-energy states impossible.

2.1 Density ripples

The group of V. Gritsev investigated theoret-
ically the evolution of the two-point density
correlation function of a low-dimensional ul-
tracold Bose gas after release from a tight trans-
verse confinement. In the course of expan-
sion thermal and quantum fluctuations present
in the trapped systems transform into den-
sity fluctuations. For the case of free bal-
listic expansion relevant to current experi-
ments, simple analytical relations between the
spectrum of density ripples and the correla-
tion functions of the original confined sys-

tems were derived for weakly and strongly
interacting one-dimensional (1D) Bose gases
and two-dimensional (2D) Bose gases below
the Berezinskii-Kosterlitz-Thouless (BKT) tran-
sition. For weakly interacting 1D Bose gases,
they obtained an explicit analytical expression
for the spectrum of density ripples which can
be used for thermometry. For 2D Bose gases be-
low the BKT transition, for sufficiently long ex-
pansion times, the spectrum of the density rip-
ples has a self-similar shape controlled only by
the exponent of the first-order correlation func-
tion. This exponent can be extracted by ana-
lyzing the evolution of the spectrum of density
ripples as a function of the expansion time [12].

2.2 Out of equilibrium physics in low-
dimensional systems

While numerous approximate and exact solu-
tions exist for systems in equilibrium, exam-
ples of non-equilibrium dynamics of many-
body systems, which allow reliable theoretical
analysis, are few and far between. Recently
the group of V. Gritsev found a broad class
of time-dependent interacting systems subject
to external linear and parabolic potentials, for
which the many-body Schroedinger equation
can be solved using a scaling transformation.
They demonstrated that scaling solutions ex-
ist for both local and non-local interactions and
derive appropriate self-consistency equations
and applied this approach to several specific
experimentally relevant examples of interact-
ing bosons in one and two dimensions. An ex-
ample is shown in Fig. 4.

Results for the momentum distribution
• We map dynamics of the non-equilibrium problem into equilibriumWe map dynamics of the non equilibrium problem into equilibrium 

problem using scaling approach 
• One can compute correlation function using equilibrium results 
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Formation of universal distribution is a consequence of dynamical symmetryFigure 4: Plot of the momentum distribution for
an out of equilibrium 1D system, at different times
t. Because of a dynamical symmetry the momentum
distribution converges towards a universal distribu-
tion.
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As an intriguing result they found that weakly
and strongly interacting Bose gases expanding
from a parabolic trap can exhibit very similar
dynamics [13].

The Gritsev group also studied the time evolu-
tion of antiferromagnetic order in the Heisen-
berg chain after a sudden change of the
anisotropy parameter, using various numeri-
cal and analytical methods [14]. The study is
based on numerical simulations using matrix
product state method for infinite system sizes
(iMPS). As a generic result they found that the
order parameter, which can show oscillatory
or non-oscillatory dynamics, decays exponen-
tially except for the effectively non-interacting
case of the XX limit. For weakly ordered initial
states they also found evidence for an algebraic
correction to the exponential law. These results
were compared to approximative analytical ap-
proaches including an effective description by
the XZ-model as well as by mean-field, Lut-
tinger liquid and sine-Gordon theories. This
reveals which aspects of non-equilibrium dy-
namics can as in equilibrium be described by
low-energy theories and which are the novel
phenomena specific to quantum quench dy-
namics. The relevance of the energetically high
part of the spectrum is illustrated by means of
a full numerical diagonalization of the Hamil-
tonian [15].

Finally, motivation for studying out of equi-
librium physics comes not only from the ba-
sic interests in many-body dynamics but also
from possible applications of ultracold atoms
such as quantum information processing and
interferometric sensing. The group of V.
Gritsev theoretically analyzed the decoher-
ence dynamics of Ramsey interference fringes
in one-dimensional quasi-condensates which
are considered for possible applications in
atomic clocks and quantum enhanced metrol-
ogy. They showed that Ramsey interferome-
ter is also a powerful tool for studying many-
body dynamics of low-dimensional quantum
systems. The time evolution of the full dis-
tribution function of fringe contrast provides
unique signatures of the many-body decoher-
ence mechanism and shows that decoherence
of Ramsey fringes is strongly affected by the
multimode character of 1D systems. The idea
of using the full distribution functions to char-
acterize equilibrium many-body states of ultra-
cold atoms has been discussed in [38] and ap-
plied in experiments [39]. However there has
been so far no application of this approach to
non-equilibrium dynamics. The paper [16] is
the first proposal to study non-equilibrium dy-
namics of ultracold atoms with quantum noise.

2.3 Doublon decay in the Fermi-Hubbard model

The group of T. Esslinger took advantage of
the realization of the repulsive Fermi-Hubbard
model with ultracold atom systems [33, 34,
35] to investigate the relaxation of dynami-
cally genereted double occupancy (DGDO) in
a fermionic Mott-insulator due to modulation
of the optical lattice [17].
In the experiment, they have studied the time
evolution of doubly occupied lattice sites (dou-
blons) in the repulsive Fermi-Hubbard model.
This model describes fermionic particles hop-
ping on a lattice with tunneling J and on-
site repulsion U and is realized by a two-
component Fermi gas in an optical lattice. The
observation of elastic decay of artificially cre-
ated doublons into single-particles has been re-
ported [34]. The resulting lifetime is found
to increase exponentially with the ratio U/6J
(i.e. the lifetime becomes longer as the in-
teractions become stronger). The argument is
that a doublon, having an excess energy U, de-
cays in a scattering process involving several
single-fermions. Since each of these scatter-
ing partners can only absorb an average energy
of 6J, the number of virtual states involved in
the simultaneous many-body process is U/6J.
Hence the decay is exponentially suppressed
for increasing U/6J. Due to the negligible cou-
pling to an external environment, a direct com-
parison of experiment and theory was possible.
The experimental data is in fair agreement with
diagrammatic calculations where the strongly
correlated nature of the underlying state is cru-
cial in obtaining the correct value of the scaling
exponent [18]. The interpretation of these re-
sults shows the importance of high-order scat-
tering processes in bridging the energy gap be-
tween low- and high-energy excitations and
how they can lead to exponentially slow ther-
malization.
A theoretical analysis was also worked out
in the group of G. Blatter [19, 20]. Using a
slave-spin technique at half-filling, they ob-
tained two effective mean-field Hamiltonians
describing the (renormalized) hopping of free
fermions and a transverse Ising model describ-
ing the spin degrees of freedom, described the
transition to the insulator, and determined the
excitation spectrum. The latter involves coher-
ent fermionic quasi-particle excitations around
zero energy (for U < Uc) and incoherent (pre-
formed) Hubbard bands around max(U, Uc)/2
deriving from the gapped (∆) spin degrees of
freedom. The double-occupancy signal draws
weight from both types, with the one at ∆ van-
ishing at the transition (and thereby allowing
to identify the Mott-phase) and the broad peak

114



MaNEPResults — Project 8

at max(U, Uc) (excitations between Hubbard
bands) surviving the transition (and saturating
at large U � Uc). They concluded that a char-
acterization of the localized phase requires a
quantitative analysis of the DGDO signal. A
calculation of the heat transport through the in-
terface between (bosonic) superfluid and insu-
lating layers in a wedding cake structure was
also performed [21].

3 Novel Phases

3.1 Ferromagnetic liquids

Cold atomic systems allow the possibility to
realize novel phases, hard to obtain in a con-
densed matter situation. Motivated by the pos-
sibility of experiments in Bose-Bose mixtures
the group of T. Giamarchi analyzed the case
of a one-dimensional two-component Bose sys-
tem. These two components can be referred to
as “spin”. Contrarily to the case of fermions,
such a Bose system has predominantly ferro-
magnetic interactions. As a result the ground
state is totally polarized. Excitations that con-
sist in adding one spin-down particle thus can-
not be described by the canonical Luttinger
liquid description of one-dimensional systems,
and the question of the nature and correlation
of such excitations is thus an important open
theoretical question. It was shown for a contin-
uum model [22] that such a system has a novel
behavior, named “ferromagnetic liquid”, quite
different from the standard Luttinger liquid
and also from a simple localized ferromagnet,
where the charge degrees of freedom would
play no role. Such systems are thus examples
of “non-Luttinger liquids” in one dimension,
and have strong connections with the question
of a mobile impurity in a Luttinger liquid and
with Caldeira-Leggett problems.
In order to further explore the properties of this
novel universality class, the group of T. Gia-
marchi solved, in the strong coupling limit, the
two-component Bose-Hubbard model [23, 24].
This model can be mapped onto a t− J model
in a way similar albeit not identical to the
fermionic case. All the correlations could be
computed, confirming the universal behavior
at threshold of the structure factor. The spec-
tral function is shown in Fig. 5.
In the presence of the lattice, the proximity to
half filling leads to new effects on the corre-
lation functions that could be computed. In
addition, an exactly solvable model (Gaudin-
Yang) was analyzed using a combination of
exact techniques (Bethe ansatz) and effective
field theory [25]. This allowed to obtain for
all interactions the behavior close to thresh-

see that the BH model, which is not Galilean invariant, still
has the threshold exponent (19) at 1� � � 1. Whether
this is an accident, or a manifestation of some fundamental
principle other than Galilean invariance, is an open ques-
tion. A deeper understanding of this issue could be ob-
tained by calculating the threshold exponent for the BH
model at arbitrary filling, which is not yet done.

To go beyond the asymptotic result (18) we perform [21]
the numerical analysis of the Fredholm determinant repre-
sentation of Eq. (11), given in Ref. [18]. The resulting plots
of Aðk;!Þ for Jt�1

h ¼ 0:04 and qF ¼ 0:1 are given in

Fig. 2. One can clearly see in this figure the following.
(i) The position of the threshold singularity is described by
Eq. (18). (ii) Aðk;!Þ extends below the threshold, which is
particularly well seen for k ¼ 3�=4. This effect is due to
the emission by a spin excitation of multiple particle-hole
pairs with the dispersion lying below Esðk=�Þ. Within the
numerical precision we observe an abrupt cutoff of the
spectral weight at some finite frequency below Esðk=�Þ
(for example, at !=2J ¼ 1:6 for k ¼ 3�=4). The reason
for such a behavior is unclear. (iii) To the right of the
threshold singularity a second peak develops with increas-
ing k, becoming very pronounced for k ¼ �. The theoreti-
cal explanation of its appearance is an open problem.

In conclusion, we have investigated the dynamics of the
spin-1=2 Bose-Hubbard model with strong on-site repul-
sion and small hole doping. We showed that this system
exhibits a transition from a Mott-insulator phase to a
ferromagnetic liquid. We found collective variables in
which spin and charge dynamics separate at all energy
and momentum scales within the t-J approximation.
Using these variables we obtain the transverse spin-spin
correlation function G?, Eq. (6), in the form (10) and (11),

convenient for both analytic and numerical investigation.
For the spectral function Aðk;!Þ associated with G?, we
have found the analytic expression for the shape of the
magnon peak, Eqs. (18) and (19). Numerical analysis of
Eq. (16) revealed a nontrivial fine structure of the magnon
peak, as shown in Fig. 2.
This work was supported in part by the Swiss National

Science Foundation under MaNEP and division II and by
ESF under the INSTANS program.

[1] J. Hubbard, Proc. R. Soc. A 277, 237 (1964).
[2] M. P. A. Fisher et al., Phys. Rev. B 40, 546 (1989).
[3] I. Bloch, J. Dalibard, and W. Zwerger, Rev. Mod. Phys. 80,

885 (2008).
[4] M. Greiner et al., Nature (London) 415, 39 (2002).
[5] I. B. Spielman, W.D. Phillips, and J. V. Porto, Phys. Rev.

Lett. 98, 080404 (2007); 100, 120402 (2008).
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3�=4 (blue), and � (pink). The curves are obtained from the
numerical analysis of the Fredholm determinant in Eq. (16). The
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Figure 5: Spectral function for the two-component
Bose-Hubbard model as a function of the frequency
ω for various values of the momentum k. The spec-
tral function shows a threshold with a universal
powerlaw divergence. This defined a novel uni-
versality class, a “ferromagnetic liquid”, for a one-
dimensional system that is neither a Luttinger liq-
uid, nor a simple localized ferromagnet, since the
interplay between the charge and “spin” degrees of
freedom conspire to give such a behavior.

old, fully confirming the proposed universal-
ity class, and also to derive the low-energy ef-
fective Hamiltonian of this universality class,
replacing the canonical Luttinger liquid one.
Experiments on mobile impurities in cold atom
systems have started [40], and comparison and
further experiments should shed further light
on this problem.

3.2 Dipolar phases

Competing structures and effects of commen-
suration appear in numerous physical systems,
e.g. krypton on graphite or flux quanta in
structured superconductors. A new realization
of this physics is accomplished by assembling
cold dipolar molecules in a two-dimensional
optical trap and stabilizing them with the help
of a perpendicular electric field [41]. Several
aspects of this problem were investigated.
The group of M. Troyer calculated the phase di-
agram of such dipolar gases on triangular opti-
cal lattices and showed the existence of a super-
solid phase: a phase with coexisting superfluid
and solid order. They showed that, once the
temperature of these molecular gases becomes
comparable to what can nowadays be achieved
for atomic gases, such a supersolid can be real-
ized using dipolar gases in optical lattices [26].
Experiments, if they can be performed at lower
temperatures than presently available, should
allow to test such predictions.
Adding a square optical lattice provides an
effective substrate potential which competes
against the triangular lattice arrangement fa-
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Figure 6: The four phases, floating triangular at
v = 0, distorted and rotated triangular at 0 <
v < vc1 ≈ 0.045 (orientationally locked), period-
doubled at vc1 < v < vc2 ≈ 0.20 (asymmetri-
cally fully locked), and square for v > vc2 (sym-
metrically fully locked), are separated by smooth or
sharp transitions: the ordered triangular and square
lattices smoothly transform into the distorted tri-
angular and the period-double phases, respectively,
whereas the transition at vc1 is a sharp one.

vored by the long-range repulsive dipolar in-
teraction. The system exhibits an interesting
phase diagram with an interplay between com-
mensuration effects and quantum/classical
floating or melting transitions; the group of G.
Blatter searched for the minimal energy states
in the absence of (quantum/classical) fluctua-
tions and analyzed particle densities n close to
commensurate filling n = 1/b2 (b the period
of the optical lattice) and different ratios v be-
tween the substrate potential V0 and the inter-
particle interaction D/b3 (D the dipolar cou-
pling constant), see Fig. 6.

For weak substrate potentials, the substrate-
induced deformation of the particle lattice [42]
can be studied using perturbation theory com-
bined with a continuum approximation and
the resulting distorted phase is characterized
by a non-trivial rotation angle. In the opposite
case, at strong substrate potentials, the parti-
cles are locked in a square-lattice configuration.
Reducing the substrate potential, the square
lattice becomes unstable towards a shear mode
at the Brillouin zone edge. The new lattice
features a period-doubling resulting in an or-
thorhombic unit cell with a basis; the atoms ar-
range in a zigzag structure along one direction
with symmetry p2mg. Such a phase has been
predicted to show up in the vortex state of a
two-dimensional superconductor with square
pinning array [43]. First steps to understand
the situation away from commensurate filling
are underway.

4 Collaborative efforts

As is obvious when reading the above research
there are already strong collaborative efforts
between the theory groups and the experimen-
tal group of T. Esslinger. There are of course
also many interactions with other experimen-
tal and theory groups in the field.
Within the other groups of MaNEP there are
collaborative efforts in two directions. i) The
nature of the themes treated in this project
(strongly correlated systems, Hubbard model,
phases in dipolar systems, etc.) have direct
bearing on several other problems and projects
of MaNEP; these points are obvious and will
not be detailed again. ii) Some of the tech-
niques that have been developed in the context
of the cold atom projects can be directly used
in other projects as well. Let us mention some
of the specific developments.
The group of M. Troyer developed several al-
gorithms. The main algorithmic development
of the past year was the development of a di-
agrammatic quantum Monte Carlo (DiagMC)
algorithm for the Hubbard model [27]. This
algorithm samples connected Feynman dia-
grams instead of the partition function, and
works successfully in the correlated Fermi liq-
uid regime of the Hubbard model. It will be
used in the future to calculate phase diagrams
and equations of state of 2D and 3D fermionic
gases. The contractor-renormalization group
(CORE) method was extended to models with
constraints that could not be treated with the
standard CORE method [28]. Methods to im-
prove on systems with broad ensemble distri-
butions, such as close to a first order phase
transition, were developped [29]. Finally,
in [30], they proposed a new method of distin-
guishing between several proposed variational
wave functions for the ground state of a quan-
tum system, by considering the probability of
error as a new measure instead of the over-
lap. A pedagogical article [31] on how to re-
liably calculate errors in Monte Carlo simula-
tions was also written.
The group of T. Giamarchi developed methods
(described in Project 6) to deal, via dynami-
cal density matrix renormalization group, with
the time dependence of correlation functions
in real time. Such methods are of course di-
rectly useful for the cold atom context. Sim-
ilarly, to solve the ferromagnetic liquid prob-
lem, it was necessary to compute correlation
functions of string operators, and a method to
write such correlations as a Fredholm determi-
nant was found [24]. Such methods are directly
applicable for situations where string operators
are important such as spin-chains and ladders.
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Techniques and know-how

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

Summary: During Phase II of MaNEP, two specific projects were dedicated to stimulate the search for
new materials and the growth of single-crystals of high quality. This effort brought together materials
scientists from various MaNEP institutions and created a common concern for the importance of the
search for new materials and the elaboration of high-quality crystals. In the third phase, we chose to
put experimentalists, materials scientists and theoreticians together in each of the 8 projects focused
each on a specific topic. In order to compensate for the loss of contacts between materials specialists,
we decided to appoint a special person to stimulate contacts between the materials people. In order to
extend this idea, we created the 9 Techniques and know-how topics which each represent a technique
watch of the technical domains important in MaNEP. Some activities have started and several are
planned for the coming year.

1 Crystal growth and bulk materials
processing

Responsible: Enrico Giannini (UniGE)

The third phase of MaNEP has started under
the sign of an exciting novelty in solid state
physics: the discovery of superconductivity in
Fe-based pnictides and chalcogenides in 2008.
This discovery has stimulated a prompt reac-
tion of the crystal growers within MaNEP. In
a very short time, state-of-the-art crystalline
samples of numerous new compounds have
been grown in the MaNEP laboratories, thus
contributing to dozens of outstanding publica-
tions and affirming the Swiss research at the
forefront in this field.
Single-crystals of quaternary ferro-pnictides
(“1111”) are grown at the ETHZ by the
group of J. Karpinski, by using a flux growth
technique under high pressure in a cubic-
anvil high-pressure furnace. The crystals of
LnFeAsO1−xFx (Ln = La, Pr, Nd, Sm, Gd)
grown by this technique exhibit a high struc-
tural and chemical purity, and a unique size for
this kind of compounds (> 200 µm). Single-
crystals of ternary superconducting pnictides
(of the so called “122” type), have been
grown as well by the same group, by us-
ing a flux growth technique. Sizeable crys-
tals of Ba1−xRbxFe2As2, CaFe2−xCoxAs2 and
EuFe2−xCoxAs2 are successfully used for the
investigation of the effect of doping on the
spin-density wave transition. Various MaNEP
groups, at ETHZ, UniZH, and UniGE, are
closely collaborating on this topic.
The third family of Fe-based superconductors
is that of binary chalcogenides FeCh (Ch = S,

Se, Te9, called “11” whose structural simplicity
offers the best tool for investigating the nature
of superconductivity and magnetism in these
class of compounds. Single-crystals of Fe-
based chalcogenides are grown at PSI (K. Con-
der and E. Pomjakushina) and at UniGE (E. Gi-
annini), by either the Bridgeman method or
floating zone melting. A complete set of exper-
imental investigations, including transport and
magnetic measurements, muon-spin rotation,
X-ray and neutron diffraction, STM, ARPES
and optical spectroscopy is carried out at PSI
and UniGE, as well as at ETHZ and EPFL. Four
MaNEP institutions and ten MaNEP members
are actively involved in this research. More
that twenty publications have resulted in 2009
based on crystals of Fe-based superconductors
grown within MaNEP.

Complex oxides with peculiar ladder- or chain-
like structures are grown by the Traveling Sol-
vent Floating Zone (TSFZ) method using im-
age furnaces. High-quality centimeter size
single-crystals of Bi(Cu1−xZnx)2PO6 (x = 0%,
1%, 5%) have been grown and fully character-
ized at PSI. A series of spin ladder compounds
Sr14−xCaxCu24O41 (x ≤ 12.2) have been grown
at PSI under oxygen pressures up to 15 bar,
and Bi- and Ca- co-doped crystals of the same
compound have been grown at UniGE. Various
materials exhibiting low-dimensionality in the
electronic and magnetic properties are grown
at EPFL (H. Berger). Crystals of BaVS3 and
various oxo-halogenides (i.e. Cu2Te2O5Br2) are
grown by chemical vapor transport in 2-zone
furnaces and make the object of extensive stud-
ies of the EPFL group as well as of external col-
laborations.
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A substantial amount of work is devoted to
novel materials for technological applications.
Crystals of mixed valence CaMn0.98Nb0.02O3,
a promising material for thermoelectric
applications, have been grown at Empa
(A. Weidenkaff) by a TSFZ method in an
image furnace. Thanks to an innovative
microwave-hydrothermal equipment, the
group of G. Patzke at the Institute of Inorganic
Chemistry (UniZH) has established a new ac-
cess to nano-scale zinc copper gallates. These
spinel systems are difficult to synthesize in
nano-structured form and they are promising
for the construction of nano-catalysts.
The Single-Crystal Catalog of MaNEP has been
updated with the Year 9 new crystals (see
p. 123).

New Facilities

A new cubic anvil high-pressure apparatus
(Rockland Research Corp.) has been installed
at ETHZ (J. Karpinski). Thanks to this equip-
ment, the increasing demand of materials to
be grown under extreme conditions (e.g. qua-
ternary pnictides and MgB2) can be complied
with.
The TSFZ growth in a mirror furnace has
emerged as a versatile and efficient technique,
particularly suitable for growing crystals of
non-congruent melting oxides. A new mirror
furnace for TSFZ has been installed at Empa
(A. Weidenkaff), that expands the facilities al-
ready existing at PSI and UniGE. The TSFZ ap-
paratus at PSI has been upgraded to work at
a pressure of 15 bar, and further upgrade is in
progress to achieve 30–40 bar of oxygen pres-
sure.
A state-of-the-art microwave-hydrothermal
system (MARS5 microwave reactor from CEM
Corporation) is operated at UniZH (G. Patzke).
With this equipment, it is possible to access
nano-scale oxides, starting from readily avail-
able precursor materials, on a hour time-scale.
Such a microwave-assisted oxide synthesis
is suitable for a large scale production of
nano-materials that are difficult to produce
with classical techniques.

2 Thin film growth and characterization

Responsible: Patrycja Paruch (UniGE)

Regarding the thin films techniques and know-
how section, we have begun compiling infor-
mation for a database of the different thin films
and the corresponding deposition techniques
that are implemented by the groups in MaNEP.
This database should be available for users by

April-May, and include an internally-available
bulletin board where students can post ques-
tions about troubleshooting a growth cham-
ber/deposition process. In addition, we plan
to participate in the upcoming MaNEP winter
school, together with the other techniques and
know-how sections, either via short presenta-
tions of the different available processes, or by
providing notes for the students outlining the
thin film deposition methods used in MaNEP.

3 Electronic transport, high-pressure and
thermodynamic techniques

Responsible: Andreas Schilling (UniZH)

A number of groups within the MaNEP
network share a specialized know-how on
measurements of electronic transport prop-
erties, thermodynamic quantities and physi-
cal properties under high pressure. L. Forró
(EPFL): resistivity and ESR under hydro-
static pressure; D. Jaccard (UniGE): resistiv-
ity, ac calorimetry and Seebeck coefficient
under pressure; H. Keller (UniZH): high-
pressure SQUID magnetization; A. Schilling
(UniZH): ac and continuous-heating calorime-
try, magneto-caloric effect; H.-R. Ott (ETHZ):
heat capacity with relaxation techniques, NMR
in the milliKelvin range under hydrostatic
pressure; L. Degiorgi (ETHZ): optical spec-
troscopy under pressure; U. Zimmermann
(PSI): µSR investigations under pressure; and
Th. Strässle (PSI): neutron-scattering experi-
ments under pressure. While several of these
groups already have a long tradition in in-
formal collaborations, we plan to establish a
workshop for PhD students and other inter-
ested researchers that primarily focuses on the
practical experimental challenges of these tech-
niques, rather than on the particular underly-
ing scientific questions.

4 Scanning local probes techniques

Responsible: Ivan Maggio-Aprile (UniGE)

Many groups in MaNEP share the common in-
terest of investigating characterizing or manip-
ulating materials at the nanometer scale with
local probes. The first goal of this technical
know-how network consists in collecting all in-
formation about the available equipments used
by the different teams in MaNEP. This task is
currently under progress. On the basis of the
collected information, we will set up a database
which will be accessible by all interested users
through the MaNEP website. The general in-
terests and needs of researchers using local
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probes techniques will be evaluated in order
to organize a one-day user meeting on a spe-
cific theme. A participation in the 2011 MaNEP
winter school is also considered.

5 Neutron scattering and muon spin reso-
nance

Responsible: Christof Niedermayer (PSI)

Neutron scattering developments

The new thermal triple axis instrument EIGER
is being constructed to expand the energy
range and open new measurement possibilities
at the SINQ neutron source at PSI. It consists
of a focused in-pile section with a direct view
of the thermal neutron source, a primary spec-
trometer optimized for high flux and low back-
ground. For the commissioning phase (end of
2010/beginning of 2011) and the initial tests
and experiments a standard secondary spec-
trometer with a single-detector will be used.
A multiplexing secondary spectrometer allow-
ing significantly increased solid angle cover-
age from small samples without sacrificing
momentum-resolution is planned for the fu-
ture.

Muon spin spectroscopy (µSR) developments

Among the µSR user community a rising de-
mand to perform µSR studies under high-
magnetic fields is clearly noticeable. To cope
with this increasing demand, a proposal for
new µSR high-field instrument has been sub-
mitted to the PSI research commission (FOKO)
and approved in June 2009. The spectrometer
will consist of a very compact superconduct-
ing 10 T magnet with a very high field homo-
geneity (few ppm) and a very small field drift
(< 1 ppm/h). A cryogen free horizontal di-
lution refrigerator will extend the temperature
range into the mK regime. Novel research ar-
eas in condensed matter physics and chemistry
will become possible with the commissioning
of the high-field µSR instrument in 2011.

Conclusion

In order to promote these new experimen-
tal tools and to identify possible areas within
research program of MANEP, which could
profit from applying the new techniques, it is
planned to organize a workshop in early 2011.

6 Electron spectroscopies

Responsible: Philipp Aebi (UniFR)

During the project period several develop-
ments have taken place. At the new ADDRESS
beam-line of the Swiss Light Source the end-
station for the soft X-ray ARPES experiment in
the energy range 300–1600 eV has been deliv-
ered and extensive commissioning has started.
The photon energy range of this beam-line will
allow for so-called high-energy ARPES around
1 keV in order to render it more bulk sensitive.
The first pilot experiments are envisioned in
March 2010 and full user operation from June
2010 on.
Another planned new beam-line, the PEARL
beam-line is well underway. PEARL stands for
PhotoEmission and Atomic Resolution Labo-
ratory and will be specialized for photoelec-
tron diffraction experiments combined with
STM/AFM on nano-structured surfaces of
novel materials. The financing is settled, a
new beamline scientist has been appointed, the
front-end for the beam line has been ordered
and the decision on the optics to be used has
been taken. The perspective is that user opera-
tion can start end of 2011.
There is also good news from the ARPES lab-
oratory at EPFL (M. Grioni). An instrumen-
tal up-grade has been organized and imple-
mented with a new electron analyzer (SPECS),
docking capabilities for a pulsed laser deposi-
tion system and a surface-science preparation
chamber.
Last but not least, an international workshop
on ARPES and strong correlations (CORPES09)
has been organized by members of MaNEP
and the PSI. MaNEP has also sponsored this
workshop. More details on this conference can
be found in chapter 4.1.4, p. 134.

7 X-ray elastic and inelastic scattering

Responsible: Urs Staub (PSI)

For the technique of X-ray elastic and inelas-
tic scattering, there is, early November 2010,
a planed short one day workshop to be held
at the Swiss Light Source (SLS) at PSI (orga-
nized by M. Grioni and U. Staub), to gather and
update interested groups within MaNEP. The
workshop is focused on resonant X-ray tech-
niques. The main purpose is twofold. First, it
is to present tutorials for groups interested get-
ting used to the often highly complex resonant
X-ray techniques available at the SLS. This is in
particular focused on level of understanding of
students and postdocs. Secondly, it is to bolster
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collaborations within MaNEP and to help get-
ting collaborations going, bridging the gap be-
tween university based techniques with those
of large facilities. For that purpose, the exper-
imental possibilities at the light source will be
presented. This is combined with contributions
of results presented by groups using already
resonant X-ray techniques within MaNEP. The
program will also contain a key lecture of an
expert outside the network, to explain a sin-
gle topic in more detail. The program will be
round up by an open discussion on what new
techniques will be available and the possibili-
ties of possible improvements and of possible
collaborations.

8 Infrared spectroscopy

Responsible: Leonardo Degiorgi (ETHZ)

Optical spectroscopic methods are known to
be powerful experimental tools in order to ad-
dress the complete excitation spectrum of a
large variety of novel materials, which are of
relevance in the ongoing solid state physics re-
search. There is a broad know-how on optics
within the Swiss scientific community, partic-
ularly as far as the infrared (IR) spectroscopy
is concerned. Three research groups at UniGE
(D. van der Marel), UniFR (C. 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 IR-microscopy. These methods al-
low covering a rather broad energy interval
from the THz up to the ultraviolet, which is
the prerequisite for having access to all energy
scales, relevant to the nowadays modern prob-
lems in condensed matter. Moreover, ellipsom-
etry and time domain THz spectroscopy al-
low to measure simultaneously amplitude and
phase reflection/transmission, which in turn
provide the real and imaginary part of the op-
tical constant. It is also worthwhile to empha-
size the combination of those spectroscopies
with externally tunable variables like tempera-
ture, magnetic and electric field, and also pres-
sure. Needless to say that complex phase di-
agrams can be addressed with our experimen-
tal setups. There is furthermore an ongoing ef-
fort to coordinate and exploit all available syn-
ergies and know-how among the three Swiss
groups, in order to optimize the employment
of this large variety of spectroscopic tools. In
this respect, a relevant role is played by the in-
frared (IR) beam-line at the Swiss Light Source
(SLS). Following the initiative of the Zurich
group, a team at the SLS built a facility that

collects IR radiation from a bending magnet.
The beamline passed first tests. Further devel-
opments were necessary to improve the per-
formance, in particular several noise reduction
steps were taken to fully exploit the advan-
tages 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 improve-
ments and equipment-developments of the IR-
beamline at SLS. The successful experiments
conducted during 2009 involved the partici-
pation of several groups of investigators from
Switzerland and abroad; this will continue in
2010 as well. The IR micro-spectrometer cou-
pled to the SR source is moreover in regular
user operation at the SLS. This analytical tool
opens-up new perspectives in fields like con-
densed and soft matter physics, chemistry and
life science, to name just a few. The pres-
sure dependent IR response of samples can be
measured using the small spot offered by the
SR source. Moreover, temperature dependent
optical reflection and transmission as well as
chemical mapping at the diffraction limit are
possible. In addition to the new nearby SLS fa-
cility, the three Swiss groups have very good
connections to other synchrotron facilities at
ANKA-Karlsruhe, Brookhaven and ELETTRA-
Trieste. In summary, top-quality instrumen-
tations will allow broad-band collaborations
going well beyond the IR-community and in-
volving other groups within the MaNEP pro-
gram. In the spirit of MaNEP Phase III, we
wish to strengthen the contacts within the IR-
community in Switzerland by organizing reg-
ular meetings and workshops, allowing a pro-
ductive exchange of know-how and results
among the PhD students and postdocs. The
9th conference on low energy electrodynamics
of solids (LEES) will take place in July 2010 in
Switzerland. Experts on optical spectroscopy
from all over the world will gather at this meet-
ing. The know-how on optical spectroscopy in
Switzerland is involved through MaNEP scien-
tists acting as a conference chair, as local orga-
nizers and as program committee members.

9 Theoretical and numerical methods

Responsible: Matthias Troyer (ETHZ)

In the technology platform on computational
and theoretical methods there has been the
start of two activities in this first year of
MaNEP Phase III. On the educational side
we are organizing a tutorial on simulations
of strongly correlated systems, to be held at
ETHZ in September 2010. For this the majority
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of funding comes from CECAM and the ESF
network Intelibiomat.
The main activity was the start of the MAQUIS
project (Modern Algorithms for QUantum In-
teractions Systems) on petaflop-scale imple-
mentation of modern simulation algorithms
such as quantum Monte Carlo, the density ma-
trix renormalization group method, exact di-
agonalization, series expansion and new ten-
sor network algorithm. For this project, a

collaboration between T. Giamarchi, F. Mila
and M. Troyer, we have obtained funding
of 1’200’000 Swiss Francs from the Swiss
High Performance and Productivity Comput-
ing (HP2C) initiative. With these funds we are
in the process of hiring three to four software
engineers to develop faster implementation
of the above mentioned algorithms for future
computing platforms. These codes will then be
used for scientific projects within MaNEP.
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3Knowledge and technology transfer

The key objective during this period was to initiate several new collaborative projects with industry
as well as to continue our most successful collaborations. Another key challenge in this period was
the elaboration of the Geneva Creativity Center in collaboration with HES-SO in Geneva and indus-
try organizations in Geneva with an important participation in the event organized by the Office de
Promotion des Industries et des Technologies of Geneva, “Acte Industries”, on May 26, 2009. Another
important challenge was the organization of a joint NCCR event at ITU Telecom World 2009. Further
outreach events of a smaller scale took place and new contracts were signed with industrial partners.
Matthias Kuhn, MaNEP technology transfer manager, left at the end of October 2009.

3.1 Contacts

Oerlikon

An non-disclosure agreement (NDA) was
signed with Oerlikon in April 2009 in rela-
tion to an expression of interest from the Oer-
likon affiliate in the US. The goal was to initi-
ate discussions about the synthesis by physi-
cal vapor deposition (PVD) of ferroelectric per-
ovskite materials.

Freescale Semiconductors

As a follow up from the teleconference which
took place in November 2008 in the Euro-
pean Freescale headquarters with company
executives, a white paper was written for
Freescale in relation to the piezopinch tech-
nology. Freescale is interested in evaluat-
ing this ground breaking technology devel-
oped by Prof. Christoph Renner (MaNEP,
UniGE), Dr Steve Arscott (CNRS, IEMN, Lille)
and Dr Alistair Rowe (Ecole Polytechnique,
Palaiseau) to replace one of its pressure sen-
sors, the MPX 12. Freescale is the market leader
for automotive sensors and integrated circuits.
This request suggests that the commercial po-
tential of this technology may be interesting.

Marketing of the piezopinch
technology

Marketing efforts continued to promote the
piezopinch technology mentioned above. This
technology, which is co-owned by three insti-
tutions, has many applications. The University

of Geneva is particularly interested in commer-
cializing the technology in the field of atomic
force microscopy. To this end, several compa-
nies were contacted. Participating in the Tech-
Connect conference in June 2009 in Houston
helped make contacts and understand the mar-
ket players better. Companies such as Veeco,
Nanosurf and Mikromash were contacted and
a follow up is taking place in order to establish
a development plan with them. Another com-
pany active in technology development, TTP 1,
expressed an interest in this technology.

Lord

On May 29, 2009, MaNEP welcomed Lord in
its premises for a first exchange of presenta-
tions and ideas. Lord is a multinational com-
pany in the field of aerospace. It recently set
its European headquarters in Geneva. Five se-
nior representatives of Lord coming from var-
ious European locations were present. Rep-
resentatives of the Geneva HES-SO were also
invited in order to provide a fuller picture of
what Geneva has to offer in the fields of interest
to Lord. The visit was appreciated by all par-
ties and several follow up elements took place,
among them, first discussions between Lord
and MaNEP with respect to magneto-rheologic
fluids, a strategic field for Lord. Another el-
ement of follow up was the invitation sent to
Lord by HES-SO to visit their facilities.

1www.ttp.com
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Figure 1: Welcome desk at the joint NCCR confer-
ence at ITU Telecom World 2009.

3.2 Conferences and exhibi-
tions

Joint NCCR Conference at ITU
Telecom World 2009

This project was initiated in 2007 during a
meeting between the KTT managers of the NC-
CRs Quantum Photonics, MICS and MaNEP.
All three NCCRs have the same KTT mission
and all three are involved in research fields re-
lated to telecommunications. It was thus de-
cided to set up a joint KTT event at ITU Tele-
com World 2009, an exhibition which gathers
many industry representatives from all over
the world. The event took place on October
8, 2009 in the form of conferences revolving
around cryptography and quantum telecom-
munications. It gathered about 100 guests of
whom 50 percent stemmed from the private
sector (Fig 1). It was concluded by a perfor-
mance by the artistic company Exos, featuring
superconducting levitation, followed by a net-
working cocktail. The public appreciated the
speeches (Fig. 2), the organization of the con-
ference and was very impressed by the com-
bination of arts and science with the levitation
show. The networking which followed dur-
ing the cocktail was valuable with a large at-

Figure 2: Audience at the joint NCCR conference
at ITU Telecom World 2009.

Figure 3: Advertisement for the joint NCCR event
at ITU Telecom World 2009 in the e-Newsletter of the
Geneva Economic Promotion Agency.

tendance and representatives from companies
such as Nokia, Freescale, STMicroelectronics
and Swisscom.
The e-Newsletter of the Geneva Economic
Promotion Agency published an announce-
ment regarding this event (Fig 3). This e-
Newsletter reaches more than 4000 executives
in the Geneva region. This certainly con-
tributed to the good attendance at this event.

SWM 2009 supplier exhibition

Like every second year, 2009 hosted its Swiss
Workshop on Materials with Novel Electronic
Properties (SWM 2009) in Les Diablerets,
Switzerland. This highly regarded conference
has regularly been holding a supplier exhibi-
tion. This year four companies participated,
Pfeiffer Vacuum, Teco René Koch, Ryf AG and
Imina Technologies, enjoying visits and discus-
sions with the research community.

MaNEP technology promotion at the
BioInnovation Day 2009

In June 2009, Prof. Christoph Renner presented
its piezopinch technology at the BioInnovation
Day conference in Geneva (Fig 4). BioInno-
vation Day is a partnering meeting aimed at
presenting the latest University technologies
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Figure 4: BioInnovation Day 2009: Prof. Christoph
Renner presenting the piezopinch technology.

from western Switzerland to the private sector.
The latter comprises companies, consultants
and venture capitalists from the Lake Geneva
Region and beyond. It also allows excellent
networking between the parties. C. Renner
presented a way to perform high-speed, high-
efficiency bio-assays with the piezopinch tech-
nology.

3.3 Projects

ABB

Our collaboration with the company ABB has
the goal to prepare for the use of thin super-
conducting films in future fault current lim-
iters. In this project we are currently focusing
on YBCO coated conductors since these are ex-
pected to become much cheaper than the thin
films grown on sapphire which we studied in
the first phase of this collaboration. The first
studies have shown that the performance of
such ribbons for current limiting is consider-
ably lower than what is found for YBCO grown
epitaxially on sapphire substrates. This situ-
ation calls for detailed thermal and electrical
characterization of the complex coated conduc-
tors in order to get an understanding of how
the current limiting performance of the coated
conductors can be improved. We report in
more detail on these efforts under Project 3, in
chapter 2, in this report.

AGIE Charmilles

The search for wear and corrosion resistant ma-
terials is one of the most important tasks for the
tool machine industry. Electrical discharge ma-
chining (EDM) is a well developed technology
(mostly by Swiss and Japanese manufacturers)
that is used to cut and shape a wide variety

of conducting materials. The economic stimulus
package project “Cut-and-coat process by wire-
EDM” with AGIE Charmilles aims at produc-
ing surface and sub-surface alloys by combin-
ing wire-EDM machining and new electrode
materials. The produced surface alloys will
improve mechanical properties such as wear
and friction behavior, and also increase the cor-
rosion resistance of the machined parts. Test
workpieces will be produced and tested under
real conditions. The results will be displayed to
trigger interest among potential customers of
the technology. We report in detail separately
to the SNSF on this project

Asulab SA (a member of Swatch
Group)

Hydrogen fuel cells play a key role in future
energy scenarios. Mass markets such as H2
powered vehicles and H2 production units for
residential areas require H2 detectors and sen-
sors on a very large scale. The devices must
be cheap, sensitive and selective, and allow to
detect H2 and to monitor H2–O2 combustion
processes. The CTI project, entitled “Hydrogen
detectors and sensors for PEM fuel cell com-
bustion systems”, together with Asulab SA,
aims at developing tailored sensing devices
that are cheaper and more selective than those
currently available, by using thin films and
novel materials undergoing H2-induced metal-
insulator transitions. More details on this work
can be found in chapter 2, on Project 3.

Bruker Biospin

The longstanding collaboration with Bruker
BioSpin AG has led to several remarkable re-
sults this year. Detailed reports on this are
given in chapter 2, on Project 3. This collabora-
tion received an additionally boost through the
economic stimulus package which finances the
specific project: “Developments of MgB2 wires
with high critical current densities for econom-
ical NMR magnets at 4.2 and at 20K”. This
project aims at developing the use of MgB2 for
intermediate field superconducting magnets.
Separate reports on this sub-project will be sent
to SNSF.

Nirva Industries SA

The goal of the project “Electrochemical sen-
sors with higher resolution”, in the frame of
the economic stimulus package of the SNF with
Nirva Industries SA, is to develop high reso-
lution electrochemical sensors by implement-
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ing optimized surface structures in the sensing
electrodes. There is a strong demand for these
sensors, for example to measure trace amounts
of oxygen (< 1 ppb) in dissolved form, in the
beverage, pharmaceutical and power indus-
tries. Scientifically, the key issue to improve
the sensitivity is to find the way to generate
a higher current for a given gas concentration.
New materials and/or fine-tuning of the cath-
ode surface morphology can contribute to this
end. The increased signal-to-noise ratio will be
further enhanced by transposing STM current
measuring electronics to the sensing devices.
We report in detail separately to the SNSF on
this project.

Sécheron SA

MaNEP has been actively involved in synthe-
sis and characterization projects with Sécheron
SA. The synthesis project is completed and
had been dealt with through a contract of its
own including detailed intellectual property
terms. For the other numerous characterization
tasks performed by MaNEP, it was agreed with
Sécheron to set up a general service agreement
(GSA) covering all such present and future
mandates. This GSA, which provides appro-
priate protection to the University of Geneva
has been agreed by both parties and is being
signed.

SwissNeutronics

The collaboration with SwissNeutronics was
reinforced by the project on “Neutron optical
devices for small samples” financed through
the economic stimulus package. This additional
project started in October 2009 and includes
three tasks: 1) multichannel focusing guides;
2) adaptive focusing optics; 3) reflectometer
concept for tiny samples. Progress has been
made on all three tasks and the present status
on this specific project is reported separately to
the SNSF.

Vacheron Constantin

The CTI project, entitled “Technology for
marking watch components at the microscopic
scale” together with Vacheron Constantin, uses
a STM-inspired experimental setup to print
microscopic marks on the surface of metallic
parts. The printing mechanism is based on the
transfer of nanopowder material dispersed in a

liquid dielectric at the surface of the substrate.
The chemical composition of the marks can be
tailored to provide a chemical fingerprint for
traceability purposes. The main goals of this
CTI project are 1) to further develop the tech-
nology to achieve microscopic marks of met-
allurgical quality compatible with fine watch-
making, and 2) to develop the peripheral sys-
tems required for marking watch parts at the
industrial scale. More details on this work can
be found in chapter 2, on Project 3.

3.4 Creativity center

The positive evolution of MaNEP and the ef-
forts to transform MaNEP in Geneva into a sta-
ble institution has led to the idea to reinforce
and transform the whole of physics at the Uni-
versity of Geneva (see chapter 6 on structural
aspects). Here we focus on one aspect of this
effort, the Geneva Creativity Center (GCC),
which aims at a reinforced collaboration be-
tween the Physics section of the University, the
engineering school in Geneva (Hepia, a part of
HES-SO in Geneva) and industry around ap-
plied research and development projects. The
idea was proposed by MaNEP at the inau-
guration of the PhysiScope in October 2008
and during winter 2008/2009 a taskforce from
MaNEP and the Physics section was set up to
elaborate the concept. This concept was pre-
sented at the meeting “Actes Industries” or-
ganized by the Office de Promotion des Indus-
tries et des Technologies (OPI) of Geneva with
130 participants on May 26, 2009. Follow-
ing this meeting a “Comité de pilotage” ad hoc
was set up composed of Rolf Gobet, director
OPI, Yves Leuzinger, director Hepia, Didier
Raboud, director of communication UniGE
and Øystein Fischer, director MaNEP. Nico-
las Aune, secretary-general of the Union Indus-
trielle Genevoise (UIG) did later also join this
group. After several meetings, including sev-
eral discussions with the minister in charge of
the Geneva department of public education,
Charles Beer, a founding document was elab-
orated. Based on this we are presently employ-
ing the first collaborators of GCC whose job is
to elaborate the detailed program for GCC. The
plan is to start officially operation before the
end of 2010. The center is planned to be a Fo-
rum where scientists, engineers and industry
can meet to elaborate new ideas for technology
transfer.
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4.1 Education and training

4.1.1 Doctoral School

PhD students: statistics for 2009

During 2009 eight PhD students finished their
studies and presented with success their the-
sis in DPMC at UniGE. On the other hand,
nine young students – two women and seven
men – started their work and joined the pro-
gram in the same period. Among them, two
applied through the recruitment procedure of
the MaNEP doctoral school, while the others
used different means. Thus the total number of
PhD students is stable at twenty. An interna-
tional call for applications to the program was
made in December 2009. As much as 199 indi-
viduals responded, and these applications are
currently under investigation.

Teaching activities

The basic course entitled Applications of the
Many-Body Formalism in Condensed-Matter
Physics, which started in the 2008 autumn
semester, continued in the 2009 spring and
autumn semesters. This course was regularly
followed by 7 to 13 PhD students. Among
other subjects, two experimental techniques
were first presented from the point-of-view
of the experiment, and then studied theoreti-
cally. Prof. Didier Jaccard (UniGE) introduced
the measurement of the electrical resistiv-
ity, which in spite of its apparent simplicity
and widespread use in condensed-matter
research, raises difficult experimental and
theoretical questions. Dr Sigrun Köster from
Prof. Christoph Renner’s group (UniGE)
uncovered the secrets behind the technique of
scanning tunneling microscopy/spectroscopy
(STM/STS). Both techniques are among the
core experimental methods used in the MaNEP
research activities. The course was positively
evaluated by the students, and will be given

again, starting from the 2010 spring semester.

Collaboration with the 3ème Cycle

The 3ème Cycle de la Physique en Suisse Romande
under the control of the Conférence Universi-
taire de Suisse Occidentale (CUSO) provides an
important part of the post-graduate training
offered to our students, in the form of high-
level short courses given by internationally
renowned speakers. The 3ème Cycle also used to
provide a longer course with content and tar-
get similar to the basic course of our program.
As requested by the CUSO, the 3ème Cycle de
la Physique will be transformed into a doctoral
program. We have taken this opportunity to
unite our efforts for the doctoral training with
those of the 3ème Cycle and of the EPFL. Dur-
ing 2009 we have taken part in the prepara-
tion of the future CUSO doctoral program for
physics, which should start in 2011. In addition
to continuing with the organization of high-
quality short courses as in the past, the new
structure should provide a common platform
for distributing information and making it eas-
ily available to the students. In this way the
courses of the MaNEP doctoral program will
become accessible to all students registered at
the 3ème Cycle, and our basic course could thus
complement or replace the basic course of the
3ème Cycle de la Physique. Conversely, our stu-
dents will benefit from an extended and more
transparent offer, as well as additional services
(“PhD days”, contacts to industries, etc.) which
are planned in the future CUSO doctoral pro-
gram for physics.

4.1.2 PhysiScope Genève

Summary

The PhysiScope team can look back at a great
vintage 2009. Attendance is steadily increas-
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ing, with school children from as far as Den-
mark and a number of VIP visitors enjoying the
shows. Several special events were organized,
including a day with an active NASA astronaut
and a one week workshop gathering fellow Eu-
ropean physics shows. The PhysiScope took
also part in the celebration of the 450 years of
the University of Geneva throughout the year
2009.

One year on

The PhysiScope is a public laboratory-theater
operated jointly by MaNEP and the Physics
Section of the University of Geneva. This en-
deavor strives to contribute to invert the steady
reduction in science students observed world-
wide, via a participative and entertaining dis-
covery of physics1.
Following its inauguration in 2008, the PhysiS-
cope has measured up to expectations, with
a successful first year of exploitation. Atten-
dance is steadily increasing, with over 1700 vis-
itors last year, some traveling all the way from
Denmark. Each show lasts for about 75 min-
utes for an average group size of 15, granting
each visitor a personal experience of physics.
We did also perform for a number of VIPs, in-
cluding C. Kleiber, the former Swiss State Sec-
retary for Science, M. Gago, Minister for Sci-
ence, Technology and Higher Education of Por-
tugal, the Geneva Rotary Club and a delega-
tion of directors of Leiden University, Nether-
lands. 2009 concluded with a rewarding excur-
sion in November to the Palais de la Découverte
in Paris, an excellent source of inspiration for
new shows for the entire team.
Maintaining high standards and a constant re-
newal are paramount to the long term dura-
bility of the PhysiScope. Hence, developing
new content to convey the fascination of sci-
ence in an attractive manner deserves special
attention. New shows dealing with waves and
light, magnetism and energy have been pre-
pared. We also commissioned a small astron-
omy observatory (see section 4.1.2), opening a
window on the sky in the center of town.
The PhysiScope relies on a team of 9 assis-
tants who develop the content and take turns
presenting the shows as part of their regu-
lar teaching duties. With attendance peaking
at four shows per day during several weeks

1C. Renner, Hands-on inspiration for science, Nature Ma-
terials 8, 245 (2009).

Figure 1: Fascinating superconducting levitation
(Photo @CERN).

in January-March, May-June and October, this
makes for a busy schedule.
Adriana Bonito Aleman, MaNEP’s communi-
cation officer, joined the PhysiScope executive
team to take care of all special events. In
2009, the University of Geneva celebrated its
450 years of existence. The PhysiScope did
participate in several events organized on that
occasion, including a 16 days open doors in
November-December 2009. The PhysiScope
also took part in a number of annual events
across Geneva, such as the Girl’s day, the Nuit de
l’UNIGE, the Journée des collégiens and the Cité
des Métiers et de la Formation, all destined to ad-
vertise science to the general public. Two very
successful exhibition shows were set up in two
large regional shopping malls.
Collaboration with other outreach initiatives
are invaluable opportunities to reach a broader
audience. One example is TSR découvertes
with whom we interact regularly. We have
also started to greet much younger visitors
than our 12–19 year old target audience. En-
thusiastic children from the Centres Aérés, a
Geneva summer camp, and from an original
project Dessine-moi un physicien (Fig. 1) lead by
the CERN communication team were offered a
close encounter with the magic of physics.

The PhysiScope turns to space

2009 was the International Year of Astronomy
celebrating 400 years of scientific astronomi-
cal observations pioneered by Galileo Galilei in
1609. On that occasion, the PhysiScope estab-
lished a small observatory (Fig. 2) on the roof
of Science II with the support of the H. Dudley
Wright Foundation. It consists in a 2.5 m diam-
eter dome housing two telescopes; a 350 mm
diameter Schmidt-Cassegrain telescope on an
equatorial mount, and a Coronado personal so-
lar telescope (Fig. 3). The Schmidt-Cassegrain
telescope enables the observation of the Moon,
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Figure 2: The PhysiScope observatory on the roof
of Science II in the heart of Geneva.

Planets and even some fainter object from
deeper space. The observation of the faintest
objects is improved by the use of a CCD cam-
era. The personal solar telescope, operating in
the H-Alpha wavelength, enables an unprece-
dented live view of sunspots and spectacular
solar flares. Despite its urban location and as-
sociated atmospheric and light pollution, the
observatory is a unique tool to initiate the vis-
itors to astronomy and even perform some sci-
entific experiments. Daytime and nighttime
sessions take place on a regular basis and by
special appointment.
On September 29, 2009 the PhysiScope had the
privilege to welcome an active NASA astro-
naut, Donald Pettit, to share his space travel
experience and debate about the impact of the
manned space program on our society. This
event was part of a one week visit to Switzer-
land organized in collaboration with Daria
Lopez-Alegria (Space Bridges) and EPFL, with
the financial support of the Mark Birkigt Foun-
dation, MaNEP and the University of Geneva.
Highlights of his visit were a brainstorming
session with students and postdocs on design-
ing general physics experiments and a late af-
ternoon public conference. On that occasion,
Dr D. Pettit took a very interested audience on
an entertaining tour of the Saturday Morning
Science show he devised during his 2003 stay
aboard the International Space Station featur-
ing numerous surprising microgravity experi-
ments. The day concluded with a friendly net-

Figure 3: J.-G. Bosch demonstrating the personal
solar telescope to a young visitor.

working aperitif sponsored by the rectorate of
the University of Geneva.

EuroPhysicsFun

Since 2008, the PhysiScope is a member of Eu-
roPhysicsFun (EPF), a cooperative project be-
tween European physics shows whose goal is
to form a community of science shows. The
PhysiScope, with the support of the Mark
Birkigt Foundation, did host and organize the
2009 edition of the annual EPF meeting “Show
Physics 2009”. From March 31st to April 4th

2009, about 50 scientists from across Europe en-
joyed a stimulating and diverse program rang-
ing from how to stage a show to the most ef-
ficient way of interacting with the media. The
workshop concluded with a one day fair at a
major Geneva shopping mall (Balexert), where
each participating show was offered a stand to
present its favorite physics experiment. It was
a great popular success. In September 2009, the
PhysiScope took over the presidency of Euro-
PhysicsFun in the person of Olivier Gaumer,
the PhysiScope’s scientific collaborator.
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Figure 4: SWM 2009 participants.

Dook van Mechelen, Benjamin Sacépé.
Teachers: Ruxandra Achimescu, Arnault Bar-
diot, Denis Boehm and Bernard Gisin.

4.1.3 SWM 2009: Swiss Workshop
on MaNEP in Les Diablerets

The eighth edition of the Swiss Workshops
on Materials with Novel Electronic Proper-
ties organized since 1996, took place at the
Eurotel in Les Diablerets on August 26–28,
2009. This meeting, corresponding to the fifth
MaNEP conference, gathered over 194 reg-
istered MaNEP members and scientists from
abroad, of those 69 PhD students from the
different MaNEP partner institutes (Fig. 4).
The program was organized around 9 in-
vited speakers spread over 9 sessions ad-
dressing all the main topics of interest to the
MaNEP community, including superconduc-
tivity (HTS and pnictides), low dimensions and
interfaces, multiferroics, cold atoms, materi-
als, novel experimental techniques and appli-
cations. 28 contributed talks were selected by
scientific merit and for their representativeness
of MaNEP’s research activities. Two poster
sessions offered ample opportunities for fur-
ther discussions and debates around 97 poster
that remaind posted for the entire duration of
the meeting. Like in previous editions, there
was also the possibility to discuss equipment
and hardware with four exhibitors distribut-
ing technical components in Switzerland. We
thank Pfeiffer Vacuum, Teco René Koch, Ryf
AG and Imina Technologies for their support.
Finally, many thanks to Marie Bagnoud, Gin-
ger Laughlin, Matthias Kuhn, Greg Manfrini
and Ivan Maggio-Aprile for their efficient help
with the organization of the meeting. The next
edition is already planed for June 29 to July 1,
2011.

4.1.4 CORPES09

Coming from 19 nations, 143 experts in the
field of photoemission met at Zurich for the
CORPES09, the third international workshop
on strong correlations and angle-resolved pho-
toemission spectroscopy, organized by the
Paul Scherrer Institut (PSI) in Villigen and
sponsored by MaNEP. CORPES09 is an inter-
disciplinary workshop situated at crossroads
between angle-resolved photoemission spec-
troscopy (ARPES) measurements and many-
body theories of strongly correlated electron
systems. It was an excellent opportunity for
PhD students and postdocs to be in contact
with the specialists and the newest develop-
ments in the field. In 2011, CORPES11 will take
place at the ALS, in Berkeley (USA).

4.1.5 Topical meeting and “Martin
Peter Colloquium”

This year, on June 19, 2009, we had one top-
ical meeting focused on the subject of Spec-
troscopic properties and quantum materials at the
University of Geneva. About 50 scientists at-
tended this meeting, with scientific contribu-
tions from researchers at EPFL, PSI, UniFR
and UniGE. The meeting ended with the Mar-
tin Peter Colloquium given by Professor Z. X.
Shen (Stanford University). 70 participants at-
tended his colloquium on “Extraordinary ad-
vances on photoemission experiments”. This
was a perfect conclusion of this interesting one
day meeting.

4.1.6 MaNEP Winter School 2011

The next MaNEP Winter School will be held in
Saas-Fee from January 9 to 14, 2011. The chair-
man of this edition is Prof. Bertram Batlogg,
ETHZ and the program committee will soon be
created.
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4.2 Advancement of women

4.2.1 Summer internships

For the 2009 internships, MaNEP received four
female students within the program of Ad-
vancement of Women and one male student
within the program of exchange student. All
the internships lasted one month, except for
one candidate, for whom the internship was
extended over two months. All the stages were
very fruitful both for the women and the host-
ing group. For instance in the process of se-
lection of a future PhD, these stages give a
unique opportunity to evaluate a candidate in
real working conditions. Therefore it has been
decided to renew these programs for 2010, with
the hope of an increased participation.

4.2.2 New developments

We mentioned last year a survey that we were
preparing together with the Equality Office of
the University of Geneva and that we intended
to send to all the women researchers in MaNEP.
Due to the strong implication of the Equality
Office in the events around the 450th anniver-
sary of the University of Geneva, the prepara-
tion of the survey was postpone. It is however
almost ready and will be sent to the women re-
searchers of MaNEP before the summer 2010.
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Year 9 was marked by a change in personnel. Anne Rougemont, MaNEP Communication Officer,
left in April 2009 and her successor, Adriana Bonito Aleman, took over from her in July 2009. This
year was also characterized by a variety of communication activities created in order to reach a wide
range of target audiences. While public outreach activities remain of major importance, we are think-
ing about ways and means of creating opportunities to reach decision-makers and key stakeholders
and to inform them of MaNEP’s activities and future actions. Particular attention was paid to the in-
dustry for which a special public relations event was organized. We also strengthened our links with
academic partners, especially with MaNEP’s host institution, the University of Geneva, by creating
joint events and actively participating in its public outreach actions organized to celebrate its 450th

anniversary.

5.1 Networking

MaNEP’s stakeholder’s analysis is completed
and we are working on obtaining an effective
management tool which will be absolutely es-
sential to continue our work with targeted au-
diences. The implementation of the new data
base system FileMaker Pro will be ready for
use in 2010. This tool is crucial in our daily
activities and particularly for strategic public
relations and networking. It is therefore indis-
pensable for MaNEP’s activities in the Phase III
and to prepare for the long-term planning of
the network.

5.2 Two creative and innova-
tive projects

In 2011, we will be celebrating the 100th an-
niversary of the discovery of superconductiv-
ity. It will be a real opportunity to reach out
to the general public on one hand, but also the
key stakeholders on the other hand by creat-
ing very special events. We already initiated
two innovative projects which will be part of
the festivities programm.

Art-Science

In its efforts to communicate science to the gen-
eral public MaNEP has commissioned an artist
to create a sculpture depicting the magic of
our research and to convey the futuristic poten-
tial it has. The world of science has met with
the world of arts in order to make physics ac-

cessible to everyone. The Swiss sculptor Eti-
enne Krähenbühl, known for his work involv-
ing surprising and unusual materials, is cre-
ating an artwork based on superconductivity.
The work between the artist and scientists is
progressing under the watchful eye of a film-
maker who is making a documentary on this
unprecedented encounter (Fig. 1). The sculp-
ture will be exhibited at the Geneva School of
Physics where MaNEP has its headquarters.
The artwork should be inaugurated in 2011 to
celebrate the 100th anniversary of the discov-
ery of superconductivity.

Figure 1: MaNEP physicist Dr Lidia Favre-
Quattropani and MaNEP engineer Jean-Gabriel
Bosch, at Etienne Krähenbühl’s workshop, discover-
ing “Bing Bang”, one of his astonishing sculptures.
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Figure 2: ITU Telecom World 2009: spectacular lev-
itation, the head of a statue which was part of the
Exos artistic show.

Levitation with Exos

Another creative outreach initiative is
MaNEP’s partnership with the artistic com-
pany Exos which is staging superconductivity.
A real artistic performance featuring super-
conducting levitation is being prepared and
will be presented to the general public and
key stakeholders. A small group from the
public has already discovered a sample of
this surprising show during the conference
“A Quantum Leap for Telecommunications -
Today and Tomorrow”, on October 8, 2009.
This public relation event was organized for
industry by three National Centres of Compe-
tence in Research MICS, Quantum Photonics
and MaNEP within the framework of ITU
Telecom World 2009. More information about
this event can be found in the KTT chapter
(p. 128). The show featured levitating objects
as well as a dancer carried on by flying items
in a thick cloud of nitrogen: an astonishing
performance (Figs. 2 and 3).

Figure 3: Exos show at ITU Telecom World 2009: a
dancer performing on a “grimoire” (book of spells)
in levitation.

A sample of this performance was also shown
at the “Christmas Party” of the Physics Section
of the University of Geneva. The audience was
essentially packed with scientists who particu-
larly enjoyed the show. We are now working
on a project for the public that should be deliv-
ered in 2011 as a world premier.

5.3 University of Geneva’s
450th anniversary

The jubilee year of MaNEP’s home institution,
the University of Geneva, comprised many
events. MaNEP was an enthusiastic contribu-
tor for many of them with the aim of promot-
ing science to the general public as well as to
young audience.
MaNEP took part in Le Savoir au Centre, two
very successful exhibitions held at two large
shopping malls, from March 23 to April 4 at
Balexert in Geneva, and from April 27 to May
9, 2009 at Chavannes Centre in the canton of
Vaud. A stand with many activities, includ-
ing MaNEP’s demonstrating devices, gathered
a lot of visitors, particularly families.
Our NCCR participated in the Nuit de l’UNIGE
on June 13 on a sunny Saturday afternoon and
evening which encouraged the general pub-
lic to come and play with us. The group
of Prof. Klaus Yvon operated an hydrogen
fuel cell to supply a neighbored music stage
with electricity. MaNEP researchers together
with the PhysiScope team presented physical
curiosities on an interactive stand near Sci-
ences II (Fig. 4) associated with demonstrations
at the PhysiScope, Sun observations at the Ph-
ysiScope observatory and presentation of our
Mix&Remix exhibition on superconductivity.
During the evening, a dancing night was or-
ganized with a video-jockey featuring images
provided by the three Geneva NCCRs.
The umbrella campaign exhibition created by
the Swiss National Foundation (SNF) was par-
ticularly appreciated by many visitors who
were able to discover it during the Nuit de
l’UNIGE at the Centre Médical Universitaire
(CMU) (Fig. 5). MaNEP was also involved in
the umbrella campaign by distributing promo-
tional material.
During the 16 days open doors in November–
December 2009, high school students of the
canton of Geneva were invited to come and
discover the activities of the different faculties
and centers of research. MaNEP opened its
doors and gave demonstrations of various ex-
periments in the PhysiScope.
Also in collaboration with the University of
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Figure 4: Young visitor enjoying MaNEP demo dur-
ing the Nuit de l’UNIGE.

Geneva, but outside the anniversary celebra-
tions, MaNEP seized this invaluable opportu-
nity to be present with the PhysiScope at the
Cité des métiers et de la Formation on November
24–29, at Geneva Palexpo. This event offered a
large panorama of training in the Geneva re-
gion. Our researchers and scientists demon-
strated fun experiments and displays linked to
modern physics. It was a great occasion to
reach out to a young audience.

Figure 5: People visiting the SNF Umbrella cam-
paign exposition at the CMU in Geneva.

5.4 MaNEP in media

MaNEP has appeared in the general and spe-
cialized media, with articles in newspapers as
well as on the Internet. The Conference at
ITU Telecom World 2009 had significant cover-
age in the media. The Purvege project, which
consists of new ozone sensors, has also raised
media attention, which reported this new pro-
cess using ozone to decontaminate fruits and
vegetables and thus prolong their shelf life.
Moreover, MaNEP collaborated with the In-
ternet site www.swissuniversity.ch which pub-
lished a presentation of our NCCR. MaNEP
has also been present in “Horizons”, the SNF
magazine, in an article about NCCRs1. It un-
derlined how the collaboration between re-
searchers as well as with industry is important
and MaNEP was mentioned as an example of
success. There was an article about the Ph-
ysiScope in the prestigious review Nature Ma-
terials2. It was the subject of a three-page fea-
ture in the “Commentary” section and the edi-
torial entitled “Lessons in science education”.
The article was commissioned by the maga-
zine’s editors and written by the PhysiScope’s
director Prof. Christoph Renner. This high-
lights that this MaNEP initiative for populariz-
ing physics is unique and progressively build-
ing a strong reputation, even on an interna-
tional level. Another article about MaNEP has
been published in the Public Service Review:
European Union (issue 19, spring 2010) dis-
tributed primarily within departments, direc-
torates and agencies of governments of the Eu-
ropean Union member states and as well as to
European Union institutions and industries.

5.5 Several other outreach
activities in Year 9

MaNEP’s experts are continually and with ever
increasing frequency solicited to communicate
science to the public. MaNEP’s deputy direc-
tor Prof. Christoph Renner and Prof. Jan Lacki
delivered a conference entitled ”Peut-on voir
les atomes ? De la lunette de Galilée au micro-
scope à effet tunnel” at the Musée d’Histoire des
Sciences in Geneva in October 2009. Prof. Pa-
trycja Paruch and Prof. Jan Lacki also gave a
conference at the Musée d’Histoire des Sciences,
in November, entitled ”La physique et la vie
– Un nouveau microscope pour un nouveau

1Urs Hafner and Ori Schipper, Appréhender le futur en-
semble, Horizons 82, 6 (2009).

2C. Renner, Hands-on inspiration for science, Nature Ma-
terials 8, 245 (2009).
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partenariat”.
Another successful science-city event was the
science talk organized on November 8, at
the ETHZ with Rolf Hiltl, gastro-entrepreneur,
and Prof. Tilman Esslinger, quantum physicist,
where they looked at links between basic re-
search and cooking.

5.6 Website and e-Newsletter

MaNEP’s web site has been translated into
French this year, the language of the home in-

stitution. This give an important new tool for
MaNEP Phase III, which first addressed re-
gional key stakeholders, but also the general
public and MaNEP scientific network. The site
is of course regularly updated with all the lat-
est news. During Year 9, we proposed three is-
sues of MaNEP’s e-Newsletter, all sent to more
than 300 people working within the MaNEP
network. We received a great deal of input
from our industrial partners, in particular in
the January 2010 issue. This is of course very
promising.
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The plan outlined in the Proposal is being im-
plemented as put forward. The Laboratory of
Crystallography has been transferred and inte-
grated in MaNEP as of January 1, 2010. The
University of Geneva has also fulfilled the in-
creased budget for 2009. The plan for 2010 is
in the process of implementation. The two pro-
fessor positions (successors Yvon and Fischer)
have been taken into account in the plan for
the physics section and are presently being dis-
cussed at the Faculty and University level.
The MaNEP director has also been invited by
the University to elaborate a plan for a new
center of physics in Geneva. This would com-
prise the future structure which would take
over from MaNEP in Geneva. This new cen-
ter, which would include at this stage the
whole of physical sciences, is largely inspired

by MaNEP activities and organization. During
Year 9, all this has been discussed at the high-
est level in the Canton of Geneva and decisions
about how to proceed with this project are ex-
pected during 2010.
At the moment, the big question is how to
support the nation wide MaNEP network after
2013. Here we expect support from the SNSF
to find a practical solution. This solution must
take into account the real cantonal and confed-
erational structure of Switzerland in order to
find ways to maintain the best networks com-
ing out of the NCCR scheme. On the MaNEP
side we shall do our best to try to find a practi-
cal solution. The meeting of the scientific com-
mittee on April 14, 2010 shall focus on this
question.
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7.1 Activities

The beginning of Phase III on 1 July 2009 saw
the establishment of a new scientific and ad-
ministrative structure. The MaNEP manage-
ment has been very busy implementing the
administration and accounting. As initially
planned, MaNEP has adapted to the appoint-
ments and departures in its field in the Swiss
institutions. The result is that we have in-
cluded 15 new, young scientists as full mem-
bers of MaNEP. We have also appointed 13 fur-
ther associate members. Since the beginning
of the third phase we have added one new
full member to the MaNEP Forum: Professor
Andrey Zheludev, director of the Laboratory
for neutron scattering at PSI. He has also re-
placed Professor Joël Mesot as co-project leader
of Project 6, as Prof. Mesot was appointed Di-
rector of PSI last year.
The Forum has 43 full members and 17 asso-
ciate members. Prof. A. Zheludev was added
at the very beginning of Phase III. The new Fo-
rum met in a reduced form during the SWM
2009 meeting at les Diablerets in August 26-28,
2009 and it was officially convened on Wednes-
day January 27, 2010 during the Internal Work-
shops in Neuchâtel.
The Scientific Committee is composed of the
director, two deputy directors, the project lead-
ers plus two additional members appointed by
the director. The composition is as follows:
Prof. Leonardo Degiorgi (ETHZ), Prof. Øystein
Fischer (UniGE), Director, Prof. László Forró
(EPFL), Prof. Thierry Giamarchi (UniGE),
Prof. Dirk van der Marel (UniGE), Deputy Di-
rector, Prof. Frédéric Mila (EPFL), Prof. Al-
berto Morpurgo (UniGE), Prof. Christoph Ren-
ner (UniGE), Deputy Director, Prof. Man-
fred Sigrist (ETHZ), Prof. Jean-Marc Triscone
(UniGE), Dr. Urs Staub (PSI), Prof. Andrey
Zheludev (PSI).
The committee met on December 15, 2009 and
will meet again on April 14, 2010. This meet-
ing will be devoted to discussing the future

of MaNEP after 2013. In particular we plan
to discuss what the MaNEP community can
do to maintain and develop the scientific net-
work. The scientific committee also served as a
program committee for MaNEP at the upcom-
ing conference of the Swiss Physical Society on
June 21-22, 2010, in Basel. This meeting took
place on March 22, 2010.
The Internal Evaluation Board will be es-
tablished during 2010 and will evaluate the
MaNEP scientific output.
The Advisory Board is composed of eminent
scientists from outside Switzerland and will
meet during the winter of 2010-2011 to evalu-
ate and discuss the scientific progress and the
future of MaNEP.
The Management Committee meets regularly
once a month to discuss and monitor the evo-
lution of all daily activities of MaNEP: events,
meetings, newsletters, accounting, KTT, educa-
tion, doctoral school, advancement of women,
communication, etc.
There were several changes of staff at MaNEP
this year. We hired the successor to Anne
Rougemont as the new communication officer
of MaNEP: Adriana Bonito Aleman. The ex-
ecutive assistant, Sophie Griessen left at the
end of 2009 and she has now been replaced by
Elizabeth Gueniat. Finally, Matthias Kuhn, the
KTT officer left at the end of October 2009. His
replacement will be decided in relation to the
new Geneva Creativity Center.
The MaNEP management also oversaw the or-
ganization of several meetings during the year:
• The Review Panel met at PSI on May 14-

15, 2009. The meeting was organized by
the Swiss National Science Foundation in
collaboration with Ms Pamela Knupp of
PSI, and the management team of MaNEP.

• The Swiss Workshop on Materials with
Novel Electronic Properties (SWM 2009),
basic research and applications, took place
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at les Diablerets August 26-28, 2009. There
were 194 participants, 69 of which were
PhD students. The meeting was fully or-
ganized by the MaNEP management.

• The MaNEP Internal Workshops took
place in Neuchâtel from Tuesday 26 Jan-
uary until Friday 29 January, 2010. These
workshops are the basis for the scientific
reports of MaNEP.

7.2 Experiences, recommendations to the SNSF

As anticipated, NIRA 2.0 is a wonderfully
complex and exciting tool for those who are
not concerned with keeping the cost of ad-
ministration low. By creating links between
the different inputs and calculating everything
in a manner that cannot be easily controlled

by the user it represents a fabulous admin-
istrative labyrinth with no real exit between
the progress report and the financial report.
Therefore we have to reinforce our administra-
tive staff with a specialist devoted entirely to
NIRA 2.0.
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We are grateful to the Review Panel for its detailed and thorough evaluation of our proposal for the
third phase and the progress report for year 8. Several key questions for the future are raised in the
Review Panel report and we shall address these questions below.

Transferred funds, collaborations and KTT

We thank the Review Panel and the SNSF for
supporting and allowing the transfer of funds
from Phase II to Phase III. We are following the
recommendations to use this amount largely
for collaborations and for technology transfer.
In fact, half of the transferred amount has al-
ready been used to stimulate further collabora-
tions (see comment under section 2.1.2 Status
of integration, p. 8). Another important part
will be used to stimulate technology transfer.
We would also like to comment here on the
question concerning future KTT activities and
the question of who will take over these activ-
ities when the senior people who have been
pushing these projects retire. We are per-
fectly aware of this situation and the impor-
tance to maintain and stimulate further applied
projects in collaboration with industry. Con-
cerning the high-power applications of super-
conductivity, developed by Prof. R. Flükiger,
we explained in our last report the strategy to
find a person especially selected to take over
this activity. We have now identified this per-
son, a young scientist, who will be appointed
to a stable position. Once his appointment se-
cured, it is planned that he shall take over the
activities of Flükiger’s group before the end of
2010. This means that he shall also take over a
good part of the laboratories used by Flükiger.
Concerning other KTT activities, we have a re-
markable scientist with both research and in-
dustry experience, Dr. Jorge Cors. He plays al-
ready a key role in several industrial collabo-
rations and shall continue to work on such ap-
plied projects. Thus, at least two younger gen-
eration scientists shall continue to lead the ef-
forts presently in place. The question whether
or not the University of Geneva will be able
to appoint a full professor to further stimulate
the KTT activities will also depend on the fu-
ture plans presently being elaborated for the

physics in Geneva. One aspect of these plans,
The Geneva Creativity Center, presently under
elaboration, will become a new vector in this
technology transfer effort.

The future of the MaNEP network, and the role
of SNSF in the search for a solution for the future
of NCCR networks

The Review Panel raises a very important
question concerning the future of MaNEP’s
network. We decided to go into a large net-
work mode in Phase III. This choice was ex-
plained last year and is related to the combi-
nation of our wish to add new excellent young
members and the complex transformation of
MaNEP Geneva, planned at the end of Phase
III. However, the question which is raised by
the Review Panel has its full importance for the
period after Phase III. Do MaNEP researchers
want to continue with a broad research net-
work or do they want to make a more restricted
network of excellence where only the very best
groups participate?
This question will be discussed within MaNEP
in the near future, thus it is too early to give
a definitive answer at this point. However,
this question is at the moment very hypothet-
ical since there is no real funding scheme in
Switzerland for any of the two possibilities.
Thus, an answer to the question of the Review
Panel must pass by the establishment of a new
funding source and for that a close collabora-
tion between SNSF, the Federal Department of
Home Affairs and the researchers is certainly
necessary. We are pleased to note that the Re-
view Panel recommends that the SNSF should
try to find solutions for the future of the NCCR
networks. The MaNEP director and his col-
leagues in MaNEP are eager to work with the
SNSF to achieve such solutions.
Concerning MaNEP’s efforts in this direction,
we have used the first 9 months of Phase III to
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install the new structure, and to prepare for the
integration of MaNEP Geneva into the Univer-
sity. We shall now start to address the question
related to the MaNEP network. To initiate this
work we have dedicated the meeting of the Sci-
entific Committee on April 14, 2010 precisely

to a discussion of the future of the MaNEP net-
work. Questions, as the one which has been
raised by the Review Panel, will be addressed
and a scheme of how to work with the author-
ities to solve the problem will be analyzed.

146



9 Lists

9.3 Publications over the last period

The following lists cover the period from April 1st, 2008 to March 31st, 2009:

1. Scientific articles in journals with peer review

2. Scientific articles in journals without peer review

3. Publications from lists 1 and 2 involving several groups

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

9.3.1 Scientific articles in journals with peer review

Group of Ph. Aebi

I C. MONNEY, H. CERCELLIER, C. BATTAGLIA,
E. F. SCHWIER, C. DIDIOT, M. G. GARNIER,
H. BECK, AND P. AEBI

Temperature dependence of the excitonic insula-
tor phase model in 1T−TiSe2

Physica B 404, 3172 (2009).
Group(s): Aebi / Project(s): 7

C. BATTAGLIA, G. ONIDA, K. GAÁL-NAGY,
AND P. AEBI

Structure and stability of the Si(331)-(12×1)
surface reconstruction investigated with first-
principles density functional theory

Physical Review B 80, 214102 (2009).
Group(s): Aebi / Project(s): 7

C. MONNEY, H. CERCELLIER, F. CLERC,
C. BATTAGLIA, E. F. SCHWIER, C. DID-
IOT, M. G. GARNIER, H. BECK, P. AEBI,
H. BERGER, L. FORRÓ, AND L. PATTHEY

Spontaneous exciton condensation in
1T−TiSe2: BCS-like approach

Physical Review B 79, 045116 (2009).
Group(s): Aebi, Forró / Project(s): 7

M. HOESCH, X. CUI, K. SHIMADA,
C. BATTAGLIA, S.-I. FUJIMORI, AND
H. BERGER

Splitting in the Fermi surface of ZrTe3: A sur-
face charge density wave system

Physical Review B 80, 075423 (2009).
Group(s): Aebi, Forró / Project(s): 7

Group of D. Baeriswyl

D. BAERISWYL, D. EICHENBERGER, AND
M. MENTESHASHVILI

Variational ground states of the two-
dimensional Hubbard model

New Journal of Physics 11, 075010 (2009).
Group(s): Baeriswyl / Project(s): 4

I D. EICHENBERGER AND D. BAERISWYL
Electron doping and superconductivity in the
two-dimensional Hubbard model

Physical Review B 79, 100510(R) (2009).
Group(s): Baeriswyl / Project(s): 4

L. TINCANI, R. M. NOACK, AND
D. BAERISWYL

Critical properties of the band-insulator-
to-Mott-insulator transition in the strong-
coupling limit of the ionic Hubbard model

Physical Review B 79, 165109 (2009).
Group(s): Baeriswyl / Project(s): 5
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Group of B. Batlogg

I M. P. WALSER, W. L. KALB, T. MATHIS, T. J.
BRENNER, AND B. BATLOGG

Stable complementary inverters with organic
field-effect transistors on Cytop fluoropolymer
gate dielectric

Applied Physics Letters 94, 053303 (2009).
Group(s): Batlogg / Project(s): 4

I J. KARPINSKI, N. D. ZHIGADLO, S. KATRYCH,
Z. BUKOWSKI, P. MOLL, S. WEYENETH,
H. KELLER, R. PUZNIAK, M. TORTELLO,
D. DAGHERO, R. GONNELLI, I. MAGGIO-
APRILE, Y. FASANO, Ø. FISCHER, K. RO-
GACKI, AND B. BATLOGG

Single crystals of LnFeAsO1−xFx (Ln = La, Pr,
Nd, Sm, Gd) and Ba1−xRbxFe2As2: Growth,
structure and superconducting properties

Physica C 469, 370 (2009).
Group(s): Batlogg, Fischer, Karpinski, Keller / Project(s): 4

A. BELOUSOV, S. KATRYCH, J. JUN, J. ZHANG,
D. GÜNTHER, R. SOBOLEWSKI, J. KARPINSKI,
AND B. BATLOGG

Bulk single-crystal growth of ternary
AlxGa1−xN from solution in gallium un-
der high pressure

Journal of Crystal Growth 311, 3971 (2009).
Group(s): Batlogg, Karpinski / Project(s): 4

I Z. BUKOWSKI, S. WEYENETH, R. PUZNIAK,
P. MOLL, S. KATRYCH, N. D. ZHIGADLO,
J. KARPINSKI, H. KELLER, AND B. BATLOGG

Superconductivity at 23 K and low anisotropy
in Rb-substituted BaFe2As2 single crystals

Physical Review B 79, 104521 (2009).
Group(s): Batlogg, Karpinski, Keller / Project(s): 4

Group of Ch. Bernhard

N. OJHA, V. K. MALIK, C. BERNHARD, AND
G. D. VARMA

Enhanced superconducting properties of Eu2O3
-doped MgB2

Physica C 469, 846 (2009).
Group(s): Bernhard / Project(s): 4

I J. CHALOUPKA, C. BERNHARD, AND D. MUN-
ZAR

Microscopic gauge-invariant theory of the
c-axis infrared response of the bilayer
cuprate superconductors and the origin of
superconductivity-induced absorption bands

Physical Review B 79, 184513 (2009).
Group(s): Bernhard / Project(s): 4

I S. S. A. SEO, M. J. HAN, G. W. J. HASSINK,
W. S. CHOI, S. J. MOON, J. S. KIM, T. SUSAKI,

Y. S. LEE, J. YU, C. BERNHARD, H. Y. HWANG,
G. RIJNDERS, D. H. A. BLANK, B. KEIMER,
AND T. W. NOH

Two-dimensional confinement of 3d1 electrons
in LaTiO3/LaAlO3 multilayers

Physical Review Letters 104, 036401 (2010).
Group(s): Bernhard / Project(s): 1

N. OJHA, V. K. MALIK, R. SINGLA, C. BERN-
HARD, AND G. D. VARMA

The effect of citric and oxalic acid doping on the
superconducting properties of MgB2

Superconductor Science & Technology 22,
125014 (2009).

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

I A. DUBROKA, M. RÖSSLE, K. W. KIM, V. K.
MALIK, L. SCHULZ, S. THIEL, C. W. SCHNEI-
DER, J. MANNHART, G. HERRANZ, O. COPIE,
M. BIBES, A. BARTHÉLÉMY, AND C. BERN-
HARD

Dynamical Response and confinement of the
electrons at the LaAlO3/SrTiO3 interface

to be published in Physical Review Letters
(2010).

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

I J. HOPPLER, J. STAHN, C. NIEDERMAYER,
V. K. MALIK, H. BOUYANFIF, A. J. DREW,
M. RÖSSLE, A. BUZDIN, G. CRISTIANI, H.-U.
HABERMEIER, B. KEIMER, AND C. BERNHARD

Giant superconductivity-induced modulation of
the ferromagnetic magnetization in a cuprate-
manganite superlattice

Nature Materials 8, 315 (2009).
Group(s): Bernhard, Niedermayer / Project(s): 1

I A. J. DREW, C. NIEDERMAYER, P. J. BAKER,
F. L. PRATT, S. J. BLUNDELL, T. LANCASTER,
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Infrared investigation of the phonon spec-
trum in the frustrated spin cluster compound
FeTe2O5Cl

Journal of Physics: Condensed Matter 21,
375401 (2009).

Group(s): Degiorgi, Forró / Project(s): 6, 7
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Physical Review B 80, 220504 (2009).
Group(s): Karpinski, Rønnow / Project(s): 4, 6

I J. CHANG, N. B. CHRISTENSEN, C. NIEDER-
MAYER, K. LEFMANN, H. M. RØNNOW, D. F.
MCMORROW, A. SCHNEIDEWIND, P. LINK,
A. HIESS, M. BOEHM, R. MOTTL, S. PAILHÉS,
N. MOMONO, M. ODA, M. IDO, AND
J. MESOT

Magnetic-Field-Induced Soft-Mode Quantum
Phase Transition in the High-Temperature Su-
perconductor La1.855Sr0.145CuO4: An Inelastic
Neutron-Scattering Study

Physical Review Letters 102, 177006 (2009).
Group(s): Mesot, Niedermayer, Rønnow / Project(s): 4, 6

I J. SCHLAPPA, T. SCHMITT, F. VERNAY, V. N.
STROCOV, V. ILAKOVAC, B. THIELEMANN,
H. M. RØNNOW, S. VANISHRI, A. PIAZZA-
LUNGA, X. WANG, L. BRAICOVICH, G. GHIR-
INGHELLI, C. MARIN, J. MESOT, B. DELLEY,
AND L. PATTHEY

Collective Magnetic Excitations in the Spin
Ladder Sr14Cu24O41 Measured Using High-
Resolution Resonant Inelastic X-Ray Scatter-
ing

Physical Review Letters 103, 047401 (2009).
Group(s): Mesot, Rønnow / Project(s): 6

I B. THIELEMANN, C. RÜEGG, H. M. RØNNOW,
A. M. LÄUCHLI, J.-S. CAUX, B. NOR-
MAND, D. BINER, K. W. KRÄMER, H.-U.
GÜDEL, J. STAHN, K. HABICHT, K. KIEFER,
M. BOEHM, D. F. MCMORROW, AND J. MESOT

Direct Observation of Magnon Fractionaliza-
tion in the Quantum Spin Ladder

Physical Review Letters 102, 107204 (2009).
Group(s): Mesot, Rønnow / Project(s): 6

Group of M. Sigrist

K. Y. YANG, H. B. YANG, P. D. JOHNSON,
T. M. RICE, AND F. C. ZHANG

Quasiparticles in the pseudogap phase of under-
doped cuprate

Europhysics Letters 86, 37002 (2009).
Group(s): Rice, Sigrist / Project(s): 4

K. Y. YANG, W. Q. CHEN, T. M. RICE,
M. SIGRIST, AND F. C. ZHANG

Nature of stripes in the generalized t− J model
applied to the cuprate superconductors

New Journal of Physics 11, 055053 (2009).
Group(s): Rice, Sigrist / Project(s): 4, 5

I K. Y. YANG, W. Q. CHEN, T. M. RICE, AND
F. C. ZHANG

Origin of the checkerboard pattern in scan-
ning tunneling microscopy maps of underdoped
cuprate superconductors

Physical Review B 80, 174505 (2009).
Group(s): Rice, Sigrist / Project(s): 4
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P. M. R. BRYDON, C. INIOTAKIS, D. MANSKE,
AND M. SIGRIST

Consequences of Broken Time-Reversal Symme-
try in Triplet Josephson Junctions

Journal of Physics: Conference Series 150,
052026 (2009).

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

Y. YANASE AND M. SIGRIST

Antiferromagnetic order in the FFLO state
Journal of Physics: Conference Series 150,
052287 (2009).

Group(s): Sigrist / Project(s): 5

I Y. YANASE AND M. SIGRIST
Antiferromagnetic Order and π-triplet Pairing
in the Fulde-Ferrel-Larkin-Ovchinnikov State

Journal of the Physical Society of Japan 78,
114715 (2009).

Group(s): Sigrist / Project(s): 5

K. WAKABAYASHI, Y. TAKANE, M. YA-
MAMOTO, AND M. SIGRIST

Electronic transport properties of graphene
nanoribbons

New Journal of Physics 11, 095016 (2009).
Group(s): Sigrist / Project(s): 2

C. F. MICLEA, A. C. MOTA, M. SIGRIST,
F. STEGLICH, T. A. SAYLES, B. J. TAYLOR,
C. A. MCELROY, AND M. B. MAPLE

Vortex avalanches in the noncentrosymmetric
superconductor Li2Pt3B

Physical Review B 80, 132502 (2009).
Group(s): Sigrist / Project(s): 5

H. ADACHI AND M. SIGRIST
Probing the dx2−y2 -wave Pomeranchuk insta-
bility by ultrasound

Physical Review B 80, 155123 (2009).
Group(s): Sigrist / Project(s): 5

C. F. MICLEA, A. C. MOTA, M. NICK-
LAS, R. CARDOSO, F. STEGLICH, M. SIGRIST,
A. PROKOFIEV, AND E. BAUER

Extreme vortex pinning in the noncentrosym-
metric superconductor CePt3Si

Physical Review B 81, 014527 (2010).
Group(s): Sigrist / Project(s): 5

I M. H. FISCHER AND M. SIGRIST
Effect of a staggered spin-orbit coupling on the
occurrence of a nematic phase in Sr3Ru2O7

Physical Review B 81, 064435 (2010).
Group(s): Sigrist / Project(s): 5

I D. F. AGTERBERG, M. SIGRIST, AND
H. TSUNETSUGU

Order Parameter and Vortices in the Supercon-
ducting Q Phase of CeCoIn5

Physical Review Letters 102, 207004 (2009).
Group(s): Sigrist / Project(s): 5

A. RÜEGG AND M. SIGRIST
Role of Multiple Subband Renormalization in
the Electronic Transport of Correlated Oxide
Superlattices

in Properties and Applications of Thermoelectric
Materials - The Search for New Materials for Ther-
moelectric Devices, V. ZLATIC AND A. C. HEW-
SON, eds. (Springer, Dordrecht, 2009), NATO
Science for Peace and Security Series B: Physics
and Biophysics, p. 181.

Group(s): Sigrist / Project(s): 1

Group of U. Staub

I U. STAUB, Y. BODENTHIN, C. PIAMONTEZE,
M. GARCÍA-FERNÁNDEZ, V. SCAGNOLI,
M. GARGANOURAKIS, S. KOOHPAYEH,
D. FORT, AND S. W. LOVESEY

Parity- and time-odd atomic multipoles in mag-
netoelectric GaFeO3 as seen via soft x-ray
Bragg diffraction

Physical Review B 80, 140410 (2009).
Group(s): Staub / Project(s): 6

I U. STAUB, M. GARCÍA-FERNÁNDEZ, Y. BO-
DENTHIN, V. SCAGNOLI, R. A. DE SOUZA,
M. GARGANOURAKIS, E. POMJAKUSHINA,
AND K. CONDER

Orbital and magnetic ordering in
Pr1−xCaxMnO3 and Nd1−xSrxMnO3 man-
ganites near half doping studied by resonant
soft x-ray powder diffraction

Physical Review B 79, 224419 (2009).
Group(s): Staub / Project(s): 6

I M. GARCÍA-FERNÁNDEZ, U. STAUB, Y. BO-
DENTHIN, V. SCAGNOLI, V. POMJAKUSHIN,
S. W. LOVESEY, A. MIRONE, J. HERRERO-
MARTÍN, C. PIAMONTEZE, AND E. POM-
JAKUSHINA

Orbital Order at Mn and O Sites and Absence
of Zener Polaron Formation in Manganites

Physical Review Letters 103, 097205 (2009).
Group(s): Staub / Project(s): 6

I A. M. MULDERS, S. M. LAWRENCE, U. STAUB,
M. GARCÍA-FERNÁNDEZ, V. SCAGNOLI,
C. MAZZOLI, E. POMJAKUSHINA, K. CON-
DER, AND Y. WANG

Direct Observation of Charge Order and an Or-
bital Glass State in Multiferroic LuFe2O4

Physical Review Letters 103, 077602 (2009).
Group(s): Staub / Project(s): 6
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Group of J.-M. Triscone

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

Epitaxial piezoelectric MEMS on silicon
to be published in Journal of Micromechanics
and Microengineering (2010).

Group(s): de Rooij, Triscone (JM) / Project(s): 1

I N. REYREN, S. GARIGLIO, A. D. CAVIGLIA,
D. JACCARD, T. SCHNEIDER, AND J.-M.
TRISCONE

Anisotropy of the superconducting transport
properties of the LaAlO3/SrTiO3 interface

Applied Physics Letters 94, 112506 (2009).
Group(s): Jaccard, Triscone (JM) / Project(s): 1

I J. GUYONNET, H. BÉA, F. GUY, S. GARIGLIO,
S. FUSIL, K. BOUZEHOUANE, J.-M. TRISCONE,
AND P. PARUCH

Shear effects in lateral piezoresponse force mi-
croscopy at 180◦ ferroelectric domain walls

Applied Physics Letters 95, 132902 (2009).
Group(s): Paruch, Triscone (JM) / Project(s): 1

I R. SCHERWITZL, P. ZUBKO, C. LICHTEN-
STEIGER, AND J.-M. TRISCONE

Electric-field tuning of the metal-insulator
transition in ultrathin films of LaNiO3

Applied Physics Letters 95, 222114 (2009).
Group(s): Triscone (JM) / Project(s): 1

I S. GARIGLIO, N. REYREN, A. D. CAVIGLIA,
AND J.-M. TRISCONE

Superconductivity at the LaAlO3/SrTiO3 inter-
face

Journal of Physics: Condensed Matter 21,
164213 (2009).

Group(s): Triscone (JM) / Project(s): 1

P. ZUBKO AND J.-M. TRISCONE

Applied physics: A leak of information
Nature 460, 45 (2009).

Group(s): Triscone (JM) / Project(s): 1

T. SCHNEIDER, A. D. CAVIGLIA, S. GARIGLIO,
N. REYREN, AND J.-M. TRISCONE

Electrostatically-tuned superconductor-
metal-insulator quantum transition at the
LaAlO3/SrTiO3 interface

Physical Review B 79, 184502 (2009).
Group(s): Triscone (JM) / Project(s): 1

I. PALLECCHI, M. CODDA, E. GAL-
LEANI D’AGLIANO, D. MARRÉ, A. D.
CAVIGLIA, N. REYREN, S. GARIGLIO, AND
J.-M. TRISCONE

Seebeck effect in the conducting
LaAlO3/SrTiO3 interface

Physical Review B 81, 085414 (2010).
Group(s): Triscone (JM) / Project(s): 1

I A. D. CAVIGLIA, M. GABAY, S. GARIGLIO,
N. REYREN, C. CANCELLIERI, AND J.-M.
TRISCONE

Tunable Rashba spin-orbit interaction at oxide
interfaces

Physical Review Letters 104, 126803 (2010).
Group(s): Triscone (JM) / Project(s): 1

S. GARIGLIO, M. GABAY, AND J.-M. TRISCONE

Oxide Materials: Superconductivity on the
other side

Nature Nanotechnology 5, 13 (2010).
Group(s): Triscone (JM) / Project(s): 1

H. J. A. MOLEGRAAF, J. HOFFMAN, C. A. F.
VAZ, S. GARIGLIO, D. VAN DER MAREL, C. H.
AHN, AND J. M. TRISCONE

Magnetoelectric Effects in Complex Oxides
with Competing Ground States

Advanced Materials 21, 3470 (2009).
Group(s): Triscone (JM), van der Marel / Project(s): 1

Group of M. Troyer

C. GILS
Ashkin–Teller universality in a quantum double
model of Ising anyons

Journal of Statistical Mechanics p. P07019
(2009).

Group(s): Troyer / Project(s): 5

I B. BAUER, G. VIDAL, AND M. TROYER
Assessing the accuracy of projected entangled-
pair states on infinite lattices

Journal of Statistical Mechanics p. P09006
(2009).

Group(s): Troyer / Project(s): 6

B. BAUER, E. GULL, S. TREBST, M. TROYER,
AND D. A. HUSE

Optimized broad-histogram simulations for
strong first-order phase transitions: droplet
transitions in the large-Q Potts model

Journal of Statistical Mechanics p. P01020
(2010).

Group(s): Troyer / Project(s): 8

I C. GILS, S. TREBST, A. KITAEV, A. W. W. LUD-
WIG, M. TROYER, AND Z. WANG

Topology-driven quantum phase transitions in
time-reversal-invariant anyonic quantum liq-
uids

Nature Physics 5, 834 (2009).
Group(s): Troyer / Project(s): 5
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S. V. ISAKOV, K. SENGUPTA, AND Y. B. KIM

Bose-Hubbard model on a star lattice
Physical Review B 80, 214503 (2009).

Group(s): Troyer / Project(s): 6

B. BAUER, M. TROYER, V. W. SCAROLA, AND
K. B. WHALEY

Distinguishing phases with ansatz wave func-
tions

Physical Review B 81, 085118 (2010).
Group(s): Troyer / Project(s): 5, 6, 8

V. GURARIE, L. POLLET, N. V. PROKOF’EV,
B. V. SVISTUNOV, AND M. TROYER

Phase diagram of the disordered Bose-Hubbard
model

Physical Review B 80, 214519 (2009).
Group(s): Troyer / Project(s): 8

V. W. SCAROLA, K. B. WHALEY, AND
M. TROYER

Thermal canting of spin-bond order
Physical Review B 79, 085113 (2009).

Group(s): Troyer / Project(s): 6

A. F. ALBUQUERQUE, H. G. KATZGRABER,
AND M. TROYER

ENCORE: An extended contractor renormal-
ization algorithm

Physical Review E 79, 046712 (2009).
Group(s): Troyer / Project(s): 6

I L. POLLET, N. V. PROKOF’EV, B. V. SVIS-
TUNOV, AND M. TROYER

Absence of a Direct Superfluid to Mott Insula-
tor Transition in Disordered Bose Systems

Physical Review Letters 103, 140402 (2009).
Group(s): Troyer / Project(s): 8

I C. GILS, E. ARDONNE, S. TREBST, A. W. W.
LUDWIG, M. TROYER, AND Z. WANG

Collective States of Interacting Anyons, Edge
States, and the Nucleation of Topological Liq-
uids

Physical Review Letters 103, 070401 (2009).
Group(s): Troyer / Project(s): 5

V. W. SCAROLA, L. POLLET, J. OITMAA, AND
M. TROYER

Discerning Incompressible and Compressible
Phases of Cold Atoms in Optical Lattices

Physical Review Letters 102, 135302 (2009).
Group(s): Troyer / Project(s): 8

I I. V. KUKUSHKIN, J. H. SMET, V. W. SCAROLA,
V. UMANSKY, AND K. VON KLITZING

Dispersion of the Excitations of Fractional
Quantum Hall States

Science 324, 1044 (2009).
Group(s): Troyer / Project(s): 5

V. AMBEGAOKAR AND M. TROYER
Estimating errors reliably in Monte Carlo sim-
ulations of the Ehrenfest model

American Journal of Physics 78, 150 (2010).
Group(s): Troyer / Project(s): 8

Group of Ph. Willmott

I M. SING, G. BERNER, K. GOSS, A. MÜLLER,
A. RUFF, A. WETSCHEREK, S. THIEL,
J. MANNHART, S. A. PAULI, C. W.
SCHNEIDER, P. R. WILLMOTT, M. GOR-
GOI, F. SCHÄFERS, AND R. CLAESSEN

Profiling the Interface Electron Gas of
LaAlO3/SrTiO3 Heterostructures with Hard
X-Ray Photoelectron Spectroscopy

Physical Review Letters 102, 176805 (2009).
Group(s): Willmott / Project(s): 1

D. MARTOCCIA, S. A. PAULI, T. BRUGGER,
T. GREBER, B. D. PATTERSON, AND P. R.
WILLMOTT

h-BN on Rh(111): Persistence of a commensu-
rate 13-on-12 superstructure up to high temper-
atures

Surface Science 604, L9 (2010).
Group(s): Willmott / Project(s): 1

D. MARTOCCIA, T. BRUGGER, M. BJÖRCK,
C. M. SCHLEPÜTZ, S. A. PAULI, T. GREBER,
B. D. PATTERSON, AND P. R. WILLMOTT

h-BN/Ru(0001) nanomesh: A 14-on-13 super-
structure with 3.5 nm periodicity

Surface Science 604, L16 (2010).
Group(s): Willmott / Project(s): 1

Group of A. Zheludev

I T. HONG, A. ZHELUDEV, H. MANAKA, AND
L.-P. REGNAULT

Evidence for a magnetic Bose glass in
(CH3)2CHNH3Cu(Cl{0.95}Br{0.05})3 from
neutron diffraction

Physical Review B 81, 060410(R) (2010).
Group(s): Zheludev / Project(s): 6

T. HONG, R. CUSTELCEAN, B. C. SALES,
B. ROESSLI, D. K. SINGH, AND A. ZHELUDEV

Synthesis and structural characterization of
2Dioxane·2H2O·CuCl2: Metal-organic com-
pound with Heisenberg antiferromagnetic S =
1
2 chains

Physical Review B 80, 132404 (2009).
Group(s): Zheludev / Project(s): 6
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I A. ZHELUDEV, V. O. GARLEA, A. TSVELIK, L.-
P. REGNAULT, K. HABICHT, K. KIEFER, AND
B. ROESSLI

Excitations from a chiral magnetized state of a
frustrated quantum spin liquid

Physical Review B 80, 214413 (2009).
Group(s): Zheludev / Project(s): 6
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9.3.2 Scientific articles in journals without peer review

Group of Ph. Aebi

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

Temperature dependent photoemission on
1T−TiSe2: Interpretation within the exciton
condensate phase model

arXiv:0911.0327 (2009).
Group(s): Aebi / Project(s): 7

Group of G. Blatter

A. U. THOMANN, V. B. GESHKENBEIN, AND
G. BLATTER

Münchhausen effect: tunneling in an asymmet-
ric SQUID

in Advances in Theoretical Physics, Landau
Memorial Conference, V. LEBEDEV AND
M. FEIGEL’MAN, eds. (American Institute
of Physics, New York, 2009), AIP Conference
Proceedings Vol. 1134, p. 63.

Group(s): Blatter / Project(s): 5

F. HASSLER, B. KÜNG, G. B. LESOVIK, AND
G. BLATTER

Single-Particle Excitations Generated by Volt-
age Pulses

in Advances in Theoretical Physics, Landau
Memorial Conference, V. LEBEDEV AND
M. FEIGEL’MAN, eds. (American Institute
of Physics, New York, 2009), AIP Conference
Proceedings Vol. 1134, p. 113.

Group(s): Blatter / Project(s): 2

A. RÜEGG, S. D. HUBER, AND M. SIGRIST
A Z2-slave-spin theory for strongly correlated
fermions

arXiv:0912.3801 (2009).
Group(s): Sigrist, Blatter / Project(s): 4, 5, 8

Group of M. Büttiker

M. BÜTTIKER

Edge-State Physics Without Magnetic Fields
Science 325, 278 (2009).

Group(s): Büttiker / Project(s): 2

Group of L. Degiorgi

I M. LAVAGNINI, H.-M. EITER, L. TASSINI,
B. MUSCHLER, R. HACKL, R. MONNIER, J.-H.
CHU, I. R. FISHER, AND L. DEGIORGI

Raman scattering evidence for a cascade-like
evolution of the charge-density-wave collective
amplitude mode

arXiv:0909.1289 (2009).
Group(s): Degiorgi / Project(s): 7

Group of T. Esslinger

I N. STROHMAIER, D. GREIF, R. JÖRDENS,
L. TARRUELL, H. MORITZ, T. ESSLINGER,
R. SENSARMA, D. PEKKER, E. ALTMAN, AND
E. DEMLER

Observation of elastic doublon decay in the
Fermi-Hubbard model

arXiv:0905.2963 (2009).
Group(s): Esslinger / Project(s): 8

I R. JÖRDENS, L. TARRUELL, D. GREIF,
T. UEHLINGER, N. STROHMAIER, H. MORITZ,
T. ESSLINGER, L. DE LEO, C. KOLLATH,
A. GEORGES, V. SCAROLA, L. POLLET,
E. BUROVSKI, E. KOZIK, AND M. TROYER

Quantitative Determination of Temperature in
the Approach to Magnetic Order of Ultracold
Fermions in an Optical Lattice

arXiv:0912.3790 (2009).
Group(s): Esslinger, Troyer / Project(s): 8

Group of L. Forró

I N. P. ARMITAGE, R. TEDIOSI, F. LÉVY, E. GI-
ANNINI, L. FORRÓ, AND D. VAN DER MAREL

An avoided Lifshitz-type semimetal-
semiconductor transition: Infrared con-
ductivity of elemental bismuth under pressure

arXiv:1002.4206 (2010).
Group(s): Forró, Giannini, van der Marel / Project(s): 5

Group of T. Giamarchi

S. BUSTINGORRY, A. B. KOLTON, A. ROSSO,
W. KRAUTH, AND T. GIAMARCHI

Thermal effects in the dynamics of disordered
elastic systems

Physica B 404, 444 (2009).
Group(s): Giamarchi / Project(s): 1

T. GIAMARCHI

Deconstructing the electron
Physics 2, 78 (2009).

Group(s): Giamarchi / Project(s): 7
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Group of E. Giannini

I N. P. ARMITAGE, R. TEDIOSI, F. LÉVY, E. GI-
ANNINI, L. FORRÓ, AND D. VAN DER MAREL

An avoided Lifshitz-type semimetal-
semiconductor transition: Infrared con-
ductivity of elemental bismuth under pressure

arXiv:1002.4206 (2010).
Group(s): Forró, Giannini, van der Marel / Project(s): 5

Group of V. Gritsev

V. GRITSEV, T. ROSTUNOV, AND E. DEMLER
Exact methods in analysis of nonequilibrium
dynamics of integrable models: application to
the study of correlation functions in nonequi-
librium 1D Bose gas

arXiv:0904.3221 (2009).
Group(s): Gritsev / Project(s): 8

V. GRITSEV, P. BARMETTLER, AND E. DEMLER
Scaling approach to quantum non-equilibrium
dynamics of many-body systems

arXiv:0912.2744 (2009).
Group(s): Gritsev / Project(s): 8

T. KITAGAWA, S. PIELAWA, A. IMAMBEKOV,
J. SCHMIEDMAYER, V. GRITSEV, AND E. DEM-
LER

Ramsey interference in one dimensional sys-
tems: The full distribution function of fringe
contrast as a probe of many-body dynamics

arXiv:0912.4643 (2009).
Group(s): Gritsev / Project(s): 8

Group of D. van der Marel

C.-C. CHEN, B. MORITZ, F. VERNAY,
J. N. HANCOCK, S. JOHNSTON, C. J. JIA,
G. CHABOT-COUTURE, M. GREVEN, I. ELFI-
MOV, G. A. SAWATZKY, AND T. P. DEVEREAUX

Unraveling the Nature of Charge Excitations
in La2CuO4 with Momentum-Resolved Cu K-
edge Resonant Inelastic X-ray Scattering

arXiv:1002.4683 (2010).
Group(s): van der Marel / Project(s): 4

I N. P. ARMITAGE, R. TEDIOSI, F. LÉVY, E. GI-
ANNINI, L. FORRÓ, AND D. VAN DER MAREL

An avoided Lifshitz-type semimetal-
semiconductor transition: Infrared con-
ductivity of elemental bismuth under pressure

arXiv:1002.4206 (2010).
Group(s): Forró, Giannini, van der Marel / Project(s): 5

I E. VAN HEUMEN, Y. HUANG, S. DE JONG,
A. B. KUZMENKO, M. S. GOLDEN, AND
D. VAN DER MAREL

Optical properties of BaFe2−xCoxAs2

arXiv:0912.0636 (2009).
Group(s): van der Marel / Project(s): 4

Group of A. Morpurgo

A. F. MORPURGO

Dirac electrons broken to pieces
Nature 462, 170 (2009).

Group(s): Morpurgo / Project(s): 2

Group of P. Paruch

H. BÉA, P. PARUCH, M. BIBES, AND
A. BARTHÉLÉMY

Nanoscale polarization switching mechanisms
in multiferroic BiFeO3 thin films

arXiv:0907.4568 (2009).
Group(s): Paruch / Project(s): 1

Group of Ch. Renner

C. RENNER

Hands-on inspiration for science
Nature Materials 8, 245 (2009).

Group(s): Renner / Project(s): Education

Group of H. M. Rønnow

I G. J. NILSEN, F. C. COOMER, M. A. DE VRIES,
J. R. STEWART, P. P. DEEN, A. HARRISON,
AND H. M. RØNNOW

Excitations and Short Range Order in the
Quasi-Kagome Antiferromagnet Volborthite

arXiv:1001.2462 (2010).
Group(s): Rønnow / Project(s): 6

Group of M. Sigrist

P. M. R. BRYDON, C. INIOTAKIS, D. MANSKE,
AND M. SIGRIST

Functional superconductor interfaces from bro-
ken time-reversal symmetry

arXiv:0908.2975 (2009).
Group(s): Sigrist / Project(s): 4

A. BOUHON AND M. SIGRIST
Influence of the domain walls on the Josephson
effect in Sr2RuO4

arXiv:0909.3535 (2009).
Group(s): Sigrist / Project(s): 4

H. KANEYASU AND M. SIGRIST
Nucleation of Vortex State in Ru-inclusion in
Eutectic Ruthenium Oxide Sr2RuO4-Ru

arXiv:1002.4793 (2010).
Group(s): Sigrist / Project(s): 5
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A. RÜEGG, S. D. HUBER, AND M. SIGRIST
A Z2-slave-spin theory for strongly correlated
fermions

arXiv:0912.3801 (2009).
Group(s): Sigrist, Blatter / Project(s): 4, 5, 8

Group of M. Troyer

I S. TROTZKY, L. POLLET, F. GERBIER,
U. SCHNORRBERGER, I. BLOCH, N. V.
PROKOF’EV, B. SVISTUNOV, AND M. TROYER

Suppression of the critical temperature for su-
perfluidity near the Mott transition: validating
a quantum simulator

arXiv:0905.4882 (2009).
Group(s): Troyer / Project(s): 8

I L. POLLET, J. D. PICON, H. P. BÜCHLER, AND
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Effect of Fe excess on Structural, Magnetic
and Superconducting Properties of Single-
Crystalline Fe1+xTe1−ySey

Journal of Solid State Chemistry (2010),
doi:10.1016/j.jssc.2010.01.024.

Group(s): Giannini, van der Marel / Project(s): 4

173



MaNEP Lists

M. MEDARDE, C. DALLERA, M. GRIONI,
B. DELLEY, F. VERNAY, J. MESOT, M. SIKORA,
J. A. ALONSO, AND M. J. MARTÍNEZ-LOPE
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11.5 Comments on finances

The present list extracted from NIRA 2.0 shows
the overall financial situation and gives a
global picture close to reality. However, the
finance of the individual projects as they ap-
pear for Year 9 is far from reality. We have no
real means of understanding why this discrep-
ancy occurs. However, we suspect that this
is linked to the extremely complex manner in
which NIRA 2.0 collects the financial data.
Please note that the problem is not that MaNEP
does not have full control of the financial sit-
uation. Using our traditional and very effi-
cient tools we have all the necessary finan-
cial information. We are able to produce an
overview of the situation for the SNSF if re-
quested. The problem resides in the fact
that the SNSF requires us to report financially
through NIRA 2.0, which we have to do in
addition to our standard accounting systems
which function well and give the necessary
control.
The transition from NIRA to NIRA 2.0 implies
an increase of an order of magnitude in com-
plexity and this change has hit us fully for this
report. Combined with the large number of
new researchers in MaNEP, it has resulted in
a situation in which there was not enough time
between completion of the financial report for
Year 8 and the establishment of the present re-
port to verify all the data in NIRA 2.0.
In fact, MaNEP’s administrative manager has
been working almost 100% of her time on
NIRA 2.0 since September on the accounting
report Year 8. She has been working on the

present report since February. Within this pro-
cess she has also been helping SNSF to find nu-
merous structural errors in the version which
was released last autumn. The administra-
tive manager has many other tasks related to
the organization including research, meetings,
events and human resources etc. which have
unfortunately been neglected during this time.
Therefore we cannot continue to run MaNEP
in this way and the only possibility in or-
der to comply with the SNSF’s request for us-
ing NIRA 2.0 is to search for a full time em-
ployee who would be able to start in May.
The employee’s job will be to keep the MaNEP
NIRA 2.0 file up to date. We propose then to
submit a corrected version as soon as this per-
son will be able to be trained on NIRA 2.0 and
has had the possibility of making the necessary
corrections to the intermediate report.
This difficulty has another aspect. That is,
that NIRA 2.0 asks for a huge amount of
detail from the persons paid by the self-
funding groups which put an enormous strain
on MaNEP members around Switzerland. In
Phase III each group leader receives on average
CHF 40’000 per year. This is much less than the
amount the same members receive from other
funding sources who do not ask for the same
detailed information. This situation is clearly
a factor that will discourage MaNEP members
from staying within the network. There should
be a balance between the amount distributed
and the administrative effort requested.
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12Appendix: milestones of the MaNEP projects

The tables of milestones allow one to follow the time evolution of MaNEP scientific activities. The
tables below are drawn from the situation given in the MaNEP Phase III Proposal and display the
changes for Year 9.

Color code

Milestones unchanged since the Proposal

Milestones added this year

Milestones suppressed this year

Project 1: Novel phenomena at interfaces and in superlattices

Milestones Year 9 Year 10 Year 11 Year 12

1. Conducting interfaces

Growth and characterization of oxide interfaces
(LaAlO3/SrTiO3)
[Triscone, Willmott, Niedermayer]

Study of the electronic properties of conducting ox-
ide interface systems (transport properties)
[Jaccard, Triscone, van der Marel]

Structure of LAO/STO interface
[Aebi, Willmott]

Control of interface conductivity by interface doping
[Triscone, Willmott]

Fabrication of novel 2D electron gases not based on
SrTiO3
[Triscone, Willmott]

Structural studies using SXRD on the SC interface
between under- and overdoped LSCO
[Willmott]

Optical probes of metallic interface states in oxide
heterostructures
[Bernhard, van der Marel]
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Milestones (Project 1, continued) Year 9 Year 10 Year 11 Year 12

Oxygen diffusion studies in thin films
[Niedermayer]

Electronic properties of 18O exchanged interfaces
[Niedermayer]

Resistivity and Hall effect of the LAO/STO interface
in pressurized liquid
[Jaccard, Triscone]

Multi-probe investigation of the LAO/STO interface
in various pressure media
[Jaccard, Triscone]

Aspects of mechanisms
[Sigrist]

Aspects of non-centrosymmetricity
[Sigrist]

Investigate the atomic environment at surfaces and
interfaces close to the surface
[Aebi, Triscone]

PES/ARPES of oxide interfaces
[Grioni, Triscone ]

RIX of interfaces and superlattices
[Grioni, Triscone]

Spectroscopic studies (Raman, optical studies)
[Niedermayer]

Magneto-transmission in the THz range
[van der Marel, Triscone]

2. Coupling of instabilities at insulating interfaces

Growth and characterization of oxide interfaces
(PbTiO3/SrTiO3 and novel systems)
[Aebi, Paruch Triscone]

Structural studies using SXRD of improper FE lat-
tices
[Triscone, Willmott]

XPD measurement of tetragonality in ultra-thin PTO
films as a function of temperature
[Aebi, Triscone]

Investigate the atomic environment at surfaces and
interfaces close to the surface
[Aebi, Triscone]

Study of the electronic properties of insulating oxide
systems (dielectric, ferroelectric, multiferroic)
[Paruch, Triscone]
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Milestones (Project 1, continued) Year 9 Year 10 Year 11 Year 12

3. Magnetic/superconducting interfaces

µSR and optical experiments on Y123/Pr123
[Fischer, Morenzoni, Bernhard, Keller]

µSR experiments in 214 superlattices (Interface su-
perconductivity and magnetism)
[Morenzoni, Keller]

Experiments on LSCO tri- and bilayers (study of
proximity effects in UD and OD layers)
[Morenzoni, Keller]

Magnetic interface states in oxide heterostructures
from paramagnetic materials
[Bernhard]

Spectroscopic studies (Raman, optical studies)
[Niedermayer, Bernhard]

Study electronic properties at mag-
netic/superconducting interfaces close to the
surface
[Aebi, Bernhard]

Superconductivity induced changes in magnetic
states of high Tc-manganite multilayers
[Bernhard, Niedermayer]

4. Electronic properties of organic charge transfer interfaces

Identification of new materials for charge-transfer
interfaces
[Morpurgo]

Magneto-transmission in the THz range
[Morpurgo, van der Marel]

Low-temperature transport through metallic charge
transfer interfaces
[Morpurgo]

5. Domain walls in ferroelectrics/multiferroics: a model interface system

Domains with internal degrees of freedom
[Giamarchi, Paruch]

Response to oscillatory fields
[Giamarchi, Paruch]

AFM studies of magnetoelectric coupling in
nanocomposite multiferroic materials
[Paruch, Triscone]

Nanoscale variable temperature studies of ferroelec-
tric domain walls in PbZr0.2Ti0.8O3
[Paruch, Triscone]

193



MaNEP Appendix

Milestones (Project 1, continued) Year 9 Year 10 Year 11 Year 12

Nanoscale variable temperature studies of ferroelec-
tric domain walls in BiFeO3
[Paruch]

Effects of atmosphere and surface chemical modifi-
cation on ferroelectric polarization
[Aebi, Paruch]

6. Crystal growth of new substrates with tuned structural and physical properties

Preliminary growth experiments of SrTiO3 crystals
with the existing equipment
[Giannini]

Growth of various oxide substrates with the im-
proved Czocharlski technique
[Giannini]

Development of new substrates with tuned struc-
tural and electronic properties
[Giannini ]

Project 2: Materials for future electronics

Milestones Year 9 Year 10 Year 11 Year 12

1. Oxide heterostructures

Nano-patterned top gates on LaAlO3/SrTiO3 het-
erostructures
[Triscone, Morpurgo]

Electrostatically controlled Josephson junctions
[Triscone, Morpurgo]

Interplay of superconductivity and confinement in
LaAlO3/SrTiO3 heterostructures
[Triscone, Morpurgo]

Nanostructures for the investigation of spin-orbit in-
teraction
[Triscone, Morpurgo]

Atomic force microscopy writing of nanostructures
at the LaAlO3/SrTiO3 interface
[Paruch, Triscone]

Atomic force microscopy reading (conducting
AFM and capacitive) of nanostructures at the
LaAlO3/SrTiO3 interface
[Paruch, Triscone]

Transport properties of AFM written nanostructures
at the LaAlO3/SrTiO3 interface at room temperature
[Paruch, Triscone]
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Milestones (Project 2, continued) Year 9 Year 10 Year 11 Year 12

Low temperature invesigations of AFM written
nanostructures at the LaAlO3/SrTiO3 interface
[Paruch, Triscone]

2. Carbon based materials

2.1 Graphene

Optimisation of sample preparation and atomic
scale imaging of single layer and bilayer graphene
[Renner]

Implementation of combined AFM/STM imag-
ing/spectroscopy on graphene
[Renner]

Structural and spectroscopic characterisation of few-
layer graphene
[Renner]

Spectroscopy on doped/intercalated few-layer
graphene devices
[Renner ]

Edge-state tunneling spectroscopy of single layer
graphene
[Renner]

Spin dependent tunneling spectroscopy of graphene
[Renner]

Nature of transport gap in graphene nano-ribbons
[Morpurgo]

Magnetoresistance of graphene nano-ribbons
[Morpurgo]

Comparison of transport in few-layer graphene of
different thickness
[Morpurgo]

Transport through suspended graphene
[Morpurgo]

Magnetotransport in high-mobility graphene
[Morpurgo]

Transport through graphene on high-k dielectrics or
ferroelectric substrates
[Paruch, Morpurgo, Triscone]

Gate-dependent spectroscopy of bi-layer graphene
[van der Marel]

Spectroscopy of few-layer graphene in different di-
electric environments
[van der Marel]
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Milestones (Project 2, continued) Year 9 Year 10 Year 11 Year 12

Magneto-optical spectroscopy of epitaxial graphene
[van der Marel]

ESR on exfoliated graphene
[Forró ]

2.2 Carbon Nanotubes

Ferroelectric field-effect modulation of carbon nan-
otube resistivity
[Paruch]

Controlled manipulation of carbon nanotubes on fer-
roelectric substrates
[Paruch]

Non-destructive AFM measurements of polarization
around carbon nanotubes
[Paruch]

Mechanism of domain switching and growth using
carbon nanotubes
[Paruch ]

2.3 Organic semiconductors

New molecular materials for the study of intrinsic
transport
[Morpurgo ]

Mechanisms of threshold voltage shift and drif
[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

Unpaired spins and Aharonov-Bohm effect: Scatter-
ing formalism
[Büttiker]

Unpaired spins and Aharonov-Bohm effect: Results
for graphene
[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: High Tc-normal
junction
[Büttiker]

Shot-noise and pre-formed pairs: Analysis of shot
noise
[Büttiker]

Effect of electron-phonon coupling on transport
through graphene nano-ribbons
[Sigrist]

Ordered phases in heterostructures of correlated
electrons
[Sigrist]

Transport properties of heterostructures of corre-
lated electrons
[Sigrist]

Exploring new directions in heterostructures of cor-
related electrons
[Sigrist]

Luttinger liquids with an external bath
[Giamarchi ]

Project 3: Electronic materials for energy systems and other applications

Milestones Year 9 Year 10 Year 11 Year 12

1. Applied superconductivity

Development of a new method to fabricate MgB2
wires with higher critical current
[Flükiger]

Development of lengths of MgB2 wires
[Flükiger]

Investigation of relaxation in inhomogenous YBCO
[Flükiger]

Study of contact resistance between coated conduc-
tors and other superconductors
[Flükiger, Bruker]

Development and calibration of an experimental
setup for the measurement of thermal conductivity
of coated conductors
[Decroux]
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Milestones (Project 3, continued) Year 9 Year 10 Year 11 Year 12

Study of the influence of the substrate thickness on
the thermal behavior of coated conductors
[Decroux]

Measurement of propagation velocities on coated
conductors
[Decroux]

2. Oxides for energy harvesting

Optimization and full characterization of ultra-thin
SrTiO3 epitaxial buffer layers on silicon
[J.-M. Triscone, G. Triscone]

Growth of epitaxial Pb(Zr,Ti)O3, 50/50, with high
piezoelectric coefficient on silicon with metallic ox-
ide electrodes
[J.-M. Triscone, G. Triscone]

Growth of epitaxial PMN-PT on silicon with giant
piezoelectric response
[J.-M. Triscone, G. Triscone]

Realization and mechanical and electrical character-
ization of membranes based on fully epitaxial oxide
materials
[J.-M. Triscone, N. de Rooij]

Realization and characterization of nano-beams
based on fully epitaxial oxide materials
[J.-M. Triscone, N. de Rooij]

Realization of an energy harvesting demonstrator
based on piezoelectric materials
[J.-M. Triscone, N. 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]

Identification of new promising thermoelectric ox-
ides and synthesis of performing polycrystalline
thermoelectric materials of a new generation
[Weidenkaff ]

Modeling of energy conversion based on data from
the material specification
[Weidenkaff ]

Synthesis of single crystalline materials
[Weidenkaff ]
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Milestones (Project 3, continued) Year 9 Year 10 Year 11 Year 12

Evaluation of candidate materials and decision
about which to use for the p and n type legs of a
ceramic converter
[Weidenkaff ]

Assembling of a first generation oxide thermoelec-
tric converter based on the news materials
[Weidenkaff ]

Second generation thermoelectric convertor as
demonstrator
[Weidenkaff ]

3. Application of artificial superlattices

Investigation of the growth process of Ni/Ti layers
to achieve lower roughness as well as an improved
homogeneity of the layers
[Kenzelmann]

Systematic characterization of various substrate
materials 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.
extending the critical angle of reflection
[Kenzelmann]

Develop Co-free, remanent magnetic layers for
polarizing supermirrors
[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]

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
piezo-resistive readout
[Renner]

Development and optimization of one-step hy-
drothermal approaches to functionalized oxidic
nanorods and nanowires for sensor applications:
W/Mo-oxide nanorods and Bi2O3/SnO2 composite
nanowires as major preparative targets
[Patzke]

Setup of gas sensor construction
[Patzke, Phasis, Fischer/Cors]

Preparative exploration of advanced ternary and
higher oxide systems with sensor activity, e.g.
ZnGa2O4-based spinel nanorods and targeted mod-
ification of MoO3 nanowires
[Patzke, Phasis, Fischer/Cors]

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]

Development of bio-sensors operating with
nanowires: technical setup
[Patzke, Phasis, Fischer/Cors]

Industrial implementation and marketing optimiza-
tion of the gas sensor devices
[Patzke, Phasis, Fischer/Cors]

Fabrication of portable bio-sensors based on oxidic
nanomaterials (QCM and FET techniques) for com-
mercial bio-medicinal applications
[Patzke, Phasis, Fischer/Cors]
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Milestones (Project 3, continued) Year 9 Year 10 Year 11 Year 12

5. New surface treatments for microcomponents

Experimental investigation of compounds suitable
for chemical marking on stainless steel, brass, gold
and platinum
[Fischer/Cors, Phasis, Vacheron Constantin ]

Definition of the identification tools for reliable iden-
tification of the microscopic marks
[Fischer/Cors, Phasis, Vacheron Constantin]

Design and construction of an automatic marking
prototype
[Fischer/Cors, Phasis, Vacheron Constantin]

Experimental validation of the ability to mark 20’000
parts/year
[Fischer/Cors, Phasis, Vacheron Constantin]

Research of visually attractive surface effects using
the marking technology at a macroscopic scale
[Fischer/Cors, Phasis]

Selective coating of watch cases and other parts with
transition metal carbides and nitrides.
[Fischer/Cors, Phasis]

Implementation and measurement of tribological
nanomaterial-based coatings on selected substrates
[Fischer/Cors, Phasis ]

Project 4: Electronic properties of oxide superconductors and related materials

Milestones Year 9 Year 10 Year 11 Year 12

1. Optical conductivity, ARPES, RIXS, STM, muons, neutrons studies of cuprate supercon-
ductors

1.1 What is the nature of the pseudo-gap?

ARPES studies of SC and pseudo-gaps in
(La,Nd)2−xSrxCuO4
[Mesot]

Muon spectroscopy and influence of isotope substi-
tion 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 tunneling asymmetry in
Y1−xPrxBa2Cu3O7
[Fischer]

Resonant inelastic soft X-ray scattering (RIXS) at the
SLS
[Grioni ]

1.3 What is the mechanism of superconductivity pair-
ing in the cuprates: is there a pairing glue?

Calculation of spin susceptibility from ARPES spec-
tral function
[Mesot]

Electron-boson scattering in optical- and single par-
ticle spectral functions
[van der Marel]

2. New materials and crystal growth

2.1 Iron pnictide high-Tc superconductors

STM studies of iron-pnictides
[Fischer]

Processing and crystal growth of Sb-based ternary
and quaternary pnictides
[Giannini]

Crystal growth of superconducting Fe-
chalchogenides and related materials
[Giannini]

Processing and growth of new binary pnictides with
a tetrahedral structure
[Giannini]

Crystal growth of LnFeAsO and A(Me)As2Fe2
[Karpinski]

Substitutions in LnFeAsO and A(Me)As2Fe2
[Karpinski]

Muon spectroscopy of the multiple-gap behavior in
pnictide superconductors
[Morenzoni, Keller]

Optical investigations of pnictides
[van der Marel ]

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]
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Milestones (Project 4, continued) Year 9 Year 10 Year 11 Year 12

Optical investigations of Sr2VO4
[van der Marel ]

2.3 Cuprate high-Tc superconductors

Growth of Tl-based cuprates
[Giannini]

Cuprates with reduced lattice parameter
[Jaccard]

investigations on the 122 FeAs compounds
[Degiorgi]

Interaction of localized f electrons with supercon-
ductivity
[Morenzoni]

3. Microscopic theories for cuprate superconductivity and novel superconductors

3.1 Variational many-body wavefunctions

Coexistence of hot spots and superconductivity
[Baeriswyl]

Superconductivity and ferromagnetism (multilay-
ers), superfluid density
[Baeriswyl ]

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 ]
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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 ]

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]
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Milestones (Project 5, continued) Year 9 Year 10 Year 11 Year 12

2. Novel quantum phases and phase transitions in 4 f - and 5 f -electron systems

NMR under pressure and at low temperatures on Ce
intermetallics
[Ott]

Optical studies of (Eu,Ba)Si
[Degiorgi ]

Optical studies on the hidden phase of URu2Si2
[van der Marel]

3. Magnetic, optical and transport properties in TM Si/Ge and Bi

Optical studies of Co-doped FeSb2
[Degiorgi]

Growth of 3d- and 4d-TM silicides
[Giannini]

High-pressure synthesis of TM germanides
[Giannini]

Optical and transport studies of TM silicides
[van der Marel]

Optical studies of TM germanides
[van der Marel]

Theoretical discussion of transition metal sili-
cides/germanides
[Sigrist]

Sb-tuning in Bi1−xSbx crystals
[Giannini]

Optical studies of topological band-edge insulators
[van der Marel]

4. Theoretical and computational developments for strongly correlated electrons

Characterization of crossover phenomena
[Baeriswyl]

Competition between (positional) disorder and
(electron-electron) interaction
[Baeriswyl]

Development of new QMC algorithms
[Troyer ]
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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]

NMR/NQR on low-dimensional systems – shifted
from Project 5
[Mesot, Ott]

Theoretical
[Giamarchi, Troyer]

Quenched disorder
[Zheludev]

µSR
[Morenzoni, Zheludev]

1D spin chains (KTi(SO4)H2O, NaV2O4) – shifted
from paragraph 3
[Degiorgi, Rønnow ]

2. Spin-dimer physics

Exotic phases in Shastry-Sutherland model
[Mila, Troyer]

High-pressure studies of SrCu2(BO3)2
[Rønnow]

Frustation effects in Han Purple
[Mila, Rønnow]

3. Spin-liquids

Quadrupolar order in NiGaS4
[Mila]

Kagome spin-1/2 theory
[Mila]

Kagome spin-1/2 experimental realizations
[Rønnow]

4. Multiferroics and helimagnets

Resonant X-ray diffraction
[Staub]
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Milestones (Project 6, continued) Year 9 Year 10 Year 11 Year 12

Magnetic structures in multiferroic and magneto-
electric model materials
[Kenzelmann]

Topological phases in helimagnets
[Staub, Zheludev]

5. Magneto-resistive materials

STM on perovskite manganites
[Fischer]

Spin-polarized STM on bi-layer manganites
[Renner]

6. Resonant inelastic X-ray scattering

Theory of light scattering in frustrated magnets
[Mila]

Experiments on collective excitations
[Rønnow ]

Project 7: Electronic materials with reduced dimensionality

Milestones Year 9 Year 10 Year 11 Year 12

1. Investigation of the electronic properties of TiSe2 and related dichalcogenides

T dependence of ARPES in TiSe2
[Aebi]

ARPES study of intercalated TiSe2
[Aebi]

High pressure study of TiSe2 and related compounds
[Forró]

2. Spectroscopic and structural investigation of RTe3

Optical spectroscopy of RTe3
[Degiorgi]

X-ray and neutron scattering measurements of rare-
earth tritellurides
[Rønnow]
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Milestones (Project 7, continued) Year 9 Year 10 Year 11 Year 12

3. ESR, ARPES and transport study of organic charge transfer salts

ESR and transport study of ET-based salts
[Forró, Giamarchi, Grioni, Mila]

4. Study of quasi-1D vanadates

ARPES and RIXS of BaVS3
[Grioni]

Magnetic measurements of BaVS3
[Forró, Ott]

5. Study of other low-dimensional materials

ESR study of quasi 1-D organic conductors
[Forró, Giamarchi]

Transport and STM study of Chevrel phases
[Fischer]

Spin and charge degrees of freedom in Sr14Cu24O41
[ Rønnow, Mila, Giannini, Degiorgi]

Project 8: Cold atomic gases as novel quantum simulators for condensed matter

Milestones Year 9 Year 10 Year 11 Year 12

1. Model Systems and novel phases

Strongly correlated quantum states of cold atoms
and light
[Gritsev]

Phase diagram of two-dimensional dipolar gases on
a square- lattice substrate potential
[Blatter]

Observation of anti-ferromagnetic order in an opti-
cal lattice
[Esslinger]

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]
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Milestones (Project 8, continued) Year 9 Year 10 Year 11 Year 12

Equation of state of 3D Fermi gases
[Troyer]

Mott transition and antiferromagnetism in cold
atomic gases
[Giamarchi]

Bose mixture
[Giamarchi]

2. Probe and Thermometry

Validation of cold atomic systems
[Troyer]

Bragg spectroscopy
[Giamarchi]

3. Dynamics and novel Phases

Nonequilibrium dynamics
[Gritsev]

Dynamics and strong correlation of condensates for
precision measurements
[Gritsev]

Quantum phase transition and non-equilibrium dy-
namics of polaritons in an array of coupled QED cav-
ities
[Blatter]

Non-equilibrium physics in the Mott-insulating
phase
[Esslinger ]

Disordered Bosonic and Fermionic systems
[Giamarchi ]
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