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]. Executive summary

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

activities in MaNEP.

Research

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

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

ments.

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

Project 4. One of the most important goals of
superconductivity research is to create materi-
als with improved superconducting properties,
including higher T,’s, higher critical fields, and
higher critical current densities. In this spirit a
strong and successful push has been made in
this year by the MaNEP collaboration, result-
ing in the discovery of several novel supercon-
ducting materials, some of them having excep-
tionally high critical temperature. Experimen-
tal and theoretical efforts provided increasing
indication that, notwithstanding unavoidable
effects of electron-phonon coupling which are
also observed, the main magnetic and super-
conducting phenomena in high-T. materials
have strong electron correlation as their com-
mon origin.

Project 5. This project reports on important
progress in the field of heavy fermion super-
conductivity, concerning the nature of the Q-
phase of CeColns, which displays simultane-
ously superconductivity and magnetism, and
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intriguing transport properties in CeCu,Sip,
shedding new light on the valence fluctuation
mechanism for unconventional superconduc-
tivity. Progress has been made in the crystal
growth of the non-centrosymmetric supercon-
ductor CeCoGe3_,5iy and alloys in the class
of Fe- and Mn-monosilicide. Developments
of new simulation algorithms for correlated
fermions allowed to study some thermody-
namic aspects of the 3D Hubbard model down
to the Néel temperature.

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

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

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

Knowledge and technology transfer

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

Education, training and advancement of women

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

Communication

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

Executive summary m—



2 Research

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, Geneve (Hepia)

Industrial Partners

ABB, Baden

AgieCharmilles, Meyrin

Asulab (a member of Swatch Group),
Marin

Bruker BioSpin, Féllanden

Phasis, Geneva

Sécheron, Meyrin

SwissNeutronics, Klingnau
Vacheron Constantin, Geneva

Scientific Committee

Leonardo Degiorgi, ETHZ

Qystein Fischer, UniGE, director
Laszl6 Forr6, EPFL

Thierry Giamarchi, UniGE

Dirk van der Marel, UniGE, deputy
director

Frédéric Mila, EPFL

Alberto Morpurgo, UniGE

Christoph Renner, UniGE, deputy director
Manfred Sigrist, ETHZ

Jean-Marc Triscone, UniGE

Urs Staub, PSI

Andrey Zheludev, ETHZ

MaNEP Forum

Full

members:

Markus Abplanalp, ABB
Philipp Aebi, UniFR
Dionys Baeriswyl, UniFR
Bertram Batlogg, ETHZ
Christian Bernhard, UniFR
Gianni Blatter, ETHZ
Markus Biittiker, UniGE
Michel Decroux, UniGE
Leonardo Degiorgi, ETHZ
Daniel Eckert, Bruker BioSpin
Tilman Esslinger, ETHZ
Qystein Fischer, UniGE
René Fliikiger, UniGE
L&szl6 Forr6, 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
Joél Mesot, PSI and ETHZ
Frédéric Mila, EPFL
Elvezio Morenzoni, PSI
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Alberto Morpurgo, UniGE
Christof Niedermayer, PSI
Hans-Rudolf Ott, ETHZ
Patrycja Paruch, UniGE
Greta Patzke, UniZH
Christoph Renner, UniGE
T. Maurice Rice, ETHZ
Nico de Rooij, EPFL
Henrik M. Rennow, EPFL
Manfred Sigrist, ETHZ
Urs Staub, PSI

Gilles Triscone, Hepia
Jean-Marc Triscone, UniGE
Matthias Troyer, ETHZ
Anke Weidenkaff, Empa and UniBE
Philip Willmott, PSI

Klaus Yvon, UniGE
Andrey Zheludev, ETHZ

Associate members:

Christophe Berthod, UniGE
Harald Brune, EPFL
Kazimierz Conder, PSI
Jorge Cors, UniGE and Phasis
Bernard Delley, PSI
Bertrand Dutoit, EPFL
Vladimir Gritsev, UniFR
Hans-Joseph Hug, Empa
Jiirg 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, College de France, Paris,
France

Denis Jérdme, University Paris Sud, Orsay,
France

Andrew Millis, Columbia University, USA
George Sawatzky, University of British
Columbia, Canada

Research m——

Management (UniGE)

Qystein 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

e Pascal Cugni, administrative assistant

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

e Lidia Favre-Quattropani, scientific man-
ager

e Elizabeth Gueniat, executive assistant

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

o Greg Manlfrini, technical organization

e David Parietti, communication coordina-
tor

o Christophe Schwarz, secretary

Collaborative projects

1. Novel phenomena at interfaces and in
superlattices

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

Ph. Aebi (UniFR)

C. Bernhard (UniFR)
T. Giamarchi (UniGE)
E. Morenzoni (PSI)

A. Morpurgo (UniGE)
C. Niedermayer (PSI)
P. Paruch (UniGE)
J.-M. Triscone (UniGE)
Ph. Willmott (PSI)

2. Materials for future electronics

Project leader:
o A. Morpurgo (UniGE)
Members:

M. Bittiker (UniGE)

L. Forr6 (EPFL)

T. Giamarchi (UniGE)

E. Giannini (UniGE)

D. van der Marel (UniGE)
A. Morpurgo (UniGE)

P. Paruch (UniGE)

C. Renner (UniGE)

M. Sigrist (ETHZ)

J.-M. Triscone (UniGE)



e Structure of the NCCR and status of integration

MaNEP

3. Electronic materials for energy systems and Members:

other applications ) )
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)

Project leader:
e . Fischer (UniGE)
Members:

e M. Abplanalp (ABB)
Ph. Aebi (UniFR)
J. Cors (UniGE and Phasis)

e M. Decroux (UniGE) 6. Magnetism and competing interactions in bulk
e D. Eckert (Bruker Biospin) materials
e . Fischer (UniGE) Project leaders:

R. Fliikkiger/C. Senatore (UniGE)
J. Hulliger (UniBE)

¢ M. Kenzelmann (PSI)

G. Patzke (UniZH) Members:

C. Renner (UniGE) T. Giamarchi (UniGE)
N. de Rooij (EPFL) J. Mesot (PSI and ETHZ)
G. Triscone (Hepia) F. Mila (EPFL)

J.-M. Triscone (UniGE) E:-ll\{/['.cl){:rfigvljflszFL)
A. Weidenkaff (Empa and UniBE) U. Staub (PSI)

K. Yvon (UniGE)

M. Troyer (ETHZ)
This project is carried out with A. Zheludev (ETHZ)
six participating industries

e F Mila (EPFL)
e A.Zheludev (ETHZ)

7. Electronic materials with reduced
4. Electronic properties of oxide superconductors dimensionality

and related materials .
Project leader:

Project leader:
e L. Forr6 (EPFL)

e D.van der Marel (UniGE)

Members:
Members:
e Ph. Aebi (UniFR)
e D. Baeriswyl (UniFR) e L. Degiorgi (ETHZ)
¢ B. Batlogg (ETHZ) e L. Forr6 (EPFL)
o L. Degiorgi (ETHZ) e T. Giamarchi (UniGE)
e . Fischer (UniGE) e M. Grioni (EPFL)

T. Giamarchi (UniGE)

e E. Giannini (UniGE) 8. Cold atomic gases as novel quantum simulators
o J. Karpinski (ETHZ) for condensed matter

e H. Keller (UniZH) Project leader:

¢ M. Kenzelmann (PSI)

e T. Giamarchi (UniGE)
e D. van der Marel (UniGE)

C. Niedermayer (PSI) Members:

e T. M. Rice (ETHZ) G. Blatter (ETHZ)

M. Sigrist (ETHZ) T. Esslinger (ETHZ)
T. Giamarchi (UniGE)
V. Gritsev (UniFR)

F. Mila (EPFL)

M. Troyer (ETHZ)

5. Novel electronic phases in strongly correlated
electron systems

Project leader:

e M. Sigrist (ETHZ)
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2.1.2 Status of integration

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

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

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

A meeting of the MaNEP Forum was held in
connection of these workshops, and for the Fo-
rum meetings we always plan to have enough
time for the members to discuss on an informal
basis. On these occasions it is clear that MaNEP
represents major network in Switzerland. This
is also demonstrated by the large MaNEP par-
ticipation at the meetings of the Swiss Physi-
cal Society (SPS), where MaNEP is present with
its own program every second year. Since the
last report, MaNEP was present with a large
number of participants at the meeting of the
SPS in Basel, which was held on June 21 and
22, 2010. These meetings, which ten years
ago attracted only a small number of partici-
pants, have gained considerably since the three
NCCR in Physics decided to participate. As
we have explained in earlier reports, MaNEP
in particular played a stimulating and decisive
role in this process. There is therefore no doubt
that MaNEP has become a major force in the
Swiss scientific landscape.

Last year we established eight collaborative
projects that continue to motivate collabora-
tions.

The discussions we are presently conducting in
order to find a way to keep the network af-
ter 2013 clearly shows the need for it. It is
also clear that such a network needs a certain
amount of financial support from a national
funding agency to be as efficient as MaNEP is
now in this respect. The proposal NEXT, de-
scribed in chapter 6, contains a detailed argu-
mentation.

Research m——
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MaNEP

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 15t 2010 to March 315t 2011.

Novel phenomena at interfaces and in superlattices

Project ].

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

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

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

Summary and highlights of LAO monolayers (ML). Synchrotron-
based surface X-ray diffraction (SXRD) has
revealed the presence of an internal elec-

tric field in the LAO layer, that disap-

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

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

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

In the normal state of an underdoped
(UD) Laj.94Srp06CuOy layer (T, < 5 K)
sandwiched between two nearly opti-
mally doped (OP) Laj 8451 16CuQO;4 layers
(T, = 32K), we have probed the local dia-
magnetic response. We show that the en-
tire barrier layer of thickness much larger
than typical c-axis coherence lengths of
cuprates exhibits Meissner effect for tem-
peratures well above T/ but below T.. We
show that superfluidity with long-range
phase coherence is induced in the under-
doped layer by the proximity to optimally
doped layers.

The atomic structure of LaAlO; (LAO)
grown on SrTiOz (STO) has been stud-
ied in detail as a function of the number

pears after 4 ML LAO. The electric field
induces a partial depolarizing buckling of
the cations relative to the oxygen anions,
which collapses after 4 ML.

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

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

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

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

o In ferroelectric-paraelectric superlattices,
the coupling of the ferroelectric polariza-
tion across the paraelectric layers has been
studied.

o BiFeO3/LaFeO; superlattices have been
fabricated and characterized.

e In epitaxial Pb(Zry,Tipg)O3, the conduc-
tivity at 180° domain walls has been stud-
ied.

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

1 Magnetization reversal in YBa;Cuz07/ Lay,3Ca;/3Mn0O3; multilayers and spin injection in

metal-organic spin-valves (C. Bernhard)

1.1 Magnetization reversal in
Lay/3Ca1/3MnO3 multilayers

YBaQCU3O7/

With polarized neutron reflectometry (PNR),
we have investigated how the magneti-
zation reversal in a [YBayCuzO7 (10 nm)/
Lay/3Ca; ;3MnO3 (10 nm)]x 10 multilayer on a
SrTiO3 substrate evolves during a hysteresis
loop [1]. We found that the switching pro-
cess of the magnetization involves surprisingly
large, micrometer-sized domains that are fur-
thermore strongly coupled along the vertical
direction, i.e. across the YBap,Cu3zO; layers.
This unusual behavior apparently is induced
by the SrTiO3; substrate which at low temper-
ature develops micrometer-sized surface facets
that are tilted with respect to each other by up
to 0.5 degree [2]. These facets are transmit-
ted through the superlattice [3] and give rise to
strain fields that act as templates for the ferro-
magnetic domains in La; /3Ca; ,3MnO3 (10 nm)
whose magnetic properties are known to be
very strain-sensitive.

1.2 Spin injection in metal-organic spin-valves

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

10

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

Vacuum Level

Fermi Level

Cathode (NiFe)
E

Alga

Vacuum Level
\B

/ ‘ Fermi Level

Cathode (NiFe) LiF Algs

Figure 1: Schematics showing how the vacuum
level shift due to the insertion of a polar LiF layer
in a metal-organic spin-valve structure gives rise to
a change in the polarization of the charge carriers
that are injected from the conduction band of ferro-
magnetic NiFe into the highest occupied molecular
orbital (HOMO) of the organic semiconductor Algs.

Research m———
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demonstrates the possibility that the spin po-
larization of current-injected charge carriers
in metal-organic spin-valves can be modified
with electric fields in addition to magnetic
fields. This opens up new possibilities for the
design of novel device principles where the
processing and storage of information may be
combined on a single device.

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

2.1 Introduction

In cuprates that show high-temperature su-
perconductivity (HTS), their “normal” (metal-
lic) state above the critical temperature T, is
quite anomalous, featuring linear temperature
dependence of resistivity, a pseudogap in the
density of states, absorption throughout the in-
frared region, signatures of local superconduct-
ing correlations, etc. [24]. One unusual feature
is the so-called giant proximity effect (GPE),
reported by several groups [25, 26]. Such
SC1-SC2-5C1 junctions were shown to trans-
mit supercurrents even at temperature T > T/
and for barriers much thicker (up to 20 nm)
than what one would expect from the stan-
dard theory of the proximity effect. The prob-
lem is that Josephson tunneling experiments
are delicate. Even though great effort was
spent to rule out filamentary superconductiv-
ity, the evidence for this was only circumstan-
tial [26]; one would prefer a direct measure-
ment that can differentiate between “filamen-
tary” and “bulk” superconductivity. The local
probe technique we have chosen for this study
(low-energy muon-spin rotation, LE-uSR) in
fact fulfills all these requirements. By di-
rectly mapping the magnetic field profile in the
heterostructure, we can show that the entire
underdoped barrier layer displays supercon-
ductivity with an effective critical temperature
lower but similar to that of the optimally doped
top and bottom layers.

2.2  Results

For the present study, we fabricated a num-
ber of heterostructures as well as single-phase
films for control experiments. The results
are presented for heterostructures consisting of
three layers, each 46 nm thick; optimally doped
Laj 84519 16CuO4 was used for the top and the
bottom “electrodes”, while underdoped (UD)
Laj 94519 06CuQO4 served as the “barrier”. To
directly map the magnetic field profile in the
heterostructure as a function of position along
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the crystal c-axis, we cool the samples in zero
field (ZF) from above T. to ~ 4.3 K, apply
a magnetic field of 9.5 mT parallel to the ab-
planes and collect uSR spectra as a function
of the muon implantation energy at increasing
temperatures. We observe that the entire het-
erostructure excludes the magnetic flux like a
superconductor: it is the Meissner effect with
the UD layer active in the screening. The mea-
sured profile can only be observed if shielding
supercurrents flow across (i.e. along the c-axis)
as well as in the ab-planes of the UD barrier,
which taken as an isolated layer would be in
the normal state at T > T.

2.3 Discussion

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

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

3.1 The evolution of the structure of LaAlO3 on
SI’TiO3

Four samples of 2, 3, 4, and 5 ML LaAlO;
(LAO) grown on SrTiO3 (STO) were inves-
tigated with synchrotron-based surface X-ray
diffraction (SXRD). Analysis of the data using
phase-retrieval methods [6, 7] reveals that the
La- and Al-ions shift towards the surface rela-
tive to the oxygen anions in an effort to neu-
tralize the internal electric field generated by
the nonpolar-polar interface [31], as previously
predicted [32]. Because this buckling costs elas-
tic energy, it only reduces the field strength and
cannot fully compensate for it. At 4 ML, the
top of the valence band of the LAO becomes
higher than the Fermi energy, and electrons are
injected across the interface, agreeing perfectly
with the beginning of conductivity only after
4 ML growth, first reported in 2006 [33]. The
electric field subsequently collapses, and the
buckling is suppressed. The results are sum-
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Figure 3: (a) Cumulative displacement out-of-plane
of the atomic positions relative to a reference grid
defined by bulk STO. For reasons of clarity, only
the average of the A-site (upper panels) and B-
site(lower panels) atomic layer positions are shown.
(b) and (c) show the buckling of the A-site and B-
site atomic planes from the refined structure and the
DFT calculations, respectively, shown on the same
scale. Positive values indicate movements of the
cation relative to the oxygen ions towards the sur-
face. In (c) the filled and open circles mark the
abrupt and intermixed DFT models, respectively.
The dotted lines represent the nominal interface.

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

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

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

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

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

electronic reconstruction is responsible for the
mobile charges at the interface [34, 35]. LAO,
although centrosymmetric, has an intrinsic po-
lar nature [36]. At the interface with STO a
polar discontinuity occurs which, in the ab-
sence of screening, leads to a huge built-in elec-
tric field of ~ 6 V/A in the LAO layer. The
large dipole field inside the layer can be accom-
modated by polarizing the material through a
large polar distortion of the La and O ions [32]
and, hence, induces an electrostrictive effect.
Above a critical thickness, Zener breakdown
occurs and charges are transfered to the in-
terface. This doping scenario has been chal-
lenged by other experimental studies on oxy-
gen vacancies [37, 38] and cation intermix-
ing [10]. By using X-ray diffraction, we mea-
sured the lattice parameters of LAO thin films
for different thicknesses in order to quantify
the electrostrictive effect. The structural mea-
surements were performed at the surface X-ray
diffraction beamline of the Swiss Light Source,
in collaboration with Ph. Willmott and S. Pauli.
The measurements shown in Fig. 4 reveal, be-
tween 6 and 20 uc of LAO, a constant c-axis
parameter of 3.74 A, the value predicted for
a fully compensated electric field taking into
account the elastic strain. Above 20 uc the
epitaxial strain is progressively released with
both in-plane and out-of-plane lattice param-
eters relaxing to the bulk value. Analyses of
the X-ray rocking curves confirm this change
in structure. The experimental data thus reveal
a complete screening of the LAO dipole field
between 6 and 20 uc of LaAlO; in agreement
with Ref. [8].

Below 6 uc, a c-axis expansion is mea-
sured and the lattice value reaches 3.82 A,
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Figure 5: Evolution of (a) the electric field inside

the LAO layer and (b) of the LAO c-axis with the
LAO layer thickness, according to ab initio calcula-
tions. The green points represents a calculation in-
cluding 50% intermixing of La-Sr and Al-Ti of the
first layer across the interface. Two x scales are re-
ported (in red for theory and black for experiment)
to normalize at the same critical thickness (4 uc for
the experiment and 5 uc for the theory).

at about 2.5 uc. Ab initio calculations aimed
at simulating the effect of the internal elec-
tric field on the LAO layer were performed by
P. Ghosez, D. Fontaine and M. Stengel (Liege
and Barcelona). In the absence of any com-
pensating charge, the electric field (0.24 V/A)
produces a sizable c-axis expansion of 1.7 %, in
agreement with the experimental data. Adding
carriers to the LAO surfaces reduces the dipole
field and the c-axis expansion. The evolution of
the c-axis strain, 7, with the field is almost per-
fectly quadratic: 7 = aE? with « = 0.4 A2V 2,
The amplitude of the c-parameter of LAO is
linked to the internal electric field: ¢ = ¢g +
BE? with B = 1.5 A3V=2 and ¢y = 3.7534 A
(Fig. 5b). In Fig. 5a, the evolution of the electric
field inside LAQ is plotted for different thick-
nesses. The agreement between the experimen-
tal measurements and the theoretical predic-
tions seems to suggest that the c-axis expan-
sion observed in LAO layers thinner than 4 uc
can be accounted for by intermixing and partly
by an electrostrictive effect. For layers thicker
than 6 uc the screening seems to be complete.
This work shows that in polar materials a large
electrostrictive effect is expected and can be ex-
perimentally measured by X-ray diffraction.

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

Based on the work done in the project pe-
riod 2009 on O exchanged SrTiOj single-
crystals, we started to grow LaAlO3; and SrTiO3
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thin films by pulsed laser deposition (PLD)
at different growth temperatures on 80 ex-
changed (100) oriented SrTiO3 and LaAlO3
single-crystalline substrates to investigate a po-
tential oxygen diffusion from the substrate into
the as-grown film during the growth process.
The as-grown films were subsequently char-
acterized by X-ray diffraction and secondary
ion mass spectroscopy depth profiling (SIMS).
Usually, the oxygen from the target and/or the
background gas is taken as the main source for
the oxygen supplied to the oxygen content of
an oxide thin film. A substrate contribution
effect has not been considered as a potential
source so far during growth and can have a
serious influence on thin film properties. For
these diffusion experiments, the average iso-
tope exchange ratio for the substrates was ap-
proximately 90%.

Four sets of film-substrate combinations have
been investigated: SrTiO; on SrTiO3, LaAlOs
on LaAlO3, SrTiO3 on LaAlO3; and LaAlO3 on
SrTiO3. These films have been grown at a back-
ground pressure p of 1.5- 107> mbar, a flu-
ence F of 4 J/cm? and a substrate temperature
Ts of 750°C, 650°C, and nominal room tem-
perature. SIMS spectra were recorded using a
quadrupole mass spectrometer (Hiden analyti-
cal EQS) operated with a 2.5 keV Ar ion beam
focused to 150 ym diameter rastering over a
square of 1 x 1 mm? with an effective sampling
area of 500 x 500 um?. The etched area is subse-
quently measured with a Dektak 8 profilome-
ter to convert etching time into depth. In addi-
tion a kinetic energy selection scheme is used
to separate species with the same mass. The
180 diffusion from SrTi'805 into SrTiO3 shows
a pronounced dependence on the deposition
temperature (Fig. 6a). Whereas for a room tem-
perature deposition, no traceable 80 diffusion
into the film has been measured, the situation
changes dramatically for elevated deposition
temperatures. At 650°C, there is considerable
180 diffusion from the substrate into the film,
while at T; = 750°C there is no significant dif-
ference with respect to the amount of 80 mea-
sured in the film and substrate. Measuring Sr
and Ti species from the substrate and film si-
multaneously with 160 and 180, the elemen-
tal composition of film and substrate are very
similar. This implies that oxygen in the SrTiO3
thin film is supplied by the substrate and the
oxygen provided by the target seems to play
a minor role for this system. The 30 diffu-
sion into LaAlO3 from LaAl'80j3 differs signif-
icantly compared to SrTiO3 on SrTi'®03. No
considerable oxygen diffusion from the sub-
strate into the film is detected, in particular at
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Figure 6: (a) 130 SIMS depth profile of SrTiOs on
SrTil8 O; grown at Ty = 750°C, 650° C and room tem-
perature. The sharp drop of the 80 signal near the
SrTiOs surface for the film grown at Ts = 750°C
could be related to a back-exchange of 'O at room
temperature. (b) 180 SIMS depth profile of SrTiO3
on LaAI'8 05 grown at Ts = 750°C, 650°C and room
temperature. (c) 180 siMs depth profile of LaAlOs
on SrTit% 0, grown at Ts = 750°C, 650°C and room
temperature. These samples have been grown at
a base pressure of 1.5 x 1075 mbar and a fluence
of ~ 4 Jem~2. The yellow area visualizes approxi-
mately the depth over which the information of the
interface region is collected.

Research m———



meeessssssssss—n Results — Project 1

the interface region, irrespective of the stud-
ied deposition temperature (not shown). In
the case of SrTiO; grown on LaAl'80; a sig-
nificant and homogeneous oxygen contribu-
tion in the SrTiOj3 is measured for the film pre-
pared at Ts = 750°C (Fig. 6b). Even at 650°C,
there is still a significant 80 intake which can
be detected up to the film surface. It is in-
teresting to note the comparatively large dif-
ference in oxygen diffusion properties of the
SrTiO; thin film considering a modest differ-
ence in Ts of 100°C. This is probably due to
the activation energy of oxygen diffusion in
SrTiO3 and that a film is inherently defect rich
which allows oxygen to diffuse more easily at
elevated temperatures compared to a single-
crystal (Dcrystal = 107" szs_l; Ddefects =
10~ cm?s~!). The large O concentration
in SrTiO3 thin films is unexpected if com-
pared to LaAlO3; on LaAl'®03. This suggests
that SrTiOj3 is a material which can either take
or give oxygen during film growth, whereas
LaAlOs is more likely to keep oxygen during
the deposition. Oxygen diffusion into LaAlO3
is more difficult to achieve than into SrTiOs.
This becomes evident when depositing LaAlO3
onto SrTil%03 (Fig. 6¢). The 180 concentration
in the ~ 100 nm thin LaAlO;3 films deposited
at different temperatures is smaller than in
SrTiO3, still there is a significant amount of
180 at the film substrate interface for the film
grown at Ts = 750°C.

In conclusion, the SIMS experiments indicate
that the initially formed film is oxygen defi-
cient and a chemical gradient is established in
favor of supplying oxygen to the growing film
via the substrate. The results have been pub-
lished in reference [11]. Next steps will be to
investigate the oxygen diffusion properties of
oxide thin films prepared by deposition tech-
niques other than PLD to establish a more gen-
eral picture for the role of substrate with re-
spect to the oxygen content in a film.

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

6.1 Introduction

The perovskite nickelate family RNiOs3, where
R is a rare earth element, has been widely
studied in the last two decades since it shows
very interesting properties. The properties in-
clude metal-insulator transitions, charge order-
ing and unusual magnetic ordering. Moreover,
this family has recently been proposed to be
multiferroic [39].

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

6.2 First Results

The thin films of LaNiO3; with thicknesses of
4 and 10 unit cells were grown following the
procedure explained in Ref. [12]. The samples
were characterized using X-ray diffraction and
resistivity measurements.

Since those experiments were performed ex
situ, the surface of the thin films was treated
with O, plasma in order to remove the contam-
ination layer on the surface of the sample aris-
ing from its exposure to air. The cleanliness of
the surfaces was monitored by X-ray photoe-
mission spectroscopy (XPS). All spectra were
collected at room temperature (RT).

Fig. 7a shows the comparison between UPS
spectra measured in LaNiO3 4 uc and LaNiO3
10 uc collected using He I excitation energy in
the vicinity of the Fermi level. The change in
the density of states (DOS) between the two
samples indicates a gap opening for the 4 uc
sample, that can be clearly seen in the inset.
Comparing these measurements with the ones
performed by S. R. Barman et al. on polycrys-
talline samples of NdNiO3 and LaNiO3 [42],
we can appreciate similarities with the metal-
lic thin film LaNiOs3 (10 uc). We can identify 4
different features appearing close to Er. These
features have been labeled as A, B, C and D.
According to their measurements and their cal-
culated density of states, Barman et al. con-
cluded that features A and B are primarily due
to Ni 3d emission, while the features C and D
have more significant O 2p character. In the
spectra corresponding to the LaNiOs3 4 uc sam-
ple, those features cannot be precisely iden-
tified, reflecting differences in the electronic
structure between the insulating and the metal-
lic thin films.

Fig. 7b shows the He II valence band spec-
trum of samples LaNiO3; 4 uc, LaNiO3z 10 uc
and from the substrate SrTiOs. In these spec-
tra it can be observed that more defined fea-
tures appear for the insulating sample, while
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Figure 7: Photoemission spectra in the vicinity of the Fermi level measured at RT on LaNiO; thin films of 4 and

10 unit cells and on the SrTiOj5 substrate.

the spectrum of the metallic sample shows a
broad band between 8 eV and 1 eV binding
energies in analogy to what was observed in
polycrystalline PrNiO3 [43]. This broad band
has principally O 2p character and its general
appearance is a familiar feature of photoemis-
sion spectra from transition metal oxides.
Measurements at grazing incidence indicate
that the distinct three features appearing in the
insulating sample between 8 eV and 1 eV arise
solely from the thin film and do not correspond
to photoemitted electrons from the substrate.
However a comparison of this data with the
He Il valence band of SrTiO3 shows that similar
features appear also in the valence band of the
substrate, but at different energies than in the
LaNiOg3 4 uc thin film. A possible explanation
to this phenomena could be that the strain from
the substrate modifies the LaNiOs thin film
structure, particularly the octahedral tilts, cre-
ating a crystallographic environment for the Ni
ions similar to the one of the Ti ions in the sub-
strate. It is known that the B-O-B tilt angle be-
tween corner-shared octahedra affects electron
hopping matrix elements and hence the trans-
port properties [44, 45, 46]. The deformations
of oxygen octahedra driven by collective Jahn-
Teller distortions control both metal-insulator
transitions and magnetic properties [47].

Also recently a theoretical model showed how
the symmetry mismatch imposes an interfacial
layer with distortion modes that do not exist
in either bulk material, creating new interface
properties driven by symmetry alone [48]. Ac-
cording to these authors, depending on the re-
sistance of the octahedra to deformation, the
interface layer can be as small as one unit cell
or extend deep into the thin film.

This could explain the different electronic
properties of these thin films as function of
thickness. Above a certain thickness the strain
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imposed by the substrate would be released
and the electronic properties of the thin film
would be more similar to those of the bulk
material.

7 Organic Schottky-gated heterostructures
(A. Morpurgo)

The electronic properties of interfaces between
different organic molecular semiconductors
are crucial for the operation of most devices in
the field of plastic electronics. In the devices
considered so far, such as organic light emit-
ting diodes and solar cells, transport across
the interface is the relevant process. However,
by analogy with conventional semiconductors
in which two-dimensional electron gases are
formed, transport in the plane of organic in-
terfaces is also expected to be of great inter-
est. Nevertheless, in-plane transport in or-
ganic heterostructures has so far received lim-
ited attention. Recently, we have demon-
strated that organic heterostructures can host
new physical phenomena, by showing that at
interfaces of TTF and TCNQ crystals — two
large gap molecular semiconductors that are
essentially insulators — metallic conductivity
can be established due to charge transfer from
one material to the other. Here, we are focus-
ing on heterostructures made of organic ma-
terials in which a small energy gap is present
between the highest occupied molecular or-
bital (HOMO) of one molecule and the lowest
unoccupied molecular orbital (LUMO) of the
other. In a first study based on TMTSF-TCNQ
interfaces, we have shown that the amount
of charge transferred across the interface can
be understood in terms of a simple band dia-
gram picture [13]. The current goal is to con-
trol charge transfer electrostatically, for which
we use new heterostructures based on PDIF-

Research m———



meeessssssssss—n Results — Project 1

Figure 8:

Optical microscope image of a gated
rubrene-PDIF-CN, heterostructure. The PDIF-CN,

crystal is the topmost layer. The bright areas on
the right and left sides are gold electrodes contacted
with silver epoxy. The rubrene crystal appears grey
in the background, and under it a chrome strip —
corresponding to the gate electrode — is visible. The
entire structure is fabricated on a PDMS support.

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

artificially
J.-

The continuing drive for device miniaturiza-
tion poses fundamental questions about the
possible existence of a critical thickness for fer-
roelectricity and the behavior of ferroelectrics
in the ultrathin limit. As the thickness of
a ferroelectric is reduced to nanometer di-
mensions, large and energetically costly de-
polarizing fields develop due to the incom-
plete screening of the spontaneous polariza-
tion. How the material responds to these inter-
nal fields determines its structural and electri-
cal properties. One way of reducing the depo-
larising field is to adopt a structure consisting
of alternating domains of opposite polarization
leading to overall charge neutrality at the sur-
faces. In ferroelectrics that are only a few unit
cells thick, such domains are extremely tiny
(a few nanometers in size) and are extremely
difficult to probe [49]. We have found that
superlattices composed of ferroelectric PbTiO3
(PTO) and paraelectric SrTiO3 (STO) possess
very regular and periodic nanodomains giv-
ing unprecedented access to the physics of do-
mains in ultrathin films. In particular, we have
been able to apply large uniform electric fields
and simultaneously study the evolution of the
domain structure using X-ray diffraction [14].
The domain structure was found to be very
stable. Under applied bias, the domain pe-
riodicity remained unchanged, and only the
relative sizes of up and down domains were
modified. The original domain structure was
restored upon removal of the bias. The re-
versible motion of the domain walls leads to
a large enhancement of the dielectric response
with little loss. Moreover, the large effective
dielectric constant is rather temperature inde-
pendent, decreasing only at cryogenic temper-
atures where the domain wall motion is frozen
out.

Ferroelectric nanodomains in superlattices
have already received significant attention
from the theoretical community [50, 51, 52],
whereas experimentally they remain largely
unexplored. One interesting feature of super-
lattices is the possibility of electrostatic inter-
action between the separate ferroelectric lay-
ers. For short period superlattices the ferro-
electric layers are expected to couple by po-
larizing the paraelectric component between
them. This leads to a uniform polarization
throughout the thickness, minimizing depolar-
izing fields associated with polarization dis-
continuities. For larger thicknesses of the para-
electric layers, however, it becomes progres-
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Figure 9: Top: TEM image of a superlattice com-

posed of 18 unit cells of PTO and 10 unit cells of
STO showing coherent growth and chemically sharp
interfaces. Bottom: depth profile of the Ti L3 en-
ergy splitting (blue points) along the blue line in the
TEM image above together with the chemical pro-
files (green and red curves) determined from the O K
edge positions.

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

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

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

Interfaces in epitaxial oxide heterostructures
can provide pathways to new functional prop-
erties via symmetry breaking [53], strain [54],
or the coupling between different instabilities
in the materials [15], allowing a new “oxide
interface engineering” of desirable properties
such as ferroelectric behavior and dielectric
response. An alternative route towards new
functionalities is through ferroic domain walls,
where the above effects, as well as extrinsic
mechanisms such a local concentration of de-
fects, can play an important role [16][55]. In
addition, ferroic domain walls provide a useful
model system in which the fundamental static
and dynamic behavior of a disordered elastic
manifold [17] can be readily accessed. Our re-
search effort focuses on these three subjects, us-
ing different atomic force microscopy (AFM)
techniques to directly probe individual domain
walls in Pb(Zry,Tipg)O3 and BiFeOs3;, and X-
ray scattering complemented by electrical mea-
surements for structural and functional analy-
sis of superlattices of BiFeO3-LaFeOs.

9.1 BiFeO3/LaFeO3 superlattices

BiFeO3/LaFeOs, superlattices were grown us-
ing rf off-axis sputtering on both (100) SrTiO3
and (110) DyScOs substrates with and with-
out a SrRuOj; bottom electrode. For the su-
perlattices on SrTiO3, X-ray diffraction (XRD)
experiments show that the out-of-plane lattice
parameter decreases almost linearly down to
an overall BiFeO3; content of 50%. When the
superlattices are grown on DyScOj; substrates,
with a slightly larger in-plane lattice parame-
ter, there is a sharp drop in the out-of-plane
lattice parameter at an overall BiFeO3 content
of about 80% (Fig. 10), which may indicate a
change in the magnitude or direction of the
ferroelectric polarization, as for a typical ferro-
electric the unit cell is elongated along the po-
larization direction.

Direct measurements of the ferroelectric polar-
ization are in good agreement with the XRD re-
sults for the superlattices on DyScOs. Superlat-
tices with little LaFeO3; have similar ferroelec-
tric behavior to pure BiFeOj3, showing square
hysteresis loops with a slightly reduced polar-
ization, but also reduced leakage when com-
pared to pure BiFeOj3. Superlattices with more
LaFeO3 show very slanted hysteresis loops. In
the region close to the abrupt change in the

Research m———
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Figure 10: Left: evolution of the out-of-plane lat-
tice parameter in BiFeOs/LaFeOs superlattices on
DyScOs;. Upper right: polarization-voltage hystere-
sis for BiFeOjs rich superlattices. Lower right: polar-
ization voltage hysteresis for LaFeO; rich superlat-
tices.

out-of-plane lattice parameter, these slanted
loops can be irreversibly changed into normal
square loops by applying a sufficiently large
voltage. Despite the only gradual change in
out-of-plane lattice parameter, the superlattices
grown on SrTiO; show similar polarization
loops as those on DyScO3, although we have
not observed the irreversible change in the hys-
teresis response in these superlattices.

We are currently investigating the exact nature
of the ferroelectric phase for LaFeOjs-rich su-
perlattices, which may be due to the presence
of pinned domain walls or an in-plane polar-
ization perpendicular to the applied field, and
to characterize the magnetic ordering of the
BiFeO3/LaFeO; system.

9.2 New functionalities at ferroelectric domain
walls in Pb(ZI’Q.zTiQ.SO3)

A number of microscopic scenarios have been
proposed to explain the domain- and domain-
wall-specific conductivity in normally insulat-
ing ferroelectric materials, including a reduc-
tion of the band gap and a potential step
across the domain wall in BiFeOjs [55], Fowler-
Nordheim tunneling/tunneling electroresis-
tance in thin ferroelectric films [56, 57, 58],
the possibility of domain wall bending in sub-
switching electric fields, and extrinsic mecha-
nisms such as the accumulation of charged de-
fects at domain walls. To better understand the
roles played by these different mechanisms, we
have investigated 180° domain walls in epitax-
ial thin films of the relatively simple, tetragonal
ferroelectric Pb(Zr(,Tip g)O3, grown by rf mag-
netron sputtering on SrTiO3 substrates with 50
nm SrRuOj bottom electrodes. As shown in
Fig. 11, in ultrahigh vacuum conductive-AFM
(C-AFM) measurements of a 71.5 nm thick film,
we observe a domain-wall-specific 1000-fold
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Figure 11: left: uniform topography of measured
area after several domain writing steps, showing
that the observed signal is not related to metal depo-
sition from the AFM tip. Center: piezoresponse force
microscopy (PFM) phase signal showing up- (light)
and down- (dark) polarized domains. right: C-AFM
taken with 2 V ac, showing strong conduction en-
hancement localized at domain walls, with a faint
conduction increase in side the down-polarized do-
mains. The scale bar is 250 nm.

increase in conductivity, and a Schottky-like
current-voltage behavior, similar to what has
been observed in BiFeOs, in spite of the ab-
sence in Pb(Zr(2Tigg)O3 of a band gap reduc-
tion or a potential step at the 180° domain
walls. No conduction increase is measured
inside the up-polarized domains, and only a
very faint conduction is observed in the down-
polarized domains.

We are also continuing our studies of a
domain-wall specific lateral piezoresponse in
these films [18, 19], collaborating with the
group of Salia Cherifi at IPCM Strasbourg,
whose second harmonic generation measure-
ments show an unexpected domain-wall-
specific in-plane response, and should allow
a complete mapping of the local ferroelec-
tric/piezoelectric tensor.

9.3 Thermal effects on ferroelectric domain wall
dynamics

To study the growth of nanoscale ferroelec-
tric domains in thin films, domain arrays were
written by applying voltage pulses for dif-
ferent time lengths with the AFM tip [20,
21]. From the piezoresponse force microscopy
(PEM) measurements, estimates of the domain
wall velocity as a function of the writing time
and applied electric field during growth were
extracted. All domain writing and reading
was carried out in situ under different pressure,
temperature and atmosphere conditions in a
variable temperature, ultrahigh vacuum AFM
system. Room temperature results for air and
N, atmospheres at ambient pressure did not
show any differences beyond experimental un-
certainty. However, a significant difference in
domain size was observed between measure-
ments at ambient pressure and p ~ 1079 mbar
at room temperature, indicating the influence
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Figure 12: PFM measurements of ferroelectric do-
mains written in ultrahigh vacuum with writing
times ranging from 0.1 to 100 s, at room tempera-
ture (a) and T = 385 K (b). (c) Effective domain
radius as a function of writing time for room tem-
perature and T = 385 K, with averaging over five
and eight measurements, respectively.

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

10 Roughness crossovers of interfaces

(T. Giamarchi)

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

10.1 Thermal effects on the roughness of an in-
terface

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

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

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

11 Collaborative efforts

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

Summary and highlights

Several important results have been obtained are important highlights. The observation of
in the three main themes of this project (oxide band-like transport in n-type organic single-
interfaces, carbon electronics, and theory), as crystal field-effect transistors is a long awaited
well as in the study of topological insulators, achievement in the field of organic electron-
a new research line that has started more re- ics. The theoretical activity has witnessed a
cently. The observation of quantum conduc- surge of interest in the investigation of the
tance oscillations at LaAlO3/SrTiO3 interfaces topological electronic properties of different
represents a key finding in the area of oxide systems, such as unconventional superconduc-
nanoelectronics, as it demonstrates the two- tors and graphene. For the latter, the rela-
dimensional character of the electron gas in tion between gapped bilayers and topological
this system. Research in carbon electronics has insulators has been understood in quite some
continued in different directions. On graphene detail, including the experimental relevance
and related systems, next to advances in trans- of edge effects in real bilayer devices where
port experiments (i.e. in nanoribbons and with edges are very disordered. Finally, first experi-
graphene on SrTiO; substrates), the observa- ments on three-dimensional topological insula-
tion of a giant Faraday effect in graphene tors (Bi;Se3) have demonstrated the possibility
monolayers, and the discovery of the forma- to observe and control surface Dirac fermions
tion of a charge density wave accompany- in these systems, by means of quantum trans-
ing superconductivity in intercalated graphite port measurements on nanostructured devices.

1 Devices based on oxide materials

Research in this area has mainly focused on de- 1.1 Two-dimensional quantum oscillations of the
vices based on LaAlO3/SrTiO3 interfaces and conductance at LaAlO3/SrTiOs interfaces
carbon nanotubes combined with ferroelectric (J.-M. Triscone and A. Morpurgo)

films. Next to the scientific results — dis-

One of the main unresolved issues concern-
ing the LaAlO3;/SrTiO; interface pertains to
the dimensionality of the conducting layer.
While it is now clear that, using appropri-
ate growth and annealing conditions, a con-
fined metallic and superconducting electron
gas can be formed at such interfaces, no conclu-
sive demonstration of two-dimensional char-

cussed in detail below — it is worth stressing
that considerable technological progress has
taken place (e.g. substantial increase in the car-
rier mobility achieved in LaAlO3/SrTiOj3 inter-
faces).
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acter in the normal state has been obtained
so far. With this in mind, we performed a
magneto-transport study on LaAlO3/SrTiOs
interfaces in which the mobility has been
boosted by an optimization of the growth con-
ditions, reaching values of the order of several
thousands cm?/Vs. In samples characterized
by these mobilities, quantum conductance os-
cillations become visible at temperatures of the
order of 1 K and in magnetic fields of the or-
der of a few Tesla, conditions that are acces-
sible in our laboratories. This work was car-
ried out in the Triscone group in collaboration
with the group of Morpurgo in order to ex-
plore this phenomenon in magnetic fields up
to 15 T and temperatures down to 250 mK.
The Fermi surface of two-dimensional elec-
tronic states generates clear experimental sig-
natures in the Shubnikov-de Haas (SdH) effect:
for a two-dimensional electron gas (2DEG) the
quantum oscillations depend only on the per-
pendicular component of the magnetic field.

Fig. 1a shows the variation of sheet resistance
AR = R(B) — R(0) in response to the applica-
tion of a magnetic field oriented perpendicu-
lar to the interface, recorded at different tem-
peratures. The resistance measurements have
been performed using a 4 point ac technique,
with a current between 10 and 100 nA, in a
standard Hall bar defined by photolithogra-
phy, with a channel width of 500 ym and with
voltage probes 1 mm apart. Below T = 7 K,
oscillations superimposed on a positive back-
ground are observed for fields larger than 3 T.
The numerical derivative of the resistance with
respect to magnetic field, presented in Fig. 1b,
reveals that the oscillations are periodicin 1/B.
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Figure 1: Shubnikov-de Haas oscillations at the

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

The dimensionality of the electronic states can
be assessed by examining the angular depen-
dence of the quantum oscillations. Fig. 2a dis-
plays R(B) measured at T = 1.5 K on a differ-
ent sample, for different angles 6. The angle 6
measures the inclination of the magnetic field
with respect to the normal to the interface at a
fixed azimuthal angle. At = 0° the magnetic
field is applied perpendicular to the interface,
while for § = 90° the magnetic field vector lies
in the plane of the interface, parallel to the cur-
rent. At 6 = 90° we observe a fairly large neg-
ative magneto-resistance. Figs. 2b and c show
the derivative of the data as a function of B~!
and (B cos ) ! respectively. It is apparent that
the oscillation depends only on the perpendic-
ular component of the magnetic field. This ob-
servation directly indicates that the oscillations
arise from closed orbits in momentum space
along a two-dimensional Fermi surface.

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

Combining the exceptional electronic and
structural properties of carbon nanotubes
(CNT) with the non-volatile and reversible po-
larization of ferroelectric thin films presents a
novel route towards multifunctional devices.
A key aspect is the possibility to use the po-
larization to modulate the charge carrier den-
sity of the CNT, and the CNT to generate lo-
cal electric field to control and probe ferro-
electric domain structures with nanoscale res-
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olution. Previous studies have demonstrated
polarization switching of large domains us-
ing CNT [1], possible signatures of ferroelec-
tric field effect modulation in devices contain-
ing multiple CNT [18], and a clear ferroelectric
field effect in nanodevices with nanopatterned
ferroelectric structures deposited on CNT [19].
Our current studies have focused on under-
standing the exact nature of domain switch-
ing and growth in the local electric fields of
the CNT, as well as ferroelectric field effect
modulation of individual single-walled CNT
dispersed over the epitaxial ferroelectric thin
films.

CNT-ferroelectric devices were realized by dis-
persion of single-walled CNT from suspension
in aqueous solution onto PbZr( 2 TiggO3 (PZT)
thin films patterned with source and drain elec-
trodes. The films are epitaxially grown on (001)
oriented SrTiOs3, with SrRuO;3 as a back gate
electrode. Transconductance measurements on
the devices containing semiconducting CNT
showed an ON state with positive bias volt-
age applied to the gate electrode, confirming
the p-type nature of the CNT-ferroelectric de-
vices noted in previous studies [1]. A clock-
wise hysteresis in current vs gate voltage was
observed, as expected for ferroelectric field ef-
fect. At low temperatures, sharp and repeat-
able fluctuations in the source-drain current
— rather than a hysteretic behavior — are ob-
served, with a magnitude comparable to what
would be expected for universal conductance
fluctuations. To further investigate the low-
temperature behavior, as well as the exact cor-
relation between ferroelectric hysteresis and
hysteresis in the transconductance, measure-
ments on devices with a range of different
thickness ferroelectric films are in progress.

polarization

20 nm width

% Switched down
polarization

Au Electrode

Null
b polarization

Figure 3: Left: AFM tapping mode topographic im-
age of a 2.5 ym long CNT lying on a PZT thin film,
laterally touching a Au electrode. Right: piezore-
sponse force microscopy (PFM) image of the same
area after a 10 us long 410 V pulse was applied be-
tween the top electrode (connected to the CNT) and
the gate electrode (SrRuQOs;) below the ferroelectric
layer. The minimal lateral size of the switched ferro-
electric domain is 20 nm.
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In the CNT-ferroelectric devices we have also
investigated domain switching and stability
using the CNT as a local electric field source, to
apply voltage pulses of different duration and
magnitude across the ferroelectric thin film.
With 10 us voltage pulses, domains 20 nm
wide were obtained (Fig. 3). For short writ-
ing times, CNT-written domains are generally
smaller than those obtained with either stan-
dard AFM tips or macroscopic electrodes used
to apply the electric field, although the final do-
main size is much more sensitive to local inho-
mogeneities in the sample. We are currently in-
vestigating polarization switching under CNT
using more uniform films, with much smaller
source and drain electrodes to minimize leak-
age.

2 Carbon-based electronics

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

2.1 Magneto-transport through
nanoribbons (A. Morpurgo)

graphene

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

Until recently, no definite experiment capable
of discriminating between these two possible
explanations was identified. In the course of
last year, we have performed a careful study of
magneto-transport and shown that magneto-
resistance measurements do provide a clear-
cut answer [2]. If the opening of a band-gap
was the mechanism responsible for the insu-
lating state, the application of a magnetic field
B corresponding to a magnetic length signif-
icantly smaller than the ribbon width should
— via the formation of the zero-energy Landau
level characteristic of graphene — suppress the
transport gap completely. As a result, the con-
ductance should increase from the small value
measured at B = 0 (G ~ 1073 — 10~%¢%/h for
ribbons having a width of about 70 nm) to a
value of G ~ ¢?/h. On the contrary, if localiza-
tion is the dominant mechanism, the transport
gap should decrease in size by approximately
a factor 2 (i.e. no complete suppression). In
fact, the magnetic field causes breaking of time
reversal symmetry, leading to a doubling of
the localization length, thereby effectively in-
creasing the size of the “islands” formed in the
ribbons. Since these islands behave as quan-
tum dots, their larger size implies a smaller
charging energy and, hence, a smaller trans-

Vi (mV)

Figure 4: Conductance of a 70 nm wide graphene
nanoribbon measured at B = 0 (a) and B = 8 T
(b) as a function of gate and bias voltage. At low
bias, the conductance is strongly suppressed in both
cases, but in the presence of a magnetic field, the
bias voltage needed to increase the conductance is
approximately half of that needed at zero field. This
is expected if the transport gap is due to strong lo-
calization in conjunction with charging effect.
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port gap. The magneto-transport measure-
ments as a function of gate voltage and temper-
ature show that indeed this is what happens:
the energy scales (in bias voltage and tempera-
ture) associated to the transport gap are seen to
decrease, but not to disappear (Fig. 4) [2]. In
other independent experiments (in collabora-
tion with Prof. Hakonen at the University of
Helsinky), we have found additional support
for the role of localization in graphene nanorib-
bons, through measurements of shot noise [3].

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

The transport properties of graphene are
strongly influenced by the underlying sub-
strate. In suspended graphene — where the
substrate is removed — mobility values larger
than 200000 cm?/Vs can be achieved. These
values are much larger than those observed on
SiO, (=~ 10000 cm?), which is the substrate ma-
terial normally used. To understand what are
the key parameters determining the transport
characteristics of graphene, it is interesting to
perform studies using different substrates ma-
terials, characterized by well-defined, specific
physical properties. To this end, we have
started studying transport through graphene
on SrTiO; single-crystals. What makes SrTiO3
an interesting substrate is the very large rela-
tive dielectric constant (¢ ~ 300 for T rang-
ing from 300 to 70 K), which increases to even
larger values when lowering the temperature
from 70 K to 4 K (at 4.2 K € ~ 3000 — 10000).
Analyzing the transport properties in the tem-
perature range where € changes allows us to
determine whether or not long range Coulomb
potentials, which are strongly influenced by
the increase in €, determine the transport prop-
erties of graphene.

We performed transport measurements as a
function of carrier density n, temperature T
and magnetic field B, both in large Hall bar
devices and in nanoribbons. We found that in
Hall bar devices at B = 0 the density depen-
dence of the conductance G(n) does not change
at all when the temperature is varied between
60 K and 240 mK (Fig. 5). This observation does
not only provide information about scatter-
ing mechanism, but also about the low-density
regime (where the conductance does not de-
pend on n). Finding that the width (in carrier
density) of the region where G is constant re-
mains unchanged while € increases by a fac-
tor of approximately 30 — 50, indicates that
transport in the low-density regime is not de-
termined by the so-called “puddles”, contrary
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Figure 5:  Density dependence of the conduc-

tance measured on graphene single-layer Hall bar
on SrTiO;s, at different temperatures in the range be-
tween 60 K and 240 mK. In this range the dielectric
constant of the substrate changes by approximately
a factor of 20 — 30. Nevertheless, the density de-
pendence of the conductance remains entirely un-
changed.

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

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

Epitaxial growth of graphene by annealing of
silicon carbide [20] is considered as an econom-
ically viable method of producing graphene for
applications. The properties of graphene on Si-
and C-faces of SiC are entirely different [21].
Graphene on the Si-side is Bernal-stacked, and
has usually 1 — 2 atomic layers, including a
so-called buffer layer covalently bonded to the
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substrate. In contrast, graphene produced on
the C-side has typically many layers with a ran-
dom rotational stacking and a layer-dependent
doping level, which results in the presence of
several types of charge carriers.

We measured magneto-optical spectra on both
types of epitaxial graphene. The optical ab-
sorption and Faraday rotation spectra (Fig. 6a)
were combined to provide the diagonal and
the Hall optical conductivities [4], thus pro-
ducing the complete magneto-optical conduc-
tivity tensor. The measurements were per-
formed in the far-infrared region, where the
resonances due to Landau level transitions are
present. The Faraday rotation of single-layer
graphene on the Si-side (Fig. 6b) is found to be
as large as several degrees (0.1 radian). This
is a very large value given that the rotation,
usually proportional to the thickness of the
sample, comes from a single-atomic layer. We
show that the rotation is strongly enhanced
due to the cyclotron resonance, whose energy
corresponds to the position of maximum slope.
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Figure 6: (a) Faraday effect experiment (b) mea-

sured on single-layer graphene grown on the Si-face
of 5iC at 5 K, at different magnetic fields (color code
for the magnetic field values are given on Fig. 7).
The inset shows the magnetic field dependence at
2 selected photon energies.
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The sign of the carriers involved (holes in this
case) is given by the sign of the slope, which
means that this experiment allows distinguish-
ing electrons and holes without making electri-
cal contacts to the sample. Such a large optical
rotation opens pathways to the use of graphene
in magneto-optical applications.

The cyclotron frequency is found to depend
linearly on the magnetic field. This quasi-
classical behavior, different from the square-
root field dependence of the Landau level ener-
gies of massless Dirac quasi-particles in mono-
layer graphene, is due to a high doping (about
1013 cm~2) induced by the substrate.

The Faraday rotation spectra on multilayer
graphene grown on the C-face of SiC are very
different (Fig. 7). Here we observe different
cyclotron-resonance features: those originating
from the highly doped bottom layers, closest
to the substrate, and those due to the individ-
ual low-index Landau level transitions, com-
ing from the weakly doped top layers (pointed
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Figure 7: Faraday rotation measured on multilayer
graphene grown on the C-face of SiC at 5 K. The ar-
rows show transitions between individual Landau
levels.

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

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

An important step towards the application of
graphene is elaborating a method for its large
scale production which could give a high-
quality material. One of the most promis-
ing methods is the so-called graphene ox-
ide (GO) route. There are several variants
of making of GO [22] with a common ex-
pectation to recover the pristine properties of
graphene simply by reducing formerly oxi-
dized graphite. However, the optimization
of the oxidation/reduction parameters is still
in progress. Our previous ESR study [Ciric
et al., submitted] on hydrazine and hydro-
gen plasma reduced graphene oxide (RGO)
has shown a relatively large amount of defects
which may hinder the advantageous proper-
ties of graphene.

Recently, the Nesper group has elaborated a
reduction method of GO flakes by thermal
treatment in a polar solvent without using hy-
drazine or hydrogen plasma. Both the pre-
cursor (GO) flakes (average size ~ 1 ym?)
and the final material (RGO) were studied and
characterized by ESR in a broad temperature
range (4 — 295 K). ESR is able to separate
the contributions of localized and conduction
electrons from the overall magnetic response
and to detect magnetic correlations. For the
structural characterization and the size distri-
bution of the flakes, atomic force microscopy
(AFM), scanning electron microscopy (SEM),
and high-resolution transmission electron mi-
croscopy (HRTEM) were used.

Depending on the solvent boiling point, the
reduction was done at the following temper-
atures: 100, 120, and 140°C. The results of
thermal treatment in polar solvents are shown
in Fig. 8 in the form of }*T versus T. They
are compared to the behavior of the magnetic
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Figure 8: Temperature dependence of the T*spin
susceptibility of GO reduced at different tempera-
tures in a polar solvent (lower panel). The x*T plot
illustrates how the Pauli component develops as a
function of the reduction temperature. It is com-
pared to the sample obtained by mechanical exfo-
liation (upper panel).

susceptibility of the mechanically exfoliated
graphene sample (Fig. 8, upper panel) [5].

In the overall susceptibility, the increasing
weight of x with reduction is noticed in the
XxX*T product (Fig. 8). One can clearly distin-
guish the Curie-term (~ T independent value)
and the Pauli contribution (T dependent term)
to the overall susceptibility. With the increas-
ing temperature of the heat treatment one can
follow a clear development of a Pauli compo-
nent to the spin susceptibility in the x*T plots.
By comparing the slopes of the x*T plots for
various reduction temperatures one can con-
clude that the reduction is starting to be effi-
cient above 120°C. This is a highly encouraging
result concerning future applications because
it shows that the restoration of the metallicity
of graphene is feasibly with a mild reduction
step [6].

However, there is plenty of room for improve-
ment. The choice of the polar solvent, the tem-
perature of the heat treatment, and the size
of the starting material’s flake should be op-
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timized in the near future.The goal is to ob-
tain graphene samples which show properties
close to the ones prepared by mechanical exfo-
liation [5].

2.5 Graphite intercalated compounds (C. Ren-
ner)

The goal of this project is to study super-
conductivity in CaCq — the graphite interca-
lated compound (GIC) with the highest T, to
date [23] — both in single-crystals, as well as in
in situ intercalated bilayer graphene specimen.
Here we focus on intercalated crystals. The su-
perconducting phase of CaCgy has been investi-
gated previously in great detail using scanning
tunneling microscopy (STM) and spectroscopy
(STS) by Bergeal et al. [24], including the vor-
tex state. They found spectroscopic character-
istics in excellent agreement with weak cou-
pling BCS superconductivity. In our work, we
achieved first atomic resolution imaging to find
that this superconductor also displays a charge
density wave (CDW) above the superconduct-
ing transition [7].

Stage I calcium intercalated graphite (CaCg,
Fig. 9) single-crystals were cleaved under ultra-
high vacuum conditions and studied by STM
at 78 K, above the superconducting transition.
Atomic resolution micrographs of the same
surface region reveal two distinct atomic scale
textures (Fig. 10). The first one (Fig. 10a) is
in perfect agreement with a stage I interca-
lated structure (Fig. 9b). The Fourier trans-
form (Fig. 10b) shows that calcium atoms form
a /34y lattice, rotated 30° with respect to the
carbon lattice ag. The second one is a static
modulation of the structure and electronic den-
sity of states with a period three times that of
the Ca superlattice (Figs. 10c, d). An interest-
ing finding is that the surface is much rougher
in the absence of stripes than when stripes are
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Figure 9: (a) Atomic structure of stage I Ca interca-
lated graphite. (b) Plane view expected to be seen by
STM. Ca atoms are in blue and C atoms are in red.
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Figure 10:
(a) Atomic scale contrast revealing both the C and
Ca lattices. Inset: magnification showing the perfect
match to the stage I intercalation model. (b) Fourier
transform of the micrograph in (a) showing the

STM micrographs of CaCq at 78 K.

hexagonal C and Ca lattices. (c) Charge density
wave modulation superposed on the C and Ca lat-
tices and (d) corresponding Fourier transform.

present.

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

We propose the following mechanism for
the CDW formation [7]: as the material is
cooled, the negative thermal expansion of the
graphene sheets flattens the planes, making
an in-plane distortion of the Ca lattices be-
tween the graphene sheets (as observed in our
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STM data) energetically favorable. The dis-
tortion is transverse and triggers charge mo-
tion on the graphene sheet immediately ad-
jacent to the perturbed Ca atoms, leading to
the stripe phase. This scenario is consistent
with the observed coincidence of the displaced
Ca atoms with the stripe peak in positive bias
and the stripe trough in negative bias STM mi-
crographs. Such a mechanism is also consis-
tent with the observation that the stripes do
eventually decay during STM imaging, and
the hysteretic behavior seen in bulk magnetiza-
tion. Both findings indicate that the stringent
flat, high-purity sample conditions required
to maintain the CDW cannot be recovered if
the sample transforms out of the CDW phase
(where STM shows the surface roughness to in-
crease) or is otherwise affected, so as to destroy
the CDW state. These requirements also ex-
plain why below the CDW transition the sam-
ple behaves as a better metal than when it is
in its normal high-temperature state, as it is
observed in temperature dependent resistance
measurements.

The microscopic process driving the CDW for-
mation is not clear at this time, although Fermi
surface (FS) nesting would be a natural can-
didate. There are several reported FS, deter-
mined both experimentally and theoretically.
Even though these all exhibit the potential for
nesting, we find no nesting vectors match-
ing the g-vector of the stripes observed in our
STM data. However, given various discrepan-
cies between the candidate FS, such as missing
or extra bands and differing values of charge
transfer, together with the difficulties assigning
the correct nesting vector for similar systems
(e.g. NbSe,), we cannot discard this possibility.
Another interesting open question is the inter-
play between the CDW and superconducting
phases. Both questions are the subject of ongo-
ing investigations.

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

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

velop a polyvalent CNT-AFM tip allowing a
broad spectrum of electric and magnetic mea-
surements, enabling nanoscale studies of ferro-
electric and multiferroic thin films.

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

31

MaNEP

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

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

Organic field-effect transistors (FETs) are nor-
mally classified as being either n- or p-type, de-
pending on whether conduction occurs upon
accumulation of electrons or holes. In prin-
ciple, organic semiconductors should support
both electron and hole conduction (i.e. ambipo-
lar transport). However, it is well known that
electron transport is harder to achieve, as its
occurrence is often prevented from a number
of extrinsic factors. For instance, for most or-
ganic materials, different types of impurities
(e.g. oxygen and water) act as efficient elec-
tron traps, while not affecting much hole trans-
port. As a consequence, whereas high-quality
single-crystal p-type FETs could be realized to
investigate the intrinsic transport properties of
molecular semiconductors, for n-type organic
semiconductors this has not been possible so
far.

We recently discovered that PDIF-CNj; single-
crystals FETs can lead to record high electron
mobility values, systematically larger than of
1 cm?/Vs. In this project we have succeeded
in using these devices to achieve the first ob-
servation of band-like transport in n-type or-
ganic semiconductors. Specifically, we fabri-
cated PDIF-CN, FETs in which a single-crystal
is suspended on top of the gate electrode, with
air — or vacuum — as gate dielectric, and mea-
sured the temperature dependence of the elec-
tron mobility. At room temperature, mobility
values of ~ 5 cm?/Vs can be reproducibly re-
alized. The mobility increases upon lowering
temperature, reaching values of ~ 7 cm?/Vs at
about 150 — 200 K (and as large as 11 cm?/Vs
in the best devices), before decreasing slowly
at lower temperature (Fig. 12). In some de-
vices, we also succeeded in measuring the Hall
effect. The increase in mobility with lower-
ing temperature and the observation of Hall ef-
fect represent the first demonstration of band-
like transport of electrons in organic FETs. In
addition, we have also performed measure-
ments with ionic liquid gates (by simply insert-
ing the ionic liquid in the “air gap” of the sus-
pended devices) and found that the presence
of ionic liquid does not suppress the carrier
mobility significantly in the majority of the de-
vices studied [9]. From the technological point
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Figure 12:  Mobility of PDIF-CN, single-crystal
transistors measured (in a four terminal configura-
tion) as a function of temperature. Upon lowering
temperature from 300 K to 150 — 200 K, the mobil-
ity increases. The black dots correspond to the best
device, in which a record high — for n-type FETs —
mobility of 11 cm? / Vs has been reached (the device
broke at approximately 220 K).

of view, this is an important result, because
the use of ionic liquid gates enables a substan-
tial lowering of the voltage that needs to be
applied to the gate, to switch on the device:
ionic-liquid gated PDIF-CN;, FETs work prop-
erly with1 — 3 V applied to the gate electrode.

3 Theory

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

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

purgo)

Two-dimensional topological insulators are
materials characterized by the simultaneous
presence of an excitation gap in the bulk and
gapless states at the edges. They constitute a
new class of condensed matter states, which
are not only fundamentally interesting, but
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also potentially useful in applications rang-
ing from spintronics to quantum computation.
Practical examples of 2D topological insulat-
ing materials that can be used in experiments,
however, are still limited. Therefore, an impor-
tant task in this emerging field is to search for
more candidates, to examine them in topologi-
cal terms, and to understand their common as-
pects and differences.

Gapped bilayer graphene (Fig. 13) bears a great
similarity to one of the known classes of two-
dimensional topological insulators, namely
the quantum spin Hall insulators [28, 29].
In ideal conditions, both systems accommo-
date counter-propagating gapless edge states
(with opposite spin-polarization for quantum
spin Hall insulators, and opposite valley-
polarization for gapped bilayer graphene),
originating from similar nontrivial topological
properties of the bulk states [10, 11]. Conduc-
tion through these edge states can be domi-
nant in electronic transport when the chem-
ical potential lies in the bulk band gap and
the temperature is low enough. A practical
— and yet crucial — difference, however, is
how the edge states act against disorder that
is unavoidably present in the devices. While
the edge states in the quantum spin Hall in-
sulators benefit from the topological protection
against perturbations that preserve time rever-
sal invariance — a theoretical prediction that
has been confirmed in a series of beautiful ex-
periments [30, 31] — the fate and experimen-
tal relevance of the edge states in gapped bi-
layer graphene (where topological protection is
missing) have not been analyzed theoretically.
Our investigations [10, 11] have addressed and
clarified this issue in a two-fold way. Hav-
ing in mind actual devices, we have analyzed
the robustness of the edge states in gapped
bilayer graphene against strong edge disor-

Top Gate

Back Gate

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

der [10]; on the conceptual side, we have exam-
ined the deep connection between the edge and
the bulk states, to reveal that the properties of
gapped bilayer graphene are those characteris-
tic of marginal topological insulators [11].

In Ref. [10], we have simulated gapped bi-
layer graphene with realistic edge disorder,
and found a universal limit in the localization
of the edge states inside the bulk gap (Fig. 14).
In this universal limit, the localization length
of the edge states depends only on the magni-
tude of the bulk gap, and remains sizable, with
a range of magnitudes that is experimentally
relevant. We have also compared gapped bi-
layer graphene with a (gapped) square lattice
tight-binding model. The square lattice tight-
binding is topologically trivial and, indeed, we
found that edge states are not present neither
with ideal nor with rough edges, thereby con-
firming the crucial role played by the nontriv-
ial topology of the bulk band structure. Next
to their clear theoretical interest, our results
have experimental relevance: in fact, we found
that the contribution to the subgap conduc-
tance due to variable range hopping through
the localized edge states provides a domi-
nant transport mechanism in devices with only
weak bulk disorder. Experimentally, such de-
vices have already been realized by suspend-
ing graphene bilayers, and transport measure-
ments seem indeed to be consistent with our
predictions.

In Ref. [11], we have analyzed at the concep-
tual level the edge states associated to each
of the valleys present in gapped bilayers, for
disorder-free edges with different structures.
Specifically, we have examined the defining
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Figure 15: The contribution of the bulk states
to the overall topological number, effectively mea-
sured by the “magnetic” flux in k-space, is quantized
but opposite for the two valleys of gapped bilayer
graphene [11].

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

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

a) Band structure and edge spin currents As-
pects of topological unconventional supercon-
ductivity in a system whose band structure
resembles that of two of the three bands of
SroRuQO4 have been investigated by Imai and
Sigrist. The dy; /dzx — tog orbitals are likely the
bands subdominant for superconductivity in
the material. However, their structure incorpo-
rates an intriguing feature. Both orbitals sepa-
rately generate, through (intraorbital) intersite
hopping, two quasi-one-dimensional bands.
Interorbital hybridization enters through near-
est neighbor hopping and onsite spin-orbit
coupling. The resulting two-band structure
yields an electron- and a hole-like Fermi sur-
face. It has been recognized several years ago
that the configuration of hybridizations leads
to the anomalous Hall effect [12][32]. It was
also shown that this type of two-band structure
yields z-axis polarized spin currents at the sur-
face of the main axis, which could result in cor-
rections to the anomalous Hall effect and spin
Hall effect in mesoscopic samples [12].

b) Topological superconductivity and edge states
There are two unconventional superconduct-
ing states with topological properties which are
considered in this project, the chiral and the he-
lical p-wave states. The first is most likely real-
ized in SroRuQy, similar to the A-phase of 3He,
and has the symmetry d = Az(ky £iky). The
second one, with d = A(%ky + fk;), is simi-
lar to the B-phase of *He. Within a single-band
picture, both states have topological character
in the sense that a spin-dependent Chern num-
ber N; can be defined, such that for the chi-
ral state Ny = N| = 1 and the helical state
N; = —N| = 1. The former leads to a quan-
tized edge current in the charge channel, and
the latter in the spin channel.

In the two-band situation, both superconduct-
ing states receive canceling contributions to
the Chern numbers such that they are sepa-
rately “topological” restricted to the individual
Fermi surfaces, but with opposite Ns. Studying
a slab (ribbon) geometry, Imai and collabora-
tors show that, nevertheless, edge bound states
are generated supporting a net charge or spin
current, respectively. These currents are non-
universal in magnitude and not topologically
protected.
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Figure 16: Gap magnitude versus the penetration
depth (d) (units lattice constant). For the helical
state the up and down spin currents are by symme-
try equal in absolute magnitude such that only one
curve is displayed. For the chiral state the underly-
ing charge current yields different values for up and
down spin currents. The overall non-monotonic be-
havior is in all cases the same. The gap is given in
arbitrary units.

In this project, several aspects are studied, such
as, for instance, the interplay with the sur-
face spin currents in the two superconduct-
ing states. Interestingly, both states maintain
a spin current contribution. While this is not
surprising for the helical state, which intro-
duces its own spin current together with the
one induced by spin-orbit coupling, the chi-
ral state corresponding to an in-plane equal
spin pairing states allows for z-axis polarized
spin currents. The edge spin current of the
metallic normal state is not due to a surface
bound state but to interference effects. As
soon as superconducting states appear, how-
ever, Andreev bound states emerge at the sur-
face co-carrying the spin currents. This can
be seen in the penetration of the spin current
into the bulk, which for small superconduct-
ing gaps increases as compared to the metallic
state, as a consequence of the large coherence
length (corresponding to the penetration depth
of the edge states), and shrinks above a certain
gap value because of the decreasing coherence
length (Fig. 16).

Further discussions are concerned with the
character of the superconducting phase ap-
pearing at the surface, as here proper-
ties of non-centrosymmetric superconductivity
should be present. The experimental implica-
tions for the observation of surface currents are
being studied. The project is in progress and a
first publication is in preparation.
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3.3 Quantum wires coupled to a metallic plate
(T. Giamarchi)

Recently fabricated superconducting wires
with diameter d < ¢y (o is the coherence
length of the bulk superconductor) have at-
tracted the attention of several theoretical and
experimental research groups [33, 34]. Because
of their reduced effective dimensionality, inter-
esting phenomena like Luttinger liquid behav-
ior, as well as the existence of quantum phase
transitions and quantum critical points, have
been predicted to occur [13]. The coupling
to the external environment has important
consequences on quantum critical systems,
and remarkable effects — like the existence
of dissipative-driven quantum phase transi-
tions — have been predicted [14][35, 36]. In
particular, we showed in a previous work [15]
that quasi-particle tunneling between a 1D su-
perconductor and a two-dimensional electron
gas (2DEG) led to a quantum phase transi-
tion from the Luttinger liquid phase towards a
novel phase in which superconductivity is sta-
bilized.

To obtain a more detailed description that in-
cludes the effect of Coulomb interactions, we
have examined the dissipative effects in a 1D
superconductor induced by the local electro-
magnetic environment (i.e. a diffusive metal
placed nearby). Using a path-integral for-
malism, we have described the dynamics of
the plasma mode in a 1D superconductor ca-
pacitively coupled to the diffusive modes in
the diffusive metal. We have shown that su-
perconductivity in the wire can be drastically
modified depending on the screening proper-
ties of the metal. In particular, dimensionality
plays a major role, yielding a good supercon-
ductor with low resistance when the screen-
ing metal is two-dimensional, while it would
turn the wire into the normal state in the one-
dimensional case [16] (this article has been se-
lected as an “Editor’s suggestion”).

4 Collaborative efforts

Among the different activities described above,
there are several collaborative efforts that are
essential for the success of the research in
this project. — Examples include collabora-
tions between the groups of Prof. Triscone
and Morpurgo on quantum transport through
LaAlO3;/S5rTiO3  interfaces, the groups of
Prof. Paruch and Triscone on the investigation
of ferrolectrics and multiferroics, the groups of
Prof. Morpurgo and Biittiker on the theoret-
ical study of gapped bilayer graphene. Sev-
eral other collaborations exists on different
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projects that are in active stage of development
(involving Prof. van der Marel, Renner, and
Triscone). Here we describe in more detail a
newly started research line that focuses on the
investigation of topological properties of elec-
tronic materials. This activity originates from
a joint proposal of Prof. Morpurgo, Sigrist, and
van der Marel, and combines theoretical and
experimental research. Part of the theoretical
work done in this context is described in sec-
tions 3.1 and 3.2. Experiments have focused on
the study of BiySes, the most promising rep-
resentative material among three-dimensional
topological insulators, and on HgTe. BiySe3
crystals were grown in the laboratory of E.
Giannini (van der Marel’s group), and have
been used to perform both optical spectroscopy
experiments and quantum transport measure-
ments on devices. A more exhaustive study
and analysis of optical response has been per-
formed on thick HgTe epitaxial films, another
material system that is expected to behave as
3D topological insulator.

4.1 Superconductivity in intercalated topological
insulators BiySes and BiyTeg (E. Giannini)

BiySe3 and BiyTez, long known as thermoelec-
tric materials, have been only recently found
to be topological insulators [37]. Crystals of
BipSe; and BiyTe; are commonly reported to
grow during slow cooling of the molten binary
mixture, in a vacuum sealed quartz holder.
We have grown these crystals by using the
floating zone technique (FZ). A great care was
taken to guarantee the homogeneity of the pre-
cursors, by preliminarily melting, crystallizing
and re-grinding the precursors three times be-
fore the final growth process. Thanks to the
peculiarities of the FZ technique, the chemi-
cal homogeneity of the produced crystals is im-
proved. Moreover, the strong temperature gra-
dient at the growing front allows a better con-
trol of the nucleation and growth process and
provides a higher crystalline quality. Large
(1 — 5 cm) crystals were grown, from which
thin crystalline flakes (down to ~ 10 nm thick,
~ 5 um wide) have been exfoliated. The di-
rect observation of Dirac fermions in transport
measurements, so far hidden by impurity bulk
conducting states, have been recently achieved
at UniGE by the group of A. Morpurgo [17]
on such flakes of Bi;Se;. The addition of a
third element in the structure of binary Bi-
chalcogenides can strongly affect the electronic
phase. Most excitingly, Cu-atom intercalation
in BiySes was reported to result in supercon-
ductivity [38]. We have undertaken a system-
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intercalated topological insulators.

atic study of the effect of intercalations in both
BiySe; and BipTes, by using various transition
metals (TM = Ni, Cu, Zn, Pd, Ag, Cd, Pt, Au).
The third atom is expected to intercalate be-
tween the two quintuple blocks Ch1-Bi-Ch2-Bi-
Chl (Ch = Se, Te) according to [38]. The inter-
calated compounds are still found to crystallize
in the BiyTes-type structure (R3m space group)
only in the presence of Cu, Niand Zn in Bi;Ses,
and of Pd and Cu in BipTe3 (Fig. 17).

A transition to a superconducting state was
observed in Cu,BiySes (0 < x < 0.3) and
PdyBisTe; (0.5 <y < 1), at Ty of ~ 3.5 Kand
~ 5.5 K, respectively (Fig. 18).

4.2 Transport through gated BiySes crystals
(A. Morpurgo)

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

states consist of an individual band of 2D chiral
Dirac fermions, in which the spin of an electron
is “pinned” by its momentum. These Dirac
bands have been observed in spectroscopy ex-
periments (angle resolved photoemission and
scanning tunneling spectroscopy) in different
materials. However, so far their unambiguous
detection in transport measurements has posed
problems, owing to the presence of a parasitic
parallel conductance due to the material bulk
of unknown origin, and to the low mobility of
the surface Dirac electrons

To minimize the effect of the parasitic bulk
conduction, we have fabricated nanodevices
on thin layers of BiySes exfoliated from bulk
crystals, employing techniques similar to those
used for the fabrication of graphene nanostruc-
tures. We performed transport experiments
as a function of gate voltage V, and magnetic
field B. At each gate voltage, we observe
Shubnikov-de Haas conductance oscillations,
whose dependence on V; gives rise to a fan di-
agram of Landau levels (Fig. 19). The Landau
levels disperse in opposite directions when the
gate voltage is swept across the charge neutral-
ity point, providing a direct demonstration of
the presence of electrons and holes. The po-
sition of the Landau levels can be indexed ac-
cording to the relation N = ”—Ehﬁm, where
n is the density of charge in the surface band
of Dirac fermions and N is an integer index-
ing the Landau levels. The “1/2” term in the
denominator — responsible for the so-called
“half-integer quantum Hall effect” — is an un-
ambiguous proof of the massless Dirac char-
acter of the electrons and holes. The experi-
ments also provide indications regarding other
aspects of the electronic properties of BiySes.
In particular, they indicate the presence of an
impurity band with a rather large density of
states in the band gap of BiySes. Finally, since
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Figure 19:  Color plot of —d*R/dB? as a func-
tion of magnetic field and gate voltage measured at
T = 4.2 K, in a two-terminal configuration. The dark
features fanning out from Vg ~ —10 V, B = 0 are
minima in the Shubnikov-de Haas oscillations orig-
inating from Landau levels of Dirac fermions on the
surface close to the gate electrode (the white dashed
lines label the Landau levels of the Dirac holes). The
Vg-independent “vertical” features are Shubnikov-
de Haas oscillations from the far way surface, which
is electrostatically screened from the gate electric
field.

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

4.3 Magneto-optical
(D. van der Marel)

study of HgTe

The observation of the quantum spin Hall ef-
fect in CdTe-HgTe-CdTe quantum wells [39, 30]
represents a significant advance in the ability
to robustly segregate and control currents of
opposite spin. The 2D topological edge states
at the interface exhibits a quantum phase tran-
sition as the HgTe layer is reduced below a
critical thickness. Later predictions extend the
topological properties to three dimensions [40]
when HgTe is strained. This has the effect of
opening a bulk gap of the order of 22 meV.
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Figure 20: (a) Illustration of the magneto-optical
THz apparatus. Example angle-dependent mea-
surements of the 1st (b) and 2nd (c) pulses. (d) Pic-
torial rational for the expression 0 — 6r 1 = 0. Fit
quality of the theoretical Faraday angle and elliptic-
ity for (e) +1.4 T and (f) —1.4 T. (g) The Kerr angle
determined from the fits for several magnetic fields.

Recently, some of the topological properties of
strained HgTe became apparent in the behav-
ior of the quantum Hall effect (QHE), which
is attributed to surface states. One of the pre-
dicted properties of these materials is the topo-
logical magneto-electric effect (TME) [41], im-
plying axion extensions of Maxwellian electro-
dynamics [42]. These effects have until now
remained elusive due to the inexorable back-
ground carrier density [42]. Strain applied to
bulk zero-gap HgTe, however, opens a band-
inversion gap and forms a strong 3D topologi-
cal insulator [40] with a single Dirac cone and
7T Berry’s phase.

To probe the topological surface state conduc-
tion, we have performed time domain (TD)
magneto-optical (MO) measurements using a
home-built superconducting magnet in a flow
cryostat in a Faraday geometry, illustrated in
Fig. 20, where we show also the Kerr angle ob-
tained for fields of £1.4 T. The change in shape
of the intensity distribution around 35 cm™!
is caused by a change in the complex Faraday
angle at this frequency, which we attribute to
an absorptive transition among surface state
Landau-levels.

These data demonstrate that significant hy-
bridization between bulk and surface states
renormalizes the Landau levels, leading to a
“massive Dirac” spectrum in contrast to the
Bi; X3 compounds (X = Se, Te) [43, 44]
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Introduction: This project aims at the development of practical applications of research carried out
in MaNEP. Most of the subprojects are carried out in direct collaboration with industrial partners.

Summary and highlights

Five areas are covered by this project.

1. Applied superconductivity on supercon-
ducting wires in collaboration with Bruker-
BioSpin and on superconducting fault current
limiters (SFCL) in collaboration with ABB. In
the first subproject we have achieved a remark-
able improvement of the overall critical current
of MgB, wires, bringing this technology closer
to the market. The research on SFCL has fo-
cused on the study and improvement the ther-
mal properties of Coated Conductors (CC) and
we report an important step forward by mod-
ifying the CC to achieve higher heat propaga-
tion velocities, essential for a cost efficient use
of SFCL.

2. Oxides for energy harvesting. Here we fol-
low two promising routes for harvesting elec-
tric power from either mechanical or thermal
energy. Piezoelectric thin films deposited on Si
have been characterized and their capacity for
mechanical energy harvesting demonstrated.
We have continued our search for promising
oxide materials for thermoelectric power gen-
eration. A new collaborative effort on the com-
pound CazCo40Oy7 has been started.

3. Applications of artificial superlattices. We
have continued our collaboration with the
company SwissNeutronics. This year, we have
developed a first prototype of adaptive neu-
tron optics allowing focusing the neutron beam
on a small spot and thus providing an enor-
mous gain in neutron intensity.

4. Hydrogen detectors and other sensors. Our
collaboration with Asulab in the Swatch group
in order to develop a hydrogen sensor based on
the metal-insulator transition in LaMg,PdH,
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(x = 0 —7) has made important progress. We
have demonstrated reproducible thin film pro-
duction and the response of the film is rela-
tively rapid and reproducible and meets the
0.5% target for detecting hydrogen. In par-
allel to the study of the transition metal hy-
drides, we have also made progress in the use
of nanoparticles as gas detectors, in particular
MoOj3 based nanorods. This research is com-
plemented by the work carried out with Nirva
Industries to improve electrochemical oxygen
sensors. Finally in our approach to develop
a giant piezo-resistance silicon cantilever, we
have demonstrated that the expected gain fac-
tor is canceled by other effects and that this ap-
proach is unfortunately not giving the hoped
for result.

5. New surface treatments for microcompo-
nents. In this part of Project 3, we are following
two routes: 1) marking technology for watch
components together with the watch manufac-
turer Vacheron Constantin and 2) in an SNF-
supported economic stimulus package we are de-
veloping a new cut-and-coat process by wire-
EDM. In the first part we have made impor-
tant progress towards an automated marking
line in order to implement this new technology
for systematic marking of different watch com-
ponents. In the second subproject, we are de-
veloping a new method to cut and at the same
time coat the surface with a material adapted
to a special practical use. This process is de-
veloped together with AgieCharmilles and is
presently presented to other companies who
we expect may be interested to use such ma-
terials.
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1 Applied superconductivity

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

The cold-high-pressure densification technique
(CHPD) developed in Geneva in 2008 has led
to a considerable improvement of the critical
current density J. of in situ MgB, wires. After
applying CHPD at 1.5 GPa, a record value of |,
has been reached, with J.(4.2 K) = 10* A/cm?
at 13.8 T [1] for monofilamentary wires al-
loyed with malic acid (C4HeOs) reacted at
600°C for 4 hours. This method has now
been successfully applied to multifilamentary
MgB, wires, where the value of J. has been
enhanced by a factor 2.3, 4.5 and 6 at 42 K,
20 K and 25 K, respectively, regardless of the
applied fields. In view of industrial appli-
cations, CHPD was extended to longer wire
lengths through the construction of a proto-
type machine, where densification is achieved
by an automatic press/release/advance mech-
anism. The new machine (Fig. 1) takes into ac-
count the experience previously acquired with
the laboratory device, but allows a consider-
ably faster change between the various press-
ing and releasing operations, combined with a
forward movement of the wire. Due to the lim-
ited amount of available prototype MgB, wire
with C4HgOs additive, the first tests were re-
stricted to a length of 1 meter. The results con-
firm the results on short wire samples, J. being
enhanced by a factor of 2 over the whole field
region. This result is very promising in view of
an industrial application of MgB, wires.

Figure 1: Protype machine for densification of long
lengths of MgB, wires.
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1.2 Fundamental mechanisms behind the im-
provement of . in densified MgB, wires
(R. Flukiger, C. Senatore, D. Eckert; Bruker-
BioSpin)

High-field resistivity and specific heat mea-
surements were performed on binary and
malic acid (C4HgOs) added MgB, wires, with-
out and with CHPD, in order to investigate the
fundamental physical mechanisms behind the
enhancement of the electrical transport proper-
ties after densification. In particular, the effects
of CHPD on the fundamental superconducting
properties, T, distribution, B, and B;;,, as well
as on the parameters influencing the effective
cross-sectional area for the current transport,
i.e. percolation threshold and grain connectiv-
ity, were investigated .

The main results are the following ones [2]:

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

e in the case of doped MgB,, the reduction
of p is accompanied by an enhancement of
the upper critical field B, and a reduction
of T;. This is caused by a slightly increased
carbon content in the densified filaments:
the reduced reaction path in the precursor
powders has an influence on the kinetics;

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

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

With respect to Nb3Sn, the main advantage of
Nb3Al is its considerably lower stress sensi-
tivity of the critical current. There is substan-
tial progress in the development of long length
NbsAl wires by the rapid-heating, quenching
and transformation (RHQT) process. In collab-
oration with the National Institute for Material
Science (NIMS), Tsukuba, Japan, we carried
out the first measurements of RHQT-NbsAl
wires under mechanical loads. Two types of in-
vestigations were of interest: first the behavior
of the critical current I, under transverse com-
pressive stress, and second its variation under
uniaxial tensile stress. Data regarding I. versus
transverse pressure are rare in scientific litera-
ture and are urgently needed. Recently, within
a collaboration with CERN, we developed a
probe for the study of critical current versus
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Figure 3: Overall critical current density versus
transverse compressive stress at 19 T of a RHQT-
Nb3 Al wire and a bronze Nb3Sn wire with compa-
rable cross sections.
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transverse compressive stress up to 300 MPa.
At such a high pressure, the I, of RHQT-Nb3z Al
at 19 T is only reduced to 88% of its initial
value and recovers upon unloading to 94% [3].
These values are improved at lower magnetic
fields. In Fig. 3, the overall critical current
density obtained for this RHQT-Nbs Al wire is
compared with that of a bronze Nb3Sn wire
with similar cross section. Note the extraordi-
nary weak stress dependence of RHQT-NbsAl
Finally, it should be mentioned that modern
high-performance Nb3Sn wires are even more
transverse pressure sensitive than bronze pro-
cessed wires.

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

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

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

Figure 4: Sketch of the meandered geometry pro-
posed for the SFCL in order to increase of the effec-
tive propagation velocity of the normal zone. The
thermal links are the grey rectangles.
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the advantage to use the lateral propagation
of the heat to increase the effective propaga-
tion velocity. Indeed, when a part of a line
has switched in the normal state, the heat front
generated in this region will propagate later-
ally and will switch the adjacent lines. How-
ever, in between the lines, the heat propa-
gates into the substrate (Hastelloy/MgO bi-
layer) which has a very low thermal conduc-
tivity. This thermal propagation can be im-
proved by adding a thermal link (a film with
a high thermal conductivity, e.g. Ag), onto the
bilayer and in between the lines (as shown on
Fig. 4) [5].

To prove the benefit of the thermal link, we
have developed a test structure (Fig. 5), which
allows measuring the propagation of the heat
in the substrate and in the substrate/Ag bi-
layer simultaneously. In this design, the heat
front is generated by two constrictions which
are switched by applying a current pulse (I >
I;). We have measured, for different Ag thick-
nesses, the time taken by the heat to travel the
600 ym from the constrictions to the detector
line [5]. Fig. 5 clearly shows the benefit of the
thermal link. The delay time decrease from
90 ms, for the propagation into the substrate
(region B), to around 35 ms, for the region with
the 100 nm thick Ag thermal link (region A).
More studies are needed to quantify the effect
of the current flowing in the thermal link and
of the thermal conductivity of the Ag layer on
the delay time. For thicker Ag films (250 and
500 nm) we however observe that this delay
time does not decrease anymore as it is ex-
pected. We think that this problem is due to the
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thermal conductivities of the Ag layer and/or
the MgO/Ag interface. Prior to the Ag depo-
sition, the surface is degraded or contaminated
during the lift-off process with different chem-
icals. To check this influence, MgO surfaces
were put in contact with different chemicals
and Ag layers were grown. We obtained good
value of the resistivity of the Ag layer, indepen-
dently of the MgO surface treatment, indicat-
ing that the thermal conductivity is certainly
not altered. This suggests that the MgO/Ag
interface is responsible for the results we ob-
serve for thicker Ag layers. Further studies are
needed to confirm this behavior, especially a
characterization of the interfaces in CC.

c) Measurement of the thermal conductivity of
coated conductors. The thermal conductivity
of the different layers of the CC’s structure
plays a crucial role in the propagation veloc-
ities of the normal zone. The main contribu-
tions to the equivalent thermal conductivity of
the CC are coming from the substrate and the
Ag layer.

First we have measured, with our recently de-
veloped set-up (see last progress report), the
thermal conductivity of the substrate (Hastel-
loy/MgO). Different tests have been per-
formed to optimize the reproducibility of the
measurements. We obtain reproducible results,
within 10 — 15%, with a value of k = 10 W/mK
(at 100 K) close to the only value reported
in the literature for the Hastelloy (8 W/mK
at 100 K). To calculate the thermal conductiv-
ity of the Ag layer, we have carefully mea-
sured the thermal conductivity of a CC (Hastel-
loy (100 pm)/buffer layer/YBCO/Ag(2 um))
with and without the Ag layer (Fig. 6). From
these measurements, we can estimate that the

Tapes from Superpower

30
HastellayYBCOiAg
25 ’/ .
i e @
—_ [
¥ e ¢ °®
c 20 g ]
=
~
15 [
o 0 °
L J
o ee °
Hastélloy/YBGO
5
80 100 120 140 160 180 200 220

Temperature (K)

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

2 Oxides for energy harvesting

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

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

a) Growth and characterization of epitaxial
Pb(Zr, Ti)O5 thin films on silicon Typically the
heterostructures realized are based on STO
(6 nm)-buffered 2” and 3” silicon wafers on
top of which we grow a thin layer of metallic
SrRuOj3 (30 nm), used as a bottom electrode,
and a thin film of ferroelectric Pb(Zry,Tiyg)O3
(PZT) of about 150 nm. X-ray diffraction (XRD)
measurements, as well as transmission elec-
tron microscopy analyses clearly indicate the
epitaxial relationship between the oxide multi-
layer and the (001) silicon wafer. Polarization-
voltage measurements yield a value of rem-
nant polarization of 70 uC/cm?, while piezo-
electric force measurements (PFM) give a value
of the piezoelectric coefficient ds3 of about
50 pm/V. In order to fully characterize the fer-
roelectric properties, we tried to determine the
critical temperature of the PZT epitaxial thin
film through XRD measurements of its lattice
parameters between 30 and 800°C. The evo-
lution in temperature of the PZT tetragonal-
ity exhibits an unexpected behavior, with evi-
dence of a structural change at or above 700°C

(Fig. 7).
This result strongly suggests that the
ferroelectric-paraelectric  transition, associ-

ated with the structural transition, occurs at
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Figure 7: (a) Evolution in temperature of the lattice
parameters for the silicon substrate (green %), SRO a-
axis (blue ), PZT a- (red o) and c-axes (red e). The
dotted lines represent the bulk PZT behavior: c-axis
in red and a-axis in black.

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

b) Electrical and mechanical characterization of
MEMS cantilevers based on epitaxial oxide ma-
terials for energy harvesting Our vibrationonal
energy harvesting devices consist of multilay-
ered epitaxial oxide films deposited on a sili-
con cantilever beam terminated with a Si proof
mass, designed based on our modeling [7]. The
harvester (Fig. 8) was fabricated using micro-
patterning techniques optimized for the oxide
layers deposited on silicon as detailed in [8].
The polarization was used to optimize the nec-
essary process steps. No degradation of the
PZT properties were induced by the final pro-
cessing chosen.

The resonant frequency of the epitaxial PZT
cantilever, characterized using a Polytec MVS-
400 laser Doppler vibrometer, was found at
2302 Hz with a quality factor of 363. An elec-
tromechanical coupling coefficient of 6% was
obtained from the difference between the res-
onant and antiresonant peaks measured on a
Hewlett Packard HP 4194A impedance/gain-
phase analyzer. A damping ratio of 0.0004
was obtained using the half-power bandwidth
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PZT/Si cantilever

I

Si proof mass

Figure 8: Optical image of an epitaxial PZT har-
vester (1000 pm x 2500 ym x 10 ym) with a Si proof
mass (1000 yum x 500 yum x 230 um). The inset
shows the Si mass on the back side of the harvester.

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

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

ogy.

C) Growth of Pb(ZI’(),E,z TI'O.48)O3 thin films The
performance of energy harvesters usually de-
pends on their electrical characteristics, such
as dielectric constant and piezoelectric coeffi-
cients. In case of PZT energy harvesters, the
electrical characteristics depend strongly on
the Zr/Ti composition. In order to find pos-
sible ways to enhance the performance of our
piezoelectric devices, we started to explore the
PZT solid solution phase diagram. In particu-
lar, we started to grow PZT thin films with a
stoichiometry of Pb(Zrg5,Tip45)O3 by rf mag-
netron sputtering. Close to the morphotropic
phase boundary, i.e. for a x = 0.52 Zr content,
such compound exhibits an enhanced piezo-
electric response, which could be exploited for
high-performances energy harvesting devices.
x = 0.52 films characterization in terms of crys-
talline structure, morphology, remanent polar-
ization and piezoelectric response is ongoing
with the goal to optimize the growth condi-
tions in order to maximize the d33 and ds3; coef-
ficients.

2.2 Development of unconventional thermo-

electrics (A. Weidenkaff)

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

CrN compounds exhibit relatively low electri-
cal resistivity associated with large Seebeck co-
efficients (e.g. in CrN: S = —135 uVK~!
at T = 300 K). Thus CrN can be considered
as a promising thermoelectric material [16]. It
was shown that the Seebeck coefficient and
electrical resistivity of hole doped CrN are en-
hanced to result in a power factor PF of 3.4 -
107* WK™?m~! at T = 400 K. Therefore
incorporation of oxygen into CrN, leading to
CrOy,09(3)No.go(7) can result in the creation of
a potential new n-type thermoelectric material
for thermoelectric modules.

The temperature dependence of the electri-
cal resistivity in the temperature range of
3K < T < 850 K reveals semicon-
ducting characteristics up to a temperature
of T ~ 600 K with a minimum value of
p ~ 28mQcm at T = 300 K. The hys-
teresis indicates a first order transition and is
in agreement with data reported for CrN [17].
The Seebeck coefficient of the sample is nega-
tive and increases in absolute value almost lin-
early with increasing temperature.

Another potential n-type materials for ther-
moelectric applications is EuTiO3; (ETO) which
is isostructural with SrTiOz (STO). Both STO
and ETO have the same lattice parameter of
a = 3905 A and a cubic Fm3m structure.
However the heavier Eu?* decreases the ther-
mal conductivity and improves ZT. The tem-
perature dependence of the electrical resistivity
in the temperature range of 2K < T < 1200 K
of EuTiO5_s and EuTip9gNbg 0pO3_s, results in
a metal-insulator (MI) transition: a decrease of
resistivity upon increase of temperature, reach-
ing the minimum of 1073 Ohm m at high-
est temperature of 1200 K. The Arrhenius plot
for reduced ETO shows a change of the ac-
tivation energy of the electrons from 0.49 eV
at high temperatures to 0.195 eV at low tem-
peratures, with a transition temperature of
486 K. By plotting the same resistivity curve in
Inp versus T~9%% scale the three-dimensional
variable range hopping (VRH) can be exam-
ined [18]. Indeed, at low temperature range
(180K < T < 390K) the conductivity is linear,
confirming VRH as a mechanism of electronic
transport. At higher than 390 K the Inp versus
T—92 plot is no more linear, which can be an
effect of electron-electron interaction not taken
into account in VRH model [18]. The Arrhenius
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Figure 10: Temperature dependence of the Seebeck
coefficient.

plot for reduced and Nb doped ETO shows a
change of the activation energy of the electrons
from 0.21 eV at high temperatures to 0.048 eV
at low temperatures, with a transition temper-
ature of about 200 K. By plotting the same re-
sistivity curve in Inp versus T-%2° scale, only
high temperature (T > 300 K) VRH as a mech-
anism of electronic transport can be confirmed.

The MI transition is also detected by Seebeck
measurements (Fig. 10). The corresponding
S(T) curves are negative in the whole temper-
ature range confirming n-type (most probably
due to Ti 4d") electron conductivity. The ther-
mopower exhibits a maximum at 268 K and
640 K, reaching —1084 »V/K and —421 yV/K
for EuTiO3_s and Nb-substituted EuTiO5_g, re-
spectively. The thermal band gap due to oxy-
gen vacancies present in materials is believed
to affect electronic transport and thus ther-
mopower [19]. The thermal band gap is calcu-
lated to be Eg = 2¢Sy0x Timax and it is nearly the
same for both samples (0.62 eV for EuTiO3_;
and 5.9 eV for Nb-doped EuTiOj3_;) which is
double as high as the thermal band gap for
SrTiO3 (Eg = 0.3 eV). Another origin of the
peak in S(T) curves can be associated with
the phonon drag effect [20]: if the phonon-
electron interaction is predominant at T4y, the
phonons will tend to push the electrons to one
end of the material, giving rise to an enhance-
ment of |S| [14].

The total thermal conductivity consists of elec-
tronic and lattice contributions. The electronic
contribution in a good approximation can be
estimated using Wiedemann-Franz law and
is proportional to the electronic conductivity.
The electronic part of the thermal conductiv-
ity reveals a gradual increase with temperature
reaching the maximum of 5- 1072 WS~!1K~! .
In the temperature region2 < T < 300K, the
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Figure 11: 34-legs thermoelectric oxide module
(TOM)

dominating thermal conductivity is of phonon
contribution and reaches a maximum value of
25 WS 1K~! for EuTiO;_; and 2.87 WS~ 1K1
for Nb-doped EuTiO3_s5. The phonon (lattice)
contributions are affected by point defects and
Umklapp processes, grain boundaries, size of
the grains and density of the samples, and the
obtained values are reasonably low for thermo-
electric modules production. The maximum
power factor calculated as S?/p for both sam-
ples is one of the highest known for oxides and
reaches 1073 WS~ 'K~? at 1000 K.

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

2.3 CazCo409: synthesis and photoemission
characterization (Ph. Aebi, A. Weidenkaff,
J. Hulliger)

a) Introduction Oxide ceramics are promising
candidates for thermoelectric power conver-
sion in the medium and high-temperature re-
gion up to 1200 K due to their thermal stability,
lack of harmful or scarce elements and possi-
bility for a large scale production. CazCo040q
(Ca349) presents a modulated layered crys-
tal structure consisting of distorted cubic
[CapCo03] and distorted hexagonal [CoO;]
sublayers, jointly forming a layered crystal lat-
tice with a monoclinic unit cell. Single-crystals
of Ca349 have attracted special interest as their
figure of merit was reported to reach 0.87 at
1000 K [21].

b) Preparation Platelet-shaped crystals of
Ca349 were grown from K;CO3:KCl flux
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Figure 12: (a) Pole figure of the (202) plane recorded
on flux grown Ca3CoyOg crystals. (b) Schematic
drawing of the suggested orientational disorder of
the [Cay; CoOs] layers.

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

c) Characterization Pole figures measured on
a 4-circle diffractometer equipped with an eu-
lerian cradle have revealed 3 reflections spaced
equally by 120° (Fig. 12a), which leads us to
propose a stacking scheme of the Ca349 com-
pound were the cubic [Ca;CoO3] randomly ac-
commodates one of three orientations moder-
ated by the hexagonal [CoO;] layer (Fig. 12b).

d) Photoemission results Due to the high sur-
face sensitivity of the photoemission technique
we had to cleave the samples in order to expose
a fresh surface to the measurement. The large
amount of carbon found on the spectra imme-
diately after cleaving indicates that maybe the
samples are not really cleaved but rather exfo-
liated, namely that the surface thus revealed is
not characteristic of the bulk. This is confirmed
by SEM images showing a ruptured surface
consisting of several torn sheets. However a
LEED pattern can be observed, revealing the
good crystalline quality of the sample.

Our aim was to reproduce previous ARPES
measurements taken on CazCo4O9 [23], espe-
cially to observe a band crossing the Fermi
step, but our measurements did not exhibit this
band, only a broad band around 1.5 eV binding
energy, reflecting a mixture of O 2p and Co 3d
states. However this band disperses (Fig. 13,
inset).

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

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

3 Applications of artificial superlattices

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

a) Concept of bending From basic mechanics,
the relation between the local curvature C(x)

and the local applied moment M(x) of a homo-
_ M)
~ E-I(x)
I(x) is the local moment of inertia of the beam
and E is the elastic modulus [24]. The local mo-
ment of inertia I(x) for a beam can be approxi-
mated by I(x) ~ %, where w is the width of
the beam and ¢ the thickness. The local curva-
ture C(x) of the aimed shape-function can be

approximated by its second derivative: C(x) ~

d2
dx?
y = /2xp where p designates the focal param-
eter of the parabola. For a constant beam width

w, the thickness profile of the beam with length

where

geneous beam is given by C(x)

(x). The shape function for a parabola is
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Figure 14: Thickness profile of the glass substrate
forp =0.278, F =1 N, w = 100 mm.

L can be expressed by the following equation

N
b= E-w i (x) @1

dx?

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

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

500 mm

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

precisely the theoretical profile. At the down-
stream, approximately within a region of 50
mm, the real curvature is smaller than the tar-
geted progression. There are two reasons for
this figure error: i) influence of stress from the
supermirror coating, ii) finite thickness at the
end of the mirror. The supermirror coating has
some residual compressive stress, which is a
constant contribution to the local momentum.
Hence it affects the bending properties mostly
where the substrate thickness becomes thin. As
shown in Fig. 14, the thickness of the substrate
is zero at the down-stream end. However for
reasons of the machining and the stability of
the glass substrate, a minimum thickness was
decided for the first prototype, which is 0.8 mm
for the last 15 mm. Therefore the mechani-
cal properties, thus the bending at the down-
stream end, are not exactly according the the-
ory.

The performance of the device was tested with
neutrons using the beamline Morpheus at PSL
The spatial distribution of the neutron beam
deflected from the parabolic optic was mea-
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First data from the neutron measure-

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

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

4 Hydrogen detectors and other sensors

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

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

Research m———



e Results — Project 3

100,04 _
99,8 / / ,/
%051
99,4 ' I |
99,2
99'0- 2 . i .
s8] ! \
%86 \: e \; \
98,4-\:.: A

82T T T T T T T
o 2 4 6 8 10 12 14 16

Time (minutes)

Relative Resistance (%)

Figure 18: Resistance versus time during cycling
between 1 bar of hydrogen and vacuum at 25°C for
a thin LaMg, Pd film (120 nm thickness) precharged
with hydrogen.

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

b) Materials available Among the materials
investigated during the last year, the inter-
metallic compound LaMg,Pd has been identi-
fied as a suitable candidate for that purpose.
Measurements on the bulk have shown that
a hydrogen induced metal-insulator transition
occurs near room temperature and at relatively
low hydrogen pressures between a partially
charged phase of composition LaMgoPdH. 3
and a fully charged phase of composition
LaMgdeH7.

c) Work performed We have now succeeded
in depositing this material in the form of
thin films by sputtering. A single-target of
LaMg,Pd was used and the film is deposed on
a SrTiO3 substrate. The method is fully in situ
and no further annealing was necessary. X-ray
diffraction confirmed the presence of the ac-
tive phase LaMg,Pd and some impurities like
La203.

The films were then precharged with hydrogen
and subjected to cycling experiments in pure
hydrogen at room temperature in a self-made
in situ chamber. The resistance of the films was
monitored by using the 4-wires method while
filling the chamber with 1 bar hydrogen during
two minutes and subsequent pumping during
two minutes. As shown in Fig. 18, the resis-
tance of the film increases by ~ 1.5% during
absorption and decreases by nearly the same
amount during desorption.

The response is relatively rapid, the repro-
ducibility of the signal is good, and the drift
is relatively small. X-ray patterns taken both
before and after hydrogenation confirmed the
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Figure 19: Relative resistance change, AR, at 25°C
as a function of time for a thin precharged LaMg, Pd
film (120 nm thickness) in a 1 bar atmosphere of
argon containing 0.5% (black), 1.5% (red) and 3%
(blue) hydrogen. Arrow indicates addition of hydro-
gen.

presence of the active phase LaMg,Pd, of the
intermediate hydride phase LaMg,PdH.. 3, of
the fully charged phase LaMg,PdHy, and of
some lanthanum oxide LayO3;. Most impor-
tantly, the film remained intact during cycling.
Next, various concentrations of hydrogen
(0.5%, 1.5% and 3%) were added to an argon
atmosphere. As shown in Fig. 19, the resis-
tance increases immediately for all hydrogen
concentrations. In particular, the lowest hydro-
gen concentration (0.5%) shows already a use-
ful signal, thus meeting the 0.5% target for de-
tecting hydrogen.

The kinetics are relatively rapid and the
changes in resistance scale with partial hydro-
gen pressure. No significant degradation of the
signal occurred during extended cycling ex-
periments (data not shown). Thus the device
shows also promise for use as a hydrogen sen-
SOr.

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

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

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

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

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

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

e synthesized air as carrier gas and the tar-

get gas are introduced via two flowmeters
with constant flowspeed into the chamber.

Sourcemeter

Temperature control

Electrode Temperature regulator

Heating plate

ursen

L

Flowmeter 1
Software (Flowspeed) l—;Zl Target ga/i
e Phin- il s

Software
(Resistance)
l ;‘l Carrier gq

e
Flowmeter 2
Figure 20: Schematic representation of the labora-
tory sensor facility.
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Figure 21: Top: SEM image of MoO; nanorods, and
bottom: dynamic response towards 100 ppm H, at
280°C.

b) H, sensing properties of nanostructured MoOs
It is well known that molybdenum trioxide
(MoO3) nanowires have been intensively in-
vestigated for diverse applications such as se-
lective catalysts and gas sensors for more than
a decade. They are reported to display out-
standing gas sensing properties due to their
flexible redox behavior [25]. The oxygen ad-
sorption/desorption process occurs at temper-
atures above 200°C on the oxide surface. The
charge exchange (electron transfer) between
adsorbed species (O, , O~ and 0O?7) and metal
oxide induces a change of sensor signal. When
MoO; is in contact with a reducing gas, such
as Hy, ethanol, NHj3, etc., the resistance of the
metal oxide decreases.

Our research group has been focusing on the
synthesis of a—MoO3; nanorods (Fig. 21 top)
and nanofibers via novel one-step hydrother-
mal approaches starting from different precur-
sors [12][26]. We now improve their sensi-
tivities by doping the fiber surface with Pt
nanoparticles.

The optimal operating temperature was fixed
according to the maximal sensitivity, which is
defined as S = R/ Rtarget gas- MoOQOg3 is a
typical n-type semiconductor, which is demon-
strated by lower resistance in the presence of

Research m———
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Figure 22: Top: SEM image of MoOj;_Pt rods; bot-
tom: dynamic response towards H, gas of different
concentrations at 175°C.

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

c) Hs sensing properties of nanostructured MoOs
doped with Pt Surface doping of nanosize
metal oxides by noble metals is a widely used
method for enhancing their gas sensing prop-
erties. Pt catalyzes the dissociation of hydro-
gen at relatively low temperatures. The chem-
ical surface reaction between target gas and
metal oxide is accelerated on the surface of the
Pt nanoparticles. For this work, the previously
synthesized MoO3 nanorods were used as pre-
cursor for the one-step synthesis of MoO3;_Pt
by dissolving MoOj in a PtCl, solution at room
temperature. The sample maintained its struc-
ture and morphology after thermal treatment
at 400°C in air for 1 h. The Pt nanoparticles
were characterized by SEM and EDX (Fig. 22
top).

The operating temperature was set at 175°C,
which is considerably lower than the operating
temperature of pure MoOj3 (280°C). Moreover,
the sensitivity towards 50 ppm H; was im-
proved. Increasing concentrations of H (50 —
500 ppm) were stepwise tested under the same
conditions. The sensing curves represent reli-
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able response and recovery times for low Hj
contents (Fig. 22 bottom).

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

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

a) Scope of the project The main distinctive
feature of the electrochemical sensor studied
here is the large surface gold cathode of 6.2 mm
diameter. A sophisticated mechanical design
allows a polymer membrane to cover uni-
formly the cathode while maintaining a thin,
continuous layer of liquid electrolyte (an aque-
ous solution of KCl and KOH in the case of the
oxygen sensor) between the polymer and the
gold surface (Fig. 23). The large sensing area
makes it possible to generate measurable cur-
rents even at trace level concentrations (below
1 ppb of dissolved oxygen).

The research activities in this project follow
two main directions: 1) the optimization of
the sensing surface, and 2) the development
of the appropriated electronics to measure the
dc current proportional to the gas concentra-
tion (mainly O;). Different configurations of
the sensor (essentially the electrode material,
the polarity, and the electrolyte) make also pos-
sible the measurement of gases like ozone and
hydrogen.

L
ELECTRONICS

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

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

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

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

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

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

c) Low-noise, ultra-low-current electronics At
trace levels of dissolved oxygen detection, the
current generated by the sensing electrode is in
the nA range. There is thus an analogy with
scanning tunneling microscopy (STM) ampli-
fier electronics, where ultra-small dc currents
have to be amplified and filtered to provide
accurate z-feedback. In this project, we have
transferred MaNEP STM electronics expertise
to design a new amplifier setup for the oxy-
gen sensor. Basically, STM-approved ultra-low
leakage-current amplifiers (leakage current of
20 — 200 fA) have been used to design a new
measuring circuit that is able to measure sen-
sor currents five times smaller than in the com-
mercial electronics. Still in analogy with STM
instrumentation, to minimize noise and wiring
effects, the amplifier circuit has been minia-
turized to be placed in the head of the sen-
sor, very close to the current generation source
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Figure 25: New compact amplifier bloc circuitry
(sensor head beside for comparison).

(Fig. 25). Minor mechanical modifications are
under way to finish this development.

The electronics setup has been used to char-
acterize the sensing properties of the differ-
ent electrode surfaces. We have observed
that, systematically, smooth gold surfaces are
able to generate higher currents at same oxy-
gen concentration. While commercial devices
generate an average current of 1 pA/mm?
in air, we have observed that epitaxial gold
Au(111) surfaces yield currents in excess of
14 uA/ mm? in air. Experiments have been
done to verify to what extent this is a ge-
ometric effect — the liquid electrolyte wets
easily a smooth atomically flat surface — or
an intrinsic catalytic effect of an ordered, re-
constructed and clean gold surface. We have
observed the sensing structures (gold sur-
face/electrolyte layer/membrane) with a very
powerful optical microscope. The electrolyte
layer thickness could be modified mechani-
cally. By focusing the image first on the elec-
trode, and then on the membrane surface, the
thickness of the electrolyte layer could be mea-
sured (since the thickness of the membrane is
known) from the z-displacement of the optical
axis. There is a region, below 5 ym of elec-
trolyte thickness, where the current grows ex-
ponentially, leading to a very high sensitivity
of the sensor (Fig. 26). Only ultra-flat elec-
trodes can maintain a continuous liquid film on
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Figure 26: Sensor current as a function of elec-
trolyte thickness.

the whole surface without creating dry spots
that might automatically reduce the sensing
current.

This result shows that higher sensitivity can
be obtained by implementing flat gold surfaces
that can keep very good electrolyte “wettabil-
ity” over the whole cathode surface. To further
understand the sensing performance of epitax-
ial gold films, we have also explored the pos-
sibility of “surface activation” that occurs nat-
urally on freshly sputtered films. “Surface ac-
tivation” is a technical term related to the pro-
cess of radically cleaning a surface, removing
all impurities and restoring the intrinsic sur-
face properties. For example, wetting is a phys-
ical process that is strongly dependent on sur-
face activation since impurities modify the sur-
face free energy. This research is presently un-
der way.

4.4 Giant piezoresistance silicon cantilever

(C. Renner)

a) Introduction The detection of mechanical
displacements in the nanometer range is of
great industrial interest. Applications include
MEMS and NEMS devices, strain and pres-
sure gauges, biomechanical sensors and many
more. Current transducer schemes include
piezoresistive, optical, capacitive, magneto-
motive, and single-electron transistor based
detection. Except for piezoresistance, they all
become impractical upon scale reduction due
to severe loss of signal intensity. Only piezore-
sistance is broadly scalable, making it highly
desirable for detecting nanoscale range dis-
placements of submicron sized devices.

Last year, we reported on a very large resis-
tance increase in thin silicon slabs upon appli-
cation of a compressive stress. This extraordi-
narily large piezoresistance, first observed in
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silicon nanowires [27], had been explained in
terms of a stress-induced modulation of the
surface depletion region of width w [28]. Un-
fortunately, upon closer inspection, we found
this technologically very promising property
to be an experimental artefact due to the very
act of measuring the piezoresistance. Indeed,
the very large piezoresistance is due to sur-
face trapping of charges induced by the volt-
age (Vps) applied to measure the device con-
ductance (Fig. 27a) [13].

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

el e X = 0 MPa
—&— X =-13.3 MPa

0 2000 4000 6000 8000
Figure 27: (a) SEM picture of a silicon bridge.
(b) Measurement of Ipg(t) after applying a source-
drain voltage of Vpg = 0.5 V att = 0 across a
200 nm x 2000 nm x 30 A n-type nanoribbon and al-
ternating the stress between 0 MPa and —13.3 MPa.
Vi was held at 0 V for the duration of the mea-
surement. The inset indicates the sequence of mea-
surements used in the stress modulation technique,

where the lines are a guide to the eye.
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fabricated, thereby allowing the applied stress,
X, to be monitored in situ. We use a three-point
bending setup, with a piezoelectric pusher
that permits rapid and repeatable switching
between zero and finite stress regimes; this
heterodyne detection technique is crucial
in differentiating the intrinsic stress related
response from other spurious effects. All
previously published experiments were ob-
tained in the usual way, where X is ramped or
stepped monotonically with time. The device
conductance G was measured by monitoring
the current Ipg induced by an applied voltage
Vps while the silicon base was held at a
constant back-gate voltage V; (Fig. 27a).

Figs. 27b and 28 illustrate how nature tricked
us into believing in giant piezoresistance in mi-
crostructured silicon devices. Changing the ap-
plied bias Vpg to measure the device resistance
alters the configuration of the trapped charges
in the device surface. These charges modify
the local electrostatic potential and, most detri-
mental to the piezoresistance measurements,
drift with a long time constant, thus contribut-
ing a time dependent component to the cur-
rent, as shown in Fig. 27b. The non-monotonic
behavior can be fully explained and modeled
in terms of different time constants for trapped
electron and hole carriers [13]. If the current
is measured while monotonically ramping X,
a significant portion of the change in current
will have nothing to do with the applied stress,
and the apparent piezoresistance will be domi-
nated by the surface charge dynamics. Using
our heterodyne detection technique, the zero
stress current is measured alternatively with
each finite stress measurement (Fig. 27b, inset).
This enables us to compensate the conductance
drift due to the trapped charges as shown in
Fig. 28. Note that, depending on the amount of
trapped charge, their dynamics, and the data
acquisition rate, very different piezoresistance
line shapes can be obtained, especially those re-
ported for silicon nanowires in Fig. 2 of He and
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Figure 28: Successive Ips — Vpg measurements of
a 50 nm x 50 nm x 1 um p-type nanowire with
Ve = 0 V. (b) Apparent and true PZR extracted
from the Vpg = 0.5 V data points in (a).

Yang [27].

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

5 New surface treatments for microcompo-
nents

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

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

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

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

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

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

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

watch components per year with a minimum
of scrap parts.

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

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

This applied research project started also in
2010 as part of the SNF-supported economic
stimulus package. electrical discharge machin-
ing (EDM) is used to shape and cut solid con-
ducting materials, including very hard met-
als and ceramics (Fig. 33). For traditional ma-
chining applications, a computer-driven mech-
anism seeks to maximize erosion on one of the
electrodes, cathode or anode workpiece. At the
same time, erosion is minimized on the remain-
ing electrode to preserve machining accuracy
and tool costs.

The goal of the present project is to develop
a new functionality for wire-EDM technology:
the possibility to achieve a controlled transfer
of electrode material to the workpiece surface.
This would offer to AgieCharmilles (+GF+
group) the opportunity to enter the growing
market of coated metal parts.

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

For example, conventional die-sinking EDM
uses on-times in excess of 25 us to optimize ma-

Figure 33: The metal part is shaped by erosive
sparks from a wire electrode immersed in a liquid
dielectric.
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Figure 34: Schematic behavior of anode and cath-
ode erosion rates as a function of spark duration
(copper anode, steel cathode).

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

The machining parameters (peak current, on-
time, off-time, servo-control) have been ad-
justed to produce homogeneous coatings. The

Figure 35:

In a first step, bulk, cylindrical elec-
trodes have been used to explore the coating pa-
rameters. The use of simple, rod-shaped electrodes
avoids the costly and time-consuming process of
dedicated wire fabrication in the research phase.
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Figure 36:

Left: standard machining parameters
and copper electrode. Right: tungsten electrode and
coating parameters activated. Width of the pattern
is I mm.

surface chemical composition of the treated
workpieces was determined by extensive use
of a Roenalytic Compact eco X-ray fluorescence
desktop analyzer. This instrument was in-
stalled close to the laboratory to provide rapid
feedback for the iterative tuning of machine
settings. The elaborated coatings/surface al-
loys (Fig. 36) have a typical thickness of
5 — 10 ym as determined from X-ray analysis
and from metallographic cuts.

For this particular project, one important re-
quirement of the SNF was the obtention of
multiplier effects in industry. In that perspec-
tive, we have elaborated a set of coated parts
for demonstration purposes. Some of the elab-
orated parts are shown in Fig. 37. The goal is
to retain the attention from potential users that
can apply the technology to their actual prod-
ucts.

To this end, a number of companies from dif-
ferent industrial sectors have been invited to
evaluate the technology. The use of concrete
application examples optimizes the chances for
a faster technology transfer. Within this project,
most of the coming developments will be
application-oriented taking into account spe-
cific technical requirements. We have received
very positive words of interest. “Test cuts” are
under way for some of these industries.

6 Collaborative efforts

This project is characterized by several close
collaborations between researchers of MaNEP
and our industry partners. On supercon-
ductivity there is a long-standing collabora-
tion between Bruker-BioSpin and Prof. René
Flukiger. This collaboration is now taken over
by Dr. Carmine Senatore on the MaNEP side.
There is in addition a growing collaboration
between MaNEP and CERN on the develop-
ment for new superconducting wires for the
future upgrade of LHC. The collaboration be-
tween ABB and MaNEP on superconducting
thin film fault current limiters has made further
progress this year.
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Figure 37: Left: abrasive structures in hard coating
(for tools like files). Center: a decorative logo in hard
surface alloy (polygon size 6 mm). Right: a small
cutting die machined by wire-EDM, a tungsten coat-
ing was produced using a tungsten wire electrode.

The search for mechanical energy harvesting
devices is a close collaboration between three
partners: the group of Jean-Marc Triscone
(UniGE), the group of Nico de Rooij (EPFL,
Neuchatel) and the group of Gilles Triscone
(Hepia, Geneva). A new collaboration has been
started between Philipp Aebi (UniFR), Jirg
Hulliger (UniBE) and Anke Weidenkaff (Empa
and UniBE) in order to synthesize and charac-
terize new materials for thermoelectric power.

The research on neutron supermirrors is a close
collaboration between MaNEP researchers at
PSI and the company SwissNeutronics with oc-
casional collaboration with the group of Jean-
Marc Triscone (UniGE).

The research on transition metal hydrogen de-
tectors is a collaboration between the groups
of Klaus Yvon, Uystein Fischer, Jorge Cors
(UniGE) and Asulab (Swatch group). In par-
ticular we have combined the competence on
hydrides of Klaus Yvon with the thin film syn-
thesis competence in Jystein Fischer’s group
as well as Jorge Cors knowledge on the field of
gas sensors and Asulab’s experience in sensing
devices. In this field a close collaboration has
also developed between Greta Patzke (UniZH)
and Jorge Cors (UniGE). The projects on sur-
face treatments consists of two close collabo-
rations between the groups of Jystein Fischer
and Jorge Cors on the one hand and two com-
panies on the other hand: Vacheron Constantin
and AgieCharmilles. In both these projects, we
are now building a close collaboration between
MaNEP and these companies. The MaNEP
start-up Phasis is also part of these projects.
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Electronic properties of oxide superconductors and related

\
Project 4‘ materials
Project leader: D. van der Marel (UniGE)

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

Summary and highlights: The discovery of high-T, superconductivity in the iron-pnictides has
sparked a worldwide goldrush for other high-T. superconductors. In this project the first synthesis
and crystal growth of Csg g(FeSep 9g)2 which becomes superconducting at 27 K is reported. LaRu,P»
was found to have a T, of 4.1 K. In structurally related InBi; _,Sby and In;_,Ga,Sb superconductivity
up to 8 K was found. Scanning tunneling spectra of Fe;, ,Te;,Sey show clearly the coherent peaks
and the superconducting gap. Single-crystalline samples of Sm;_,Th,FeAsO, SmFeAs5P0501—y,
SmFe;_,Co,AsO, NdAs(O,F), and Ba;_,RbyFeyAs, were prepared and the superconducting prop-
erties were studied. Interplay between superconductivity and antiferromagnetism was investigated
in the iron-pnictides and chalcogenides with muon-spin resonance and infrared optical spectroscopy.
STM showed for the first time unambiguously the Van Hove singularity of Bi;Sr,CuQOg. Variational
studies have been applied to the repulsive Hubbard model and for study of BCS-BEC crossover in the
attractive case. Strong interplay between lattice effects and superconductivity is observed by measur-
ing the effect of pressure and isotope substitution on the superconducting properties of the cuprates
and the Fe-pnictides and chalcogenides. Very large Faraday rotation was observed in infrared trans-
mission spectra of the perovskite EuTiO3. In Mott-insulating Sr, VOy spin- and orbital-moments were
found to compensate each other due to spin-orbit interaction.

1 Novel superconducting materials dimensional phase diagram showing depen-
dence of the transition temperatures T, and Ty
1.1 Synthesis and  crystal  growth  of of Fe,SeyTe;_, for 0 < x < 0.5and 09 <
Cso.s(FeSegos)2: a new iron-based super- y < 1.1 was built based on our study. Fe,Te
conductor with Te = 27 K (M. Kenzelmann) is always antiferromagnetically ordered. Upon
substituting Te by Se the order becomes weaker
The recent discovery of the Fe-based supercon- while superconductivity is enhanced and fi-
ductors has triggered a remarkable renewed nally the system becomes bulk superconduct-
interest for possible new routes leading to ing. This behavior can be tuned not only by the
high-temperature superconductivity. As ob- substitution of Se but also by adjusting the Fe
served in the cuprates, the iron-based su- content. The superconductivity is suggested to
perconductors exhibit interplay between mag- be of multiband nature, where different doping
netism and superconductivity suggesting the channels might be involved.

possible occurrence of unconventional super-
conducting states. Other common properties
are the layered structure and the low carrier
density. Among the iron-based superconduc-
tors, FeSej_, had the simplest (11-type) struc-
ture with layers in which Fe cations are tetra-
hedrally coordinated by Se [1]. It was found,
that hydrostatic pressure modifies the elec-
tronic phase diagram of FeSe;_, and induces
static magnetic order which can coexist with
superconductivity [2]. Moreover, the substi-

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

tution of Te for Se leads to an increase of T, Single-crystals ~ of  cesium  intercalated
up to 14 K. We have done systematic inves- iron selenides of nominal compositions
tigation of the magnetic and superconducting Cspg(FeSepgg)y were grown from the melt
properties, and their interplay, in Fe,SeyTe; _, using the Bridgeman method. The nominal
with different nominal Fe content and differ- stoichiometry of the starting material that is
ent Se:Te ratio [3, 4, 5, 6]. The tentative three- FeSepgs was chosen based on our previous
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Figure 1: Rietveld refinement pattern (upper-

red) and difference plot (lower-black) of the X-ray
diffraction data for the crystal with the nominal
composition of Csyg(FeSeyog)y. The rows of ticks
show the Bragg peak positions for the I14/mmm
phase. The inset shows a picture of a piece of
Csp.g(FeSep og )» Crystal.

studies [1] which demonstrated that for this
particular Fe/Se ratio the content of secondary
phases is the smallest. The superconducting
transition has been detected by ac suscep-
tibility using a conventional susceptometer.
The onset of the critical temperature has been
determined to T¢, pnset = 27.4 K.

Room temperature XRD experiments revealed
that the crystals do not contain any impurity
phases (Fig. 1). The only detected phase is the
tetragonal phase of ThCr;S5i; type (space group
I/4mmm). This structure has the same FeSe
layers as in (11) FeSe [1], but in the last (space
group P4/nmm) these layers are identical with
respect to the translation along z-direction (this
is obvious, because the unit cell contains only
one FeSe-layer). In Cspg(FeSegogg), the unit
cell is doubled along z-axis. The neighbor-
ing along z-direction FeSe layers are shifted by
(1/2,1/2, 1/2), so that upwards SeFes pyra-
mid is faced with the downwards pyramid
along z-direction and the intercalated atom is
located between more distant Se-atoms along
z. The Fe-Fe layer distance in Csgg(FeSeg9g)2
increases to 7.6423 A in comparison with
5.5234 A in FeSe. The intercalation of Cs also
increases the Fe-Se bond length within the lay-
ers. Further investigations of Csgg(FeSepgg)2
applying bulk methods like neutron scattering
and muon-spin rotation both at ambient and
high pressures are underway.

1.2 Mass enhancement in the 44 analogue
LaRuyP; (B. Batlogg)

One of the central questions concerning the
new superconductor family, based on Fe-
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pnictides and related ones, concerns the origin
of the pairing interaction and the role played
by the correlation among the Fe-derived elec-
tronic states, which are known to be partly hy-
bridized with the pnictogen p-states. The cor-
relation effects, together with the Fermi surface
(FS) geometry, are thought to hold the key to
the understanding of the essential physics gov-
erning the Fe-based superconducting materi-
als.

We have studied LaRu,P; and compare it to the
LaFe,P, and SrFe;P;, in which the spatial ex-
tend of the d-orbitals is different and thus one
would expect different strength of the correla-
tion effects. This difference is expected to be re-
flected in the enhancement of the quasi-particle
mass compared to the calculated band mass. In
the Ru compound the superconducting transi-
tion temperature is 4.1 K.

We have synthesized LaRu,P; crystals with a
small residual resistivity and mounted them on
torque cantilevers to measure the magnetiza-
tion in pulsed fields up to 60 T. These exper-
iments were performed at the National High
Magnetic Field Laboratory in Los Alamos,
USA, yielding highly consistent data sets on
three different crystals.

In Fig. 2, the inset shows the oscillatory part
of the magnetic torque at 1.5 K and at 20 K.
Repeating these measurements at various tem-
peratures and at various angles with the re-
spect to the Ru-P layers, we extract the essen-
tial parameters describing electronic states at
the Fermi energy: cross-section of the extremal
orbits on the various FS sheets (frequency of
the oscillations), and the quasi-particle mass
(from the T-dependent oscillation amplitude,
Fig. 2, main part). The extremal orbits are
in excellent agreement with the local density
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Figure 2: Oscillatory part of the magnetization mea-
sured in pulsed magnetic fields up to 60 Tesla.
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Figure 3: Comparison of measured and calculated
frequencies of quantum oscillations. Different colors
correspond to different extremal orbits.

approximation (LDA) calculated FS (Figs. 3
and 4).

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

Figure 4: Calculated parts of the Fermi surface with
two extremal orbits («, B) indicated.
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Superconductivity in the Fe-based pnictides
and chalcogenides, therefore, is neither sim-
ply due to a particular Fermi surface geome-
try nor due to particulary strong correlation.
Rather, some additional factor such as bonding
geometry and band degeneracy (e.g. orbital-
fluctuation effects) might also play a role.

1.3 Superconducting In;_,Ga,Sb and

Bi1_xSbxIn (E. Giannini)

The search for superconductivity in materials
having a crystal structure related to that of Fe-
pnictides and Fe-chalcogenides (based on the
PbO-type structure P4/nmm) has lead to the
study of the quaternary compound BiOCuS
and the binary one Biln. Doping Biln with
Sb was found to mimic the effect of pressure
and induce superconductivity, with a maxi-
mum T, of ~ 8 K (Bipg5Sbgos5In). Increasing
the Sb content causes a phase separation be-
tween non-miscible Biln and SbIn. The lat-
ter is a narrow-gap semiconductor (with band
gap of 0.17 eV at 300 K), and possesses the
largest ambient temperature electron mobil-
ity (78000 cm?V~1s~1). Tts crystal structure
is cubic of the zincblende-type (space group
F43m) instead of tetragonal (P4/nmm). Very
interestingly, we have found that substitutions
of Ga for In can induce superconductivity in
In;_,Ga,Sb (0.2 < x < 04) with a Tejax =
4.5 K. This enriches the growing family of semi-
conductors that become superconducting upon
opportune chemical substitutions. However,
in this case, as well as in Bi;_,Sb,In, no carri-
ers are doped into the system and conductivity
is more likely induced by the lattice compres-
sion rather than by the formation of an impu-
rity band, like it is in B-doped SiC.

2 Iron-based chalcogenides

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

Crystals of Fer;,Te;,Sey (0 < y < 0.3) have
been grown for various experimental studies in
the frame of a wide collaboration among vari-
ous MaNEP groups. The electronic structure of
these materials is being investigated by ARPES
(M. Grioni, EPFL), STM (. Fischer, UniGE),
and optical spectroscopy (D. van der Marel,
UniGE). The influence of spin-fluctuations on
charge dynamics in Fe-chalcogenides and Fe-
pnictides have been observed by means of in-
frared spectroscopy [8].

Pressure is found to have a strong effect on
magnetism and superconductivity in both Fe-
chalcogenides and Fe-pnictides (see [32] for a
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Figure 5: Effect of hydrostatic mechanical pres-

sure (red stars) and internal chemical pressure (blue
squares and dashed guide line [9]) on the lattice pa-
rameters of Fej g3y Te. The isothermal compressibil-
ity is measured at room temperature and plotted as
a function of pressure (red curve).

review), and particularly in FeSe;_,, in which
T, rises from 8 K to 37 K under 9 GPa. How-
ever, undoped Fe; ,Te does not exhibit any
superconducting signal under pressures up to
19 GPa. In order to elucidate the reason of such
difference between FeSe and FeTe, we have
performed high-energy X-ray diffraction stud-
ies on pulverized crystals of FejggyTe under
hydrostatic pressure up to 12 GPa, and com-
pared the pressure effects to those of Se substi-
tutions. The reduction of the a-lattice parame-
ters is found to be larger than upon Se substi-
tutions, whereas the effect of mechanical and
chemical pressure on the c-axis is comparable.
A stronger uniaxial pressure is exerted by the
Se substitutions, whereas under hydrostatic
pressure the unit cell is shrunk more isotropi-
cally. This is clearly shown by plotting the c¢/a
ratio as a function of both the pressure and Se-
content (Fig. 5). From this data the isothermal
compressibility of Fej og7Te could be extracted
as well, and is found to decrease as a function
of pressure from ~ 0.20 to ~ 0.10 - 10~ Pa~!
in the range 0 — 10 GPa (Fig. 5). Uniaxial pres-
sure mimicked by the tensile strain is reported
to induce superconductivity in strained FeTe
thin films [33].

At ambient pressure, FejggyTe undergoes a
structural transition from tetragonal to mono-
clinic, associated to the magnetic transition to
an antiferromagnetic (AF) state, at Ty = 67 K.
When cooling Fej pg;Te under pressures above
0.8 GPa, an intermediate structural modifica-
tion appears in a limited range of temper-
atures, between the tetragonal paramagnetic
phase at high T, and the monoclinic AF phase
at low T (Fig. 6). In the same pressure range
anomalies are observed in transport and mag-
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Figure 6: Diffraction patterns of Fe; ggyTe under

P ~ 1 GPa. A high-symmetry diffraction pattern is
observed at 62 — 64 K.

netic measurements as well. The study of
the high-pressure electronic and magnetic be-
havior is in progress in collaboration with the
groups of L. Forr6 and H. Rennow at the EPFL.

2.2 Scanning tunneling microscopy studies
of the Fe-chalcogenide superconductor
Fe1.0135e0_7Te0_3 (@ Fischer)

We have performed scanning tunneling mi-
croscopy (STM) experiments on Fe,Se,Te;
single-crystals, which have the simplest crys-
tal structure among the various Fe-based su-
perconductors. The crystals, grown at UniGE
using the Bridgman-Stockbarger method, have
the composition Feq135eg7Teps, with a T, of
12 K.

In a first set of measurements, the crystals were
cleaved in situ in ultrahigh vacuum conditions
and measured at room temperature. Very flat
surfaces are observed by STM, revealing the
individual atoms arranged in the square lat-
tice symmetry expected for the Fe-Se/Te lay-
ers (Fig. 7a). For a reason which still remains
unknown, the surfaces of Fe-based compounds
are particularly difficult to probe by tunneling
spectroscopy. Our first low-temperature mea-
surements were performed by gluing the sam-
ple at the apex of the tip, and tunneling onto
a gold thin film. In this geometry, the tunnel-
ing current is injected along a direction paral-
lel to the Fe-Se/Te layers, perpendicularly to
the crystal c-axis. Tunneling spectra acquired
at 1.8 K reveal a clear conductance dip flanked
by coherence peaks located at an energy close
to 5 meV (Fig. 7b). With increasing tempera-
ture this gap progressively fills in, and disap-
pears above 12 K (1), underlying its supercon-
ductive origin. Other spectral features are also
observed at lower energies, possibly related to
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Figure 7: STM on Fe; g135ep.7Tey 3 single-crystals.
(a) 10 x 10 nm? STM topography revealing the
atomic lattice of the Fe-Se/Te layer. (b) Temperature
evolution of the tunneling spectra acquired with the
tunneling current injected perpendicular to the c-
axis.

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

3 Iron-pnictide superconductors

3.1 Superconductivity above 50 K in Th-

substituted SmFeAsO (J. Karpinski)

Superconducting poly- and single-crystalline
samples of the Smj_,Th,FeAsO with partial
substitution of Sm3* by Th** with a sharp dia-
magnetic onset at T, up to ~ 53 K were syn-
thesized using high-pressure technique [10].
The unit cell parameters a and c shrink with
Th substitution and the fractional atomic co-
ordinate of the As site, z45, remains almost
unchanged, while that of Sm/Th, zg,, /Ty, in-
creases. The As-Sm/Th distance shortens and
the O-Sm/Th distance elongates. Equivalently
one may focus on the “layers” of the structure:
the Sm/ThO layer expands (As; = 0.055 A),
the AsFe layer remains unaffected, and the dis-
tance s3 between the Sm/ThO and the AsFe
layers shortens by As; = —0.048 A (Fig. 8a).
Bulk superconducting samples do not undergo
a structural phase transition from tetragonal
to orthorhombic symmetry at low tempera-
tures. Upon warming from 5 to 295 K the
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Figure 8: (a) Schematic representation of the projec-
tion of Smj_,Th,FeAsO lattice fragment on the ac-
plane and the changes in its dimensions (red dotted
lines) with substitution of Sm by Th. (b) Schematic
representation of the thermal expansion of FeAs,
tetrahedron for Smyggg(s5) Thy 19(5)FeAsO at 15 K
(solid lines and circles) and 295 K (dotted lines and
circles). (c) Pnictogen height (hp,) as a function of
temperature for the three Smy_, ThyFeAsO compo-
sitions.

increase in the FeAs layer thickness is dom-
inant (Fig. 8b and c), while the changes in
the other structural building blocks are minor,
and they compensate each other, since the As-
Sm/Th distance contracts by about the same
amount as the O-Sm/Th expands. The up-
per critical field estimated from resistance mea-
surements is anisotropic (Fig. 9) with slopes of
~ 54 T/K(H || ab-plane) and ~ 2.7 T/K (H ||
c-axis), at temperatures sufficiently far below
Tc. The low-temperature upper critical field
anisotropy g is in the range of ~ 2, consistent
with the tendency of a decreasing vy with de-
creasing temperature in SmFeAsO; _,F, single-
crystals [11]. Magnetization hysteresis loops
of single-crystal of Smj_,Th,FeAsO measured
at various temperatures below T, in magnetic
fields up to 7 T applied parallel to the crys-
tal c-axis are presented in Fig. 10. The wide
loops, with a width almost independent of the
field, indicate a rather high critical current den-
sity, Jo, in the sample. The ], estimated from
the width of the hysteresis loop using Bean’s
model is, at 2 K, close to 10° A cm ™2 in the field
range investigated (Fig. 10, inset). The slight
increase in critical current density for higher
magnetic fields may indicate an increase in the
effectiveness of pinning centers giving rise to a
“peak effect”. A similar behavior was found in
F doped SmFeAsO single-crystals [10, 11].
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Figure 9: Temperature dependences of the resistiv-
ity for a Smy gg() Thy 11(2) FeAsO single-crystal mea-
sured with the field H || ab (a) and H || ¢ (b),
from0to 14 T (0, 2, 4, 6,8 10, 12, 14 T). Inset of
a) shows the resistivity in the temperature range of
2 — 300 K. Inset of (b) shows temperature depen-
dence of the upper critical field with H || ab and
H || ¢ for the Smy g9 Thy 11 FeAsO (with 50% py crite-
rion). For comparison the data for SmFeAsQy 7 F 25
are shown.

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

Tetravalent Th has been substituted for triva-
lent Sm at a level of up to 10%, and the in-
fluence on the structural and superconducting
properties were studied in detail on poly- and
single-crystal samples. Remarkably, it is the in-
crease in the FepAsj-layer thickness that dom-
inates the expansion, while the changes in the
other layers are smaller and even compensate
each other, since the As-Sm/Th distance ap-
pears to contract by about the same amount
as the O-Sm/Th distance expands. The super-
conducting properties are little affected by Th
substitution. The upper critical fields and their
anisotropy, as well as the penetration lengths
and their anisotropy are close to that of the
non-substituted related compounds, and are
dominated by the multi-gap multi-band super-
conducting state.
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Figure 10: Magnetic hysteresis loops measured on
a single-crystal at 2 K, 5 K, 10 K, and 20 K in a field
up to 7 T (H || ¢). Inset: critical current density cal-
culated from the width of the hysteresis loops.

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

We have investigated the interplay of com-
position, structure, magnetism and supercon-
ductivity in the SmFeAs;_,PyO compound
through preparation of samples with different
synthesis methods and annealing conditions.
The samples synthesized at ambient pressure
are not superconducting down to 2 K, thus im-
plying that isovalent P substitution leads to
pure geometrical lattice effects without charge
carrier transfer. The superconductivity with a
maximum T; = 24 K was observed in poly-
and single-crystalline SmFeAs( 5P 501, sam-
ples only after heat treatment under high pres-
sure. Neutron powder diffraction investiga-
tions show lower occupation of oxygen site
in high-pressure treated samples, which in-
troduced charge carriers in the samples and
induced superconductivity. The influence of
P substitution and pressure-induced oxygen
deficiency on subtle structural intra- and in-
terlayer spacing variation and charge carrier
transfer were explored. Muon-spin rotation
experiments indicate continuous suppression
of both the ordering temperature and the fre-
quency of magnetic order upon P substitu-
tion. For superconducting SmFeAs)5P0 501y
samples only dynamic magnetism survived,
while the ambient prepared samples with the
same amount of P substitution still show a
static magnetic moment at temperatures be-
low ~ 60 K. Point-contact Andreev-reflection
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Figure 11: Magnetic moment versus temperature
for a NdFeAs(O,F) single-crystal.

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

3.4 SmFe;_,CoyAsO and NdFeAs(O,F) single-
crystals from NaAs flux (J. Karpinski)

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

3.5 Superconductivity in RbFeyAs; (B. Batlogg)

The superconducting state of RbFe;As; with a
T. of 2.5 K has been synthesized and studied
by transport and muon-spin rotations experi-
ments. The temperature dependence of both
the upper critical filed and the magnetic pen-
etration depth distinctly deviate from that of
a single-band superconductor with a uniform
gap. Instead, the upward curvature of H
and the overall T dependence of the penetra-
tion depth are well parametrized by a two-gap
model. The gap-to-T, ratio for the large gap
is compared to other superconducting “122”
members of the Fe-pnictides and is found to be
significantly smaller. Different interband scat-
tering are invoked as possible reasons.
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Figure 12:

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

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

Polycrystalline samples of the Ba;_,Rb,FepAs;
system were synthesized using quartz am-
poule technique for 0 < x < 0.5and x = 1.
X-ray diffraction measurements confirmed the
existence of a continuous solid solution. Super-
conducting properties were studied by magne-
tization measurements. T, as a function of Rb
content shows a broad plateau with the maxi-
mum T, = 37 K (Fig. 13).

Large single-crystals of EuFe,_,CoyAs, with
a size up to few millimeters were grown us-
ing the Sn flux method and characterized us-
ing X-ray diffraction, WDX analysis, resistiv-
ity and magnetization measurements. Co sub-
stitution for Fe gradually suppresses the spin-
density wave (SDW) ordering and induces su-
perconductivity. We observed diamagnetic re-

40 T T T T

35+ Y A p
30} -
25¢ l,"’ m T onset

20| ; ® T eff ]

T (K)

15+ B

10} ' -

0.8

0 - 1 1 1
0.2 0.4 0.6

xinBa,_ Rb FeAs,

1.0

Figure 13: T, as a function of Rb content in poly-
crystalline Ba; _,RbyFe; As; solid solution.
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sponse and zero resistance below 5 K for x =
0.2.  The resistivity for the EuFejgCog2As,
single-crystal shows anomalous field depen-
dence (Fig. 14). Below 5 K zero resistance
and field induced transition to normal state are
observed. In the temperature range 5 — 7 K,
with increasing fields, resistance shows a max-
imum (at ~ 1000 Oe) then drops to zero and fi-
nally the transition to normal state is observed.
Phenomenologically this behavior is similar to
the magnetic field induced superconductivity
which Fischer and collaborators [35] observed
in Eu,Sn; ,MogSg—Sey, in agreement with
the exchange compensation effect predicted by
Jaccarino and Peter [36].

3.7 Study of the coexistence and competition of
antiferromagnetism and superconductivity in
Ba(Fe;_,Coyx)2As, (C. Niedermayer)

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

resolution X-ray diffraction measurements re-
veal an unusually strong response of the lattice
to superconductivity. The orthorhombic distor-
tion of the lattice is suppressed and, for dop-
ing near x = 0.06, the orthorhombic structure
evolves smoothly back to a tetragonal structure
(Fig. 15). It was proposed that the coupling be-
tween orthorhombicity and superconductivity
is indirect and arises due to the magneto-elastic
coupling, in the form of emergent nematic or-
der, and the strong competition between mag-
netism and superconductivity [37]. The strong
coupling between magnetism and supercon-
ductivity manifests itself in a dramatic reduc-
tion of the magnetic Bragg peak intensity on
entering the superconducting state.

Fig. 16 shows data taken on the cold triple
axis spectrometer RITA-II at SINQ (PSI) on
Ba(Fe(.9505C00,0495)2As2. The change in inten-
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Figure 16: Suppression of the magnetic Bragg peak
intensity on entering the superconducting state for

Ba(Fey 9505C00.0495)2 AS2.
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sity below T, = 20 K for both the (1/21/2 1)
and (1/2 1/2 3) magnetic Bragg peaks occurs
in the same manner so that the effect cannot
be explained by a change in magnetic structure
or a spin reorientation. Similar data were ob-
tained by other groups, however with a much
smaller reduction of the Bragg peak intensity
below T, [38, 39]. A decrease of the mag-
netic volume fraction can also be ruled out by
our muon-spin rotation data on the same sam-
ple, which show that the magnetism extends
throughout the sample volume both above and
below the superconducting transition temper-
ature [12]. The combined muon and neutron
data point toward the scenario that the ordered
Fe moment is reduced on entering the super-
conducting state. Along with the observation
of a redistribution of the low-energy magnetic
excitations, this indicates competition between
coexisting superconductivity and magnetic or-
der.

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

The discovery of superconductivity in sev-
eral families of closely related iron-pnictides
has generated considerable interest, primar-
ily because superconductivity is possible at
high-temperature in materials without CuO;-
planes, and has also induced a frenetic search
for possible common mechanisms between
them and the superconducting cuprates. Fur-
thermore, these materials provide an interest-
ing arena to study the impact of electronic
correlations with respect to the emergence
of structural/magnetic and superconducting
phase transitions. A recent optical study on
LaFePO gave evidence of electronic correla-
tions in the iron-pnictides, indicating that the
kinetic energy of the electrons is reduced to
half of that predicted by band theory of nearly
free electrons, and implying that these systems
could be on the verge of a Mott (insulator) tran-
sition.

Our strategy consisted in comparing the elec-
trodynamic response of Ba(CoyFe;_),As; for
several Co-dopings, which belong to the so-
called 122 family and are prominent exam-
ples of oxygen-free iron-pnictide superconduc-
tors. We presented systematic measurements
across the phase diagram, from underdoped
non-superconducting (x = 0 and 0.025), to un-
derdoped superconducting (x = 0.051), to near
optimal doping (x = 0.061), to overdoped su-
perconducting (x = 0.11), and finally to over-
doped non-superconducting (x = 0.18) com-
positions. Particular emphasis is devoted to
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Figure 17: Real part oy (w) of the optical conduc-
tivity for Ba(CoxFe;_, )y Asy with x ranging from 0
to 18% in the far and mid-infrared spectral range at
selected temperatures above and below the various
phase transitions. The inset displays o1 (w) at 300 K
for x = 0.051, emphasizing its representative shape
for all compounds at high frequencies up to the ul-
traviolet.

the impact of the various transitions on the
charge dynamics in these Co-doped 122 ma-
terials. Our primary goal was to exploit their
electrodynamic response in order to establish
with spectral weight argument their degree of
electronic correlations.

Fig. 17 highlights the temperature dependence
of oq(w) for all dopings in the energy ranges
pertinent to the SDW and superconducting
transition. The excitation spectrum at high fre-
quencies, shown in the inset of Fig. 17, is iden-
tical for all Co-dopings and is consistent with
previous investigations. There is a strong ab-
sorption band peaked at about 5000 cm !, fur-
ther characterized by a broad high-frequency
tail and generally ascribed to the contribu-
tion due to the electronic interband transitions.
01(w) for x = 0 suddenly decreases below
800 cm~! at temperatures below Tspy. This
leads to a depletion in the range between 200
and 800 cm~! (Fig. 17), inducing a removal of
spectral weight. The depletion as well as the
peak at about 800 cm~! in ¢y (w) are indica-
tive for the opening of a pseudogap, which we
identify with the SDW single-particle excita-
tion. For x = 0.025 Co-doping, the depletion
and the (pseudo)gap feature in o (w) are less
evident and pronounced, even though there is
a spectral weight redistribution, leading again
to its overshoot above 700 cm™! for tempera-
tures below Tspw. The signatures for the SDW
pseudogap-like excitation and the related spec-
tral weight redistribution are no longer well
distinct for the x = 0.051 Co-doping. For
this latter compound at and above the optimal
Co-doping (x = 0.061 and 0.11, respectively),
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the total reflection at w < wg for T < T¢
leads instead to the opening of the supercon-
ducting gap. The removed spectral weight is
shifted into the collective excitation at zero fre-
quency. Finally, the electrodynamic response
of the x = 0.18 compound merely displays a
simple metallic behavior.

We propose a scenario where the conduction
band derives from d-states and splits into two
parts: a purely itinerant one close to the Fermi
level and represented by the two Drude com-
ponents as well as by a bottom part with states
below the mobility edge and thus rather lo-
calized (Fig. 18, inset). This latter part gives
rise to the mid-infrared-band in ¢q(w), which
turns out to be strongly temperature depen-
dent upon magnetic ordering and affected by
the opening of the SDW gap. We calculate
the ratio between the integral of 07 (w) up to
wopt and the one up to wpy,, (Fig. 18, in-
set). This is an estimation, exclusively obtained
from the experimental findings, of the ratio
between the optical kinetic energy (Kopt) ex-
tracted from oq(w) and the band kinetic en-
ergy (Kpgnq) extracted from the band structure
within the tight-binding approach. The inverse
of Kopt/Kpana, which then defines the degree
of electronic correlations, is plotted in Fig. 18
within the phase diagram of the Co-doped
122 iron-pnictides. Kpz,q/ Kopt thus tracks the
evolution of the superconducting dome in the
phase diagram of Ba(CoyFej_,)2Asy. Interest-
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Figure 18: Phase diagram of Ba(CoyFej_,),As;

(left y-axis), and the average of the ratio Kyz,q/ Kopt
from the spectral weight (SW) analysis with wopr =
500 cm™! and wy,,y = 2000 cm™1. The inset dis-
plays the optical conductivity at 120 K for the par-
ent compound (x = 0). Dashed and dashed-dotted
arrows mark the cut-off frequencies wopt and Wygug
(see text).
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ingly enough, electronic correlations seem to
be stronger for the parent-compound and for
Co-dopings x <0.061 than for those in the over-
doped range. There is indeed evidence for a
crossover from a regime of moderate correla-
tions for x < 0.061 to a nearly free and non-
interacting electron gas system for x > 0.11.

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

We have carried out a comprehensive com-
parison of the infrared charge response of
two systems, characteristic of classes of the
122 pnictide (SrFep;As;) and 11 chalcogenide
(Feq0s7Te) Fe-compounds with magnetically-
ordered ground states. In the 122 system,
the magnetic phase shows a decreased plasma
frequency and scattering, and associated ap-
pearance of strong mid-infrared features. The
11 system, with a different magnetic ordering
pattern, also shows decreased scattering, but
an increase in the plasma frequency, while no
clear mid-infrared features appear below the
ordering temperature (Fig. 19). This marked
contrast can be understood in terms of the di-
verse magnetic ordering patterns of the ground
state. ~ While the high-temperature phases
of these systems are similar, magnetic order
strongly affects the charge dynamical response.
Near the magnetic phase boundary, spin-
fluctuations provide a dissipation channel
which involves an electron traversing a Fermi
pocket in a Landau damping process. Below
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Figure 19: dc resistivity measured by transport
(squares) and optically (diamonds) for (a) Fey gy Te
and (b) SrFeyAsy. Components of fits to the opti-
cal conductivity at high and low temperatures for
Fe1 gg7Te (c, e) and SrFe; As; (d, f).
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the magneto-structural transition temperature
Tus, hybridization and splitting of bands open
an SDW gap excitation pathway, giving rise to
the 550 cm ™! excitation. The second excitation
is due to a process where a down-spin elec-
tron in an occupied state at momentum —kr
undergoes a similar gap-crossing excitation to
a state at +kr, while flipping its spin. This
is normally disallowed due to the photon mo-
mentum and spin selection rules, but can be-
come allowed through the simultaneous emis-
sion of a S = 1 magnon of momentum —2kr,
so that the overall momentum and spin of the
process is conserved. Thus, while the average
SDW gap excitation appears near 550 cm™!,
and is roughly consistent with the BCS expec-
tation 2A ~ 3.5kgTys ~ 462 cm™?, magnon-
assisted pair breaking absorption occurs higher
near k.vs ~ 360 — 900 cm~!, which wholly en-
compasses the observed splitting between the
high- and low-energy features in SrFe;Asy. In
this scenario, the low-temperature characteris-
tics of the high-energy peak in SrFe;As; are
expected to evolve with temperature as a di-
rect consequence of broadened spin-excitations
as the temperature is raised, as observed. For
T > Tus, one expects an overdamped para-
magnon response, thus explaining the diffi-
culty in tracking this feature into the high-
temperature phase.

The influence of spin-fluctuations on charge
dynamics of two systems is closely related to
Fe-based superconductors. The spin-charge
coupling is most evident at the magneto-
structural transitions in these compounds,
where transport and charge excitations are
sensitive to drastic changes in the spin-
susceptibility. These observations are robust
and likely extend to the superconducting por-
tions of the global phase diagram for Fe-based
superconductors.

3.10 Isotope effect in Fe-based superconductors

(H. Keller)

This **Fe/*Fe isotope effect (FelE) was inves-
tigated on T, in the iron-based superconductor
FeSe;_, belonging to the 11 family [13]. The
substitution of natural Fe (containing ~ 92%
of 50Fe) by its lighter isotope 54Fe in FeSep 75
(T; ~ 8.2 K) leads an isotope shift of the tran-
sition temperature of AT, = 0.22(5) K, corre-
sponding to an FelE exponent ap, = 0.81(15)
(Fig. 20) [13]. This value is positive and consid-
erably larger than the BCS value apcs = 0.5.

In addition, the lattice parameters of the
>iFe/*Fe exchanged FeSe; , samples were
investigated carefully by neutron powder
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Figure 20: The superconducting transition temper-
ature as a function of Fe atomic mass for FeSej_,.
The open symbols correspond to the samples stud-
ied by neutron powder diffraction. The inset shows
the normalized magnetization curves for a pair of
54 FeSe;_, and °FeSe; _, samples.

diffraction. It turned out that the a- and b-
axes are slightly larger for >FeSe; _, than those
for “°FeSe; ,, while the c-axis is marginally
smaller for >*FeSe; _, than for *FeSe;_,. How-
ever, the volume of the unit cell remains un-
changed. These slight differences in the lat-
tice constants in the Fe isotope exchanged
samples give rise to a slight change of the
shape of the Fe Se pyramid and anion height
which is known to affect T; in Fe-based high-
temperature superconductors (HTS) [40], and
in turn may contribute to the total Fe isotope
shift of T, [13].

The present results of the FelE on T in Fe-
based HTS are highly controversial. The values
of the FelE exponent «ar, for various families of
Fe-based HTS were found to be as well posi-
tive (op, >~ 0.3 — 0.4) [41], as negative (af, ~
—(0.18 — 0.02)) [42, 43], or even be exceedingly
larger than the BCS value apcs = 0.5 as found
for FeSe;_, (ap, =~ 0.8) [13]. Recently, we have
shown [14] that the Fe isotope substitution
causes small structural modifications which, in
turn, affect T.. Upon correcting the isotope ef-
fect exponent for these structural effects, an al-
most unique value of ap, >~ 0.35 — 0.4 is found
for at least three different families of Fe-based
HTS (Fig. 21), in fair agreement with theoreti-
cal predictions of a two-band model [15].

4 High-T, cuprates

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

The enduring activity on crystal growth of Bi-
based superconducting cuprates has focussed
on strongly overdoped materials. Crystals
of Bi;Srp,CuQg4 and BipSr,CaCuyOg have been
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Figure 21: Fe isotope exponent ar, as a func-

tion of the superconducting transition tem-
perature (FeSey_, [13], Bag¢KpsFeyAs, and
SmFeAsOo.85F0,15 [41], Ba0_6K0.4FezA52 [42], and
SmFeAsO,_, [43]). The arrows indicate the direc-
tion of the shift from the intrinsic FelE exponent

it ~ 0.35 — 0.4 caused by the structural effects.

grown by the floating zone method and mainly
devoted to STM studies. Crystal growth ex-
periments have been conducted on other lay-
ered cuprates, of the so-called family of spin-
ladder compounds, as well. These mate-
rials are described by the general formula
[M2Cuz03]1#[CuOs ], where M is generally Sr
and/or Ca with m/n = 5/7,7/10 or 9/13, in
which two different kinds of Cu-O layers ex-
ists: the CuO; chains, and the Cu,O3 ladders.
Pressure induced superconductivity was dis-
covered in Ca-doped Srj4CupsOyy (at P = 3 —
5 GPa, T max = 12 K) [44]. With the aim to
apply chemical pressure and control the carri-
ers doping in this system, we have synthesized
and successfully grown crystals of (Bi, Ca)- and
(Y, Ca)-co-doped Sr14CupsOsg,5. These crys-
tals have been grown with the floating zone
method in a two-lamp furnace, under oxygen
overpressure (p(Oy) = 3 bar).

4.2 Analysis of the Van Hove singularity position
in the tunneling spectra of Bi;SrpCuQOg.
(D. Fischer)

The tunneling spectra measured at low temper-
ature in BipSroCuOgys show unambiguously
and for the first time in a cuprate the direct
signature of a strong Van Hove singularity
(VHS) [16]. It is admitted that the local dop-
ing level controls both the opening of the gap
and the position of the VHS. The correlation
at the local scale between these two parame-
ters is thus of great interest. Starting from a
14 x 14 nm? map displaying the local gap mag-
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Figure 22:  Analysis of STM data acquired in

BiySryCuOg,s (T = 11 K). (a) 14 x 14 nm? map
of the gap/VHS (see text). (b) Fitted VHS position
map showing a spatial correlation with the map in
(a). (c) Fitted VHS position versus gap value. Zero
gap values correspond to spectra exhibiting only a
single peak. The left side of the panel shows the ex-
pected trend that the gap is becoming larger when
the VHS shifts towards negative values. For positive
VHS positions, the gap becomes larger. (d) left panel
(blue arrow on (c)): for a given VHS position (here
(—30 £ 0.1) meV) one can find spectra with various
gap values (ranging from 0 to 37 meV); right panel
(orange arrow on (c)): for a given gap value (here
(25 £ 0.1) meV) one can find spectra with various
VHS positions (ranging from —25 to 15 meV).

nitude (positive values) and the VHS position
found in single-peaked spectra (negative val-
ues) (Fig. 22a), we have fitted the whole spec-
tra to determine in each pixel the position of
the VHS (Fig. 22b). A clear correlation between
the two parameters is seen, and reported in
Fig. 22c.

In most of the probed area where the VHS is
measured at negative energies, we observe that
the VHS shifts towards more negative ener-
gies when the gap magnitude increases. These
trends agree with the picture of a decrease of
the local doping level. But in some other re-
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gions we contradictorily observe spectra ex-
hibiting large gaps (usually associated with un-
derdoping) and a positive VHS position (over-
doping). Moreover the gap versus VHS dis-
tribution exhibits a finite width traducing the
possibility for some spectra with a unique VHS
position to exhibit various gap values, and in-
versely (Fig. 22d). This shows that local doping
variation is not sufficient to explain the evolu-
tion of whole the tunneling spectra observed
on the surface of Bi-based cuprates.

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

In superconductors, the interaction of quasi-
particles with collective modes leads to sig-
natures in the electron density of states
(DOS) [45], which can be detected by tunnel-
ing spectroscopy [17]. The precise analysis
of these signatures in cuprate superconductors
should allow to deduce the energy of the col-
lective modes, and thus determine which ex-
citations are most relevant for superconductiv-
ity. It turns out that the line-shape of the signa-
tures in classical superconductors — which are
three-dimensional (3D) and have a supercon-
ducting gap of s-wave symmetry — is different
from the line-shape in two-dimensional (2D)
unconventional superconductors with d-wave
symmetry [18]. On the one hand, the low di-
mensionality reinforces the signatures, so that
for identical coupling strengths the modifica-
tion of the DOS is considerably stronger in 2D
than in 3D. On the other hand, the spectral line-
shape of the signature is determined chiefly by
the line-shape of the superconducting coher-
ence peak. Due to the asymmetric shape of
the coherence peaks in s-wave superconduc-
tors, the strong-coupling signatures are breaks
in the DOS, appearing as peaks in the second-
derivative d?1/dV? spectrum. For d-wave su-
perconductors, however, the coherence peaks
are symmetric, and the strong-coupling signa-
tures are minima in the DOS, appearing as zeros
in the d21/dV? spectrum, as shown in Fig. 23.
Assessing the collective mode energies in high-
T. cuprate superconductors by selecting peaks
in the d21/dV? spectrum, as was done in recent
studies [46], is therefore not a reliable proce-
dure. Our results also explain why the signa-
tures of strong electron-phonon coupling are
absent in the normal state of conventional su-
perconductors, while the effect of coupling to
sharp modes might be observable in 2D mate-
rials due to the presence of a Van Hove singu-
larity in the non-interacting DOS.
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Figure 23: Second derivative d21/dv? tunneling
spectra calculated for two- and three-dimensional
superconductors of s- and d-wave symmetries inter-
acting with a collective excitation of energy ()s. For
s-wave symmetry (blue), the signature of this cou-
pling is a peak in d*1/dV? at the energy Qs + Ay,
both in 2D and 3D, while for d-wave symmetry (red)
the signature is a zero in 2D, and is absent in 3D.

4.4  Cooperon
M. Sigrist)

resonance (T. M. Rice and

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

45 Andreev and single-particle
spectroscopies in underdoped
(T. M. Rice and M. Sigrist)

tunneling
cuprates

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

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

H=—-tT+UD, (2.1)
where T describes single-particle hopping on a
lattice and D measures the number of doubly
occupied sites. Superconductivity is readily
obtained for U < 0 while for U > 0 the ques-
tion of pairing remains open, although many
different methods, from small to large U, in-
dicate that for the square lattice a supercon-
ducting ground state with d-wave symmetry is
dominant close to half filling [21].

In the recent past, our group has made a
rather detailed variational study of the repul-
sive Hubbard model on a square lattice [22, 23]
for U of the order of the band width (U =
8t). We have calculated the energy expectation
value for the trial state

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

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

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

Pressure allows one to modify the interatomic
distances in a lattice, thus modifying both the
phonon spectra and the exchange interaction
between Cu spins in cuprates. Therefore, pre-
cise knowledge of pressure effects on the su-
perconducting gap Ay, the transition tempera-
ture T, and the superfluid density ps « 1/A2,
and their relation to oxygen isotope (160/180)
effect (OIE) investigations allows one to dis-
entangle the effects of the lattice from the ef-
fects of the exchange interaction between the
Cu spins.

We performed muon-spin rotation (#SR) stud-
ies of the pressure effect on the magnetic pen-
etration depth A in YBa,Cu3Oy at various oxy-
gen concentrations (x = 6.45, 6.6, 6.8, and 6.98).
It is known that there are two contributions
determining the pressure effect on T¢: (i) the
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Figure 24: Uemura plot for ¢ and T, measured

at zero and applied pressure P = 1.1 GPa for
YBa; Cu3 Oy at various dopings x. The solid line is
the Uemura line while the dotted line is the guide
to the eye. The inset shows the relation between A
and T;. The solid line corresponds to Ay/kpT. = 3.

charge transfer from the chain oxygen sites to
the CuO;,-planes and (ii) the pressure effect on
the pairing interaction strength [49]. While the
first contribution at ambient pressure is well
known and follows the Uemura relation [50],
the second one, usually determined by the tem-
perature dependence of thermodynamic prop-
erties under pressure, is not well studied so far.
The uSR technique is a powerful tool to investi-
gate the temperature dependence of the super-
fluid density ps « ¢ « 1/A? at various pres-
sures and fields. From the temperature depen-
dence of the muon depolarization rate o, the
value of o(T = 0) and the gap-to-T. (Ag/Tc)
ratio were extracted (Fig. 24).

Both quantities, ¢(T = 0) and Ay/T., in-
crease with increasing pressure P, implying
that the coupling strength also increases with
pressure. The Uemura relation [50] does not
hold under pressure, in contrasts to previous
pressure studies of the organic HTS x-(BEDT-
TTF),Cu(NCS), [51]. The slope v = 0T, /do =~
20 K/us~! is a factor of two smaller than that
of the Uemura line 7y = 40 K/us~!. Inter-
estingly, the same slope was previously ob-
served for the OIE on the magnetic penetration
depth [25]. The parameter v was found to be
independent of the oxygen content for under-
doped YBapCu3Oy with an average value of
v = 20(3) K/us~!. Taking into account the
two above mentioned mechanisms which in-
crease T, under pressure, the two mechanisms
also give rise to an increase of ¢ = oy + oy.
While the first term accounts for the increase
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of the carrier concentration in the CuO;-plane
according to the Uemura relation, the second
term is related to the modified pairing interca-
tion V due to pressure.

Assuming v = 20 K/us~! for underdoped
YBay;CuzOy and using the previously reported
value 0T./0P = 4 K/GPa for underdoped
YBapCusOy [52], one can express the pressure
effect on oy as follows: Bp = dlnoy/JP =
(Aoy /o)/AP ~ 4/T.GPa~!. In this form
the doping (or T;) dependence of the pressure
effect on oy resembles that of the OIE on ¢
Bm = dIlno/dIn M, where dIn M is the rela-
tive change of oxygen mass and dP o« dIln M.
This implies that Bp is finite at optimal doping
and increases with decreasing doping (or de-
creasing T¢). Additional studies are needed to
better clarify the relation between Bp and B.
This work is part of an extensive program by
the Keller group during the past two decades
on isotope effects in cuprate HTS [26, 27, 25,
28, 29], in which several novel oxygen isotope
(160 /180) effects (OIE) on different quantities
have been discovered, such as the transition
temperature T, (including site-selective OIE),
the in-plane magnetic penetration depth A, (0)
(including site-selective OIE), the anisotropy
parameter v, the pseudogap temperature T%,
the charge-ordering temperature T, the su-
perconducting energy gap Ao, the Néel temper-
ature Ty, and the spin-glass freezing tempera-
ture T;. Together with the pressure effects re-
ported here, these results indicate strong inter-
play between lattice effects and the supercon-
ductivity in the high-T; cuprates.

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

The work on spin-phonon coupling in the
cuprates has continued [30]. A model for pseu-
dogap formation from coupling to phonons
and/or spin-waves in systems with large cou-
pling turns out to have very similar character-
istics as for a superconducting gap. It suggests
that the pseudogap is a precursor to, and com-
petes with, superconducting pairing. Another
gap can appear near Er because of thermal ex-
citations of phonons or spin-waves in many
systems, but it is weaker in terms of total en-
ergy and it has no strong T-dependence.

The band structures of pure and hole
doped LapCuO4 with antiferromagnetic
spin-fluctuations were calculated and com-
pared to spectral weights of angle-resolved
photoemission spectroscopy (ARPES). It is
shown that observations of coexisting Fermi
surface (FS) arcs and closed FS pockets are
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consistent with modulated spin-fluctuations of
varying wave lengths. A connection between
results of ARPES, g-dependent spin-excitations
seen by neutron scattering, and band results
for the modulated spin-wave state suggests
that spin-phonon coupling is an important
mechanism in the cuprates.

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

The studies of electron-doped cuprate systems
continue in collaboration with the group at
Northeastern University. The effective elec-
tron doping to the CuO band from Nd-to-Ce
substitution is rather small. Calculations on
different rare earth based cuprates show dif-
ferent antiferromagnetic order. It is often be-
lieved that the partially occupied f-band in
rare earth compounds is a few eV below Ef,
even in the ground state, because of strong
correlation. First-principle density functional
LMTO calculations on Nd,CuQy4 show that the
f-band is partially occupied, but it is tied at
the Fermi energy as for itinerant bands. By
doing excited state calculations, with an elec-
tron removed from different subbands and put
into an itinerant state at high energy;, it is possi-
ble to simulate the photoemission process. The
relaxation energy for excitations from the f-
state is negative and larger than from itinerant
states. The effect is opposite in the inverse pro-
cess. This shows that the appearance of Hub-
bard f-bands below and above Er is a result of
relaxation during the excitation process rather
than an effect of unusual correlation. This type
of calculations is extended to core level exci-
tations, where the relative relaxation energies
can be reversed. Another indication is that the
spectroscopic image of the CuO band will have
another dispersion than the ground state band,
which could lead to a new interpretation of ef-
fective electron doping.

Results from our calculations on LaCuO and
SrCuO with oxygen vacancies within CuO-
planes or within apical positions are very dif-
ferent. The latter acts as electron dopants, so
that apical O-vacancies in the SrCuO system
will approach the situation of strongly hole
doped LaCuO.

5 Novel transition metal oxides

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

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

seven parallel spins on the Eu site and has thus
S =7/2and L = 0and Landé factor ¢ = 2. The
local magnetic moments in EuTiO3, because
the 47 states of the Eu?* ions, have only spin-
and no orbital-component. The material is on
the borderline between antiferromagnetic and
ferromagnetic ordering [53, 54] and becomes
fully spin-polarized by application of a mod-
erate magnetic field [55], or tensile strain [56].
The interaction of photons with the electron-
spin through the magnetic field component is
expressed by the dynamic magnetic suscepti-
bility p+ (w).

We determined the transmission amplitude
and phase for left circular polarized (LCP) (—)
and right circular polarized (RCP) (+) light be-
tween 0.1 meV and 3.5 meV at magnetic fields
H between 0 T and —1.6 T at 4.5 K. The trans-
mission shows a pronounced absorption and
a step-like phase increase for RCP light which
strongly depend on the applied magnetic field
whereas the transmission and phase for LCP
light do not show any magnetic field depen-
dence. The observed circular dichroic phe-
nomenon is present on an energy scale which
corresponds to an electronic dipole transition
inside the Zeeman split 4f-multiplet. For a
g = 2 system the Zeeman energy is about
0.12 meV per Tesla which is a priori as ob-
served. The ellipsometric parameters #r and
OF

o () = BT/ T)

(2.3)
are displayed in Fig. 25. The lower limit of
0.1 meV constitutes the diffraction limit below
which no radiation passes through the 8 mm
wide aperture. The selective absorption of one
particular chirality gives rise to a large Fara-
day rotation in a broad band of GHz radiation

In|7_/7T.
nr(w) = %,
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(Fig. 25, right) of more than 250 deg mm 1T!
which peaks up to an unprecedented level of
590 deg mm~!T~! at 0.14 meV (34 GHz) at a
relatively modest field of 1.6 Tesla. These are
very large rotations compared to previously
known record bulk materials.

5.2 Mute moment order in SrpVOy

(D. van der Marel)

Sr,VOy4 has the same crystal structure as the
parent compound of the high-T; superconduc-
tors La,CuQy4 [57, 58]. Both materials are
Mott-Hubbard insulators one electron on the
V-site in the case of Sr,VOy,, and one hole
per copper-site for LapCuQO,4. Based on these
similarities, several laboratories have searched
for superconductivity in doped SrpVOy [59, 60,
61]. While superconductivity has been elu-
sive, SrpVOy passes as a function of tempera-
ture through a number of different electronic
phases which are not yet fully understood and
which have not been observed in the cuprate
family. Below 10 K the material is ferromag-
netic. Between 10 K and 97 K the system enters
a different magnetic and orbital-state, which
is not ferromagnetic and the nature of which
has not yet been fully understood. Above
127 K the material is paramagnetic. Phase-
coexistence is found between 97 and 127 K. The
most important difference in electronic struc-
ture of La,CuQO,4 and SrpVOy results from the
different ground state degeneracy of open 3d-
shell in both materials: the hole on the Cu-atom
in LayCuO4 occupies a 3d,»_ »-orbital. The sin-
gle electron on the V ion in Sr,VOy occupies the
degenerate set of 3d,, and 3d,. orbitals. This
orbital degree of freedom profoundly affects
the physical properties.

We measured and analyzed the optical conduc-
tivity of Sr;VOy. In addition to the infrared-
active phonons we observed additional excita-
tions at 290 cm ! and 840 cm ! which we iden-
tify as electronic transitions of the V4* ions,
shown in Fig. 26.

The observed excitation energies allow to es-
timate the relevant spin-orbit coupling and
crystal-field parameters. The V4* ions are in
a j, = =£1/2 due to the opposition of spin
(s; = £1/2) and orbital (I, = £1) angular mo-
mentum. Due to the factor of two different gy-
romagnetic factors for spin and orbital angular
momentum, the magnetic moments are muted.
At low temperature these “mute moments” are
antiferromagnetically ordered.
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Figure 26: Colormap of the experimental optical
conductivity in energy range corresponding to the
low-energy set of transitions. The open symbols
represent the temperature dependence of the central
frequency of the lorentz oscillator used to fit the re-
flectivity data. Ty and T, correspond to the maxima
of the two pronounced peaks in the specific heat.

6 Collaborative efforts

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

Project leader: M. Sigrist (ETHZ)

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

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

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

The novel phase appearing at high magnetic be determined most likely by nesting features
fields and low temperatures in the heavy in the band structure [2].

fermion superconductor CeColns (nowadays

known as “Q-phase”) has been early on in- 1.1 Domains of the Q-phase

terpreted as a Fulde-Ferrel-Larkin-Ovchinikov

(FFLO) state, with a spatial modulation of With the goal to test the appearance of the
the superconducting order parameter. Recent two degenerate phases for different field di-
measurements using neutron scattering [1, 2] rection, Kenzelmann’s group has recently per-
and nuclear magnetic resonance (NMR) [25] formed a high-field neutron diffraction exper-
discovered an incommensurate magnetic or- iment for magnetic fields along the crystallo-
der in this phase for magnetic fields in the graphic [1 1 0] direction (H || [1 1 0]). This
basal plane of the tetragonal crystal lattice. field direction is particularly interesting as it
The neutron scattering results by Kenzel- treats the directions of the wave vectors qgcm)
mann and collaborators show that this mag- differently and should lift the degeneracy. In-
netism is closely connected with the supercon- deed the domain of the spin-density wave with
ducting phase and both orders disappear si- the wave vector perpendicular to the magnetic
multaneously at He by a first order transi- field is present, while there is no signature of
tion. Moreover, these studies identify a sin- the domain of the spin-density wave with the
gle type of incommensurate magnetic phase, wave vector along the magnetic field (Fig. 1).
with presumably two degenerate wave vec- As mentioned, this very different population
tors, Q = Qo+ 4qic, Qo = (n/a,m/a,7/c) of these two magnetic domains is allowed by
and ql(g) = (0.12 71/a,0.12 7w /a,0) and qgcz) = symmetry, but cannot be explained on the basis
(0.12 7t/a,—0.12 7t /4a,0), for both fields along of magnetic anisotropies. These measurements
[110] and [1 0 0] directions. This result led to provide evidence for an intricate interplay be-
the conclusion that the magnetic order would tween the superconductivity and magnetism in

CeColns, and show that the superconducting
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Figure 1: Neutron diffraction intensity for wave
vectors (h,h —2,—0.5), showing the absence of mag-
netic diffraction peaks in the Q-phase.

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

1.2 High-field Q-phase of CeColns

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

An interesting question appears for the field
direction [1 0 0], where the neutron scattering

data suggest the appearance of two degener-

ate states, with wave vectors qgcl'z) , forming do-

mains. Actually, the magnetic moment (point-
ing along the ¢ axis of the crystal) may be rep-
resented by a two-component order parameter
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Figure 2: Different scenarios for the appearance of
incommensurate magnetic order in the FFLO phase.
The magnetic field lies along [1 1 0] direction and
Qrrro || H. Left panel: extended magnetic phase
yielding q;. || H incompatible with neutron scat-
tering; center panel: weakly localized phase lead-
ing to q;, 1 H consistent with neutron scattering;
right panel: strongly localized phase (discussed pre-
viously) also with q;. 1. H, incompatible with new
neutron scattering experiments due to missing satel-
lite peaks.

(171/ 772):

’c

(2.1)
This should leave a clear signal in the field dis-
tribution observable in nuclear magnetic res-
onance (NMR). States with 777 = #, (double-
g state) would yield a single-peak in the field
distribution on certain In-sites, while (11, 772)
(1,0) or (0,1) (single-g state) would give rise
to a double peak structure. The latter situa-
tion has been observed in most recent NMR ex-
periments favoring the single-g type of states
(Kumagai et al., unpublished; the same NMR
measurements give also strong evidence for
the FFLO-phase). Yanase and Sigrist examined
some consequences of the single-g phase based
on a phenomenological theory [5]. For fields
parallel to [1 0 O] the double-g phase may ap-
pear near the magnetic transition within the
FFLO phase, if qgcl) + qfcz) are nearly commen-
surate with Qrrrpo. Furthermore, ultrasound
can probe the presence of the two-component
order parameter by testing the renormalization
of the elastic constant Cgg corresponding to the
in-plane polarized transverse mode along the
[1 0 0] direction.

M(r) = Mpe' " {171 cos(qfcl)r) + 12 cos(q(z)r)} .

2 CeCu,Siy: valence fluctuation mediated
superconductivity? (D. Jaccard)

The aim of this subproject is a better under-
standing of the physics underlying the double-
dome structure of T; in the (P, T) plane of the
first heavy fermion superconductor, CeCu;Sis.
In particular, the data are analyzed within
the framework of the valence fluctuations the-



Figure 3: CeCu,Siy single-crystal with its different
contacting wires (before pressurization); sample di-
mensions: 600 yum x 575 um, thickness ~ 25 ym).

ory ([26] and ref. therein). Although super-
conductivity in this compound was discov-
ered over 30 years ago, fundamental questions
concerning the pairing mechanism(s) still re-
main open. Since spring 2009, Jaccard’s group
has focussed on this project, making impor-
tant experimental progress. In particular, the
planned multiprobe experiment under pres-
sure could be carried out successfully. A tiny,
very high-quality CeCu,Si; singl-crystal of an
older, home-made batch [27] was selected, pre-
pared (re-dimensioned to fit into the pressure
cell) and contacted with seven very thin Au
wires to allow several types of measurements
(Fig. 3): resistivity, Hall effect, ac specific heat,
thermopower and Nernst effect. First of all, an
extensive study at ambient pressure in the dilu-
tion refrigerator was performed, down to low
temperatures (50 mK) and up to high magnetic
fields (8 T).

Subsequently, the sample (still with the same
contacts) was transferred into a Bridgman type
pressure cell. Due to the recent pressure cell
developments in Jaccard’s lab, this type of cell
now provides very good hydrostatic condi-
tions up to 7 GPa by the use of a liquid pressure
medium (Daphne oil) [6]. Even so, the pres-
sure needs to be changed at room temperature.
They performed measurements at 9 different
pressures up to 6.8 GPa in the dilution refriger-
ator. Since then, a separate experiment to cali-
brate the Au/Au-Fe thermocouple (which was
used in the multiprobe experiment) has also
been carried out under magnetic field at low
temperatures. To our knowledge, this achieve-
ment is, up to now, unique. For the first time,
Nernst and Hall effect have been measured
(under pressure) in CeCu,Siy, and a complete
data set of complementary physical quantities
(resistivity, ac specific heat and thermopower)
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Figure 4: Pressure dependence of Hall (oxy) and

Nernst (N) signals in CeCu, Sip (at 4 K and in a mag-
netic field of 8 T). Both quantities exhibit a maxi-
mum in vicinity of Py ~ 5 GPa, i.e. in the pressure
region with the highest superconducting T. (also
shown). The inset compares the superconducting
transition in zero field at 4.3 GPa, as seen in resis-
tivity and ac specific heat: their coincidence and the
overall low transition width of AT/T ~ 6% high-
light the good sample and setup quality.

has been obtained simultaneously on the very
same CeCupSip single-crystal. The data qual-
ity and consistency is high because (1) previ-
ous data are reproduced whenever they ex-
ist (resistivity, ac specific heat, thermopower)
and (2) the good sample quality gives rise to
a unprecedented high superconducting transi-
tion temperature, T, of roughly 2.4 K around
Py =~ 5 GPa (seen both in the resistivity and ac
specific heat, Fig. 4, inset). Presently, detailed
data analysis is still under way, with the theo-
retical support of Prof. K. Miyake from Osaka
University, Japan.

Although the analysis is not yet fully com-
pleted, some selected, preliminary results will
be mentioned here:

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

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

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

3 CeCoGe;_,Siy, heavy fermions system (E.
Giannini)

CeCoGej3 is a heavy fermions compound in
which either the pressure or Si substitutions
for Ge continuously drive the ground state
from a magnetic to a non-magnetic phase,
and can tune the system to a quantum critical
point (QCP). Pressure induced superconduc-
tivity without inversion symmetry is found in
CeCoGes (x = 0). At intermediate Si content
(1 < x < 1.5) the system is in a quantum crit-
ical regime. In order to investigate the whole
phase diagram, polycrystals of the solid solu-
tion CeCoGes_,Siy (0 < x < 3) have been
processed by arc melting, followed by a long
annealing at 900°C in vacuum closed atmo-
sphere.

Single-crystals of CeCoGe3 were successfully
grown in Bi-flux using the two-crucibles tech-

Figure 5: Crystals of CeCoGes grown in Bi-flux.
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nique, under vacuum. In the presence of Si
substitutions, only small crystals and a weak
substitution level were obtained (Fig. 5). The
magnetic anisotropy has been investigated in
CeCoGej3 and the P-dependent phase diagram
is being studied on compositions close to quan-
tum criticality (CeCoGe; 15ig9), by the group of
H. Rennow at the EPFL.

4 Chiral p-wave pairing in Sr;RuO; (M.
Sigrist)

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

4.1 Domain walls in chiral p-wave superconduc-
tors

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

The so-called “3 Kelvin phase” is an inho-
mogeneous superconducting state in eutec-
tic Sr;RuO4-Ru where superconductivity first
nucleates at the interface between SroRuOy4
and um-sized Ru inclusions. In their previ-
ous study, Kaneyasu, Sigrist and collaborators
have shown that the evolution of the inter-
face state towards the bulk chiral p-wave phase
involves one additional symmetry breaking
phase transition at T* above the bulk tran-
sition [9, 10]. Signs consistent with such a
phase transition have been experimentally ob-
served at T* ~ 2.3 K recently. The work of
the present period focusses on a recent experi-
ment at Kyoto University (unpublished) which
considers the Josephson effect from a Pb film
through Ru into SrpRuQOy. The temperature de-
pendence of the Josephson critical current of
this setup is non-monotoneous, a feature which
has most likely its origin in the topological
structure of the 3 Kelvin phase. Sigrist and col-
laborators show that the proximity effect of Pb
into the Ru-metal inclusions would push T* of
the additional transition towards the bulk tran-
sition temperature T = 1.5 K of SroRuQOj,. At
T* =~ T, the topology of the order parame-
ter coupling to the proximity-induced s-wave
state within the Ru-inclusion changes, leading
to a frustrated Josephson junction, as reported
last year [9], and a strongly reduced critical cur-
rent. First studies show that the critical current
in the regime T < T, is determined by the de-
pinning of a spontaneously created flux pattern
[9]. This work is in progress and is in part per-
formed by a student’s internship of MaNEP ad-
vancement of women program.

5 Vortex matter (G. Blatter)

A sufficiently strong magnetic field penetrates
a type II superconductor in the form of quan-
tized vortices which arrange in a triangular
lattice (elastic manifold with moduli c¢11, c44,
ce6) [30]) due to their repulsive interaction. Ex-
ternal currents drive the vortices through the
Lorentz force density Fj, giving rise to vortex
motion and dissipation; the vortex motion is
counteracted by vortex pinning via a defect-
induced irregular potential. These defects in-
fluence both the static and dynamic response;
the former generates disordered phases (glassy,
etc.), whereas creep (at F;, < F;) and resistive
flux-flow (at F; >> F.) after depinning are ex-
amples of the latter (F; is the critical force den-
sity) [30].
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5.1 Dynamic aspects of strong pinning

While the static force due to individual weak
pins averages out in a direct summation re-
sulting in collective pinning o n%, with n,, the
density of pins [31], sufficiently strong pins de-
form the vortex lattice plastically and gener-
ate a pinning force o 1, under direct sum-
mation [32, 31]. The crossover between the
two regimes is determined by the Labusch
criterion [32][11]. In their study, Thomann,
Geshkenbein and Blatter are interested in the
dynamic aspects of strong pinning and its be-
havior near the crossover to weak pinning.
They focus on a generic isotropic type Il super-
conductor and discuss the force-velocity char-
acteristics of a strongly pinned vortex lattice
using three generic pinning models, with lin-
ear, quadratic, and cubic force profiles.

The Fj—v relation is found by solving the force
balance equation 7o — Fp — (Foin)(v) = 0
(with the mean vortex velocity v and the vis-
cosity 77), where the pinning force density is av-
eraged over space, time, and disorder. Within
the dilute limit, the focus is on a single-pin
single-vortex setting with an effective one-
dimensional vortex displacement u(x). A
strong pin is conveniently described by a lin-
ear force f(u) = —fou/o, |u| < o, and 0 other-
wise (F ~ ny f); such a pin is always strong due
to the discontinuous jumps at u = +¢. Unlike
previous work [33, 34], they include the full dy-
namics of the manifold and solve the relevant
equations

o)
1+ fo/oC’

—f;(’ax /j; dx'GT (x — x")u(x")

u(x) = (2.2)

oxful(x) =

exactly via Laplace transformation. Here,
x = ot and the interpolation G'(x) =
(2/7C) arctan(xo/x)'/? is used (with C ~
ces(Aag)1/? the effective elastic constant and
xg ~ novay/Aces). The resulting velocity-
dependence of the pinning force density
(fpin) (v) is found through combined time and
disorder averages (Fig. 6, inset) and provides
the desired F;—v relation shown in Fig. 6 with
a characteristic bistability at small velocities
(small inset).

Close to the Labusch point, the critical force
fe = {fpin)(0) — 0 and the decreasing behav-
ior of |{fpin)(v)| cannot persist. In a next-order
expansion close to the Labusch point, Blatter
and collaborators make use of piecewise cubic
and quartic pinning potentials and calculate
the resulting force (fpin) (v) perturbatively for
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Figure 6: Force-velocity (current-voltage) relation
v(FL) of a vortex lattice pinned by dilute parabolic
(linear force) pins of strength fy and range o. The
top inset shows the v-dependence of the mean pin-
ning force (fpin) in a single-pin single-vortex setting.
The initial v'/2-decrease of |( fpin) (v)| (rooted in the
properties of G!(x)) outperforms the linear depen-
dence of the dissipative term v at small velocities
and results in a bistability in the F; —v relation, as re-
vealed in the close-up (small inset).

small v using an expansion around the static
solution [34]. They find that the v-dependence
of [{fpin) (v)| is reverted at a finite velocity v on
approaching the Labusch point (Fig. 7).
Furthermore, Blatter and co-workers find that,
different from the static situation where f. van-
ishes, the dynamic response does not change
strongly across the Labusch point and remains
qualitatively the same for close-to-weak and
critical pins. In a next step, collective effects
on the mean pinning force have to be taken
into account, as the interaction between pins
becomes of importance for n, > (17v/Cag)>/2.
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Figure 7: (fpin)(v) for a piecewise cubic pin close
to the Labusch point calculated partly perturba-
tively (solid), perturbatively (dashed), and numer-
ically (crosses). |{fpin)(v)| increases away from the
small f. and crosses over to the standard decreasing
behavior at higher velocities. For typical pin densi-
ties np, this results in the continuous F;—v relation
shown in the inset.
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5.2 Random polymer problem

Another work related to vortex matter physics
deals with the random polymer problem in
141 dimensions (a weak pinning situation),
where Blatter and collaborators have concen-
trated on the short-scale and finite-temperature
behavior as described by a short but finite-
ranged disorder correlator [12] (behavior in the
Larkin domain). Various types of expansions
(of the random potential and of the potential
correlator) allow for exact solutions and are
compared to one another, with the parabolic
expansion of the correlator providing the best
results. Furthermore, the problematics of non-
spectral correlators is discussed.

A new project deals with the pinning prob-
lem of geometric barriers in superconductors
with complex shape, in particular two adjacent
flat strips approximating/mimicking the situ-
ation of a layered superconductor in a parallel
magnetic field with an interface defined by a
pancake-vortex array (experiment in the group
of E. Zeldov).

6 Physics of transition metal

silicides /-germanides

mono-

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

After having completed the phase diagram
of transition metal monosilicides (T MSi) with
3d-TM, and having found a new spin-glass
ground state in Mnj_,Co,Si [13], Giannini’s
group has extended their study to the transi-
tion metals of the 4th period.

A helimagnetic behavior has been found in
the solid solution FeSi-RhSi, similar to that al-
ready known in FeSi-CoSi, but at higher tem-
peratures (Fig. 8a). Higher transition tempera-
tures are found in the spin-glass Mn;_,Rh,Si
as well, compared to those of Mn;j_,Co,Si
(Fig. 8b). This preliminary study indicates that
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Figure 8: Helimagnetic transition (a) and spin-glass
transition (b) in TMSi with 3d and 4d elements.
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using transition metals with 4d electrons in
T MSi enhances the exchange energies.

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

The phase diagram of FeSi;_,Ge, shows a first
order phase transition from a paramagnetic in-
sulator (FeSi-limit) to a ferromagnetic metal
(FeGe-limit). Already earlier, Rice and col-
laborators have argued that this transition is
correlation-induced based on LDA+U calcula-
tions finding that the ordered moment would
be ~ 1up in quantitative accordance with ex-
periments [14]. The behavior proposed here is
opposite to the standard Mott transition where
correlation induces insulating (magnetic) be-
havior, going from an insulator to a magnetic
metal upon strengthening correlations. To elu-
cidate this property in more detail, Rice and
co-workers have analyzed a simplified (one-
dimensional) model including both Fe 3d- and
Si 3p-bands which hybridize in a way as to
form a narrow-gap semiconductor [15]. The
3d-electrons interact onsite via Coulomb repul-
sion U (intraorbital) and U’ (interorbital) and
Hunds rule coupling J. This model has been
treated by mean field approximation and by
density matrix renormalization group (DMRG)
method. A first result is the ground state
phase diagram, U versus « = J/U (using
U = U’ + 2]), which shows essentially perfect

0.5F o

0.4
03fF
3
0.2F

@ Total Moment, DMRG, N =10
0.1+ O Charge Gap, DMRG,N =30 o
— Mean Field

o

oF o o o

A=2
o o 0O O O
0 1 2 3 4 5 6 7

000

8 9 10

5
U [eV]

Figure 9: Phase diagram U versus « = J/U ob-
tained from DMRG simulations. The filled circles
denote the size of the partially polarized ferromag-
netic moment and the empty circles indicate the size
of the charge gap. Hereby, two of the circles have
been labelled with the value scaling to their diam-
eter (m = 0.5 for the black circles and A = 2 for
empty circles). The solid red lines show the mean
field phase boundaries which are extended to higher
values of U and include the antiferromagnetic state
atU >59eVanda ~ 0.05—-0.5.
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agreement between the two methods (Fig. 9).
Three phases can be distinguished: (1) the
paramagnetic insulating phase for small cor-
relations, (2) the ferromagnetic metallic phase
(marked through filled circles) with a magnetic
moment approaching m = 1up and (3) the anti-
ferromagnetic insulating phase. The last phase
has been consider only for the sake of com-
pleteness. The experimentally relevant phase
transition is, however, occuring between (1)
and (2). Within the framework of the parame-
ter, it follows the trend of the alloy FeSi;_,Gey
where Ge-doping increases the lattice constant,
reducing the hybridization gap.

The finite-temperature analysis of the mean
field results shows also a tricritical point for
the phase transition between (1) and (2), which
marks the maximum of the magnetic suscepti-
bility in the paramagnetic insulator, a feature
seen in FeSi.

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

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

7.1 Superconductivity and ferromagnetism

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

7.2 Interface of magnetic chains

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

Interface of different one-dimensional elec-
tronic systems

7.3

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

8 Algorithmic developments (M. Troyer)

The main algorithmic development of the past
year deals with the diagrammatic quantum
Monte Carlo (DiagMC) algorithm for the Hub-
bard model [16]. This algorithm samples con-
nected Feynman diagrams instead of the par-
tition function and works successfully in the
correlated Fermi liquid regime of the Hubbard
model. This new algorithm will be used in the
future to calculate phase diagrams and equa-
tions of state of 2D and 3D Hubbard models in
the moderately correlated regime.

Another development are the new tensor-
network algorithms for electronic structure cal-
culations [17]. These are higher-dimensional
generalizations of the density matrix renormal-
ization group method, representing the first
development of such a method for the elec-
tronic structure of molecules.

Troyer and collaborators have also written a re-
view article about the recently developed con-
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tinuous time quantum Monte Carlo algorithms
for dynamical mean field theory which are cur-
rently being employed for simulating corre-
lated materials and ultracold atomic gases [18].

8.1 ALPS 2.0

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

8.2 Thermodynamics of the Hubbard model

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

8.3 Topological phases and anyonic models

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

9 Collaborative efforts

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

This project attacks some of the most intriguing problems in the modern field of

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

Summary and highlights

Perhaps the main highlight of our activities
this year was a very successful application of
diverse experimental methods, aimed at mea-
suring spin and charge correlations on differ-
ent time and length scales. “Classic” tech-
niques such as nuclear magnetic resonance
(NMR), and neutron spectroscopy were com-
plemented by resonant X-ray diffraction, the
rapidly developing resonant inelastic X-ray
scattering, muon-spin relaxation (#SR) exper-
iments, neutron-spin echo spectroscopy, and
extreme high magnetic field measurements.
Their successful application was enabled by a
sustained effort in the preparation and char-
acterization of material samples, with a par-
ticular focus on single-crystals. Multiple tech-
niques were also exploited on the theory side,
where analytical developments complement-
ing a variety of numerical methods. Overall,
this emphasis on the synergy of different ap-
proaches paid off, resulting in several break-
throughs of understanding.

For spin-ladders, we have some exciting new
results concerning high-field behavior.  t-
DMRG numerical studies yielded a spectacu-
lar quantitative agreement with neutron scat-
tering data on the strong-rung ladder com-
pound CuBry(CsHy2N), (BPCB). The synthe-
sis of deuterated single-crystals of the mate-
rial (2,3-dimethylpyridinium), CuBr, (DIMPY)
will allow a similar comparative study of
a strong-leg system. Challenging high-field
NMR experiments revealed some very unusual
scaling at the quantum phase transition in the
spin-ladder BiCu,POg.

As far as frustrated and incommensurate mag-
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netism is concerned, our main result per-
tains to the Hubbard model in triangular ge-
ometry. For the half-filled case, we have
shown that the mysterious phase between
the metallic and the three-sublattice ordered
Mott-insulating state can be described by a
pure spin-model, and that it is a spin-liquid
with presumably a gapless spectrum and a
spinon Fermi surface. Using neutron diffrac-
tion in the Dzyaloshinskii-Moriya helimagnet
Ba,CuGe,Oy, we have detected a novel and
very peculiar antiferromagnetic-cone phase,
which seems to defy a vast body of theoretical
work on that compound.

Resonant X-ray diffraction and inelastic scat-
tering have firmly positioned themselves as
powerful tools for studying the interplay be-
tween charge and spin degrees of freedom.
Diffraction experiments yielded a fundamen-
tally important observation of orbital currents
in CuO. At the same time, spectroscopic mea-
surements brought insight into the so-called
Zhang-Rice states in the quasi-1D cuprate
LipCuO;. A significant step forward was the
work on SroCuO,Cl,; which helped establish a
Hubbard model that is globally consistent for
known square-lattice cuprates.

A substantial effort this year was aimed at un-
derstanding the effect of structural disorder on
the quantum ground states in spin-systems. In
a groundbreaking NMR study, we found direct
evidence of the so-called random-singlet phase
of the disordered spin-chain BaCu;SiGeOy.
Long and short range ordering in disordered
interacting spin-chains was investigated using
another local probe, namely uSR.
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1 Excitations in spin-ladders

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

1.1 t-DMRG numerical calculations of spin cor-

relations (T. Giamarchi)

t-DMRG numerical calculations of spin corre-
lations [1] were performed in the continuity
of our investigations of spin—% ladders, mo-
tivated by the recent measurements on the
compound CuBrs(CsH12N), (BPCB). The cor-
relations reflect the excitations of the system
and are directly related to many experimen-
tal quantities such as the nuclear magnetic res-
onance (NMR) relaxation rate or the inelastic
neutron scattering (INS) cross section.

We focussed on the evolution of these cor-
relations with the magnetic field and com-
pared their behavior for different couplings.
Their characteristic features are interpreted us-

w = 0.4 meV

(b)

0 05 .
Momentum transfer q (2ma’)

100 0.5 1.0

Intensity (counts / 14 min)

Figure 1: Inelastic neutron scattering intensity mea-
sured along a* of BPCB with the momentum 7t in the
rung direction (Q - dj = m) ath* = 10.1 T (m* =~ 0.5)
and T = 250 mK after substraction of the zero-field
background. In each panel, fixed energy scans are
plotted: (a) w = 0.2 meV, (b) w = 0.4 meV. The cir-
cles correspond to the experimental data. The red
(black) solid lines are the m* = 0.5 theoretical data
for the ladder (the spin-chain mapping) convolved
with the instrumental resolution. The shaded bands
indicate the error bar in the experimental determi-
nation of a single proportionality constant valid for
all fields, energies, and wave vectors. The width of
these areas combines the statistics of all our scans
with uncertainties in the exact magnetization values
at the chosen fields and in the convolution proce-
dure.
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ing different analytical approaches such as the
mapping onto a spin-chain, a Luttinger liquid
(LL) or onto a t — ] model. The resolution of the
computed correlations is good enough to over-
lap with the low-energy LL quantitative pre-
dictions.

For values of parameters for which INS mea-
surements exist, we compare our results to the
experiments on the compound BPCB and find
excellent agreement (Fig. 1). We make addi-
tional predictions for the high-energy part of
the spectrum that are potentially testable in fu-
ture experiments.

1.2 Tunable spin-ladder
(H. Rgnnow)

Sr14—xCaxCuxsOyy

The tunable spin-ladder Srqs_,CayCup4Oy; is
particularly interesting since it is related to the
high-temperature superconducting cuprates
and indeed for high Ca-composition (x > 12)
it becomes superconducting under pressure.
In collaboration with the solid state synthesis
group of K. Conder (PSI) we have now a se-
ries of Sry4_CayCupsOyy crystals from x = 0
to x = 13. Triple axis neutron scattering spec-
troscopy has been performed at ambient pres-
sure to track the development of the ladder
spin gap versus x. Follow up experiments are
planned using unpolarized and polarized neu-
trons for Q1-Q2 2011. A first experiment was
performed at 4.5 GPa in the superconducting
phase of the x = 12.2 compound. Several ex-
perimental difficulties related to the pressure
setup limited the effective amount of data, and
a proposal for additional beamtime is submit-
ted.

13 § = % Heisenberg antiferromagnet (2,3-
dimethylpyridinium),CuBry (A. Zheludev)

The § = % Heisenberg antiferromagnet (2,3-
dimethylpyridinium),CuBry (DIMPY) is the
only known almost perfect 1D spin—% strong-
leg spin-ladder. Previous neutron studies by
other authors were severely limited by a lack
of fully deuterated samples [15]. Quick pre-
liminary neutron scattering experiments per-
formed on our new 100% deuterated single-
crystals (Fig. 2) revealed previously unaccessi-
ble details of the excitation spectrum, including
a strong multi-magnon continuum. More de-
tailed measurements, including those at high
fields, are planned for the near future.
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Figure 2: Preliminary inelastic neutron scatter-
ing spectrum collected for the strong-leg spin-ladder
(2,3-dimethylpyridinium), CuBry.

2  Quantum criticality and scaling

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

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

A quantum phase transition in the BiCuyPOq
spin-ladder was studied using high-field
NMR. For spin—% antiferromagnetic (AF) 2-leg
ladders the non-magnetic singlet ground state
with massive excitations enters a gapless
regime upon application of a magnetic field
H. [16, 17]. The present work intends to
extend our previous studies [2] by exploring
the field-induced ordered (FIO) phase of the
spin—% coupled zigzag ladders in BiCupPOg.
The unique energy scale of this spin-system,
intermediate between cuprates and organic
ladders, provides access to the quantum crit-
ical regime in a relatively large temperature
and field range. Magnetization data on the
polycrystalline compound have shown that
fields of about 21 T possibly close the spin gap.
Single-crystal samples of BiCu,POg (Fig. 3),
recently grown by our group [3], were used to
perform NMR studies, the only experimental
technique capable of providing information
on both the local magnetization and the low-
energy dynamics at fields larger than 17 T (at
dedicated high-field facilities).

Different 3P NMR lines were detected in the
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Figure 3: As grown
Bi(Cuj_»Zny POy (x = 0%,
with a rod of BiZny POg.

single-crystals of
1%, 5%), together

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

H U1 o

Temperature [K]

w

2 order (FIO)

_I o@o—o— —o— =P o =P — 0

15 20 25 30
Magnetic field [T]

Figure 4: Phase diagram of BiCupPOg, as de-
termined from NMR, showing the critical field
H. = 20.94 T. The low-field quantum disordered
phase is replaced by a field-induced ordered phase
above H.. The inset shows the material’s structure.
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be fitted with a power law of the form T,
a(H — H. )%, with T the critical temperature
of the transition. The exponent & = 0.43 turned
out to differ substantially from the value % ex-
pected for a magnetic BEC transition.

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

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

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

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

IPA-CuCl,, H=H_=9.5T
e R,

200
150
=
a
=
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=
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Figure 5: Typical inelastic neutron data collected on
the RITA-II spectrometer in IPA-CuCl; right at the
critical field H. = 9.5 T, at different temperatures.
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plied field) and addressed finite-temperature
scaling in this system. Significant deviations
from the predictions of one-dimensional theo-
ries were found and attributed to interladder
interactions [5].

3 Frustrated and
netism

incommensurate mag-

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

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

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

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

Our study of the phase diagram of the fully
frustrated transverse-field Ising model on the
honeycomb lattice [7] was motivated by the
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Figure 6: Classical phase diagram in the dimer language (above) and in the spin language (below) of the fully
frustrated transverse-field Ising model on the honeycomb lattice. In the dimer representation, the thickness of
the bonds is proportional to the dimer density. Thick blue bonds correspond to the highest dimer density. In
the spin representation, the radii of the circles are proportional to S7 and arrows indicate the orientation of the

classical spins.

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

3.3 Ferrimagnetic properties of the multiferroic
compound Cupy0SeOs (F. Mila)

Ferrimagnetic properties of the multiferroic
compound Cu,0SeOs were studied using 7/Se
NMR and interpreted in the context of a mi-
croscopic model that contains ferro- and an-
tiferromagnetic couplings [8]. We have con-
firmed that the compound Cup;OSeO3 under-
goes a ferrimagnetic transition with 3/4 of the
Cu?* ions aligned parallel and 1/4 aligned an-
tiparallel to the applied field. The transition
to this 3up-1down magnetic state is not ac-
companied by any splitting of the NMR lines
or any abrupt modification in their broaden-
ing, proving that there is no reduction in the
crystal symmetry from its high-T cubic P213
space group, and confirming that this material
provides a unique example of a metrically cu-
bic crystal that allows for piezoelectric as well
as linear magneto-electric and piezomagnetic
coupling.

92

3.4 Magnetic structure of BazNdFe3SipOqy

(U. Staub)

The study of the magnetic structure of
BazNdFe3S5i,014 was motivated by this mate-
rial being a candidate for a new mechanism
leading to magnetically-induced multiferroic-
ity. This Langasite crystallizes in the chi-
ral P321 non-centrosymmetric trigonal space
group, lacking inversion symmetry, and orders
antiferromagnetically at Ty = 27 K. The mo-
ments lie in the ab-planes at 120 degree from
each other within each triangle. Along the c-
axis, the spins rotate to form helices with a
periodicity of 7 lattice parameters. We have
performed first resonant soft X-ray diffrac-
tion experiments at the Fe L3 edges on this
material. We were able to detect (0, 0, T),
(0,0,27),(0,0,37)and (0, 0, 47) reflections, with
T = 1/7. The first reflection is of magnetic
origin, but expected to be absent from the re-
cent proposed magnetic structure determined
by neutron diffraction. It is likely caused by a
small deviation of the exact three fold symme-
try along the Fe chains or by deviations from
a perfect helical structure, with an additional
moment component along the c-axis. The ori-
gin of the second order reflection, which ex-
hibits a different temperature dependence, is
caused by scattering from (M?). This quantity
represents an electric quadrupole (“orbital”)
induced by the easy axis of magnetization. It
is related to the X-ray magnetic linear dichro-
ism (XMLD) signal observed in collinear an-
tiferromagnets. The exact origin of the two
other reflections is presently under discussion
and requires measurements of the energy de-
pendence of the reflections with improved sig-
nal to noise ratio. Understanding their temper-
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Figure 7: Magnetic elastic scattering in

Ba,CuGe,O; as a function of field applied at
an angle of 10° relative to the c-axis in the
(b,c)-plane. The data were taken on the TASP
spectrometer. Below H = 1 T the magnetic propa-
gation vector continuously rotates in the tetragonal
(a,b)-plane. Higher order satellites appearing near
the incommensurate-to-commensurate transition at
H = 2.5 T signal the formation of a “kink crystal”.

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

3.5 Novel incommensurate
BazCuGeZO7 (A. Zheludev)

phase in

A novel incommensurate phase was discov-
ered in BayCuGe;O7, a tetragonal helimag-
net with Dzyaloshinskii-Moriya interactions
famous for undergoing interesting transforma-
tions in applied fields [18]. We have per-
formed new neutron diffraction experiments
paying particular attention to sample align-
ment, and we have studied the phase behav-
ior in fields applied at an angle with respect
to high-symmetry directions. In addition to
the previously known commensurate and pla-
nar soliton-lattice phases, we have identified
a novel antiferromagnetic cone state. Typical
diffraction data are shown in Fig. 7.

4 Orbit, charge and spin degrees of freedom
in cuprates

Orbital physics plays a profound role for many
peculiar phenomena of transition metal oxides.
The related material properties thereby origi-
nate from correlations and ordering phenom-
ena of the orbital degree of freedom, as well
as from the coupling with the spin, lattice and
charge degrees of freedom. Cuprates, based
on CuOy-plaquettes, the building blocks of the
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high-T, superconductors, are ideal model sys-
tems to study the interplay of these variables.
Resonant X-ray diffraction (RXD) and the re-
cently developed technique of resonant inelas-
tic X-ray scattering (RIXS) provide the neces-
sary experimental tools. This approach was the
basis of substantial progress in the understand-
ing of orbital phenomena this year.

4.1 Square-lattice cuprates such as Sr,CuO,Cl,
(H. Rennow)

Experiments on square-lattice cuprates such as
Sr,CuO,Cl, enabled us to establish a 1-band
Hubbard model that is globally consistent for
the parent compounds as well as supercon-
ducting species. Measurements on Srp,CuO,Cl,
revealed that nearest neighbor (NN) hopping
in the 1-band Hubbard model was insufficient
to describe the RIXS data (Fig. 8). A model in-
cluding ¢, t' and " was projected onto a spin
Hamiltonian for half-filling and the spin-wave
dispersion derived. This model effectively fits
Sr,Cu0O,Cl,, LapyCuOy4, BiSCCO, and YBCO,
yielding U and t-values consistent with angle-
resolved photoelectron spectroscopy (ARPES)
and other electronic measurements. This new
consistent effective model will allow quantita-
tive analysis of details of the excitation spectra
including multi-particle continua and the zone
boundary quantum effect.
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Figure 8: a) Magnon energies extracted from the
RIXS data. Open and closed symbols stem from

2 independent measurements on different samples.
Dot-dashed line is a nearest neighbor (NN) Heisen-
berg model with | = 130 meV. Red dashed line is a
NN Hubbard model fit for t = 0.261 £+ 0.004 eV and
U = 1.59 £ 0.04 eV. Blue lines are the further neigh-
bor Hubbard fits. b) same as a) with NN Heisen-
berg dispersion subtracted to better visualize details
of the dispersion. The blue band shows the spread in
dispersions obtained for fits with 1.9 eV< U < 4 eV.
¢) Fit to the neutron data on Lay CuOy.
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4.2 The quasi-one-dimensional cuprate Li;CuO
(U. Staub)

The quasi-one-dimensional cuprate Li;CuO,
is a prototype edge-sharing chain compound.
The Cu?* ions in this strongly correlated ma-
terial give rise to one spin—% per CuOy pla-
quette with a nearest neighbor Cu-O-Cu bond
angle close to 90°, implying weak superex-
change coupling between Cu spins. As a re-
sult, nearest neighbor ferromagnetic and next
nearest neighbor antiferromagnetic superex-
changes compete within the chains. Below
Tn ~ 9 K spins order antiferromagnetically
between the chains and ferromagnetically in
the chains. O K-edge RIXS spectra display
a complicated interplay of low-energy excita-
tions from charge, orbital and lattice degrees
of freedom. We analyzed in detail non-local
charge transfer excitations in terms of Zhang-
Rice singlet (ZRS) and triplet (ZRT) excitations,
which can be reached in the final state of O K-
edge RIXS. The occurrence of these ZRS and
ZRT excitations depends on the alignment of
the adjacent spins of neighboring plaquettes
and allows to directly probe the local magnetic
order. Fig. 9a and b displays the O K-RIXS data
with orbital, ZRS and ZRT excitations around
—2 eV, =32 eV and —3.9 eV energy loss, re-
spectively. Temperature dependent measure-
ments depicted in Fig. 9c and d evidence clear
opposite temperature behavior for the ZRS and
ZRT spectral components, in good agreement
with optical conductivity calculations. This es-
tablishes RIXS as a sensitive probe of the short
range spin order.
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Figure 9: RIXS spectra at O K-edge of LiCuO,
for (a) o and (b) 1t polarizations. Temperature de-
pendence of (c) the ZRS and of (d) the ZRT features
(with o polarization).

4.3 SrpCuO3, a quasi-one-dimensional corner-
sharing single-chain compound (U. Staub)

SrpCu0O3 is a quasi-one-dimensional corner-
sharing single-chain compound possessing the
nearly ideal properties of the one-dimensional
antiferromagnetic Heisenberg spin—% model.
The momentum transfer dispersion of the
Cu L3-RIXS signal in Sr,CuOs3 along the chain
direction reveals that the main spectral weight
follows the lower onset of the two-spinon (and
higher order) continuum and probes the dy-
namical spin-structure factor. The line shape is
analyzed within the Bethe Ansatz. The modes
within the orbital excitation energy range show
that the dd excitations in Sr,CuQOj3; are mo-
mentum dispersive and may be associated
with orbitons, i.e. dispersive orbital excita-
tions mediated by the superexchange interac-
tions. A spin-orbital superexchange model re-
produces this orbiton dispersion and explains
the large dispersion with decoupling of the or-
bital and spin degrees of freedom in this one-
dimensional system.

4.4 Observation of orbital currents in CuO

Observation of orbital currents in CuO was one
of the breakthrough results in our study of or-
bital phenomena. Recently magneto-electric
scattering in GaFeO3 provided evidence for
the occurrence of magneto-electric quadrupole
and possibly magnetic charge [9, 10]. Our ex-
periments, here reported, provide the first clear
evidence for the existence of orbital currents
through the observation of E1-M1 (or E1-E2)
XRD at the Cu Lp3-edges in CuO and open the
way to test for the existence of orbital currents
in cuprates and multiferroics.

Fig. 10A shows the resonance enhancement at
the copper L, 3-edges of the superlattice reflec-
tion (1/2, 0, —1/2) associated with the antifer-
romagnetic motif of the copper magnetic mo-
ments. Its dependence on the helicity of the X-
rays are illustrated in Fig. 10. The diffracted
intensity around the Ls-edge for left and right
handed polarization is different for two dif-
ferent azimuthal angles. This dependence
cannot be described by the collinear antiferro-
magnetic order determined by neutron experi-
ments alone, because in this case the intensity
does not depend on the helicity of the X-rays.
This dependence is caused by the interference
of an additional component with the resonant
magnetic signal from the collinear antiferro-
magnetic order. This component comes via a
magnetic dipole transition M1 resulting from
the presence, on the microscopic level, of or-
bital currents.
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Figure 10: Resonant enhancement of the

(1/2, 0, —1/2) superlattice reflection at the Cu L3>
edges as a function of the helicity of the incident X-
rays for two chosen azimuthal angles . Panel A
corresponds to p = 17° and panel B to ¢ = 43°.
Intensities gathered with incident left C;, (right Cr)
circularly polarized X-rays are in closed (open) sym-
bols. Data were collected at 100 K.

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

Figure 11:
lationship between the orbital currents flowing be-
tween the copper (blue circle) and oxygen (red cir-
cle) atoms and the toroidal moment (red arrow).
B. Antiferromagnetic-type ordering of the toroidal
moments associated with the orbital currents. The
orientation of the toroidal moments follows the

A. Pictorial representation of the re-

value of the irreducible tensors obtained from exper-
imental data.

95

MaNEP

copper-oxygen plaquette. Fig. 11B shows the
ordering pattern of the toroidal moments in
the extended magnetic unit cell as determined
from our model. They lie in the 4, c-plane and
they share the same antiferromagnetic pattern
of the magnetic moments. The importance of
our observations is that it represents the di-
rect evidence of antiferromagnetic ordering of
toroidal moments or orbital currents in a mate-
rial. In this respect, the observation of orbital
currents in CuO, the basic building block of
cuprate superconductors, provides strong en-
couragement for models based on orbital cur-
rent ordering and related phenomena in high-
T, cuprates.

5 Quenched disorder

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

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

A local distribution of relaxations in a random
Heisenberg chain was revealed by NMR ex-
periments. Since the original ideas of C. Das-
gupta and S.-K. Ma in 1979 [19] and the sub-
sequent extension by D. Fisher [20], the real-
space renormalization group theory is consid-
ered as a general theoretical tool for under-
standing the low-energy features of disordered
quantum magnets. Only a few experimental
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Figure 12: Crystal structure of BaCu,Sip O; empha-

sizing the copper chains (dashed lines) and the NN
configuration of the silicon atoms.
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Figure 13: 2°Si NMR spin-lattice relaxation data of BaCu,(Si;—Gex )07 for x = 0 and x = 0.5 (no and
maximum randomness, respectively). a) Relaxation rates for both cases, b) and c) recovery of magnetization,
d) T-dependence of B for x = 0.5. The symbols are explained in the panels.

tests of these theories have been reported, espe- zation measurements [11]. From analyzes of
cially if studies addressing the low-energy dy- the temperature dependence of the stretched-
namical properties are considered. exponential 8 factor, shown in Fig. 13d, one can
In the present work, we have chosen 2%Si nu- obtain the probability distribution of the NMR
clear magnetic resonance (NMR) and magne- relaxation times. The resulting low-T broaden-
tometry measurements to study the compound ing of the relaxations’ distribution is a conse-
BaCus(Si;_,Gey)207.  This system is an ex- quence of the low-T inequivalence of spin-sites
cellent realization of a 1D random antiferro- due to randomness.

magnetic Heisenberg spin-chain (RHC), where The distribution of magnetic relaxation rates
random variations of the exchange-coupling vs temperature reported in this work suggests
constant between spin-sites are a consequence that NMR may successfully be applied to other
of the different Si and Ge covalent radii. Its disordered magnets, thus prompting new the-
structure, shown in Fig. 12, is the same for oretical models for interpreting the predicted
0 < x < 1. NMR probes energy transfers universal behavior.

of the order of eV, providing unique access to
the low-energy/long-time scales. In this case,
it is a more appropriate technique than stan- .

dard methods, such as inelastic neutron scat- 5.2 Effect of disorder on weakly coupled S = 5
tering. chains (A. Zheludev)

Our main results, summarized in Fig. 13, deal )
mainly with the spin-lattice relaxation rates ”1Fhe e‘ffect of disorder on weakly coupled S.:
T, !, which reflect essentially the dynamics of 3 chains 'Cu(pY)Z((;llfxBrx)Z was studied with
the electron spins as sensed (via the hyperfine muon-spin relaxation (#SR) spectroscopy. The
coupling) by the nuclei. model compound is a well-known S = % spin-
chains system with | = 26 K. Due to weak in-
terchain interactions, it actually orders at 1.3 K.
We have found that the Br version of this ma-
terial has a similar structure, | = 46 K, but or-
ders at a lower temperature of 0.7 K. Having
synthesized a series of samples with diffrent
Br/Cl ratios, we have employed uSR to probe
ordering in disordered chains. From the relax-
ation curves shown in Fig. 14, one can deduce
that, even for x = 0.01, the low-temperature
phase is highly inhomogeneous, and may in
fact be a glassy state. Further systematic stud-
ies will cover a wide range of concentrations
and employ bulk and neutron scattering mea-
surements.

The data shown in Fig. 13a for single-crystal
samples of pure Si (x = 0) and SiGe (x =
0.5) compounds, corresponding to no and to
full randomness, respectively, indicate clearly
and unambiguously the implications of ran-
domness by simple comparison. The pure
compound (Fig. 13b) shows a simple exponen-
tial relaxation, while the fully random SiGe
case (Fig. 13c) displays a stretched exponential
behavior (most pronounced at low tempera-
tures), indicative of widely distributed relax-
ation rates T, L Tt is exactly this distribution of
relaxation rates which is highly suggestive of
the formation of random-singlet states in this
class of materials, a cornerstone of the RHC
theory. This conclusion is further supported
by temperature and field-dependent magneti-
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Figure 14: Muon-spin relaxation measured in
Cu(py)2(Cly_yBry ), for x = 0, 1 and 0.95. Inset: typ-
ical samples used in these studies.

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

The effect of disorder on a quasi-2D spin-liquid
was studied in (C4H712N5)Cuy(Cly_Bry)e. The

parent compound is a well-studied S = 1
quasi-2D quantum spin-liquid [21]. In a
magnetic field of H. = 7.5 T, it under-

goes 3D ordering via a Bose-Einstein con-
densation of magnons. Up to x ~ 0.1,
(C4H12N3)Cup(Cly_Bry)g retains the original
crystal structure, but the high-field transition
becomes considerably broadened (Fig. 15) and
field-induced long-range order is suppressed.
Disorder also has a profound effect on electron-
spin resonance (ESR) spectra, particularly on
the intratriplet transition lines. These experi-
ments are currently underway. Large deuter-
ated single-crystals (Fig. 15, inset) are also be-
ing readied for neutron experiments.
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Figure 15: High-field magnetic susceptibility mea-
sured in (C4H;2N,)Cuy Clg with different disorder
strengths. Inset: deuterated crystals for neutron
spectroscopy.
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Figure 16: False-color representation of magnetic
specific heat measured in Sul-Cuy(Clj_,Bry)y for
x = 0.01. Solid black lines indicate the characteristic
fields of spin gap closure and onset of static short-
range order. The inset shows a 1 g deuterated crystal
for neutron studies.

54 The frustrated spin-ladder Sul-
Cup(Cly_xBry)s4 (A. Zheludev)

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

6 Algorithmic developments

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

6.1 Tensor network methods (M. Troyer)

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

6.2 ALPS 2.0 (M. Troyer)

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

7 Collaborative efforts

An active collaboration between theorists and
experimentalists is a key element of the cur-
rent project and was highlighted last year. This
year, however, was marked by an even tighter
collaboration on the experimental side. The
key vehicle for this collaboration was an ex-
change of samples between groups that spe-
cialize on different experimental methods. It
resulted in a very efficient utilization of infras-
tructure and expertise, as well as in a fruit-
ful exchange of ideas between groups. Our
activities took full advantage of the newly in-
troduced mechanism of so-called collaborative
projects within MANEP. Their purpose is to fa-
cilitate interactions between groups at differ-
ent institutions aiming at specific target tasks.
Four such projects were initiated this year in
the field covered by Project 6: 1. High Pres-
sure Phases in Pure and Doped Quantum An-
tiferromagnets, 2. Excitations of the Orbital
and Spin Degree of Freedom in Quasi-One-
Dimensional Cuprates and Multiferroic Mate-
rials, 3. One-Dimensional Quantum Magnets
with Bond Randomness: pSR and Neutron
Scattering, and 4. Numerical Simulations of
Frustrated Correlated Systems. Although all of
these targeted projects are in their early stages,
they have already yielded important results
that are incorporated in the report above. This
early success stems from the fact that these
projects did not appear out of a vacuum, but
are a natural extension to budding collabora-
tive efforts that emerged within Project 6 last
year.
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Project 7

Project leader: L. Forré (EPFL)

MaNEP

Electronic materials with reduced dimensionality

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

M. Grioni (EPFL)

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

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

1.1 Introduction

In the early 1960s, a new insulating phase
was predicted to possibly exist at low tem-
perature in solids having small energy gaps.
Jérome et al. [9] published an extended study
of this phase developing a BCS-like theory of
its ground state. However, at that time, an ex-
perimental realization of this phase was miss-
ing.

The excitonic insulator phase may occur in
a semi-metallic or semiconducting system ex-
hibiting a small (negative, respectively posi-
tive) gap. Indeed, for a low carrier density,
the Coulomb interaction is weakly screened,
allowing therefore bound states of holes and
electrons, called excitons, to build up in the
system. If the binding energy Ep of such pairs
is larger than the gap Eg, the energy to cre-
ate an exciton becomes negative, so that the
ground state of the normal phase becomes un-
stable with respect to the spontaneous forma-
tion of excitons. According to Jérome et al. [9],
at low temperature, these excitons may con-
dense into a macroscopic coherent state in a
manner similar to Cooper pairs in conventional
BCS superconductors. Kohn [10] argued that
exciton condensation may lead to the forma-
tion of charge density waves (CDW) of purely
electronic origin (neglecting any lattice distor-
tion), characterized by an order parameter.
1T-TiSe; is a layered transition-metal dichalco-
genide exhibiting a commensurate (2 x 2 x 2)
CDW [11] accompanied by a periodic lattice
distortion below the transition temperature of
T, = 200 K. The origin of its CDW phase was
controversial for a long time. Different scenar-
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ios have been proposed, the best candidates
being a band Jahn-Teller effect [12] and the
excitonic insulator phase [13, 14]. An angle-
resolved photoemission spectroscopy (ARPES)
study, evidencing directly the CDW, gave re-
cently much support to the latter by compar-
ison between experiment and theory [1]. Pho-
toemission intensity maps were generated with
the spectral function calculated in the frame-
work of the excitonic insulator phase model,
which has been adapted to TiSe; and renamed
the exciton condensate phase model [2].

1.2 Results: temperature dependence and effec-
tive mass reduction

Since experiments that would directly prove
the existence of an exciton condensate are miss-
ing, we pursue the detailed comparison of
ARPES experiments with the exciton conden-
sate phase model to verify how far the model
agrees with experiment [3]. Fig. 1 shows an un-
expected temperature dependence of the Ti 3d
related elliptically shaped electron pocket, cen-
tered at the L point of the Brillouin zone, mea-
sured along the long (left panels) and short axis
(right panels) [4].

At 288 K, the conduction band follows a clear
and wide parabolic dispersion along AL (left
panel), with a non-trivial spectral weight dis-
tribution that can be understood within the ex-
citon condensate phase model extended to the
strong electron-hole fluctuation regime. As the
temperature decreases to 141 K, the conduction
band gets flatter along AL (left panel). The
top of the known, backfolded valence band
is also clearly visible below a binding energy



MaNEP

0.8 1.0 1.2 -02 0.0 0.2
3)011_A<—L —> A |H<L>»H/{,,
-0.1 4-0.1
b) 04 1% m
0.0 {00
: - T
=
0.1 - . 4-0.1
c) o1 + 401
0.0 400
0.1 4-0.1
d) 0.1 + I " 4041
0.0 - 4 0.0
0.1 T=13k + 7 4-0.1
0.8 1.0 12 02 00 02
k, (AL) k, (LH)
0 Intensity 1

Figure 1: Photoemission intensity maps of the elec-
tron pocket around L. (a), (b), (c), (d) Measure-
ments along AL (left panels) and LH (right panels)
at 288 K, 141 K, 81 K and 13 K, respectively.

of —0.1 eV. Below 100 K, a dramatic renor-
malization of the conduction band is visible,
as seen in the photoemission intensity maps
measured at 81 K and 13 K in Fig. 1c and d.
Along AL (left panels), it has no more a sim-
ple parabolic shape and divides into different
parts. Its branches closer to Er are getting flat-
ter (heavy part), while it displays a pronounced
parabolic dispersion (light part) in the neigh-
borhood of its minimum. The observation of
such an effective mass reduction (light part) is
surprising for a material with strong interac-
tions.

The origin of the considerable renormalization
of the conduction band can be understood in
the framework of the exciton condensate phase
model. In this model, the electron-hole interac-
tion, responsible for the formation of excitons,
couples the three conduction bands to the va-
lence band, so that, in the CDW phase, many
backfolded bands appear at L, giving rise to a
complicated band structure.

In our calculations, the ratio of the effec-
tive masses in the absence of renormaliza-
tion effects plays an essential role in this mass
renormalization at lower temperatures. The
larger the anisotropy of the electron pocket, the
stronger the renormalization effect and thus
the lower the effective mass.

The dramatic renormalization gives an indica-
tion towards the understanding of the decrease
of resistivity at low temperature: in the frame-

100

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

2 High pressure study of transport proper-
ties in Coy,3NbS; (L. Forrd)

The interest in layered electronic materials is
fueled by their capability to host peculiar elec-
tronic phases. Among them, transition metal
dichalcogenides (TMD) — of general formula
TX5, where T = transition element and X =S,
Se, Te — are well known as the material
where charge density waves, superconductiv-
ity, metallic and excitonic phases compete for
the ground state [15]. The magnetic ordering,
related to ions intercalated in between TMD
layers coupled by the van der Waals forces,
has also attracted great interest in the past.
M;j,3TX; (M = Co, Fe, Ni, Mn) compounds
were of a particular interest because the mag-
netic ions in their layers form a triangular lat-
tice, which is known to be prone to frustration.
Experimentally, several types of magnetic or-
derings were found in these materials, thought
to be driven by competing interactions [16].
The sensitivity of the electronic properties of
TMD to pressure in general is well known. We
have studied the effect of pressure on trans-
port properties of Coq,3NbS, (Fig. 2), which is
known to order magnetically at 26 K at ambient
pressure [16].

Our measurements of the temperature and

Figure 2:
C01/3Nb52.

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

pressure dependence of the transport proper-
ties of Coq /3NbS; reveal unexpected effects [5],
particula