
Annual Report
Jahresbericht 2013

WMI

Walther–Meißner–Institut

für Tieftemperaturforschung

Bayerische Akademie der Wissenschaften





Contact:

Prof. Dr. Rudolf Gross
Walther–Meißner–Institut für Tieftemperaturforschung
Bayerische Akademie der Wissenschaften
and
Lehrstuhl für Technische Physik – E23

Technische Universität München

Address:

Walther–Meißner–Str. 8 Phone: +49 – (0)89 289 14201

D - 85748 Garching Fax: +49 – (0)89 289 14206

GERMANY e–mail: Rudolf.Gross@wmi.badw.de
WWW–address: http://www.wmi.badw.de

Secretary’s Office and Administration:

Emel Dönertas Phone: +49 – (0)89 289 14202

Fax: +49 – (0)89 289 14206

e–mail: Emel.Doenertas@wmi.badw.de
Sekretariat@wmi.badw.de

Ludwig Ossiander Phone: +49 – (0)89 289 14205

Fax: +49 – (0)89 289 14206

e–mail: Ludwig.Ossiander@wmi.badw.de
Verwaltung@wmi.badw.de





Annual Report 2013 1

Preface

Dear colleagues, friends, partners, and alumni of the Walther-Meißner-Institute for Low Tem-
perature Research (WMI) of the Bavarian Academy for Sciences and Humanities (BAdW)!

The scientists and students of WMI are pleased to present to you their Annual Report 2013.
The report intends to provide you an overview on our last year’s teaching and research activ-
ities, ranging from fundamental studies in solid state physics, application oriented research,
and materials science to technological developments in low temperature, thin film and nano-
technology. Our research interests cover superconductivity and superfluidity, magnetism,
ordering and emergent phenomena in correlated electron systems, spin electronics and spin
caloritronics, as well as quantum information processing and quantum coherence in solid state
systems. As every year, our Annual Report comes early to give you a timely piece of infor-
mation. It is aiming to provide not only concise summaries of our ongoing research projects
and their major results, but also information on our teaching activities as well as statistical
data about publications, completed and ongoing Ph.D., diploma, master and bachelor theses,
collaborations, funding, and recent developments in infrastructure and experimental facilities.

After the busy year 2012 with the evaluation of the Excellence Cluster Nanosystems Initiative
Munich (NIM), a review of the research strategy and performance of the Bavarian Academy
for Sciences and Humanities (BAdW), as well as an midterm review of the EU network Cir-
cuit and Cavity Quantum Electro-Dynamics (CCQED), the year 2013 fortunately was less
demanding regarding review procedures and therefore more productive concerning the sci-
entific research performed at WMI. Nevertheless, we have been successful also in 2013 in
extending our long-term collaborative research projects. The Transregional Collaborative Re-
search Center TRR 80 “From Correlations to Functionality” was granted funding for another
four-year period from 2014 until 2017. The same ist true for the Priority Program SPP 1450
on “Superconductivity in Iron-Based Compounds”, which was receiving funding for the pe-
riod from 2014 to 2016. Moreover, in 2013 a new project entitled Exotic Superconductivity
in Strongly Anisotropic Correlated Organic Metals in the Vicinity of Insulating Phases has
been granted by the German Research Foundation (DFG), the EU Collaborative Project enti-
tled “Quantum Propagating Microwaves in Strongly Coupled Environments – PROMISCE”
had a successful midterm review, and finally our application for an International PhD School
of Excellence (IDK) entitled “Exploring Quantum Matter (EQM)” within the Elite-Netzwerk
Bayern was evaluated very positively. We hope that funding for this new graduate school,
which we applied for together with Max-Planck Institut für Quantenoptik (MPQ), Ludwig-
Maximilians Universität München (LMU) and Technische Universität München (TUM), will
start early in 2014.

Our successful research in 2013 is reflected in more than 30 ISI-listed publications, new ex-
tramural funding, and fruitful collaborations with international research institutions and in-
dustry. The high international visibility of WMI is documented by more than 1300 citations
of our publications in 2013 and a large number of invited presentations at national and in-
ternational conferences. WMI also has organized national and international workshops and
conferences, in this way further promoting its scientific visibility. One of the most important
assets of WMI is the large number or talented and dedicated students, working in meanwhile
crowded laboratories and offices. In this year, the total number of student helpers, bachelor,
master/diploma and PhD students was exceeding 50 and thus reaching a new all-time record
value. In 2013, 19 bachelor, 8 master/diploma and 4 PhD theses were completed, while 14

master/diploma and 18 PhD students are still ongoing with their work. Without any doubt,
our successful research would not be possible without the dedicated and hard work of all
scientific and technical staff as well as doctorate, diploma/master and bachelor students. In
the same way, an important prerequisite of success in science is the continuous support by
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various funding agencies. In this context we gratefully acknowledge financial support from
the BAdW, the DFG, the Bavarian Ministry for Science and Arts, the BMBF and the EU. A
further key to our success in research is the recruitment of outstanding, scientifically indepen-
dent group leaders with complementary research interests and technical expertise, a process
which is supported and monitored by the scientific advisory board of WMI. We are strongly
committed to support and promote young scientists in their career.

Success in science also has some negative aspects. Carrying out a large number or research
projects results in a considerable increase of the basic running costs not covered by third-party
funding. Hence, although we succeeded to keep the third-party funding at a high level of
about 40% of our full cost budget since several years, the budget situation of WMI is becoming
increasingly difficult and no longer financially viable. This unfortunate development is mainly
caused by the rapid increase of costs for energy. For example, at WMI the costs for electricity
increased by a factor of about four within the last 10 years at an almost constant full cost
budget. For 2014, we will have to pay probably 150 kEuro only for the so-called EEG-Umlage.
The consequences are missing investments in the technical infrastructure and replacements of
important instruments. It is high time that the Bavarian Ministry for Science and Arts takes
appropriate measures to keep up the international competitiveness of WMI.

I hope that our Annual Report 2013 inspires your interest in WMI. I take this opportunity
to thank all the colleagues, guests, students, post–docs and cooperating partners, who con-
tributed to our research and teaching activities within the last year, and last but not least all
our friends and sponsors for their interest, trust and continuous support.

Garching, December 2013
Rudolf Gross

the majority of the WMI team members

© Walther-Meißner-Institut
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The Walther–Meißner–Institute

General Information

The Walther–Meißner–Institute for Low Temperature Research (WMI) is operated by the Com-
mission for Low Temperature Research of the Bavarian Academy of Sciences and Humanities
(BAdW). The commission was founded in 1946 on Walther Meißner’s initiative, who was
president of BAdW from 1946 to 1950. The Commissions (Research Groups) of the Academy
are set up in order to carry out long–term projects, which are too ambitious for the lifetime
or capacity of any single researcher, or which require the collaboration of specialists in vari-
ous disciplines. At present, the Bavarian Academy of Sciences and Humanities consists of 36

Commissions with more than 300 employees.

The Commission for Low Temperature Research of the BAdW started its research activities
in 1946 in the Herrsching barracks. After the retirement of Walther Meißner in 1952, Heinz
Maier-Leibnitz, who followed Walther Meißner on the Chair for Technical Physics of the Tech-
nische Universität München, became the new head of the Commission for Low Temperature
Research. In 1967, the commission moved to the Garching research campus after the construc-
tion of the new "Zentralinstitut für Tieftemperaturforschung" (ZTTF) was completed (director:
Prof. Heinz Maier-Leibnitz, technical director: Prof. Franz Xaver Eder). Until 1972, the theory
group of the Institute Laue Langevin was hosted at the ZTTF. In 1980, Prof. Dr. Klaus Andres
became the new director of the ZTTF again associated with the Chair for Technical Physics
(E23) at the Technische Universität München, followed by Prof. Dr. Rudolf Gross in 2000. In
1982, the ZTTF was renamed into Walther-Meißner-Institute for Low Temperature Research
(WMI) on the occasion of Walther Meißner’s 100. birthday.

As already mentioned, it is a long tradition that WMI hosts the Chair for Technical Physics
(E 23) of the Technische Universität München (TUM) with the director of the WMI being
a full professor at the Faculty of Physics of TUM. However, there are also close ties with
the Ludwig-Maximilians-Universität (LMU). Between 2004 and 2010, WMI hosted a scanning
probe division with the head of this division being a professor at the Ludwig-Maximilians-
Universität (LMU). In this way a tight collaboration has been established between WMI and
research groups of both Munich universities, joining technological and human resources in
the fields of experimental and theoretical solid-state and condensed matter physics, low tem-
perature techniques, materials science as well as thin film and nanotechnology. Noteworthy,
the WMI supplies liquid helium to more than 25 research groups at both Munich universities
and provides the technological basis for low temperature research.

Research Activities

The research activities of the Walther–Meißner–Institute are focused on low temperature solid-
state and condensed matter physics (see reports below). The research program is devoted to
both fundamental and applied research and also addresses materials science, thin film and
nanotechnology aspects. With respect to basic research the main focus of the WMI is on

• superconductivity and superfluidity,
• magnetism, spin transport, spin mechanics and spin caloritronics,
• quantum phenomena and quantum coherence in mesoscopic systems and nanostruc-

tures,
• circuit-quantum electrodynamics and circuit-nanomechanics,
• ordering and emergent phenomena in correlated electron systems,
• and the general properties of metallic systems at low and very low temperatures.

2013
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The WMI also conducts applied research in the fields of

• solid-state quantum information processing systems,
• superconducting and spintronic devices,
• oxide electronics,
• multi-functional and multiferroic materials,
• and the development of low and ultra low temperature systems and techniques.

With respect to materials science, thin film and nanotechnology the research program is
focused on

• the synthesis of superconducting and magnetic materials,
• the single crystal growth of oxide materials,
• the thin film technology of complex oxide heterostructures including multifunctional

and multiferroic material systems,
• and the fabrication of superconducting, magnetic, and hybrid nanostructures.

The WMI also develops and operates systems and techniques for low and ultra–low tempera-
ture experiments. A successful development have been dry mK-systems that can be operated
without liquid helium by using a pulse-tube refrigerator for precooling. Meanwhile, these sys-
tems have been successfully commercialized by the company VeriCold Technologies GmbH
at Ismaning, Germany, which was taken over by Oxford Instruments in 2007. As further
typical examples we mention a nuclear demagnetization cryostat for temperature down to
below 100 µK, or very flexible dilution refrigerator inserts for temperatures down to about
20 mK mK fitting into a 2 inch bore. These systems have been engineered and fabricated at the
WMI. Within the last years, several dilution refrigerators have been provided to other research
groups for various low temperature experiments. The WMI also operates a helium liquifier
with an annual capacity of well above 150.000 liters and supplies both Munich universities
with liquid helium. To optimize the transfer of liquid helium into transport containers the
WMI has developed a pumping system for liquid helium that is commercialized in collabora-
tion with a company.

To a large extent the research activities of WMI are integrated into national and international
research projects such as Clusters of Excellence, Collaborative Research Centers, Research
Units, or EU projects. The individual research groups of WMI offer a wide range of attrac-
tive research opportunities for diploma (graduate) students, PhD students and postdoctoral
fellows.

Experimental Facilities and Resources

The WMI is equipped with state of the art facilities for the preparation and characterization of
superconducting and magnetic materials as well as for various low and ultra–low temperature
experiments. The main experimental and technological resources of WMI are listed in the
following.

Materials Preparation and Fabrication of Nanostructures

• Laser Molecular Beam Epitaxy (L-MBE) system for oxide heterostructures (equipped
with in–situ RHEED, Omicron AFM/STM system, atomic oxygen/nitrogen source,
infrared-laser heating system, metallization)

• molecular beam epitaxy (MBE) system for metallic systems
• UHV magnetron sputtering systems for metals (e.g. Nb, Al, NiPd, ... )

© Walther-Meißner-Institut
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• magnetron sputtering system for oxide heteroepitaxy (equipped with four sputtering
guns and an oxygen ion gun)

• reactive ion etching (RIE) system, Plasmalab 80 Plus with ICP plasma source, Oxford
Instruments Plasma Technology

• ion beam etching (IBE) system equipped with a LN2 cooled sample holder
• polishing machine for substrate preparation
• ultrasonic bonding machine
• 50 m2 class 1000 clean room facility
• optical lithography (Süss maskaligner MJB 3 and projection lithography)
• electron beam lithography (based on Philips XL 30 SFEG scanning electron microscope

and Raith Elphy Plus lithography system including a laser stage)
• four-mirror image furnace for crystal growth

Characterization

• 2–circle x–ray diffractometer (Bruker D8 Advance, sample temperature up to 1 600
◦C)

• high resolution 4–circle x–ray diffractometer with Göbel mirror and Ge monochromator
(Bruker D8 Discover)

• scanning electron microscope with EDX analysis
• UHV room temperature AFM/STM system
• 2048 u high resolution mass spectrometer (Fa. Pfeiffer, cross-beam ion source, SEM)
• Low Energy Electron Diffraction (SPECTA-LEED, Fa. Omicron)
• two Raman spectroscopy systems (1.5 to 300 K, in-situ sample preparation)
• SQUID magnetometer (Quantum Design, 1.5 to 700 K, up to 7 T)
• several high field magnet systems (up to 17 T Tesla) with variable temperature inserts
• 7 T split coil magnet systems with optical access and variable temperature insert
• 3D vector magnet (2/2/6 Tesla) with variable temperature inserts
• experimental set–ups for the measurement of noise including low noise SQUID ampli-

fiers and signal analyzers
• high-frequency network analyzers (up to 40 GHz) and various microwave components

(sources, mixers, circulators, attenuators) for the determination of high frequency pa-
rameters

• ultra-sensitive microwave receiver for state tomography of quantum microwaves (dual
path method with FPGA signal processing)

• high-frequency cryogenic probing station (up to 20 GHz, T > 4 K)
• magnetooptical Kerr effect (MOKE) system
• ferromagnetic resonance (FMR) system

Low temperature systems and techniques

• 5 K-Scanning Tunneling Microscope (low temperature STM, Fa. Omicron)
• several 3He/4He dilution refrigerator inserts for temperatures down to 10 mK
• “dry” mK-cooler based on a dilution refrigerator with pulse-tube precooling
• “dry” dilution refrigerator with a base temperature of about 10 mK equipped with a 3D

vector magnet (1/1/6 Tesla)
• ultra–low temperature facility for temperatures down to below 100 µK based on a nu-

clear demagnetization cryostat
• experimental set–ups for the measurement of specific heat, magnetization, thermal ex-

pansion as well as electrical and thermal transport properties as a function of tempera-
ture, magnetic field and pressure

2013
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The Collaborative Research Center 631

F. Deppe, R. Gross, H. Hübl, A. Marx1

The Collaborative Research Center 631 (SFB 631) on Solid State Quantum Information Pro-
cessing was established in 2003 and extended for a second and a third four-year funding in
2007 and 2011, respectively. The third funding period will last until June, 2015.

Since the start of SFB 631 a decade ago, quantum information
science has developed into a fascinating and one of the most
rapidly growing fields of science and technology. It resides
at the interface between physics, mathematics, computer and
materials science, and engineering. It is concerned with both
fundamental questions and technological developments, aim-
ing at the realization of a useful quantum information hard-
ware.

At WMI, the study of the physics of solid state quantum sys-
tems has developed into a key research field. Besides super-
conducting quantum circuits, the research activities of WMI meanwhile include also quantum
spin systems and mechanical systems, as well as systems combining different degrees of free-
dom in quantum hybrid structures. Our research within SFB 631 does not only provide the
foundations of quantum information systems and quantum technology, but also addresses
key fundamental questions regarding quantum coherence, quantum dynamics and decoher-
ence processes in solid state quantum systems. Furthermore, it requires extremely sensitive
measurements at low and ultra-low temperatures and therefore perfectly fits to the research
profile of WMI.

The research effort of SFB 631 is highly collaborative and interdisciplinary. To cover the broad
spectrum of fundamental and application oriented questions related to solid state quantum
information systems in a comprehensive way, SFB 631 joins research activities from quan-
tum information theory, experimental and theoretical solid state physics, quantum optics,
materials science, and nanotechnology. Today, within SFB 631 research groups from the
Bavarian Academy of Sciences and Humanities (BAdW), the TU Munich (TUM), the Ludwig-
Maximilians-University (LMU), the Max-Planck-Institute for Quantum Optics (MPQ), as well
as Augsburg and Regensburg University are collaborating in 17 research projects. At present,
SFB 631 joins more than 30 principal investigators and more than 60 Ph.D. and diploma stu-
dents, as well as a large number of postdocs and guest scientists. WMI is one of the main
actors, not only being involved in the three projects A3 (Gross, Hübl, Marx), A8 (Gross, Marx,
Deppe) and C3 (Hübl), but also providing the coordination of the center from the beginning
(spokesman: Rudolf Gross).

Within the project A3 on Superconducting Quantum Circuits as Basic Elements for Quantum In-
formation Processing and project A8 on Cavity Quantum Electrodynamics with Superconducting
Devices, the research program of WMI within SFB 631 is focusing on the fabrication and
study of superconducting quantum information circuits. This includes the fabrication of su-
perconducting flux qubits in which quantum mechanical superposition states of clockwise
and counter-clockwise circulating persistent currents are used for the realization of solid state
qubits. A particular development of WMI is the realization of flux qubits with tunable gap
which offer more flexibility in circuit design [1]. These qubits are coupled to superconduct-
ing microwave resonators. In this way fascinating quantum electrodynamic experiments with
deliberately designed artificial solid state atoms become possible. Since such experiments are

1This work is supported by the German Research Foundation through SFB 631.
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completely analogous to quantum optical experiments on natural atoms in optical resonators,
this prospering new field is called circuit quantum electrodynamics (circuit QED). Here, par-
ticular goals are the strong and ultra-strong coupling [2] of superconducting qubits to high-
quality superconducting microwave resonators, the generation and detection of non-classical
microwave states (e.g. Fock or squeezed states), the development of dispersive readout and
quantum non-demolition measurements, and the entanglement of superconducting qubits via
multiple resonators. Regarding these research goals the WMI team closely collaborates with
the theory groups at LMU (von Delft), the University of Augsburg (Hänggi), the Universidad
del País Vasco - Euskal Herriko Unibertsitatea at Bilbao (Solano), and the Instituto de Física
Fundamental at Madrid (Garcia-Ripoll), as well as the experimental groups at the NTT Ba-
sic Research Laboratories (Semba) and the Nano Electronics Research Laboratories at NEC
Corporation, Japan (Nakamura, Tsai, Yamamoto). The research work within SFB 631 is also
closely linked to the activities within Research Area I of the Cluster of Excellence Nanosystems
Initiative Munich (NIM) (see pp. 15–18).

Figure 1: Top: Optical micrograph showing the circuit design of a
superconducting quantum switch. Bottom: Parts of the coupling
region marked in the upper subfigure by the red rectangle shown
on an enlarged scale. The green structures represent the inner con-
ductors of the two coplanar waveguide resonators, the red ones the
galvanically coupled qubit loop with the three Al/AlOx/Al Joseph-
son junctions.

Analogous to the field of cav-
ity quantum electrodynamics (cav-
ity QED), in circuit QED the inter-
action between light and matter is
studied. In 2013, we could realize
a central element of superconduct-
ing circuit QED, a so-called quan-
tum switch [3, 4] providing tunable
and switchable coupling between
two superconducting resonators via
a superconducting flux quantum bit
(see report by A. Baust et al., pp. 33–
35). The coupling of the two res-
onators via a single flux qubit al-
lows for the realization of a tun-
able coupling which depends on the
qubit state. Most importantly, the
two resonators can be completely
decoupled by setting the magnetic
flux through the qubit such that
the dynamical coupling just com-
pensates for the geometric coupling,
yielding effective zero coupling be-
tween the two resonators. The
quantum switch circuit also can be
used to create entangled quantum

states. We successfully implemented a quantum switch consisting of two superconducting
coplanar stripline resonators and a flux qubit, all fabricated on the same chip. Spectroscopy
measurements demonstrated the switching between the coupled and the decoupled state. The
setup allowed us to achieve an on-off ratio sufficient for many applications in quantum in-
formation systems. As shown in the report by A. Baust et al. (see pp. 33–35), we also could
perform time domain experiments on the quantum switch, making the switchable coupling di-
rectly observable. In this way we could provide direct experimental evidence for the expected
switching behavior, as the transfer of energy from one into another resonator controlled by
the qubit state could be directly observed.

In circuit QED architectures with multiple qubits and resonators, meanwhile quantum logic
gates have been successfully realized [5, 6]. However, while the requirements for such digital

© Walther-Meißner-Institut
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quantum computing circuits are still enormous, analog quantum simulation with circuit QED
systems appears to be a technologically less demanding, and therefore interesting goal. In
analog quantum simulations, one mimics the Hamiltonian of a system of interest with a circuit
offering a higher degree of controllability than the original system. In this context, one specific
proposal is to strongly couple nonlinear resonators to explore Bose-Hubbard physics in the
driven-dissipative regime [7, 8]. For such experiments, a scalable approach to tunable coupling
between the resonators is strongly desirable. As shown by the report of Wulschner et al. (see
pp. 65–66), we achieved promising experimental progress in this direction. We successfully
fabricated two LC microwave resonators coupled via an RF SQUID [9], representing basic
building blocks of superconducting quantum simulators.

Figure 2: Reconstructed Wigner functions (color map) of squeezed vac-
uum and squeezed thermal states incident at the input port of the mi-
crowave beam splitter. p and q are dimensionless quadrature variables
spanning the phase space. The insets show the 1/e-contours of the ideal
vacuum (blue), the experimental vacuum or thermal states (green), and
the squeezed vacuum or squeezed thermal states (red). (a) Constant
30 dB-attenuator temperature of 50 mK. (b) Constant signal gain of 1 dB.
Reprinted from Ref. [10].

After having demonstrated for
the first time path entangle-
ment of propagating quantum
microwaves using superconduct-
ing circuits and quantum signal
recovery techniques [11–13], we
successfully realized squeezed
coherent states with a flux-driven
Josephson parametric amplifier
(see Ref. [10] and report by L.
Zhong et al., pp. 67–68). Joseph-
son parametric amplifiers (JPAs)
are promising devices to achieve
low-noise amplification. In the
non-degenerate mode, JPAs be-
have like linear amplifiers with
noise temperature approaching
the standard quantum limit dic-
tated by the Heisenberg uncer-
tainty relation. In the degener-
ate mode, JPAs are phase sen-
sitive amplifiers which can am-
plify a signal quadrature with
a noise temperature below the
standard quantum limit of lin-
ear amplifiers, and at the same
time squeeze another quadrature
below the vacuum fluctuations.
In this way, JPAs allowed us to
study the squeezing physics of
propagating quantum microwaves. We used the dual-path state reconstruction method devel-
oped at WMI [11–13] and applied it to the study of squeezed coherent states generated by a
flux-driven JPA [10]. Moreover, we successfully analyzed the noise properties of a flux-driven
parametric amplifier with the WMI dual-path state reconstruction method (see Refs. [12–14]
and report by L. Zhong et al., pp. 69–70)

In a fruitful collaboration with the Finley group at Walter Schottky Institute, we deposited
NbN thin films by DC magnetron sputtering on [100] GaAs substrates, optimized their quality,
and demonstrated their use for efficient single photon detection in the near-infrared [15].
Meanwhile the superconducting single photon detectors (SSPDs) have been successfully used
for the efficient on-chip time resolved detection of quantum dot emission. The quantum light
emitted by the self-assembled InGaAs quantum dots (QDs) was routed into the optical modes
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Figure 3: (a) Self assembled InGaAs quantum dots embed-
ded in a GaAs ridge waveguide are excited using a helium
neon laser. The light emitted by the quantum dots is detected
either in a confocal geometry or guided along the waveguide
and evanescently coupled into a NbN SSPD. (b) Layer struc-
ture of the sample as prepared by molecular beam epitaxy
and reactive magnetron sputtering. Reprinted from Ref. [16].

of a GaAs ridge waveguide and detected
on-chip via evanescent coupling to the
NbN SSPD [16].

We also considerably extended the experi-
mental facilities for ultra low-noise exper-
iments on superconducting quantum cir-
cuits. As shown in the report by J. Goetz
et al. (see pp. 75–76) the new dilution
refrigerator in the Quantum Laboratory
K04 has been improved regarding cool-
ing power. Furthermore, a new liquid he-
lium dewar and measurement equipment
has been installed, allowing now for de-
manding experiments on superconduct-
ing quantum circuits. The setting up of
a new cryogen-free dilution refrigerator
with a pulse tube refrigerator (PTR) pre-

cooling and a large sample stage in the Quantum Laboratory K21 is approaching completion.
All components for the 1 K-stage and for the dilution circuit have been fabricated in the WMI
workshop and the wiring for thermometry down to the mixing chamber plate has been in-
stalled (see report by A. Marx et al., pp. 77–78).
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The Cluster of Excellence “Nanosystems Initiative Munich – NIM”

F. Deppe, S.T.B. Gönnenwein, R. Gross, H. Hübl, A. Marx1

The excellence cluster Nanosystems Initiative Munich (NIM) com-
prises internationally recognized expertises in all relevant research
areas of nanosciences, ranging from quantum nanophysics to the
creation and study of nanosystems for biophysics and the life sci-
ences. NIM’s overall scientific vision is to integrate nanometer sized
building blocks as well as bio-molecular assemblies into entire func-
tional systems.

NIM was launched in 2006. The first six-year funding
period of NIM ended in October 2012. After an inter-
mediate evaluation, NIM was granted a further five-
year funding period until end of 2017. NIM joins re-
search groups from LMU Munich, TU Munich, WMI,
the University of Augsburg, the Munich University
of Applied Science, the Max-Planck-Institutes for Bio-
chemistry and Quantum Optics, and the Deutsches
Museum. NIM’s future research activities are orga-
nized in five research areas (RAs) as shown in the
figure: RA I – Quantum Nanophysics, RA II – Hy-
brid Nanosystems, RA III – Nanosystems for En-
ergy Conversion, RA IV – Biomolecular Nanosys-
tems, and RA V – Biomedical Nanotechnologies. At
WMI, several scientists (Deppe, Gönnenwein, Gross,
Hübl, Marx) actively contribute to the ambitious re-
search program of the second funding period of NIM.

The physics of quantum nanosystems is one of the main future research directions of NIM,
in perfect agreement with the focus of several research activities at WMI. The major contribu-
tions of WMI are to RA I: Quantum Nanophysics and RA II: Hybrid Nanosystems. Research
area I is coordinated by R. Gross of WMI.

Area I: Quantum Nanophysics

... providing the foundations of quantum nanosystems

The scientific program of Research Area I is fo-
cused on quantum nanosystems. It aims at the
modeling and understanding of such nanosys-
tems on a quantum level. The modelling and
understanding of nanosystems on a quantum
level is a key prerequisite for their application
in hybrid devices, energy conversion systems
as well as in biomolecular and biomedical sys-
tems. The scientific program of research area
I addresses this fundamental problem by sys-
tematically studying quantum systems based
on solid state nanostructures and tailor-made
meso-scale many body systems realized in optical lattices.

A particular objective of the WMI activities within RA I is the systematic study of the interac-
tion between nanoscale solid state quantum systems and the modes of electromagnetic fields
on a single quantum level. To this end, we could realize strong coupling between the magnetic

1This work is supported by the German Excellence Initiative via the Nanosystems Initiative Munich (NIM).
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excitations of a ferrimagnetic systems (magnons) and those of a superconducting microwave
resonator (photons) (see Ref. [1] and report by J. Lotze et al., pp. 54–56). In this field the
research activities within NIM are closely linked to those of SFB 631 described already above
(see pp. 11–14). The WMI research activities also aim at the study of pure spin currents in the
quantum regime. It is planned to perform spin pumping experiments in ferromagnet/normal
metal or antiferromagnet/normal metal structures in the limit of mK temperatures and single
microwave photons. A number of successful experiments in this direction already have been
performed (see Refs. [2–6] and report by M. Schreier et al., pp. 60–62).

Area II: Hybrid Nanosystems

... a nano foundry promoting mutual interactions and new ideas

The Research Area II on Hybrid Nanosystems is
NIM’s main nanofoundry, where a great variety
of solid state and nano-bio-systems are fabri-
cated by advanced top-down and smart bottom-
up approaches. Within RA II, WMI investigates
the interaction of light with magnonic excita-
tions using near-field and nano-optical effects
(in collaboration with Grundler, TUM). Metallic
nanostructures integrated into magnetic devices
are used to locally enhance the light-induced
electrical field due to plasmonic effects and to
extend the wavevector spectrum by exploiting

evanescent waves. Also, the coupling of magnonic and phononic modes is investigated in fer-
romagnetic/ferroelectric hybrid devices (in a cooperation with Krenner/Wixforth, University
of Augsburg, and Weig, University of Konstanz). We already have shown that in such devices
a surface acoustic wave (SAW) propagating in the ferroelectric induces local, radio-frequency,
elastic strains in the adjacent ferromagnet [7]. This allows to elastically drive magnetization
dynamics, and makes hypersound ferromagnetic resonance experiments with submicron spa-
tial resolution possible. Recently, we have demonstrated magnetoelastic coupling between the
mechanical modes of a Si3N4 nanobeam and the magnetic degrees of freedom of a Co film
deposited on it.

© Chuyang Zheng

A successful new research field started at WMI some years
ago is nanomechanics. In a collaboration with E. Weig,
University of Konstanz, and T. Kippenberg, EPFL Lau-
sanne, we have successfully fabricated electro-mechanical
nanosystems consisting of a Si3N4/Nb nanobeam coupled
to a high quality factor superconducting microwave res-
onator (see Refs. [8–10] and report by H. Huebl et al., pp. 36–
38). These hybrid systems combine two platforms that have
traditionally been studied in separate contexts: Supercon-
ducting microwave circuits are essentially printed circuit
boards that operate at very high frequencies (10 GHz) and
low temperatures (0.05 K above absolute zero). In recent years, these circuits have been estab-
lished as one of the most promising candidates for future quantum information processors,
due to their excellent coherence, operation speed and scalability. Nanomechanical oscilla-
tors, on the other hand, have been under physicists’ scrutiny for the yet unexplored quantum
aspects of their vibrational motion, probing the laws of quantum mechanics in an unprece-
dentedly literal sense. We could realize a coupling between the microwave field and the
vibration of a nanomechanical beam in an on-chip platform of finger nail size. The coupling
proceeds by a tiny capacitance change in the circuit induced by the motion of the nanome-
chanical beam. By analogy with phenomena known in atomic and optical physics, we found
that the nanomechanical oscillator can mediate interference between microwaves, resulting
in interesting features such as electro-mechanically induced transparency (EMIT) [8] and ab-

© Walther-Meißner-Institut
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sorption (EMIA) [9, 10], and can be exploited to control the propagation of microwave signals.
In particular, we could create spectrally extremely sharp transmission windows (linewidth
10 Hz) for microwave radiation, which are accompanied by very long delays on the order of
10 milliseconds [8–10]. We also addressed more subtle questions with regard to the possi-
ble temporal dynamics of the control that have been debated among experts, and found full
agreement with their expectations [8, 10]. Another important result was that our system is
capable of operating in a regime in which decoherence, a potentially detrimental effect for the
processing of quantum information, is not a critical issue. In summary, we developed a plat-
form to manipulate wave propagation in a fully integrated architecture without the need of
photon detection and regeneration. Its implications extend to the field of quantum computing
and quantum information processing.
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In order to unite the unique competences in
quantum physics in Munich and extend them
into an international excellence network of doc-
toral training centres with partners at the Aus-
trian Academy of Science in Vienna and Inns-
bruck, at ETH Zurich, ICFO Barcelona, Im-
perial College London, Caltech, and Harvard,
we applied for an International PhD School
of Excellence (IDK) entitled “Exploring Quan-
tum Matter (EQM)” within Elite-Netzwerk Bay-
ern in 2013. The proposal has been evaluated
very positively and the final decision on fund-
ing will be made in January 2014. The partic-
ipating institutions are Max-Planck Institut für
Quantenoptik (MPQ), Walther-Meißner-Institut
of BAdW, Walter-Schottky Institut, Ludwig-
Maximilians Universität München (LMU), and
Technische Universität München (TUM). Ex-
ploring Quantum Matter from few-body inter-
actions to artificial many-body systems will pro-
vide a common research focus to unite the com-

petences of leading research groups in Munich in an interdisciplinary, professional and uni-
fied manner: quantum many-body systems will be studied in experimental and theoretical
physics, material science, mathematics, computer science, and chemistry.

The particular focus of WMI within the applied International PhD School of Excellence will
be “Scalable networks of solid-state quantum circuits”, which are becoming increasingly
attractive for quantum simulations. For example, networks of nonlinear superconducting
transmission line resonators or optical nanocavities can be used as scalable quantum simula-
tors for the Bose-Hubbard Hamiltonian. The resonators are made nonlinear by a controllable
coupling to superconducting or semiconductor quantum bits, thereby forming harmonic os-
cillators with tunable Kerr nonlinearity. Networks of these entities would be particularly well
suited for accessing the strongly correlated regime and for investigating quantum many-body
dynamics of interacting particles under the influence of driving and dissipation. Solid state
quantum circuits with multiple drives are another attracting system. E.g., superconducting
quantum bits strongly coupled to a resonator field mode and subjected to multiple classical
drives can be used for quantum simulations of relativistic quantum physics (e.g. dynamics of
the Dirac equation, Klein paradox). The key advantage is the controllability of the relevant
physical parameters via the strength of the longitudinal and two transverse drives. Moreover,
quantum bits with two-tone multiple drives can be used for quantum simulation of strong
and ultra-strong coupling dynamics.
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Second Funding Period for the DFG Transregional Collaborative Re-
search Center TRR 80 “From Correlations to Functionality”

R. Hackl 1

In November 2013 the Senate of the German Research Foundation (DFG)
decided to support the Transregional Collaborative Research Center TRR 80

“From Correlations to Functionality” for another four years in the period
from 2014 until 2017. The TRR 80 is a collaboration between the Uni-
versity Augsburg (UA) as a lead institution, the Technical University Mu-
nich (TUM), the Ludwig-Maximilians University (LMU), and the Walther-
Meißner-Institute (WMI). The first funding period (2010–2013) was very suc-
cessful and productive yielding more than 200 publications.

The objective is to find new materials having electronic correlations and offering opportuni-
ties for functionalities. An important example is the interface of different insulating materials
exhibiting metallic conduction or even superconductivity. Also the introduction of defects
and other inhomogeneities into correlated metals or metal oxides often yields new and un-
expected properties that can be used for future applications. The situation is comparable to
that of semiconductor research some 50 years ago when the transition from the observation
of new properties over the deliberate modification of the materials to a wealth of applications
occurred.

The TRR 80 is a collaboration between materials scientists, experimentalists, and theorists. It is
planned to exploit the enormous possibilities of materials engineering proceeding from single
crystal growth and thin film deposition to heteroepitaxy and atomically precise structures.
Many of the properties are not understood yet and need in-depth experimental studies and
theoretical modeling. The projects of the TRR 80 comprise state of the art preparation tech-
niques, a large variety of innovative experimental tools, and various theory projects covering
analytical and the most advanced numerical techniques.

The WMI contributes with a spectroscopy project which is intended to improve the spatial
resolution of light scattering experiments by more than an order of magnitude bridging the
gap between the diffraction limit of visible light and scanning tunneling techniques. This is
achieved by placing a metallic tip with a typical apex radius of 5 nm into the focus of the
laser, bring it close to the sample surface, and use the near field enhancement of the tip for
reducing the scattering volume by three to six orders of magnitude. In this way lattice and
transport properties can be studied on length scales of order 10 nm relevant for most of the
new materials of interest for the TRR 80.

1The work is supported by the DFG via the Transregional Collaborative Research Center TRR 80.
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Six Years of Research in the DFG Priority Program SPP 1285
“Semiconductor Spintronics”

M. Althammer, S. Geprägs, S. T. B. Goennenwein, R. Gross, M. Opel 1

The use of electron and hole spins for future semiconductor devices is in the
focus of current research. Key prerequisites for the development of novel de-
vice concepts for spin electronics and spin optoelectronics are the realization
of an effective injection of spin-polarized charge carriers, as well as the thor-
ough understanding of the transport, manipulation, and detection of the spin
degree of freedom. To promote research in this field, the German Research
Foundation (DFG) started a 6-year Priority Program entitled Semiconductor
Spintronics (SPP 1285) in July 2007. The general scientific objectives of this
program were defined as (i) the efficient injection of spin polarized electrons using para- and
ferromagnetic semiconductors and ferromagnetic metal clusters, (ii) the transport of electron
spins across interfaces and large distances, (iii) the direct manipulation of the orientation
of electron spins, (iv) the study of spin-spin-interactions, (v) the development of concepts
for spintronics and spin-optoelectronics, and (vi) the study of basic principles of spin-based
quantum information processing in semiconductors.

The priority program SPP 1285, consisting of three 2-year funding periods, was supporting 33

single projects in basic and applied research all over Germany. The WMI has been participat-
ing in this program from the very beginning in 2007. With our project entitled Spin Injection,
Spin Transport, and Controllable Ferromagnetism in Transition Metal-Doped ZnO, the WMI was
granted funding for all three terms (2007–2009, 2009–2011, and 2011–2013). The key objec-
tives of our project included (i) the fabrication of high-quality epitaxial ZnO thin films and
heterostructures as well as [ZnO/ferromagnet]n digital alloys tailored to the needs of spin
(opto)electronic devices, (ii) the investigation of the spin coherence time in ZnO by optical
pump & probe experiments, (iii) the optical study of electrical spin injection and spin transport
in ferromagnet/ZnO heterostructures, and finally (iv) the investigation of the spin dephasing
via all-electrical transport experiments in ZnO-based, vertical spin valve heterostructures. Our
work in this project resulted in 9 publications in peer-reviewed journals [1–9]. Furthermore,
3 PhD students [10–12]. Moreover, 6 diploma or master students finished their theses at the
WMI which were fully or to a large extent linked to or funded by this project.

In close collaboration with various project partners in SPP 1285, we have comprehensively
investigated the material system ZnO, making extensive use of our thin film fabrication labs.
With funding from the priority program, we equipped our existing ultra-high vacuum laser
molecular beam epitaxy (laser-MBE) system with (i) an upgraded flexible ultra-violet laser
beam optics allowing for the precise variation of the laser fluence, (ii) an upgraded infrared
laser heating system allowing for both high substrate temperatures in UHV environment and
rapid temperature changes, and (iii) a new radical source for atomic oxygen and nitrogen [7].
We have optimized the deposition parameters for doped and undoped ZnO single thin films,
ZnO buffer layers, and ZnO-based multilayer structures. The detailed structural characteri-
zation by X-ray and transmission electron microscopy (TEM) analysis showed (see Fig. 1(a))
that epitaxial ZnO thin films with high structural quality can be achieved on (0001)-oriented
Al2O3 substrates, in spite of the large lattice mismatch of 18% [7]. We have also realized
the heteroepitaxial growth of ZnO based multilayers as a prerequisite for spin transport ex-
periments and the fabrication of spintronic devices [6, 7]. Our research project aimed at the
magnetic properties and the possibility of dilute magnetic doping with transition metal ions

1This work is supported by the German Research Foundation via the Priority Program SPP 1285 (project
number GR 1132/14).
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Figure 1: (a) High-resolution transmission electron microscopy image of an epitaxial ZnO thin film on Al2O3.
(b) Cross-sectional view of a ZnO based spin-valve junction for the all-electrical study of spin transport across
ZnO. (c) Illustration of the mesa structure and the measurement setup for electrical injection/optical detection.

on the one hand side and spin coherence and spin dephasing properties on the other. The lat-
ter becomes important for semiconductor spintronic devices in view of the injection, transport,
manipulation, and detection of spin-polarized carriers. Our results are in detail summarized
in Ref. [8]. In the following, we only give a short overview over the main aspects.

During the past ten years, there have been broad research efforts aiming at the realization
of room-temperature ferromagnetism in ZnO by suitable transition metal (TM) doping. From
theory, ferromagnetism was predicted for dilute magnetic doping with Mn oder Co. Although
a large number of publications reported the observation of ferromagnetic-like behavior for
ZnO:TM, those studies mostly did not take into account the possible formation of spurious
secondary phases. We have grown several series of differently doped thin films (TM = Mn,
Co, Cu, . . . ), homoepitaxially on ZnO and heteroepitaxially on ScAlMgO4 or Al2O3 substrates.
In a very detailed and systematic study for ZnO:Co combining integral and element-specific
techniques, we discovered no indication for carrier-mediated itinerant ferromagnetism [2]. In
contrast, phase-pure, crystallographically excellent ZnO:Co thin films were found to be uni-
formly paramagnetic. Superparamagnetism arised only when phase separation or defect for-
mation occurred and always stemmed from nanometer-sized metallic precipitates [5]. Other
thin-film compounds like ZnO:(Li,Ni) and ZnO:Cu did also not exhibit any indication of fer-
romagnetism. So, dilute magnetic doping of ZnO, initially considered a success story, turned
out to be more difficult than expected. The early positive reports have to be re-considered in
the light of element-specific, microscopic techniques applied to such “ferromagnetic” transi-
tion metal-doped oxide materials.

Although it seems to be impossible to realize room-temperature ferromagnetism in ZnO,
the small spin-orbit coupling and correspondingly large spin coherence length makes ZnO
suitable for transporting or manipulating spins in thin film spintronic devices. In close col-
laboration with project no. 6 (“Coherent spin transport in semiconductors”, B. Beschoten &
G. Güntherodt, RWTH Aachen), we have carefully investigated the spin-coherence in ZnO
thin films by applying both optical and electrical injection/detection schemes. From the first
optical pump/optical probe experiment, we revealed a long (' 15 ns) and a short component
(' 2 ns) for the spin dephasing time in our ZnO thin films at low temperatures [9]. We at-
tributed the long component to electrons localized at donors (presumably Al) as it was only
seen in optical pump/probe experiments. The short one, however, was also observed for
electrical “pumping” and therefore should represent the behavior of mobile charge carriers
in ZnO. This assumption was confirmed in a second all-electrical magnetotransport measure-
ment utilizing vertical Co/ZnO/Ni spin valve structures (Fig. 1(b)). We successfully created
and detected a spin-polarized ensemble of electrons and demonstrated the transport of this
spin information across several nanometers in ZnO [6]. From a detailed analysis applying
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a two-spin channel model with spin-dependent interface resistances, we have derived a spin
lifetime of 2.6 ns for these itinerant spins at low temperatures [6]. All these data agreed well
with the results of our third combined electrical pump/optical probe experiment (Fig. 1(c))
where we found a spin dephasing time of ' 1 ns [8].
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Second Funding Period for the DFG Priority Program SPP 1458
“Superconductivity in Iron-Based Compounds”

R. Hackl 1

In June 2013 the German Research Foundation (DFG) decided to support the Priority Pro-
gram SPP 1450 “Superconductivity in Iron-Based Compounds” for another three years until
2016. The funding includes support for approximately 25 research groups in Germany and
enables them to organize one workshop, two international conferences, and several mini-
workshops for the participating students. One of the coordinators (R.H.) is affiliated with the
Walther-Meißner-Institute (WMI) and is principal investigator of the project “Raman study of
the interrelation of electron dynamics and phase transitions in iron-based superconductors”
(HA 2071/7-2).

T

electron dopinghole
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Ba1‐xKxFe2As2 Ba(Fe1‐xCox)2As2

BaFe2(As1‐xPx)2

(a) (b)

Figure 1: Phase diagrams and Fermi surface in Fe-based materials. (a) Schematic phase diagrams for different
control parameters in 122 compounds (upper left inset). All three elements in ternary 122 compounds can be
substituted. In (Ba1−xKx)Fe2As2 it is justified to speak of doping since the valencies of Ba and K are uniquely
defined. In Ba(Fe1−xCox)2As2 the valence of Co is debated [1] while in BaFe2(As1−xPx)2 the substitution is clearly
isovalent. The phase diagram of BaFe2(As1−xPx)2 is almost identical to that obtained with applied pressure [2].
(b) Evolution of the Fermi surface and the spectroscopic gap in mono-layer FeSe (upper right inset) [3]. As
deposited the layer is insulating and has Fermi surfaces around the center and the corner of the Brillouin zone.
After several annealing steps (horizontal axis) the central Fermi surface vanishes gradually and a gap is found in
the photoemission spectra up to maximally 65 K.

The priority program focuses on the basic physical properties of the iron-based superconduc-
tors (FeSC). Due to their band structure having Fermi surfaces in high symmetry points which
can be tuned by substitution and applied pressure the FeSC are laboratories for fundamental
studies of unconventional Cooper pairing. The system BaFe2As2 offers four different routes
for exploring the phase diagram [Fig. 1 (a)]: (i) substitution of Ba2+ by K+ clearly having a
doping effect [4], (ii) substitution of Fe by Co where the doping is less evident [1, 5], and
(iii) isovalent substitution of As by P [6] which is by and large equivalent to (iv) applied
hydrostatic pressure [2]. In all cases the Fermi surfaces yield to the changes of the electron

1The work is supported by the German Research Foundation (DFG) via the Priority Program SPP 1458 (project
HA 2071/7-2).
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count and the structure. In addition, the various substitutions influence the mean free path
of the carriers in different ways since they are at different distances from the relevant Fe lay-
ers. However, in all cases the shapes of the Fermi surfaces have a crucial influence on the
superconducting and magnetic properties. This influence becomes particularly clear in the
chalcogenide FeSe [Fig. 1 (b)]. Here, a single layer FeSe on buffered SrTiO3 shows spectro-
scopic evidence of superconductivity if the Fermi surface is tuned so as to solely encircle the
corners of the Brillouin zone. Then a gap is found in the photoemission spectra which closes
at approximately 65 K in samples that underwent appropriate annealing protocols and reaches
roughly 6kBTc at low temperature [3]. If transport and magnetization measurements can cor-
roborate the conjectures from photoemission spectroscopy mono-layer FeSe would break the
current record of SmFeAsO reaching 56 K [7] and bring the chalcogenides closer to the center
of future activities.

The project at the WMI focuses on electronic properties in both the magnetic and the su-
perconducting state. One of the new developments is the detwinning device for the system
Ba(Fe1−xCox)2As2 which undergoes a structural phase transition for x ≤ 0.065. In detwinned
samples the properties in the spin-density-wave (SDW), phase which is established a few
degrees below the structural transition, can be studied with light polarizations parallel and
perpendicular to the SDW ordering vector, returning clear anisotropies in both the electronic
and lattice properties. In addition, the evolution of nematic fluctuations as one of the putative
driving forces of the phase transitions and even superconductivity can be studied in more
detail. The superconducting response in (Ba1−xKx)Fe2As2 allows insight into the momentum
dependence of the pairing potential Vk,k′ via excitonic modes inside the gap (contribution
by T. Böhm in this Annual Report). These modes which were predicted by Bardasis and
Schrieffer [8] and studied in some detail in the context of light scattering [9–11], facilitate the
quantification of anisotropies in the pairing potential and were found to be the litmus test
for competing s- and d-wave ground states in the FeSCs [12–14]. Hence the Raman experi-
ment can contribute to tracking down the changes in Vk,k′ as a function of the Fermi surface
topology.
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The DFG Priority Program SPP 1538 “Spin Caloric Transport”

S. T. B. Goennenwein, R. Gross, M. Schreier, S. Meyer, J. Lotze, M. Weiler, M. Althammer,
H. Huebl, M. Opel, S. Geprägs 1

The field of spin caloritronics addresses the impact of the spin de-
gree of freedom on the thermally driven transport properties of
solid state systems [1]. A few years ago, the notion emerged that
spin caloritronic phenomena are much more than spin-dependent
replica of the well-established, thermo-galvanic effects. One key
insight from the ensuing research activities is that spin-dependent
entropy transport does not necessarily require mobile charge car-
riers. Rather, entropy transport also is possible via spin excita-
tions (magnons), resulting in a new set of spin caloritronic phe-
nomena such as the spin Seebeck effect [2] or the spin Nernst ef-
fect [3]. Since magnons are present in conductive ferromagnets
just as well as in so-called magnetic insulators – i.e., in electri-
cally insulating materials exhibiting long-range ferromagnetic or
ferrimagnetic order – the new spin caloritronic effects just men-
tioned will be present in particular also in magnetic insulators. In contrast, the conventional,
charge-based thermo-galvanic effects must vanish in these materials, since magnetic insula-
tors do not contain mobile charges. Magnon-based spin caloritronic effects thus indeed are
qualitatively different from the long-known, charge-based thermo-galvanic phenomena.

To stimulate research activities on spin caloric phenomena, the German Research Foundation
(DFG) has launched the Priority Program SPP 1538 entitled Spin Caloric Transport (SpinCaT)
in 2011. The aim of SPP 1538 is to develop the new research field of spin-related caloric
effects. The Walther-Meißner-Institute (WMI) participates in this program with the project
Spin-dependent Thermo-galvanic Effects. As the first three-year funding period will end in
mid 2014, we have already submitted a renewal proposal for the second three year funding
period. One focus of our spin caloric transport research activities is on spatially resolved spin
caloritronic experiments. As detailed in Ref. [4], we use a focused laser beam to generate
a local thermal gradient in magnetic thin films or hybrid heterostructures, and investigate
the resulting spin caloritronic responses [5]. This technique in particular enables spatially
resolved spin Seebeck effect measurements in magnetic insulator/normal metal hybrids. We
have pursued and extended this approach, taking advantage of the excellent yttrium iron
garnet (Y3Fe5O12, YIG) thin films grown via laser-MBE in house at WMI [6]. This year, we
have substantiated the spatially resolved spin Seebeck experiments by a detailed calculation
of the thermal profiles arising in YIG/normal metal hybrids upon laser illumination [7, 8].
We furthermore have quantitatively compared the magnitude of the spin Seebeck effect ob-
served experimentally in these structures with related, magnon-current based phenomena,
namely the spin pumping effect and the spin Hall magnetoresistance [9]. In the second line
of experiments, we have extensively investigated the spin Hall magnetoresistance that we re-
cently discovered in YIG/Pt-type hybrid structures [5, 10–12]. As discussed in more detail
in the contribution by Meyer et al. on page 57, the spin Hall magnetoresistance arises from
the interplay between charge currents flowing in the normal metal (Pt) with magnon currents
(spin currents) flowing in the magnetic insulator (YIG), and thus is closely related to the ther-
mally driven magnon currents observed in spin Seebeck measurements in these structures.
It also is important to emphasize that our spin caloritronic experiments viz. their theoretical

1This work is supported by the German Research Foundation via Priority Program SPP 1538 (project number
GO 944/4-1).
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interpretation are performed in close collaboration with the groups of Prof. E. Saitoh and
Prof. G. E. W. Bauer from the Institute for Materials Research, Tohoku University, Sendai,
Japan, as well as with collaboration partners within SPP 1538.

Currently, we work towards time-resolved spin Seebeck effect experiments in our YIG/Pt
hybrid structures, aiming to identify the microscopic mechanisms responsible for the effect.
Another important line of work deals with the fabrication and investigation of magnetic insu-
lators exhibiting a magnetic compensation point, such as gadolinium iron garnet (Gd3Fe5O12)
or dysprosium iron garnet (Dy3Fe5O12). At a certain temperature (the compensation temper-
ature), the magnetic moments of the different magnetic sublattices in these materials cancel
out exactly. The materials then behave like antiferromagnets in many aspects, enabling ex-
ploratory studies of spin caloritronic phenomena in this regime.
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The EU Marie Curie Initial Training Network “Circuit and Cavity
Quantum Electrodynamics (CCQED)”

F. Deppe, R. Gross, A. Marx 1

The key objective of the european network Circuit and Cavity
Quantum Electro-Dynamics (CCQED) is to investigate the cou-
pling between light and matter at its most fundamental level,
where one or a few atoms strongly interact with a single mode of
the electromagnetic field stored in a resonator containing a small
number of photons. This research area, named Cavity Quantum
Electrodynamics, has been at first investigated with real atoms coupled to microwave or op-
tical photons. However, the recent years showed that the very same physics can be studied
in a solid-state architecture, nicknamed Circuit Quantum Electrodynamics, where now artifi-
cial atoms made of Josephson junctions are coupled to on-chip superconducting resonators.
Both fields made spectacular progress in the past years, with a remarkable diversity of demon-
strated physical effects. To list a few, milestones include the direct observation of the quantum
jumps of microwave light, the deterministic generation and tomography of arbitrary quantum
states of a resonator by superconducting quantum bits, the evidence of the lamb shift in a
solid-state system, the generation of nonlinear photonics with one atom, and the realization
of feedback schemes on single atoms triggered by the detection of single photons.

In 2011, the european network Circuit and Cavity Quantum Electro-Dynamics (CCQED) has
been granted 3.5 Million Euros by the European Union through a Marie Curie Action within
the Seventh Framework Program Initial Training Network ITN-People-2010. The aim of CC-
QED is to bridge two communities in physics, in the academic and private sectors, to share,
pursue and diffuse within Europe the benefits of collaborations in the science of elementary
quanta. CCQED involves 10 research centres and 3 companies, representing the cutting edge
of research in the quantum electrodynamics of fundamental systems in Europe. The network
trains 12 early stage researchers (Ph.D. students) and 2 experienced researchers (postdocs).
They focus on establishing bonds between solid-state and quantum optics physics, strength-
ening the communication between theory and experiment, and establishing links between
fundamental and applied research. Prominent scientists and industry leaders contribute to
the schools and workshops. Special attention is given to the development of complementary
skills, such as communication, presentation, project planning, and management. The WMI
contributes with its expertise on the design, fabrication, and measurement of superconduct-
ing quantum circuits. In particular, the focus lies on the exploration of quantum correlations
in the important microwave frequency domain.

At the WMI, we perform experimental studies on propagating microwaves generated us-
ing superconducting quantum circuits in a cryogenic environment [1–3]. We demonstrated
switchable coupling between two niobium transmission line resonators (TLR) mediated by a
superconducting flux qubit [4, 5]. For fixed coupling, we investigated the distributed cou-
pling [6] and developed a layout for scalable chains of TLR [7, 8]. Transmission measurements
yielded consistent parameters for up to three coupled TLR. These experiments are the basis
for more elaborate studies on thermal entanglement, entanglement scaling laws, and, more
generally, analog quantum simulations. Furthermore, we measured propagating squeezed mi-
crowave light generated by a flux-driven Josephson parametric amplifier. We can consistently
detect squeezing [9] by using either a single path and sideband mixing or a beam splitter and
dual-path state tomography [1–3, 10]. In the latter case, we demonstrated entanglement with

1This work is supported by the EU projects CCQED.
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respect to the two beam splitter output paths. Based on this work, we plan teleportation with
continuous-variable quantum microwaves.

From September 09 to 13, 2013,
CCQED has organized the
International Conference on
Resonator QED. It took place
at the Kardinal Wendel Haus
close to the English Garden in
Munich-Schwabing (organizers:
Peter Domokos (Wigner), Rudolf
Gross (WMI), Gerhard Rempe
(MPQ) & Tatjana Wilk (MPQ)).
It was focussing on (i) single
atom cavity QED, (ii) multi-atom
cavity QED, (iii) circuit QED, (iv)

photonic crystal cavity QED, (v) quantum information processing with CCQED systems, (vi)
cavity optomechanics, (vii) hybrid circuit or cavity QED systems, and (viii) QED without
cavity. With more than 140 participants from all over the world, the conference was a major
and very successful event. The final programme comprised 6 tutorials, 28 invited talks, 18

contributed talks and 57 posters. The local CCQED network partners (Max-Planck-Institute
for Quantum Optics and Walther-Meißner-Institute) opened doors for a tour through their
laboratories. Moreover, the CCQED industry partners invited conference attendees to visit
their facilities or offer to meet their experts. To disseminate research on quantum optics and
circuit QED to a broader public, CCQED organized an evening with a public lecture by Nobel
laureate in physics, Serge Haroche on 11

th September at the Ehrensaal of the Deutsches Mu-
seum. Subsequently, a panel discussion (presented by Jeanne Rubner, Bayerischer Rundfunk)
on “Research & Innovation” with guests from research, politics and industry examined the
link between basic research and innovation. The event attracted more than 150 participants.

The EU small or medium-scale focused research project “Quan-
tum Propagating Microwaves in Strongly Coupled Environments
(PROMISCE)”

F. Deppe, R. Gross, A. Marx 2

The EU Collaborative Project entitled Quantum Propagating Mi-
crowaves in Strongly Coupled Environments – PROMISCE is
funded by the FET-Open Initiative of the EU 7

th Framework Pro-
gram since early 2012. It studies the dynamics of microwave pho-
tons in quantum circuits, including their interaction with super-
conducting qubits, transmission lines and quantum metamateri-
als. The aim of PROMISCE is to provide the foundations for a novel research field: propa-
gating quantum microwave technologies in strongly and ultrastrongly coupled environments.
It emerged from the challenging and controversial idea that microwave photons can inter-
act strongly among each other and with their environment, even in the absence of confining
cavities. PROMISCE combines two major innovative and interdisciplinary components. The
first one, propagating quantum microwave photonics, focuses on the generation, control, and

2This work is supported by the EU project PROMISCE.
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detection of quantum microwave beams and photons using superconducting quantum cir-
cuits. The second one aims at the exploration of interactions between propagating quantum
microwaves and their potential for quantum information processing. The ultimate goal of
PROMISCE is to merge the possibilities of all-optical quantum computing with supercon-
ducting circuits. The result should be quantum networks [7, 8] that perform useful tasks such
as scalable quantum gates or quantum simulation of condensed matter and field quantum
theory problems [11].

The research efforts at WMI employ superconducting quantum circuits to explore novel paths
in engineering strong and ultrastrong controlled interactions [12] between propagating mi-
crowave photons and their environment as well as among photons themselves. To this end,
we aim at the development and understanding of microwave beam splitters [6, 13], which
are an essential component in the manipulation of propagating photons and in particular for
the implementation of single-qubit gates in travelling qubits. Recently, we have witnessed the
development of tunable beam splitters in the optical regime, a novel tool which allows one to
dynamically control those single qubit gates. Within PROMISCE we develop microwave beam
splitters with a similar degree of tunability. Another research direction within PROMISCE is
the development of a deterministic single photon source, which can be realized either by a reli-
ably controlled superconducting qubit in a leaky cavity or a superconducting qubit in an open
line with some transverse driving. As WMI is an early player in the field of quantum propa-
gating microwave, it contributes with pronounced experimental expertise to PROMISCE.
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500 μm

nano-beam: ø ≈ 100 nm

20 μm

microwave resonator

Microwave box (top left) containing a chip with several superconducting coplanar waveguide resonators (top
right). The image at the bottom shows an enlarged view of one end of a microwave resonator, where an about
100 nm wide Si3N4/Nb nanobeam is coupled to the ground plane of the resonator.
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Time-domain Experiments on the Quantum Switch

A. Baust, E. Hoffmann, M. Haeberlein, P. Eder, H. Huebl, E. Menzel, F. Deppe, A. Marx,
R. Gross1

D. Zueco2, J.-J. Garcia-Ripoll3, E. Solano4

During the last decade, superconducting coplanar waveguide resonators and quantum bits
(qubits) have not only proven to provide a highly flexible toolbox for the realization of ex-
periments giving deep insight into light-matter interaction physics [1, 2], but are also very
promising building blocks for future quantum computing and quantum simulation architec-
tures. However, the successful realization of the latter will not only require to increase the
number of qubits and resonators used in the setup, but will also require tunable and switch-
able coupling between these building blocks.
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Figure 1: (a) Sketch of the quantum switch with the qubit Q coupled to the resonators A and B. The coupling
between the resonators is determined by the dynamical and geometric coupling rates. (b) False-color SEM micro-
graph of the flux qubit (red) coupled galvanically to the resonators (green). (c) Qubit parameters are extracted
from a two-tone spectroscopy measurement. (d) Transmission measured through one of the resonators depending
on the magnetic flux and frequency with the qubit in the ground state. The crossings defining the switch set-
ting conditions between the two resonant modes are observed. (e) Same transmission measurement for a driven
qubit. No crossing between the modes is observed, indicating that the coupling between the resonators is present
independent of the applied magnetic flux. (a)-(e) These figures are taken from Ref. [3].

Our approach to realize tunable coupling between two microwave resonators is the quantum
switch [4] which consists of a three-Josephson-junction flux qubit coupled galvanically to two
half-wave resonators, cf. Fig. 1(a-b). In this setup, two coupling mechanisms between the res-
onators have to be considered. The geometric coupling ggeo is determined solely by the circuit

1This work is supported by the German Research Foundation via SFB 631, the German Excellence Initiative
via NIM, the EU Marie Curie Initial Training Network CCQED and the EU Specific Targeted Research Program
PROMISCE.

2CSIC-Universidad de Zaragoza, Spain.
3IFF-CSIC, Madrid, Spain.
4Universidad del Pais Vasco UPV/EHU and Ikerbasque, Spain. E.S. acknowledges financial support by

PROMISCE, SCALEQIT, UPV/EHU UFI 11/55 Basque Government IT 472-10 and Spanish MINECO FIS2012-
36673-C03-02.
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layout, the dynamical coupling gdyn depends on the qubit state and on the qubit transition fre-
quency which can be tuned by applying an external magnetic flux to the qubit loop. The
magnetic flux can be adjusted such that the dynamical coupling compensates the geomet-
ric coupling, yielding zero coupling between the two resonators (defining the switch setting
conditions). For a detailed description of the quantum switch, we refer to Refs. [3, 5].

The qubit parameters are extracted from two-tone spectroscopy as shown in Fig. 1(c). In
Fig. 1(d), the transmission through one of the two resonators depending on the magnetic flux
applied to the qubit loop is shown. As expected for coupled harmonic oscillators, two modes
can be observed. The frequency of the upper mode depends on the magnetic flux and crosses
the lower mode at the switch setting conditions. However, when the qubit is driven, the
coupling between the two resonators is present independent of the applied flux, cf. Fig. 1(e).
These spectroscopic measurements already indicate that the coupling between the resonators
can be switched on and off by driving the qubit or varying the magnetic flux.
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Figure 2: (a) Pulse pattern for the time-domain probe of the
quantum switch. The resonator probe pulse has a length of
30 µs. The qubit drive pulse is delayed by 10 µs and is 10 µs
long. (b) When the qubit is driven, a decrease in the output sig-
nal of the probed resonator is expected as energy is transferred
into the second resonator. Simultaneously, an increase in the
second resonator output signal is expected. (c) Measured time
traces of the output signals of the two resonators. Decrease
(chn. 1) and increase (chn. 2) in the resonator output signals
are observed as expected when the qubit drive is switched on.

Here, we report on a time domain ex-
periment making the switchable cou-
pling directly observable. To this end,
we have set a flux corresponding to the
switch setting condition and have ap-
plied a probe pulse (length τres = 30 µs)
to one of the resonators at the frequency
of the lower mode ωres = 4.888 GHz.
Only 10 µs after applying the resonator
probe pulse, a strong 10 µs driving pulse
is applied to the qubit, switching the
coupling between the resonators on. A
schematic of the pulse sequence is de-
picted in Fig. 2(a-b). The output sig-
nals of both resonators are detected
time-resolved using an FPGA-enhanced
A/D-converter. The results are shown
in Fig. 2(c). After switching on the qubit
drive, the output signal level of the res-
onator where the drive pulse is applied
decreases, whereas it increases for the
other resonator. This result represents a
direct experimental evidence for the ex-
pected switching behavior as the trans-
fer of energy from one into another res-
onator controlled by the qubit state can
be observed.

However, for an ideal quantum switch,
one would expect that at the switch set-
ting condition the output signal level for
the second resonator is zero when the
qubit is in the ground state. Neverthe-
less, in our case a finite output signal
level can be observed. We ascribe this
finding to the fact that, due to the gal-
vanic coupling, more than two resonant
modes are present in our sample (data
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not shown), giving rise to an additional coupling channel between the two resonators. While
the origin of these additional modes has yet to be understood in full detail, the data shown
here still provide experimental evidence for tunable and switchable coupling between two
coplanar waveguide resonators.
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Switching Dynamics of Electromechanically Induced Transparency

H. Huebl, F. Hocke, A. Marx, R. Gross 1

X. Zhou, A. Schliesser, T. J. Kippenberg 2,3

In the field of optomechanics, a light field trapped in an optical resonator dynamically inter-
acts with a mechanical degree of freedom, enabling cooling and amplification of mechanical
motion. This concept of light-matter interaction can be transferred to the microwave (MW)
regime combining superconducting MW circuits with nanometer-sized mechanical beams, es-
tablishing the class of circuit nano-electromechanics. [1–9]. In this realm, a range of optome-
chanical phenomena can be explored. Amongst them are the transduction of the displacement
of the mechanical oscillator on the microwave properties with a sensitivity below the level of
the mechanical zero-point motion, the implementation of microwave sideband cooling to the
quantum ground state, and electromechanical amplification of microwave signals [1, 10]. Ad-
ditionally, spectroscopy of the coupled microwave-mechanical system leads to interference
effects such as the electromechanically induced absorption and transparency [1, 2, 11, 12].
Those are important steps towards for the realization of advanced protocols including quan-
tum state transfer from the microwave to the mechanical domain [7, 10–14], fast sideband
cooling [15], and routing of classical and quantum microwave signals.

In the following, we consider only the case of red-detuning (∆ = −Ωm) [1, 2] (cf. Fig. 1). In this
case, a strong drive tone at ωd close to the lower motional sideband of the superconducting
microwave cavity is applied to the system, while a second, much weaker tone probes the
modified cavity resonance at frequency ωp = ωd + Ω. The simultaneous presence of the drive
and the probe tones results in a force oscillating at Ω = ωp−ωd. If this difference frequency is
close to the mechanical resonance frequency, Ω ' Ωm, a coherent oscillation of the mechanical
system is induced. As a consequence of this oscillation, Stokes and anti-Stokes fields build up
at ωd ±Ωm around the strong driving field. Additionally, the microwave resonator acts as a
narrow-band filter for these fields. If the system is in the resolved-sideband regime, i.e. if the
mechanical frequency Ωm exceeds the linewidth κc of the microwave cavity, the Stokes line
at ωd −Ωm < ωc is strongly suppressed because it is off-resonant with the cavity, whereas
the anti-Stokes line at ωd + Ωm ' ωc is enhanced. Moreover, since the anti-Stokes scattered
field is degenerate with the probe field sent to the cavity, it can lead to destructive interference
of the two fields, preventing the build-up of an intra-cavity probe field. In consequence, we
expect an increased ”transparency” of the cavity transmission (cf. inset of Fig. 1).

To this end, we investigate the nano-electromechanical hybrid device outlined in Refs. [1, 2]
comprised of a superconducting niobium microwave resonator with a resonance frequency of
ωc/(2π) = 6.07 GHz and a linewidth of κc/(2π) = 742 kHz and a double layer Si3N4/Nb
nanobeam with dimensions of 60 µm× 140 nm× 200 nm, a mechanical resonance frequency
Ωm/(2π)) = 1.45 MHz, and a linewidth of Γm/(2π) = 9 Hz. This system thus resides in
the resolved sideband regime as Ωm > κc. The experiments are performed in a dilution
refrigerator at approximately 170 mK to reduce the initial thermal equilibrium phonon occu-
pancy in the mechanical nanobeam. At an even lower temperature, of approximately 30 mK,
we observe an increase in the quality factor to 0.6× 106. These temperatures are far below
the superconducting transition temperature of Nb (9.2 K) and the thermal excitation of the
microwave cavity is significantly suppressed, as h̄ωc/kB = 288 mK, where h̄ is the reduced
Planck constant and kB is the Boltzmann constant.

1The authors acknowledge financial support from the German Excellence Initiative via the “Nanosystems Ini-
tiative Munich‘” (NIM).

2École Polytechnique Fédérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland
3T.J.K acknowledges support by the ERC grant SIMP and X.Z. by the NCCR of Quantum Engineering. Samples

were grown and fabricated at the Center of MicroNanotechnology (CMi) at EPFL.
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Figure 1: Microwave excitation configuration and electromechanically induced transparency. The drive tone and
the probe tone are adjusted to the frequencies ωd and ωp, respectively. To detect electromechanically induced
transparency, the drive tone is set to the red sideband configuration ωd = ωc −Ωm and the probe tone is swept
over the anti-Stokes line. The inset shows the resulting transmission spectra for increasing drive powers. Here, a
transparency feature arises and broadens for high drive powers due to the increased effective mechanical damping
rate Γeff.

To access the switching dynamics of the device, we modulate the drive tone and investigate
the response of the probe beam in the time domain. Note, that the system’s response can
be limited both by the dynamics of the mechanical mode amplitude and by the pump field.
Figure 2(a) shows the pulse sequence employed to experimentally investigate the dynamics.
The continuous wave probe tone is set to the frequency ωp = ωd + Ωm and the drive tone
set to ωd is modulated. Using a sufficiently long pulse, we prepare the system in a steady
state situation. After this, we pulse the drive tone with a 50% duty cycle and a pulse length
of Ton/off.

We find, that the transmission displayed in Fig. 2(b) for short pulse times Ton/off follows the
modulation of the pump tone and is determined by the characteristic time constant of the mi-
crowave cavity κc. This reveals a counterintuitive regime where the relevant time constant is
substantially faster than the slowest time constant of the problem (that is, the inverse effective
mechanical damping rate, Γm). For longer Ton/off we find, that the mechanical damping rate
Γm is at play as shown in Fig. 2(c). During longer ”off” configurations, the mechanical oscil-
lation relaxes towards its equilibrium position at the rate of the intrinsic damping rate Γm, so
when the pump is switched back on, the mechanical oscillation amplitude is not identical to
the steady state configuration present at the end of the preparation pulse. As a consequence,
the transparency feature increases back towards its steady state value at a rate of the effec-
tive damping rate Γeff, leading to a recovery to a finite probe transmission. Thus, continuous
switching is possible if the loss in the mechanical amplitude due to damping between the
successive pump pulses is compensated within the switching period. Note, that in the ”on”
state, the transparency window amplitude depends significantly on the mechanical oscillation
amplitude (see Fig. 2(b) and (c) in combination with the inset in Fig. 1). Extending the demon-
strated temporal control in conjunction with probe pulses allows storage of the probe field
through conversion into a coherent excitation of the mechanical oscillator [16].

To summarize, we have demonstrated that electromechanically induced transparency can be
used in electromechanical systems to manipulate the transmission of a microwave signal in a
fully integrated architecture without the need of photon detection and regeneration. Interest-
ingly, the switching can be faster than the timescale of the mechanical oscillator’s energy decay
rate, a feature which is also of interest for the implementation of narrow switchable filters in
the microwave domain. Combining the system with the powerful advances in the generation
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Figure 2: Dynamic response of the transparency feature for pulsed drive tone excitation. The frequencies are
configured as outlined in Fig. 1. Panel a) displays the drive pulse sequence sent to the nano-electromechanical
device. The probe tone is operated in a continuous wave operation. Panel b) shows the transmission of the system
for the on and off times (Ton/off) short as compared to (Γeff)

−1. Evidently, the system responds on much shorter
timescales comparable with the inverse cavity decay rate (κc)−1 and is not limited by Γeff. For longer Ton/off we
find, that the mechanical system relaxes during the off period of the pulse, cf. panel (c). Subsequently, when the
pulse is switched on again, the system reaches for its steady state value with the effective mechanical damping
rate Γeff.

and detection of single microwave photons may allow for the control over the propagation of
non-classical states using the electromechanical architecture. Moreover, it provides the basis
for the complete storage and retrieval of a microwave quantum state in long-lived mechanical
excitations.
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Analysis of the Subdominant d-Wave Pairing Channel in Iron-based
Superconductors

T. Böhm 1, F. Kretzschmar, R. Hackl 2

A.F. Kemper 3, T.P. Devereaux 4

The investigation of the pairing state in iron-based superconductors (FeSC) is of fundamen-
tal interest not only for explaining the pairing there but also for studying unconventional
superconductivity in general. Taking the FeSC Ba0.6K0.4Fe2As2 it was found that the s+− state
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Figure 1: Raman spectra and fits for Ba0.6K0.4Fe2As2.
In order to get the response ∆χ′′, the Raman response
in the normal state at 45 K is subtracted from the re-
sponse in the superconducting state at 8 K. The inset
shows a sketch of the bands in the 1 Fe zone to identify
the response from each band and their contribution to
the complete fit (black). The grey shaded area in B1g is
the spectral weight that is shifted from the pair break-
ing region into the excitonic mode.

is favored due to the nesting between the cen-
tral hole bands and the electron bands [1, 2].
However, since the electron bands reside on
high symmetry positions the coupling between
them is also appreciable and may even be com-
parable in magnitude to that between the elec-
tron and hole bands.

To gain insight into this topic, Raman exper-
iments were performed on optimally doped
Ba0.6K0.4Fe2As2 [3]. It was observed that both
couplings affect the Raman spectra in a way
that can be described quantitatively with a the-
oretical model. The experimental data together
with the results of the model are presented in
Fig. 1. The figure shows difference spectra in
the symmetries A1g, B2g and B1g referring to
the 1 Fe Brillouin zone. This selection enables
one to assign a symmetry to the observed fea-
tures. For all symmetries the spectra are show-
ing a redistribution of spectral weight from
low to high energies because of the opening of
the superconducting gap upon cooling [4]. The
narrow peak at 140 cm−1 only exists in B1g, so
this mode has x2 − y2 symmetry. The super-
conductivity is assigned to the dominant s+−
coupling between the electron and hole bands
and the d-wave mode to the subdominant cou-
pling between the electron bands, which forms
an exciton-like Bardasis-Schrieffer [5–8] mode
in an orthogonal symmetry.

A quantitative analysis should now prove
these assumptions and reveal properties of
both the superconducting gaps and the exci-
tonic mode. The theoretical model is based on
a realistic band structure as derived from LDA

1Part of the work was performed as visiting researcher at Stanford University during the period December 4,
2012 until May 15, 2013. Since September 2013 support came from the DFG (German Research Foundation) via
the priority program SPP1458 (Project number HA 2071/7-2).
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4SIMES, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, CA 94025, USA
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calculations [9, 10] containing five bands as seen in the inset of Fig. 1. To reproduce the Raman
response arising from superconductivity a k-dependent gap ∆n(k) was assigned to each band
n [11]. In order to apply the theory to the experiment one starts with the B2g spectrum since
this one is free from excitonic modes as in B1g and screening effects as in A1g. The response in
this symmetry results predominantly from the gap on the outer electron band (purple) being
twice as intense as that from the middle hole band (orange). With these gaps fixed, the miss-
ing ones can be set using the A1g spectrum. The black curve shows the full response and is in
good agreement with experiment. The gaps are visualized in Fig. 2.
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Figure 2: Color-coded magnitudes of the band depen-
dent gaps ∆n(k) at the Fermi momentum. The color scale
shows a kz-dependence with maxima at kz=0 for the gaps
at the hole bands and an angular dependence with max-
ima along kx and ky for those at the electron bands.

All gaps have small anisotropies and nearly
the same magnitude except for that on the
outer hole band. The Fermi surface of this
band has a larger cross section than the other
hole bands and thus it is not nested simi-
larly well as the others. Consequently the
magnitude of the gap is smaller. The struc-
ture of the gaps and their magnitude is in
good agreement with ARPES measurements
[10, 12].

To reproduce the B1g spectrum, the effect of
the d-wave coupling must be included. This
is based on the theoretical work of Scalapino
and Devereaux [6]. Due to the small gap
anisotropy on the outer electron band the
B1g spectrum without the effect of the dx2−y2-
wave channel would have a maximum at
approximately 190 cm−1 and a shoulder at
170 cm−1. If the d-wave coupling is switched on, the spectral weight is drained from the
maximum into the excitonic mode. The relative strength of the d and s channels explains the
energy of the collective mode and the transfer of spectral weight.

This opens the possibility that an increase of the d-wave beyond the s-wave coupling strength
could lead to a superconductor with the full d-wave symmetry. One can think of enhancing the
influence of the electron bands by electron doping and simultaneously reducing the nesting
condition by a mismatch of the electron and hole bands. This is in agreement with a proposal
on the basis of FLEX calculations [13], where the s-wave coupling dominates for hole and low
electron doping while the d-wave coupling prevails for a high electron doping.
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Phase Fluctuations, Gauge Invariance and the Anderson–Higgs
Mechanism in Non–Centrosymmetric Superconductors

Dietrich Einzel and Nikolaj Bittner

Abstract. We formulate a microscopic gauge–invariant theory for the order parameter collec-
tive modes applicable to the recently discovered non–centrosymmetric superconductors (NCS)
in the clean limit. Besides the gauge mode ωG, common to all superconductors, we can spec-
ify a new massive collective mode, which usually occurs in context with phase fluctuations in
ordinary two–band superconductors, the so–called Leggett mode ωL, for the first time in NCS.
Given the existence of these two order parameter collective modes ωG and ωL in NCS, we
show, that they are both required to ensure the charge conservation law. Moreover we study
the electromagnetic response of the pair condensate, which immediately allows for the iden-
tification of the condensate plasma mode ωP. The long–range Coulomb interaction is seen
to distinguish between the order parameter collective modes ωG and ωL with respect to their
participation in the Anderson–Higgs mechanism: like in ordinary two–band superconductors,
ωG gets shifted to ωP, whereas ωL is seen to remain unaffected.

Introduction. The order parameter of conventional and unconventional superconductors is
usually classified in terms of either spin singlet (even parity) or spin triplet (odd parity) by
the Pauli exclusion principle. A necessary prerequisite for such a classification is, however,
the existence of an inversion center. Something of a stir has been caused by the discovery
of the bulk superconductors CePt3Si (tetragonal) and Li2PdxPt3−xB (cubic), without inversion
symmetry, to give only two examples, which initiated extensive theoretical and experimental
studies. The antisymmetric spin–orbit coupling (ASOC) caused by the absence of an inversion
center implies (i) the lifting of the Kramers degeneracy associated with the splitting into a
two–band structure and (ii) the possibility of a superposition of singlet and triplet contribu-
tions to the energy gap matrix. When applied to NCS, the microscopic BCS description of
ordinary two–band superconductors has thus to be generalized to include the singlet–triplet
mixture of the NCS energy gap matrix. For a comprehensive review of the physics of NCS, the
reader is referred to the book entitled Non–centrosymmetric superconductors [1] and references
therein. In this letter we focus on the order parameter collective modes in NCS associated
with the phase dynamics. We provide for the first time expressions for the gauge mode fre-
quency ωG, the frequency of Leggett’s collective mode ωL as well as for the frequency ωP of
the condensate plasma mode. The interplay of these collective modes is studied in connec-
tion with the electromagnetic response of the pair condensate, with special emphasis on the
participation of the collective modes in the Anderson–Higgs mechanism [2, 3].

Equilibrium description of NCS. The model Hamiltonian for noninteracting electrons in a
non-centrosymmetric crystal reads

Ĥ = ∑
kσσ′

ĉ†
kσ [ξkδσσ′ + γk · τσσ′ ] ĉkσ′ , (1)

where ξk represents the bare band dispersion, σ, σ′ =↑, ↓ label the spin state and τ
are the Pauli matrices. The second term describes an ASOC with a vectorial coupling
γk. In NCS two important classes of ASOCs are realized which reflect the underlying
point group G of the crystal. We shall particularly be interested in the tetragonal point
group C4v (application to CePt3Si, for example) and the cubic point group O(432) (ap-
plicable to the system Li2PdxPt3−xB). For G = C4v the ASOC reads γk = fl⊥(k̂ × êz) +
fl‖ k̂x k̂y k̂z(k̂2

x − k̂2
y)êz. In the purely two-dimensional case (fl‖ = 0) one recovers what is

known as the Rashba interaction. For the cubic point group G = O(432) γk reads γk =
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fl1k̂− fl3

[
k̂x(k̂2

y + k̂2
z)êx + k̂y(k̂2

z + k̂2
x)êy + k̂z(k̂2

x + k̂2
y)êz

]
. Diagonalizing the Hamiltonian, one

finds the eigenvalues ξkµ = ξk + µ|γk|, which physically correspond to the lifting of the
Kramers degeneracy between the two spin states at a given k and hence establish the two–
band structure characteristic of NCS metals. Sigrist and co-workers have shown that the
presence of the ASOC generally allows for an admixture of a spin–triplet order parameter to
a spin–singlet pairing gap. This implies that we can write down the following ansatz for the
energy gap matrix in spin space ∆kσσ′ = [(∆s(T)1 + dk(T) · τ)iτy]σσ′ where ∆s(T) and dk(T)
reflect the singlet and triplet part of the pair potential, respectively. It is then easy to see that
the ASOC is not destructive for triplet pairing, if one assumes dk ‖ γk. This results in the
following ansatz for the gap function on both bands µ = ±1 in terms of a singlet (∆s) and a
triplet (∆t) amplitude:

∆kµ = ∆s(T) + µ∆t(T) fk ; fk = |γk|/
〈
|γp|

〉
FS
≥ 0 . (2)

The gaps ∆s(T) and ∆t(T) are solutions of the following set of coupled self–consistency equa-
tions (gpν: Gor’kov pair amplitude):

∆kµ = ∑
pν

Γµν
kpgpν ; gpν = −θpν∆pν ; θpν =

1
2Epν

tanh
Epν

2kBT
, (3)

into which the two–gap weak–coupling model pairing interaction Γµν
kp =

−
{

Γs + Γtµν fk fp − Γm
(
µ fk + ν fp

)}
Θ(ε0 − |ξkµ|)Θ(ε0 − |ξpν|) enters. This model inter-

action is governed by the pairing interaction matrix λ (λα = N(0)Γα, α = s, t, m) with the aid
of which the equilibrium gap equation assumes the compact form{

−λ−1 +

(
Ξ0 Ξ1
Ξ1 Ξ2

)}
·
(

∆s
∆t

)
=

(
0
0

)
(4)

λ =

(
λs −λm
−λm λt

)
; λ−1 =

1
|λ|

(
λt λm
λm λs

)
.

Here we have defined Ξn = ∑ν=±1

〈
θp̂ν

(
ν fp
)n
〉

FS
with the index FS denoting the Fermi sur-

face average. Note that in the absence of the off–diagonal elements γncs = Ξ1 − λm/|λ|
the respective gap equations for the singlet and triplet components are decoupled. There-
fore we expect new physics to emerge from the fact that γncs 6= 0 (cf. Eq. (13)). In
addition to the (off–diagonal) Gor’kov amplitude gkµ, the equilibrium situation is further
specified by the Bogoliubov–Valatin quasiparticle (BVQP) distribution function ν(Ekµ) =

[exp(Ekµ/kBT) + 1]−1 and the diagonal distribution function nkµ = u2
kµν(Ekµ) + v2

kµν(−Ekµ),
where ukµ and vkµ denote the usual coherence factors. In addition we need to define the two
energy derivatives Φkµ = −∂nkµ/∂ξkµ and ykµ = −∂ν(Ekµ)/∂Ekµ.

Electromagnetic condensate response. We turn now to the description of a non–equilibrium
situation which, for the time being, is characterized only by a scalar electromagnetic poten-
tial Φ(q, ω). In addition there exists a charge fluctuation term ∝ δn, which accounts for
the action of the long–range Coulomb interaction Vq = 4πe2/q2 within the RPA, so that
δξ0 = eΦ(q, ω) + Vqδn(q, ω) with δn = ∑pν δnpν. Here δn(q, ω) represents the total density
response of the system to δξ0. The perturbation δξ0 causes both density (δn) and current
(j = ∑pν vpν[δnpν + Φpνδξ0]) fluctuations. Moreover, δξ0 induces fluctuations δgkµ of the
Gor’kov pair amplitude, as well as both amplitude (λ = +1) and phase (λ = −1) fluctuations
of the order parameter δ∆(λ)

kµ = 1
2 [δ∆kµ + λδ∆∗−kµ]. In what follows, we wish to focus on the

phase fluctuations and decompose δ∆(−)
kµ into singlet (δ∆(−)

s ) and triplet (δ∆(−)
t ) contributions,

analogous to Eq. (2), according to

δ∆(−)
kµ = δ∆(−)

s + µ fkδ∆(−)
t . (5)
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This order parameter dynamics can be obtained from a straightforward variation of Eq. (3) [4]

δ∆(−)
kµ = ∑

pν

Γµν
kpδg(−)pν ; δg(−)kν + θkµδ∆(−)

kµ = ωλkµδξ0 − [ω2 − (q · vkµ)
2]λkµ

δ∆(−)
kµ

2∆(−)
kµ

. (6)

Here we have defined the condensate response or Tsuneto function:

λkµ = 4∆2
kµ

θkµ[ω
2 − (q · vkµ)

2] + Φkµ(q · vkµ)
2

(q · vkµ)2[ω2 − 4ξ2
kµ]−ω2[ω2 − 4E2

kµ]
. (7)

The physical significance of the Tsuneto function lies in the sum rule, which generates the
so–called condensate density χP0 = ∑pµ λpµ = NF ∑ν±1

〈
λp̂ν

〉
FS. The total particle density δn

can be shown to obey the conservation law

ωδn− q · j = ∑
pν

λpν

[ω2 − (q · vpν)
2] δ∆(−)

kµ

2∆pν
−ωδξ0

 = 0 (8)

only, if all phase fluctuation modes of the order parameter in Eq. (6) are properly accounted
for. The result for the diagonal phase space density response function δnkµ reads [4]:

δnkµ =

(
η2

k ϕk

ω2 − η2
k
− λk

)
δξ0 + ωλkµ

δ∆(−)
kµ

2∆kµ
≈ −λkδξ0 + ωλkµ

δ∆(−)
kµ

2∆kµ
, (9)

where in the second equality of Eq. (9) we have ignored the quasiparticle contributions ∝
ϕkµ = Φkµ − λkµ to the response. Hence the quantity δnP, which involves exclusively the
Tsuneto function λkµ,

δnP = −χP0δξ0 + ω ∑
pν

λpν
δ∆(−)

pν

2∆pν
= χ

(0)
P δξ0 , (10)

and the function χ
(0)
P describes the condensate response of the NCS system alone. We expect

that the frequency and wave–vector dependence of χ
(0)
P (q, ω) contains the information on the

relevant order parameter collective modes in NCS. Defining a = ω2
Gq + ω2

Lq and b = ω2
Gqω′2Lq,

we find:

χ
(0)
P = χP0

ω2
Gq[ω

2 −ω′2Lq]

ω4 − aω2 + b
. (11)

The physical significance of these frequencies lies in the interpretation of ω2
Gq as the gauge,

Anderson–Bogoliubov or Nambu–Goldstone mode of NCS

ω2
Gq =

∑ν=±
〈
λp̂ν(q · vpν)2〉

FS

∑ν=±
〈
λp̂ν

〉
FS

(12)

as well as of ω2
Lq (ω′2Lq) as Leggett’s collective mode of NCS

ω2
Lq = ω2

L +O(q2) ≈ ω′2Lq ; ω2
L = 4γncs

λ0∆2
s + λ2∆2

t + 2λ1∆s∆t

λ0λ2 − λ2
1

. (13)

Here the definitions λn = ∆s∆t ∑ν=±1

〈
λp̂ν(ν fp)n/∆2

pν

〉
FS

have been used. The analysis of

the roots of ω4 − aω2 + b = [ω2 − ω2
+][ω

2 − ω2
−] immediately leads to ω2

+ = ω2
Lq + O(q4)
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and ω2
− = ω2

Gq +O(q4). Let us now turn to the renormalization of χ
(0)
P by the long–range

Coulomb interaction. The observation

Vqχ
(0)
P =

ω2
P

[
ω2 −ω′2Lq

]
ω4 − aω2 + b

; ω2
P(q̂) =

4πne2

m ∑
ν

3
〈
λp̂ν(q̂ · p̂)2〉

FS (14)

allows for the identification of ω2
P(q̂) as an anisotropic condensate plasma frequency of NCS.

Using the abbreviations A = ω2
P(q̂) + ω2

Gq + ω2
Lq and B = (ω2

P(q̂) + ω2
Gq)ω

′2
Lq, the full density

response assumes a form reminiscent of Eq. (11):

δnP = χPeΦ ; χP = χ
(0)
P /(1−Vqχ

(0)
P ) = χP0

ω2
Gq[ω

2 −ω′2Lq]

ω4 − Aω2 + B
. (15)

The full condensate density response, also manifested in the condensate dielectric function
εP = 1− Vqχ

(0)
P = (ω4 − Aω2 + B)/(ω4 − aω2 + b), is seen to display what is referred to as

the Anderson–Higgs mechanism in the theory of NCS, which consists in the shift of the gauge
mode to the plasma frequency (ω2

Pq = ω2
P(q̂) + ω2

Gq), as indicated in the underlined parts of
the coefficients A and B. The analysis of the roots of ω4 − Aω2 + B = [ω2 −Ω2

+][ω
2 −Ω2

−]
leads to Ω2

+ = ω2
Pq + ω2

Lq−ω′2Lq +O(q4) and Ω2
− = ω′2Lq +O(q4). We may therefore state that

the Leggett mode, although being related to the phase dynamics of the NCS order parameter,
remains unaffected by the long–range Coulomb interaction and hence does not participate
in the Anderson–Higgs mechanism. It should be emphasized that a similar result has been
found for the case of ordinary two–band superconductors [5].

Conclusions. In summary, we have presented for the first time a comprehensive, gauge–
invariant description of the order parameter collective modes (related to fluctuations of the
phase) in NCS systems. The relevant modes are found to be (i) the gauge mode ωGq, (ii) the
Leggett mode ωLq (ω′Lq) and (iii) the condensate plasma mode ωP(q̂). In spite of the more
complex singlet/triplet mixture of the NCS order parameter, the gauge mode and the plasma
frequency have a form similar to the ones derived for ordinary two–band superconductors.
The Leggett mode, on the other hand, looks different when compared with its ordinary two–
gap counterpart [5]. The validity of the charge conservation law could be proved by account-
ing for both order parameter collective modes ωGq and ωLq. The superconducting analogue to
the Higgs mechanism [3] in particle physics could be shown to be at work, in which only the
gauge mode participates ω2

Gq → ω2
Pq, whereas the Leggett mode does not. Future activities

will include (i) the solution of the gap equation (4), (ii) a comprehensive numerical analysis
of the wave–vector and temperature dependence of ωGq and ωLq (ω′Gq) for different crystal
symmetries (O(432), C4v, . . . ) and (iii) a careful investigation of the exotic case of a massless
Leggett mode in the limit γncs → 0, which might simulate the existence of two distinct gauge
modes in NCS.
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Phonon Anomalies at the Helimagnetic Phase Transition in MnSi
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Figure 1: Temperature dependence of the E phonons
in MnSi. Shown are the frequencies (left scale) and
widths (right scale) of the two strongest lines for
(a,b) the full temperature range and (c,d) low tem-
perature. The linewidth can be described by the
model of anharmonic decay [1] (black lines). The fre-
quency change originates in the thermal expansion
and can be described by a constant Grüneisen param-
eter γi = 2.5 above 35 K (orange line). The dip in
the phonon frequency right above TC (dashed verti-
cal line) in the fluctuation disordered regime [2, 3]
(shaded) can be mimicked using thermodynamic pa-
rameters (dashed magenta line). In a magnetic field
of 4 T (triangles and circles), the phonon anomalies
disappear.

MnSi is a magnetic material crystallizing in
the non-centrosymmetric B20 structure. The
broken inversion symmetry gives rise to spin-
orbit coupling and the formation of spin he-
lices below the ordering temperature TC = 29 K.
The competition between the exchange and the
Dzyaloshinskii-Moriya interactions leads to ad-
ditional ordering phenomena such as the cele-
brated Skyrmion phase [4] or non-Fermi-liquid
phases at high pressure [5]. Recently, the transi-
tion at TC was shown to be of the first order [6],
raising, among other things, the question as to
the involvement of the lattice.

In our light scattering study we looked in some
detail at the temperature and symmetry depen-
dence of the phonons. The results for the E
phonons are compiled in Fig. 1. We do not
show the full spectra but rather the line widths
and the phonon positions as derived from Voigt
fitting profiles emulating the convolution of a
Gaussian (resolution) and a Lorentzian (homo-
geneous width) line shape. This is necessary
since, due to the high crystal quality, the intrin-
sic line widths of the phonons are close to the
resolution of 2 cm−1. While the line widths de-
crease smoothly with temperature the phonon
positions show various anomalies around and
below TC. Since the anomalies disappear in
a magnetic field of 4 T larger than the critical
field [4], they can be associated with the heli-
magnetic transition.

The line widths of all phonons (including the
T2 modes) can be well described by symmetric
anharmonic decay [1] in the entire temperature
range studied (black solid curves). However,
the anharmonic decay is insufficient to explain
the shift of the phonons. The major contribu-
tion rather comes from the expansion of the lat-
tice. Clearly various effects contribute to the
coefficient of thermal expansion α(T) including
the normal anharmonic processes and magne-
tostriction. The experimental results for α(T) directly indicate that the phase transition has

1The work was supported by the DFG via project HA 2071/5 in the coordinated program PAK 405.
2Physik-Department E21, Technische Universität München, 85748 Garching
3The work was supported by the DFG via project PF 393/10-1 in the coordinated program PAK 405. Current

support comes from the European Commission via the ERC grant 291079 TOPFIT.
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a substantial impact on the lattice [7–9]. An influence of magnetism can be detected up to
200 K [2, 8]. While we cannot disentangle the various contributions completely, we study the
role of the Raman-active phonons.
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Figure 2: Difference between the experimental
phonon energies ωph(T) of the four strongest
lines and those calculated via Eq. (1) using
γmacro(T). Note the logarithmic temperature
scale. The anomaly at TC has no correspondence
in the thermodynamic properties.

The contribution of a phonon mode i to the volume
change is given by the microscopic Grüneisen pa-
rameter γi = −∂(ln ωi)/∂(ln V). If we assume that
γi is temperature independent, the equation can be
integrated [10], yielding a relation between the shift
∆i(T) and α(T) ∝ V(T),

∆i(T) = ωi(0)
{

exp
[
−3γi

∫ T

0
α(T′)dT′

]
− 1
}

. (1)

Using the data for α(T) from the literature [9] and
setting γi = 2.5, the orange curves in Fig. 1 are ob-
tained being in agreement with the Raman results
at T > 35 K. Around TC and below, the phonon
anomalies are not reproduced at all, for instance,
the dip in the frequency above TC which is clearly
resolved in Fig. 1 (c) and (d). Therefore we reexam-
ine the thermodynamic data [11, 12] and use it to
calculate [13] the macroscopic Grüneisen parameter
γmacro. Below 50 K, γmacro is strongly temperature
dependent while it saturates at 2.5 above. First, this
justifies the choice of γi and, second, if γmacro is sub-
stituted tentatively4 for γi in Eq. (1) the dip above
TC is by and large reproduced. Yet, the recovery of
the phonon energies at TC and the renormalization
below have no correspondence. As shown in detail
in Fig. 2 for the two strongest E and T2 phonons,
the energy dip above TC vanishes after subtraction
of ∆i(T) leaving behind a substantial anomaly at TC
and a softening below. Obviously, the phonons re-
produce the magnetostriction effects in the param-
agnetic phase down to approximately 35 K and possibly even in the fluctuation regime. In
the vicinity of the phase transition and below volume effects cannot account for the phonon
anomaly but the phonons may couple directly to the spin order.
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Fermi surface transformation in the electron-doped cuprate supercon-
ductor Nd2−xCexCuO4 detected by high-field Hall effect studies

T. Helm, W. Biberacher, A. Erb, M. V. Kartsovnik, and R. Gross 1

S. Lepault, C. Proust2

In order to clarify the mechanism responsible for the high-temperature superconductivity in
superconducting (SC) cuprates one needs to know the exact nature of the underlying "normal",
i.e. nonsuperconducting state. This long-standing issue, however, remains largely controver-
sial. Even in the relatively simple case of electron-doped cuprates Ln2−xCexCuO4 (Ln =Nd,
Pr, Sm, La), where the SC state emerges in direct neighbourhood of a commensurate antiferro-
magnetic (AF) ordering, there is no consensus as to whether the two states coexist and, if yes,
then to which extent [1]. A promising approach to resolving this issue is high-field magne-
totransport studies, which recently proved extremely useful for exploring the electronic state
in cuprates [2–4]. In particular, for the electron-doped system Nd2−xCexCuO4 (NCCO) the
quantum oscillations of magnetoresistance (Shubnikov-de Haas, SdH, effect) observed in the
magnetic-breakdown regime have given a compelling evidence of a symmetry-broken state
persisting in the overdoped range all the way up to the edge of the SC dome on the x-T phase
diagram [3, 5].
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Figure 1: The superconducting critical temperature (grey line),
Shubnikov-de Haas amplitude (circles), and effective cyclotron mass
(in the free electron mass units, stars) plotted versus Ce concentra-
tion x in NCCO single crystals.

Interestingly, the SdH effect was
observed on the optimally doped
and a range of overdoped compo-
sitions of NCCO, whereas no oscil-
lations have been found in under-
doped samples. This can hardly
be attributed to the crystal quality.
On the contrary, from the crystal
growth point of view a higher crys-
tal quality is expected the lower the
doping level [6, 7]. Fig. 1 shows
the amplitude of the slow SdH os-
cillations (full circles) plotted along
with the SC critical temperature Tc
(grey line) against Ce concentra-
tion x. Going from higher to lower
doping, the oscillation amplitude
grows, in accord with the increas-
ing superlattice potential [3], till
x = 0.15. It slightly reduces but still
remains sizable at optimal doping xopt = 0.145. However, a further decrease of x by just 0.5%
leads to a dramatic drop of the amplitude below the resolution level. At the same time the
effective cyclotron mass (stars in Fig. 1), extracted from the T-dependence of the oscillations
amplitude, grows with an increasing rate, as x approaches xopt. Such a behavior is reminis-
cent of the diverging effective mass effect found in heavy fermion compounds in the vicinity
of a quantum critical point [8]. This suggests a significant change in the electronic system of
NCCO occurring very close to optimal doping. In the absence of quantum oscillations below
xopt, one can try to employ another magnetotransport quantity, namely, the Hall resistivity for

1The work was supported by the German Research Foundation grant GR 1132/15. The pulsed field experiment
was supported by EuroMagNET II under the EU Contract No. 228043.

2Laboratoire National des Champs Magnétiques Intenses (LNCMI), CNRS, Toulouse, France
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Figure 2: (a) Field-dependent Hall resistivity ρxy(B) measured on NCCO samples with different Ce concentration
x at T = 2 K in pulsed magnetic fields. (b) Reconstructed Fermi surface of overdoped NCCO as implied by
SdH [3, 5] and Hall effect (present work) experiments. The red line with arrows shows a MB cyclotron orbit
encompassing both the hole (red) and electron (blue) Fermi pockets. (c) Pertinent Fermi surface of strongly
underdoped (x ∼ 0.13) NCCO yielding a large negative Hall resistivity. (d) Hall coefficient RH = ρxy/B calculated
from the data in (a) at B = 50 T.

tracking this change.

Hence we have carried out a pulsed-field experiment on the Hall effect in NCCO crystals
with different Ce concentrations around xopt. Examples of the field-dependent Hall resistivity
ρxy(B) measured at low temperatures (T = 2 K) are presented in Fig. 2(a). The overdoped,
x = 0.165, sample shows a weak positive signal, linearly growing with field. It is consistent
with the behavior expected in the magnetic breakdown (MB) regime, when the Hall effect
is governed by the large hole-like cyclotron orbit shown by the red line in Fig. 2(b). As the
Ce concentration approaches the optimal level xopt = 0.145 [6, 7], the MB field increases
to B0 ' 20 T. At B < B0, small electron- and hole-like orbits on the reconstructed Fermi
surface provide competing contributions to the Hall conductivity, resulting to a weak negative
ρxy(B). At B > B0, the signal turns up, crosses zero, and eventually assumes a linear positive
slope corresponding to the strong MB regime. For x < xopt, the Hall resistivity is negative,
indicating the dominant contribution of small electron Fermi pockets, see Fig. 2(c).

Most interestingly, the behavior of the Hall resistivity is found to change abruptly upon cross-
ing the optimal doping level: the weak positive slope observed at high fields for x ≥ xopt
is replaced by a highly negative signal showing no sign of saturation at the highest fields,
as soon as the Ce concentration is reduced by just ≈ 0.3% below xopt.3 To emphasize this
change, Fig. 2(d) shows the x dependence of the Hall coefficient RH = ρxy/B at B = 50 T. One
clearly observes a sharp step right below xopt, revealing a considerable transformation in the
electronic system.

Taking into account the large negative value of RH and the absence of MB in the underdoped
samples, it is natural to associate the transformation with a large energy gap emerging on
a part of the Fermi surface and an accompanied suppression of the hole-like charge carriers.
While the exact microscopic origin of this transformation is still to be clarified, it is remarkable

3A weak curvature of the ρxy(B) dependence at fields between 20 and 50 T can be attributed to an unavoidable
finite distribution width (typically ≤ 0.3%) of Ce concentration through the sample volume. Note that at fields
B > 50 T, ρxy(B) acquires a linear slope extrapolating to zero, cf. the dashed orange straight line in Fig. 2(a).
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that it occurs exactly at the doping level corresponding to the maximum SC critical temper-
ature. Further studies of magnetotransport properties such as magnetoresistance anisotropy,
Nernst and Seebeck effects as well as magnetization and NMR experiments on high-quality
NCCO crystals around optimal doping level are expected to elucidate the origin of the de-
tected transformation and its impact on superconductivity in electron-doped cuprates.
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Quantum and Classical Magnetoresistance Oscillations in an Organic
Superconductor in the Proximity of the Mott transition

M. V. Kartsovnik, W. Biberacher 1

V. N. Zverev,2 I. Sheikin,3 N. D. Kushch 4

One of the most interesting of recently synthesized crystalline organic conductors is the bi-
functional layered compound κ-(BETS)2Mn[N(CN)2]3 [1]. On the one hand, it exhibits a non-
trivial interplay between the magnetism of paramagnetic Mn2+ ions in the insulating anion
layers and itinerant spins of the conduction system in the molecular BETS layers, involved in
a metal-insulator (MI), most likely Mott transition at 20 K [2]. On the other hand, it displays
a competition and coexistence of the magnetically ordered insulating and superconducting
states [1, 3] typical of strongly correlated materials of current interest such as high-Tc super-
conductors. Remarkably, due to very small energy scales corresponding to the competition,
it is possible to tune the ground state by a small variation of pressure: an ambient-pressure
insulator becomes a superconductor at P ≈ 500 bar [3].
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Figure 1: Shubnikov-de Haas oscillations in the interlayer magne-
toresistance of two samples of κ-(BETS)2Mn[N(CN)2]3. The inset
shows the corresponding fast Fourier transform spectra.

To understand the influence of the
insulating ordering instability on
the normal charge carriers and on
Cooper pairing, it is very impor-
tant to know the properties of
the Fermi surface and their depen-
dence on the proximity to the insu-
lating state. Magnetoresistance ef-
fects, in particular, the Shubnikov-
de Haas (SdH) effect and angle-
dependent magnetoresistance os-
cillations (AMRO) are known to be
very powerful methods of Fermi
surface studies in organic metals
[4]. Therefore, we have carried out
high-field magnetoresistance stud-
ies of κ-(BETS)2Mn[N(CN)2]3 un-
der pressure P = 1.7 kbar. This
pressure places the compound into
the metallic domain of the T − P
phase diagram but rather close to
the Mott-insulating region.

We have found both Shubnikov-de Haas (SdH) oscillations and semiclassical angle-dependent
magnetoresistance oscillations (AMRO) which provided a direct access to the Fermi surface
of the compound. The frequency of the SdH oscillations (Fig. 1), F ≈ 4300 T, corresponds to
the area of the first Brillouin zone, in agreement with the results of theoretical calculations,
taking into account the magnetic breakdown effect. The effective cyclotron mass mc ≈ 7.4m0
(where m0 is the free electron mass) is notably higher than in cognate κ-type salts, indicating
a strong influence of electron correlations.

1The work was supported by the German Research Foundation grant No. KA 1652/4-1; the high field mea-
surements were supported by the LNCMI-CNRS, member of the European Magnetic Field Laboratory (EMFL).

2Institute of Solid State Physics, Chernogolovka, Russia
3Laboratoire National des Champs Magnétiques Intenses (LNCMI), CNRS, Grenoble, France
4Institute of Problems of Chemical Physics, Chernogolovka, Russia
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Figure 2: (a) Interlayer resistance at 28 T as a function of the angle θ between the magnetic field direction and the
normal to layers, at different fixed azimuthal angles ϕ. Arrows point to the AMRO features at ϕ = 47°. (b) Polar
plot of the in-plane Fermi wave vector kF determined from the ϕ-dependence of the AMRO period.

A series of field sweeps at different sample orientations was made in search of the spin-zero
effect. The latter is an effect of commensurability between the Landau level spacing and
Zeeman splitting occurring at certain field orientations [5]. We have succeeded in finding two
spin-zeros. However, their positions turn out to be surprisingly asymmetric with respect to
the normal to conducting layers. Moreover, our tentative measurements have not revealed
any higher-order spin-zeros up to rather large tilt angles. These results suggest a nontrivial
magnetic state of the conduction electrons.

Besides the fast SdH oscillations, the magnetoresistance has revealed a few slow features
which may also be related to the magnetic state.

Fig. 2(a) shows the interlayer resistance at B = 28 T as a function of polar angle θ between
the field direction and the normal to conducting layers. The rotation axis is labeled by the
azimuthal angle ϕ. In a wide range of azimuthal orientations clear AMRO features periodic
in the tan θ-scale are observed, as, e.g., indicated by arrows for the ϕ = 47° curve. From the
ϕ-dependence of the AMRO period the size and shape of the relevant Fermi surface has been
determined, see Fig. 2(b), which turn out to be consistent with the SdH data above.

Besides the conventional AMRO, the R(θ) dependence exhibits features [particularly pro-
nounced in the ϕ = 90° curve in Fig. 2(a)], which are not periodic in tan θ. Taking into
account the aforementioned anomalous behavior of spin-zeros and field-dependent magne-
toresistance background, it is tempting to associate the new features with magnetic properties
of the present material in the vicinity of the Mott-insulating state. More detailed studies of the
magnetoresistance, particularly of the effect of field orientation, should elucidate whether the
observed anomalies originate from the Mott instability or are related to exchange interaction
with localized d-electron spins in the anion layers.
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Low-temperature phase diagram of κ-(BETS)2FeCl4

M. Kunz, W. Biberacher, K. Neumaier, M.V. Kartsovnik 1

N.D. Kushch 2

In the last years bifunctional organic compounds showing quasi-two-dimensional metallic
conduction with strong correlation effects and magnetic ordering are studied intensively. Of
special interest among these materials is the family (BETS)2FeX4 with X being Cl or Br. These
compounds can crystallize in two modifications called κ and λ differing from each other by
the structure of the molecular layer. At low temperatures all these materials show a transition
into an antiferromagnetic (AFM) state. While λ-(BETS)2FeCl4 becomes Mott-insulating at the
AFM transition, the κ compounds remain metallic. In κ-(BETS)2FeBr4 the AFM transition
takes place at the Néel temperature TN = 2.5 K. It further shows a superconducting (SC)
transition at 1.1 K. This compound was studied extensively in the past years with several
reports on the low-temperature phase diagram, see e.g. [1]. A similar behavior is reported
for κ-(BETS)2FeCl4. It shows the transition to the AF state at TN ≈ 0.45 K and a possible SC
transition below 200 mK [2]. But up to now there exists no data on the low-temperature phase
diagram. The SC transition was observed in ac-susceptibility measurements but not seen in
resistance. We have performed a detailed analysis of the low temperature phase diagram of
κ-(BETS)2FeCl4 by measuring the interlayer resistance in magnetic fields down to 25 mK.
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Figure 1: Temperature dependence of the interlayer re-
sistance of κ-(BETS)2FeCl4 below 0.6 K.

For this experiment plate-like samples of
κ-(BETS)2FeCl4 were contacted for inter-
layer magnetoresistance measurements and
cooled down in a dilution refrigerator
equipped with a 2-axes vector magnet. The
samples used showed a metallic behavior of
resistance on cooling with the resistance ra-
tio R(300 K)/R(0.5 K) ≈ 5000. In Fig. 1 the
temperature dependence of the resistance for
low temperatures is plotted. The resistance
drop at ∼ 460 mK is caused by the transition
into the AFM state. This resistance drop is
supposed to be caused by reduced scatter-
ing of the conduction electrons due to the
magnetic ordering [2]. The sample remains
metallic at the transition and the slope is
even increased below TN. The deviation from
a linear dependence below 200 mK might be the first hint for superconductivity, however no
clear SC transition was found for determination of the critical fields.

The resistance drop at the AFM transition has made it possible to track the behavior of the
AFM phase boundary by just doing resistance measurements. Therefore a series of magnetic
field sweeps at different constant temperatures and temperature sweeps at different constant
fields were performed. This was done with magnetic field aligned parallel to each of the
principal crystal axes. The resulting phase boundaries can be seen in Fig. 2 (note the different
scales). The filled/empty symbols represent points taken from temperature/field sweeps.

The black diamonds in Fig. 2 represent the transition for the magnetic field aligned parallel to
the b-axis (perpendicular to the conducting layers), which is the hardest axis for the AFM or-
dering. The AFM state is suppressed by a magnetic field of B ≈ 1.3 T at 160 mK. Interestingly,

1This work was supported by the German Research Foundation by grant number KA 1652/4-1.
2Institute of Problems of Chemical Physics, 142432 Chernogolovka, Russia
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the AFM state is apparently enhanced in small magnetic fields. At about 150 mT we find an
increase in TN by ∼ 5 mK in comparison with the zero field value.
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Figure 2: Phase diagram of κ-(BETS)2FeCl4 for different field directions. Sym-
bols are explained in the text.

For a magnetic field along
the c-axis (black triangles)
the transition tempera-
ture is not enhanced by
the field and already de-
creases notably at 400 mT.
Measurements at higher
fields along this axis were
not possible due to the
weak horizontal coil of
our vector magnet but are
planned for the near fu-
ture.

The AFM phase bound-
ary changes dramatically,
if the field is applied par-
allel to the a-axis, which is
the easy axis of the AFM
ordering, as shown by the
red circles in Fig. 2. Here
the transition temperature is decreased strongly already at rather low fields and, at temper-
atures below 300 mK (≈ 0.65 TN), another phase line appears. In field sweeps below this
temperature two or, in a narrow temperature interval, even three phase transitions are visi-
ble. At low temperatures the system undergoes a spin-flop transition where the AFM spin
orientation changes by 90°, which is supposed to be a first order phase transition. The second
AFM phase is suppressed at approximately twice the spin-flop field. Going to higher temper-
atures, there exists a bicritical point at T ≈ 0.55 TN above which there is no first order phase
transition any more, but up to T ≈ 0.65 TN the spin-flopped AFM state can still be accessed
due to a reentrant transition. The phase diagram found for the fields along the a-axis looks as
a textbook example for uniaxial antiferromagnets along the easy axis [3]. To the best of our
knowledge, this behavior was not reported for any other organic AFM metal including the
sister compound κ-(BETS)2FeBr4 [1].

In conclusion, the AFM in κ-(BETS)2FeCl4 shows an interesting behavior in a magnetic fiel
applied parallel to the different crystal axes. For fields perpendicular to the conducting layers
a small enhancment of the transition temperature at low fields is observed, which, if real, has
not be explained yet. For fields parallel to the easy axis a spin-flopped AFM phase appears,
which has been theoretically predicted but, to our knowledge, not seen in experiments on
organic crystals yet.
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Spin pumping in the strong coupling regime

J. Lotze, H. Huebl, M. Greifenstein, S. Geprägs, R. Gross, S. T. B. Goennenwein 1
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Figure 1: (a) Sample #1: a 160 nm thick YIG film grown on a gadolin-
ium gallium garnet (GGG) substrate and covered by a 7 nm thick Pt
layer. (b) Sample #2: a bulk YIG crystal covered by a YIG epilayer,
followed by a thin Pt layer. In both cases, the external magnetic field
is applied in the film plane and the DC voltage is measured perpen-
dicularly to the magnetic field.

Ferromagnetic resonance (FMR) is
a powerful tool for the spec-
troscopy of ferromagnetic materi-
als. The microwave radiation used
to excite FMR is usually enhanced
by placing the sample in a reso-
nant cavity. The experiments then
are carried out at fixed frequency,
while sweeping the magnetic field
[1]. In the interpretation of FMR
measurements, the resonant cav-
ity mode and the FMR mode of
the magnetic sample are thought of
as separate entities, not influencing
each other. This is a valid approx-
imation in the weak coupling regime, where the coupling between cavity photons and
magnons in the sample is small. However, this coupling critically depends on the amount
of material in the cavity: the effective coupling between the cavity and the magnetic system
is ge f f = g0

√
N, where g0 is the coupling of the cavity to a single spin, and N is the number

of spins in the sample [2]. With a sufficiently large sample, this allows us to reach the strong
coupling regime in which g2

e f f > κγ, where κ, γ are the relaxation rates of the cavity and
spin system, respectively. Analogously to the the formation of a molecule from two atoms,
the photonic and magnonic states then hybridize and photon-magnon superposition states
are created. This is accompanied by a characteristic anticrossing of the dispersion lines of the
cavity and FMR modes, according to

ω1,2 = ωr +
∆
2
±
√

∆2 + 4g2
eff , (1)

where ∆ = ωr −ωFMR = gSµB(B− BFMR)/h̄ is the field dependent detuning [3].

Furthermore, in a ferromagnet/normal metal (FM/NM) bilayer, the resonant excitation of the
magnetization creates a spin angular momentum flow – a spin current – from FM to the NM
in the so-called spin pumping mechanism [4]. This enables the independent and simultaneous
measurement of the photonic and the magnonic character of such a hybridized state in a spin
pumping experiment: for the measurement of the photonic character the microwave reflection
at the cavity entrance is detected, while the magnonic character is accessible by measuring the
DC voltage created by the spin current in the NM through the inverse spin Hall effect [5].

We could show that spin pumping experiments indeed are possible in both the weak and the
strong coupling regime. We simultaneously measured the FMR and spin pumping signals
of two different samples in a resonant cavity as a function of microwave frequency as well
as magnetic field: the first (sample #1) is a 160 nm thin film of ferromagnetic yttrium iron
garnet (YIG), grown by pulsed laser deposition on a gadolinium gallium garnet substrate
and subsequently covered with a 7 nm film of platinum (Fig.1 (a)). Since the FM layer in
this sample is thin, the coupling to the mode of the resonant cavity is expected to be small.
Conversely, in sample #2, a platinum film is evaporated onto a piece of single crystal YIG with

1This work is supported by the German Research Foundation (DFG) via the project SPP 1538 "Spin Caloric
Transport" and the German Excellence Initiative via the Nanosystems Initiative Munich (NIM).
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dimensions 1× 5× 1 mm3 (Fig. 1 (b)). This increase in volume of the ferromagnet is expected
to enhance the coupling by a factor of 100 relative to sample #1.
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Figure 2: Sample #1: (a) microwave reflection |S11|2 as a function of
magnetic field and microwave frequency presented in a false color
plot. (b) DC voltage, measured simultaneously, in a false color plot.

The experiments were performed
in a microwave cavity operating at
9.848 GHz. A magnetic field of up
to ±1 T was applied in the film
plane. The microwave radiation
used to excite the cavity and spin
system was provided by a vector
network analyzer (VNA) connected
to the cavity. The FMR was de-
tected by measuring the microwave
reflection S11 with the VNA. For
measuring the spin pumping volt-
age, DC leads were connected to
the sample perpendicularly to the
magnetic field (Fig. 1). It was
recorded by the auxiliary port of
the VNA after preamplification. In
this way it is possible to mea-
sure both FMR and spin pumping

quickly and simultaneously.

In Fig. 2 (a), the microwave reflection |S11|2 is shown as a function of magnetic field and
microwave frequency as a false color plot for sample #1. A horizontal line at the resonant
frequency of the cavity is clearly visible. The resonance frequency is in this case clearly
independent of the applied magnetic field. This is not the case for the spin pumping voltage,
also shown as a function of magnetic field and microwave frequency in Fig. 2 (b): at the
magnetic field values of ±0.27 T, which are satisfying the ferromagnetic resonance condition,
a spin current into the normal metal is excited resulting in a DC voltage clearly apparent as
nearly vertical lines. The DC voltage changes sign with the inversion of the magnetic field
direction as is expected from a inverse spin Hall generated voltage. This result clearly shows
the system to be in the weak coupling regime, as both the cavity and the FMR modes are
essentially unperturbed, straight lines.

In contrast, Fig. 3 shows the strongly coupled case resulting from a measurement of sample
#2. Panel (a) shows the microwave reflection measured as a function of microwave frequency
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Figure 3: Sample #2: (a) microwave reflection |S11|2 as a function of magnetic field and microwave frequency
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and magnetic field as a false color plot. Around the ferromagnetic resonance conditions clear
anticrossings between the dispersions of the cavity and the FMR modes can be seen, reflecting
the much stronger coupling between the cavity and the magnetic system as compared to
sample #1. In addition several bulk spin wave modes are visible, which also couple to the
microwave cavity. This pattern is reproduced in Fig. 3 (b), where the measured DC voltage
as a function of microwave frequency and magnetic field is shown. This voltage changes
sign on magnetic field inversion, as is expected for a inverse spin Hall voltage. However,
the spin pumping mechanism cannot account for the DC voltages generated far away from
the anticrossing fields, due fact that the excitation at those field values is overwhelmingly
"photon-like". The DC voltage in the strong coupling limit thus appears to be much richer as
compared to the weak coupling case.

In conclusion, we have demonstrated the ability to record a spin pumping voltage at the same
time as the FMR, as a function of both magnetic field and microwave frequency. Our thin
film sample shows the expected behavior for the weak coupling limit in both FMR and spin
pumping signals. For the strongly coupled case, the FMR is shows the expected anticrossing.
The DC signal follows that anticrossing, showing that spin pumping measurements in the
strong coupling regime are indeed possible.
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Spin Hall Magnetoresistance
– A Spin-Current Mediated Non-Local Magnetoresistance Effect –

S. Meyer, M. Althammer, M. Schreier, S. Geprägs, M. Opel, R. Gross, S.T.B. Goennenwein 1

H. Nakayama,2 E. Saitoh,3 Y.-T. Chen,4 G.E.W. Bauer 5

Magnetoresistive effects are utilized in a broad variety of applications ranging from magnetic
sensors to the read heads of hard disk drives. Magnetoresistive hereby refers to characteristic
changes of the resistivity of an electrical conductor, induced (and thus also controllable) via
magnetic degrees of freedom. Large magnetoresistive effects arise in ferromagnetic metals
and corresponding heterostructures, since the charge carriers in these structures propagate
through magnetically ordered media and therefore interact strongly with magnetic degrees of
freedom. In a recent international collaboration, we have observed and modeled a new type
of magnetoresistance [1–4]. In this so-called spin Hall magnetoresistance (SMR), the charge
transport and the magnetic properties are confined to spatially disjunct regions, respectively.
More specifically, the SMR arises in hybrid bilayers consisting of a paramagnetic normal metal
(NM) deposited onto an electrically insulating magnetic material, usually referred to as a fer-
romagnetic insulator (FMI). In contrast to conventional magnetoresistive effects, in SMR, the
magnetic properties of the magnetic insulator (through which no charge current is flowing)
characteristically influence the charge transport through the normal metal (which does not ex-
hibit long-range magnetic order). In this sense, the SMR thus is a ’non-local’ magnetoresistive
effect.

Js
J

q
NM

FMIM

(b)

s

Js
J

q
NM

FMI

(a)
M

s

Figure 1: Graphical illustration of the spin Hall magnetoresistance
(SMR) in normal metal (NM)/ferromagnetic insulator (FMI) hybrid
structures. A charge current Jq (blue arrow) flowing in the normal
metal is converted into a spin current Js (magenta arrow) with spin
polarization s (violet arrow) via the SHE. At the FMI/NM interface,
the spin current is absorbed or reflected, depending on the relative
orientation of the magnetization M in the FMI (red arrow) and the
spin current spin polarization s. (a) If M is perpendicular to s, it is
possible to transfer angular momentum via the spin torque effect,
and the spin current gets absorbed by the FMI, effectively increasing
the NM resistivity. (b) For a collinear alignment of M and s, no
angular momentum transfer is possible, such that the spin current
cannot propagate into the FMI.

We attribute the SMR to pure
spin currents propagating across the
FMI/NM interface. In other words,
angular momentum is transported
across the FMI/NM interface into
the FMI, while charge transport
only takes place in the NM. The
SMR arises in a two-step process:
A charge current Jq flowing in the
NM [cf. Fig. 1(a)] induces a spin
current Js with a spin polarization
s via the spin Hall effect (SHE)
[5]. If the spin current, spin po-
larization s and the magnetization
M of the FMI are not collinear [cf.
Fig. 1(a)], Js can propagate across
the FMI/NM interface into the FMI
due to spin transfer torque effects.
This outflow of spin current corre-
sponds to a dissipation channel for
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Figure 2: SMR data measured on a YIG (54 nm)/Pt (7 nm) hybrid structure at T = 300 K and µ0H = 1 T: (a)
Evolution of the sheet resistivity ρlong as a function of the magnetic field orientation h for an in-plane rotation of
the external magnetic field. (b) Dependence of ρlong on magnetic field orientation β, rotating H around the current
flow direction. (c) Angular evolution of ρlong for magnetic field rotation around t. The rotation angles α, β and
γ are shown in the sketches above the experimental data (the arrows indicate positive direction). The green lines
depict a simulation of the data using the SMR model [Eq.(1)], while the dashed blue lines are a simulation with
the AMR model, Eq. (2).

the charge transport in NM. In contrast, if s and M are collinear [cf. Fig. 1(b)], no angular
momentum transfer across the interface is possible. The spin current is then reflected at the
FMI/NM interface and converted back into a charge current via the inverse spin Hall effect
(ISHE) [6], such that there is no spin current-related charge transport dissipation channel
in this case. Taken together, the M orientation in the FMI thus determines the amount of
spin current across the FMI/NM interface, which in turn affects the magnitude of the charge
current in the normal metal. In this way, a magnetoresistance in the normal metal arises, gov-
erned by the magnetic properties of the ferromagnetic insulator – without any charge current
flowing through the magnetically ordered material.

The SMR can be quantitatively modeled in a diffusive spin transport picture, as described in
more detail in Ref. [4]. We here only quote that this analysis yields

ρlong = ρ0 + ρ1 (m · t)2 (1)

for the sheet resistivity ρlong of the NM film, as a function of the magnetization orientation
m = M/M in the FMI. The unit vector t is in the NM film plane, perpendicular to the direction
j of charge current (see Fig. 2). The SMR described by Eq. (1) is qualitatively different from the
conventional anisotropic magnetoresistance (AMR) of a polycrystalline, metallic ferromagnet,
which obeys

ρlong = ρ0 + ∆ρ (m · j)2 . (2)

This suggests that magnetotransport experiments as a function of m orientation allow to dis-
tinguish the SMR effect from AMR.

We experimentally tested the ideas outlined above, using yttrium iron garnet (YIG) thin films
as the FMI, and Pt as the NM. The YIG films were grown via pulsed laser deposition onto
gadolinium gallium garnet substrates, and covered with a polycrystalline Pt thin film in situ,
without breaking the vacuum. Subsequently, the samples were patterned into Hall-bar mesa
structures for magnetotransport experiments. Figure 2 shows magnetization orientation de-
pendent resistance measurements, recorded at room temperature while rotating an external
magnetic field H with a magnitude µ0H = 1 T around the film normal n (angle α), around
the direction j of current (angle β), and around the transverse direction t (angle γ) [3, 7]. The
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green lines in Fig. 2 depict the magnetoresistance expected for SMR according to Eq. (1), while
the dashed blue lines show the behavior expected for AMR, Eq. (2). Clearly, our experimental
data is in excellent qualitative as well as quantitative agreement with the SMR theory, while
conventional AMR cannot explain the observed magnetoresistance. In particular, we thus
can exclude magnetoresistive effects in a spin-polarized metallic layer in Pt, induced at the
YIG/Pt interface due to the magnetic proximity effect [8], as the origin of the magnetoresis-
tance in our YIG/Pt samples. This notion is further corroborated by X-ray magnetic circular
dichroism measurements [9]. Let us also mention that the excellent agreement between SMR
theory and experiment is not limited to the sheet resistivity ρlong. Rather, the SMR model
also quantitatively accounts for the transverse magnetoresistance (misleadingly often called
planar Hall effect in the literature), as well as the anomalous Hall-effect type magnetogalvanic
voltages observed in our YIG/Pt hybrids. We furthermore could show that the SMR exists
not only in YIG/Pt hybrids, but also in YIG/Au/Pt, YIG/Cu/Pt, Fe3O4/Pt, and NiFe2O4/Pt
heterostructures [3]. These results establish the SMR as a universal and robust effect, giving
straightforward access to spin transport parameters such as the spin diffusion length and the
spin Hall angle in the normal metal. Moreover, the SMR effect is quantitatively consistent
with other spin-current related phenomena, in particular spin pumping and the spin Seebeck
effect, as discussed in more detail in Ref. [10].

In summary, we have experimentally observed and theoretically modeled a novel magnetore-
sistance effect, which is based on pure spin current flow across a FMI/NM interface. This
so-called spin Hall magnetoresistance is determined by the transmission viz. the reflection of
a pure spin current at a FMI/NM interface, depending on the orientation of the magnetiza-
tion in the magnetic insulator with respect to the spin current spin polarization in the normal
metal. Although no charge current can penetrate into the magnetic insulator, its magnetic
properties nevertheless characteristically impact the charge transport in the adjacent normal
metal. SMR experiments allow to quantify the spin transport parameters in the normal metal,
and provide important complementary information for spin caloritronics experiments in fer-
romagnet/normal metal hybrid structures.
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Magnon, phonon and electron temperature profiles and the spin See-
beck effect in magnetic insulator/normal metal hybrid structures

M. Schreier, M. Weiler, S. Meyer, M. Althammer, M. Opel, S. Geprägs, R. Gross,
S. T. B. Goennenwein 1

A. Kamra2, J. Xiao3,4, G. E. W. Bauer5,6

Figure 1: In the (longitudinal) spin Seebeck effect a differ-
ence ∆Tme between the temperature Tm of the magnons
in a ferromagnet (FM) and the temperature Te of the elec-
trons in a normal metal (NM) causes a spin current js be-
tween the ferromagnet and the normal metal that is con-
verted into a charge current jjjc ∝ jsx̂xx × ŝss by the inverse
spin Hall effect, where ŝss = −MMM/|MMM| is the polarization
vector of the spin current and MMM is the magnetization
vector.

The spin Seebeck effect [1, 2] (SSE) allows to
generate pure spin currents from thermal ex-
citations. While the spin Seebeck effect itself
has been experimentally established [1–9],
an agreement between experiments and the-
ory [10, 11] has proven elusive. In experi-
mental publications the average temperature
gradient across the entire sample is usually
quoted, while the thermodynamic state (lo-
cal temperature profile) at the interface at
which the spin current is generated, could
not be measured yet. According to the spin
Seebeck theory, however, the knowledge of
the actual temperature difference ∆Tme between
the magnon and the electron systems at the
ferromagnet/normal metal interface is cru-
cial, since ∆Tme determines the magnitude
of the spin current [10]. The temperature
difference ∆Tme arises due to different ther-
mal properties and boundary conditions for
the magnons, phonons and electrons in the
ferromagnet/normal metal hybrids used in
experiments. The phonon (Tp), electron (Te)
and magnon (Tm) temperature profiles in a
substrate/ferromagnet/normal metal multi-
layer structure are schematically depicted in
Fig. 1. As detailed in this report, the temper-
ature profiles can show discontinuities at the material interfaces due to interface properties
such as the Kapitza resistance [12]. Temperature profiles are not easily measurable for a non-
equilibrium situation in which magnon, phonon, and electron temperatures differ. To date,
an in depth analysis and interpretation of experimental spin Seebeck effect data is possible
only by modeling the magnon, phonon, and electron temperature profiles based on the rele-
vant material parameters. Especially for magnetic insulators the determination of the phonon
temperature Tp profile is of central importance in this approach [13, 14].
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Figure 2: Phonon, electron and magnon temperature distributions
along the optical axis of the laser beam at 10 mW laser power in a
GGG(500 µm)/YIG(54 nm)/Pt(7 nm) sample calculated via 3D FEM
for the entire sample. The inset shows the thin film region.

We have modeled and calcu-
lated the phonon, electron and
magnon temperature profiles in
ferromagnet/normal metal hybrid
structures, by solving the heat
transport equations with appro-
priate boundary conditions utiliz-
ing three-dimensional finite ele-
ment (3D FEM) solvers (COM-
SOL7). Details can be found in
Ref. [15]. In particular, we explic-
itly take into account the heat cur-
rent carried by the pumped spin
current through the interface. For
the sake of simplicity, we here limit
the discussion to hybrids based on
the ferrimagnetic insulator yttrium
iron garnet (Y3Fe5O12, YIG). The
magnon temperature calculations
are based on the work by Sanders and Walton [14] and Xiao et al. [10], that we extensively
use with a focus on ultrathin films in which interfacial effects become important for the ther-
mal transport. The Tp, Te, and Tm profiles thus obtained yield the temperature difference
∆Tme at the magnetic insulator/normal metal interfaces, from which the spin Seebeck volt-
age can be inferred [10]. The voltages thus calculated agree well with our spatially resolved
longitudinal spin Seebeck effect measurements [6, 15].
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Figure 3: Comparison of the observed and computed spin Seebeck
voltages under local laser heating. The open circles depict the sample
with an additional gold layer between the platinum and the YIG. A
good agreement between theory and experiment is found.

Figure 2 shows the phonon, elec-
tron, and magnon temperature pro-
files induced by local laser illu-
mination (laser heating) [6] along
the film normal x. The phonon
temperature (blue line) shows pro-
nounced jumps at the interfaces be-
tween the individual layer, stem-
ming from interfacial thermal re-
sistances. This also affects elec-
tron and magnon temperature due
to their strong coupling with the
phonons. Thereby, the inclusion
of interfacial thermal resistance
leads to a substantial increase in
∆Tme by about an order of mag-
nitude. Nevertheless, we find that
the coupling between electrons and
magnons across the YIG/Pt inter-
face is strong enough as to almost
eliminate ∆Tme which is of the order of only a few millikelvins. The strong interaction be-
tween electrons and magnons is caused by the energy (heat) transport associated with the
spin current, leading to the spin Seebeck effect.

Figure 3 shows a comparison between the voltages measured experimentally in our local

7COMSOL Multiphysics®
4.3a
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laser heating setup [6, 16] and theoretical values obtained from our simulations for different
YIG/Pt heterostructures of varying layer thicknesses. For a YIG(54 nm)/Pt(7 nm) sample,
for example, a voltage VSSE = 74 nV is observed in experiment for Plaser = 1 mW at the
sample surface. This compares reasonably well to the VSSE = 37 nV that we obtain from our
simulation. This agreement is not limited to this particular sample as can be seen in Fig. 3.
Generally the calculated ∆Tme seem to be somewhat underestimated, possibly owing to the
magnon property parameters used [15].

In summary, our detailed temperature profile calculations together with the spin Seebeck
effect theory [10] allow us to quantitatively reproduce the spin Seebeck voltages observed in
our experiments. Our model calculations in particular show that thermal coupling between
the magnons in the ferromagnet and the electrons in the normal metal notably affects the
magnon temperature in the ferromagnet, an issue widely neglected in the literature so far.
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Superconducting Microwave Resonators with Tunable Coupling

F. Wulschner, J. Goetz, E. P. Menzel, F. Deppe, A. Marx, R. Gross 1

In circuit quantum electrodynamics (QED), Josephson-junction based quantum two level
systems (qubits) and superconducting microwave resonators are the fundamental building
blocks. In contrast to quantum-optical cavity QED, the large effective dipole moment of su-
perconducting qubits allows for the coupling between qubit and resonator to reach the strong
or even the ultra-strong regime [1]. In circuit QED architectures with multiple qubits and
resonators, quantum logic gates have been successfully realized [2, 3]. However, while the
requirements for such digital quantum computing are still enormous, analog quantum simu-
lation with circuit QED systems appears to be a technologically less demanding and therefore
attracts increasing interest. In analog quantum simulations, one mimics the Hamiltonian of
a system of interest with a circuit offering a higher degree of controllability than the original
system. In this context, one specific proposal is to strongly couple nonlinear resonators to
explore Bose-Hubbard physics in the driven-dissipative regime [4, 5]. For such experiments,
a scalable approach for the realization of tunable coupling between the resonators is strongly
desirable. In this report, we present preliminary experimental data in this direction: two LC
microwave resonators are coupled via an RF SQUID [6].

RF-SQUID

gRF

gAB

resonator A resonator B

Figure 1: Circuit schematic. The black cross marks the Josephson junction intersecting the RF SQUID loop. Both
junction and loop are fabricated using niobium technology. The coupling capacitors at the resonator input and
output allow for transmission measurements through the superconducting resonators representing harmonic LC
oscillators. The sample is mounted inside a dilution refrigerator and cooled to 50 mK.

A schematic of the experiment is shown in Fig. 1. The RF SQUID is positioned at a current
antinode of the fundamental mode of both microwave resonators. In a simplified model,
we can treat the RF SQUID as a tunable mutual inductance which can change both sign
and magnitude depending on the operation point of the RF SQUID. In an experiment, the
latter can be controlled by applying a magnetic flux Φ to the RF SQUID loop. Hence, the
RF SQUID can mediate a flux-tunable second-order coupling, gRF cos(2πΦ/Φ0), between
the two resonators. This can be used to balance the geometric coupling gAB caused by the
physical proximity of the resonators and the resulting overlap of their electromagnetic fields.
Another important point is that due to the size of the used RF SQUID loop, in our setup the
currents circulating around the RF SQUID loop generate sizable magnetic fields which cannot
be neglected. The backaction of these fields onto the RF SQUID is commonly described by
the screening parameter βL. All in all, one finds the resonator-resonator coupling [7]

1We acknowledge support by the German Research Foundation via SFB 631, the German Excellence Initiative
via NIM, and the EU projects CCQED and PROMISCE.
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g = gAB + gRF
cos(2πΦ/Φ0)

1 + βL cos(2πΦ/Φ0)
(1)
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Figure 2: Transmission magnitude (color code) as a function of prob-
ing frequency and applied flux through the RF SQUID loop.

For βL > 1, the RF SQUID
has multiple metastable operation
points, which is undesirable for
a well-controlled coupling mecha-
nism. However, a small βL re-
duces gRF because it implies a small
loop size and/or a small critical
current of the RF SQUID junc-
tion. Therefore, we choose βL
smaller than, but close to unity.
We can clearly see the tunable cou-
pling in the transmission measure-
ment through one of the resonators
shown in Fig. 2. In particular, the
spacing between the two normal
modes is reduced near half a flux
quantum in the RF SQUID loop. As
the next step, we plan to optimize
the circuit parameters such that we
can completely decouple the res-
onators. Such an improved device
has potential applications in analog
quantum simulations and quantum
information processing with prop-
agating microwave photons. A fur-
ther interesting aspect is to drive the coupling at a high frequency. This should allow for the
observation of squeezing and parametric amplification as proposed in Ref. [8].
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Squeezed Coherent States with Flux-Driven Josephson Parametric
Amplifier

L. Zhong, E. P. Menzel, P. Eder, A. Baust, M. Haeberlein, E. Hoffmann, F. Deppe, A. Marx,
R. Gross 1,2

Josephson parametric amplifiers (JPAs) [1, 2] are promising devices to achieve low-noise am-
plification. In the non-degenerate mode, JPAs behave like linear amplifiers with noise tem-
perature approaching the standard quantum limit dictated by the Heisenberg uncertainty
relation. In the degenerate mode, JPAs are phase sensitive amplifiers which can amplify a
single signal quadrature with a noise temperature below the standard quantum limit of linear
amplifiers, and at the same time squeeze another quadrature below the vacuum fluctuations.
Hence, JPAs allow us to study the squeezing physics of propagating quantum microwaves.
Here, we first describe the dual-path state reconstruction method [3, 4], and use it to investi-
gate squeezed coherent states generated by a flux-driven JPA [5].
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Figure 1: Simplified schematic of the dual path setup [5].

The dual-path state reconstruction
setup is shown in Fig. 1. In
our experiment, the signal is gen-
erated by a flux-driven JPA with
a vacuum or a coherent state at
the input. We first split the sig-
nal using a microwave beam split-
ter. During this process, vac-
uum fluctuations produced by a
broadband 50 Ω load are added.
At the two beam splitter output
ports, we first amplify the signals
and then downconvert them to an
intermediate frequency using IQ-
mixers. The resulting orthogonal
quadrature signals, I1,2 and Q1,2,
are then digitized by four analog-
to-digital-converters (ADCs), and
processed in real time by a field
programmable gate array (FPGA)
logic. Based on the beam split-
ter relations and on independence
of the noise contributions from the
two detection paths, we get access
to all moments of the annihilation
and creation operators of the signal
mode and noise contributions up to
the fourth order.

There are two ways to obtain a squeezed coherent state. Starting from the vacuum |0〉, one can
either perform a squeeze operation Ŝ (ξ) followed by a displacement operation D̂ (α) or do the
operations the other way round. Here, ξ≡ r exp(ϕ) denotes the complex squeeze parameter
and α the complex displacement parameter. We define the coherent phases Θ with respect to

1We acknowledge financial support from the German Research Foundation via SFB 631, the German excellence
initiative via NIM, and the EU projects CCQED and PROMISCE.

2We thank C. Probst, K. Neumaier and K. Uhlig for providing their expertise in cryogenic engineering.
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a reference plane at the beam splitter input and θ with respect to a reference plane at the JPA
input. We further call γ≡− ϕ/2 the anti-squeezed angle. For the former method, the final
displacement of the squeezed coherent state only depends on the displacement operation and
is independent of the squeeze factor r. However, the displacement of the squeezed coherent
state obtained from the second method depends on both the displacement and the squeezing
operations. When the anti-squeezed quadrature is parallel to the displacement direction of a
coherent state, the final displacement of the squeezed coherent state is maximum.
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Figure 2: Experimental displacement for squeezed vacuum (SV), coherent (C),
and squeezed coherent (SC) states [5]. The displacement is the center of the
individual state and in phase space given by its first moment. p and q are the
phase space variables.

In Fig. 2, we present
an analysis on squeezed
coherent states generated
with the second method
and detected with the
dual-path setup. By fix-
ing the anti-squeezing an-
gle of squeezed vacuum
states γ at 0°, 45°, 90°,
and 135° and rotating the
phase Θ of the coherent
signal, we map out the
dependence of the dis-
placement of a squeezed
coherent state on γ and
θ. The squeezed vac-
uum states are centered at
the origin, and the coher-
ent states are located on
a circle about the origin.
When rotating the phase
of the JPA coherent input
signal, the squeezed coherent state moves mainly along the γ-direction. The displacement of
the squeezed coherent states reaches its maximum when γ= θ + 2 n× 90°, where n ∈ Z. To
fit to theory, we need to shift the reference plane of the coherent state from the beam splitter
input with phase Θ to the JPA input with phase θ. We retrieve ∆Θ= 6.2± 0.2° and a squeezing
factor r = 1.8± 0.1.

In summary, we use the dual-path state reconstruction method to study the physics of
squeezed coherent microwaves. More detailed information is available from Ref. [5].
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Noise Properties of a Flux-Driven Josephson Parametric Amplifier in
the Degenerate Mode

L. Zhong, E. P. Menzel, P. Eder, A. Baust, M. Haeberlein, E. Hoffmann, F. Deppe, A. Marx,
R. Gross 1

Recently, we have witnessed a revival of the interest in Josephson parametric amplifiers (JPA)
due to their excellent noise properties. The latter allow for applications in the realm of mi-
crowave quantum photonics [1] ranging from ultra-low-noise amplification, tomography of
propagating quantum microwaves [2], single-shot readout of superconducting flux qubits [3]
to the generation of squeezed states [4] and continuous-variable path entanglement [5]. The
latter work can be perceived as as first step on the way to implementation of continuous-
variable quantum communication protocols. In this report, we analyze the noise properties of
a flux-driven parametric amplifier [6] with the dual-path state reconstruction method [7, 8],
which has been developed at the WMI. For details on the operation principle of a JPA and on
the dual-path setup, we refer the reader to contribution by Zhong et al. in this annual report
(see pp. 67–68) and to our annual report of 2010 [9], respectively.
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Figure 1: Anti-squeezed and squeezed quadrature variance as a function of the
noise source temperature Tatt. The lines are fits to the data represented by the
symbols.

We operate the JPA in the
degenerate mode, where
the signal and idler
modes occur at the same
frequency and interfere.
Our operation frequency
is 5.637 MHz. Depending
on the phase difference
between these modes,
this interference is con-
structive or destructive,
resulting in amplification
or deamplification. In
other words, the amplifi-
cation is phase-sensitive.
In Fig. 1, we show the
output of the JPA as a
function of the tempera-
ture Tatt of the thermal fluctuations at the input (see Ref. [4] for further technical details).
For any quadrature X, the variance (∆Xout)2 at the output of an amplifier is related to the
variance (∆Xin)2 at the input via the relation

(∆Xout)
2 = GX (∆Xin)

2 + (∆Xnoise)
2 . (1)

Here, GX is the power gain for the quadrature X and (∆Xnoise)
2 is the noise added by the

amplifier referred to its output. We calculate (∆Xin)
2 from the temperature of the noise source

and model the cable losses between the noise source output and the JPA input with beam
splitters to account for temperature gradients. The variances of the squeezed thermal state at
the JPA output, (∆Xout)

2, is obtained by the dual-path reconstruction method [4]. The results
are summarized in Tab. 1. We observe a variance of 0.14± 0.01 photons (referred to the input)
for the noise added by our JPA to the anti-squeezed quadrature. This value is clearly below

1This work is supported by German Research Foundation via SFB 631, German Excellence Initiative via NIM,
and the EU projects CCQED and PROMISCE.
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Table 1: Results of the dual-path analysis of the JPA gain and the noise along the squeezed (sq) and anti-squeezed
(anti) quadratures. The error bars describe the statistical error obtained from the fitting procedure. (∆Xnoise)

2 is
given in units of photon number.

X GX (dB) (∆Xnoise)
2 (∆Xnoise)

2 /GX
sq −11.7± 0.3 0.06± 0.01 –
anti 13.7± 0.1 – 0.14± 0.01

the standard quantum limit for a single quadrature of a phase-insensitive amplifier, which
is 0.25 photons for our quadrature definition. The relevant noise number for the use of the
JPA as a squeezer is the noise it adds to the squeezed quadrature at the JPA output, which is
0.06 photons.

In summary, we have verified that our JPA, when operated as a phase-sensitive device, adds
less noise to the amplified quadrature than an ideal phase-insensitive amplifier. This property
is of utmost importance for high efficiency photon detection, state tomography and quantum
communication applications in the microwave domain.
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Pyrochlore Iridates: Candidates for the Realization of Weyl Nodes?

S. Geprägs, A. Wörfel, M. Lammel, A. Habel, K. Helm-Knapp, M. Opel, R. Gross

Pyrochlore iridates A2Ir2O7 (A = Y or rare earth ion) offer a promising playground for the
study of strong spin-orbit coupling, electronic correlations, and band topology effects. Novel
phases such as axial or topological insulators have been predicted for these compounds [1].
In particular, Nd2Ir2O7 is proposed to exhibit Weyl semimetal nodes [2] where two non-
degenerated bands touch each other, creating a local linear dispersion in analogy to graphene.
However, these nodes occur inside a fully three-dimensional solid and are topologically pro-
tected, making Weyl states absolutely robust to perturbations [3].
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Figure 1: Temperature dependence of (a) the elec-
tric resistance measured at different magnetic fields
and (b) the magnetization recorded at µ0H = 100 mT
under zero field-cooled (ZFC) and field-cooled (FC)
conditions for polycrystalline Nd2Ir2O7. The metal-
to-insulator transition at T ' 33 K is marked by the
blue dashed line. The inset in (a) shows the crystallo-
graphic unit cell of the pyrochlore structure (red: Nd,
green: Ir, blue: O). The corner-sharing tetrahedra of
the Nd3+ ions are highlighted in the inset of (b).

In the cubic pyrochlore iridates, the magnetic
A3+ and Ir4+ ions reside on two distinct inter-
penetrating sublattices of corner-sharing tetra-
hedra (see insets of Fig. 1) [4]. Due to the
threefold rings in the two sublattices, the mag-
netic interaction is highly frustrated. With in-
creasing ionic radius of the A3+ ion, differ-
ent ground states of A2Ir2O7 were observed
in the pioneering work of Matsuhira et al. [5].
While for Pr2Ir2O7 the ground state is metallic,
a metal-insulator transition (MIT) was observed
for heavier rare earth ions like A = Nd, Sm, or
Eu at low temperatures. This MIT is accompa-
nied by a bifurcation of the magnetic suscep-
tibility under field-cooled (FC) and zero field-
cooled (ZFC) conditions, suggesting the exis-
tence of a magnetic long-range ordered state for
temperatures T < TMIT [6]. However, recently
a different temperature dependence of the elec-
tric resistivity as well as the remanent magneti-
zation was reported for Nd2Ir2O7 [7, 8].

To resolve this discrepancy, we fabricated poly-
crystalline bulk samples of Nd2Ir2O7 by a stan-
dard solid state reaction, using Nd2O3 and Ir
powder as starting materials. The stoichiomet-
ric mixture was reacted at temperatures be-
tween 900

◦C and 1125
◦C with several interme-

diate grindings. From X-ray diffraction, no par-
asitic phases were detected. The lattice constant
of bulk Nd2Ir2O7 was determined by Nelson-Riley extrapolation to a = (1.0376± 0.0001) nm,
which is comparable to literature values [7]. The temperature dependence of the electric resis-
tance was measured using a standard van der Pauw geometry. Figure 1(a) reveals a clear MIT
at around TMIT ' 33 K. Furthermore, a negative magnetoresistance was detected for tempera-
tures T < TMIT. From SQUID magnetometry, the magnetization as a function of temperature
differs for T < TMIT, depending on zero field-cooled or field-cooled conditions (cf. Fig. 1(b)).
These results point to the presence of a magnetic long-range order below TMIT, confirming the
initial measurements by Matsuhira et al. [5]. However, the origin of the MIT is still unclear
and has to be investigated in the future.

Measurements of the optical conductivity by Ueda et al. [9] revealed that Nd2Ir2O7 is indeed
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close to a Weyl semimetal state, but still behaves like a Mott insulator at low temperatures.
To stabilize such a Weyl semimetal state in Nd2Ir2O7, one might take advantage of epitaxial
strain in thin film samples. One prominent example is HgTe which shows a transition from
a normal to a topological insulator when strained. For the first time in literature, we report
here on epitaxial Nd2Ir2O7 thin films deposited on single crystalline Y:ZrO2 (YSZ) substrates
by pulsed laser deposition from a stoichiometric, polycrystalline target [10]. The growth pa-
rameters were optimized with respect to the crystalline properties of the Nd2Ir2O7 thin films.
Optimum growth was obtained for a substrate temperature of 750◦C, an oxygen atmosphere
of 25× 10−3 mbar, and a laser fluence of 2 J/cm2.
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Figure 2: Reciprocal space map and corresponding
q-scans of a 27.5 nm thick Nd2Ir2O7 film on a YSZ
substrate around the YSZ(111) reflection.

The structural properties of the thin film sam-
ples were investigated by high-resolution X-
ray diffractometry. Figure 2 displays diffrac-
tion scans around the YSZ(111) reflection from
a 27.5 nm thick Nd2Ir2O7 thin film. Obviously,
the reciprocal space map as well as the cor-
responding qL-scan at qH = 0.0 depicted in
the left panel of Fig. 2 reveal a high crystalline
quality, since finite thickness fringes are visible
over the whole investigated reciprocal space,
demonstrating an excellent coherent growth.
Furthermore, the thin film exhibits a low mo-
saic spread which can be quantified by the full
width at half maximum (FWHM) of the qH-
scan measured at qL = 0.9866 rlu, shown in
the upper panel of Fig. 2. A value of FWHM
= 6.809× 10−4 rlu is obtained, corresponding to
0.04

◦ for standard ω rocking curve scans. Thus,
the X-ray diffraction measurements indicate a
coherent growth with low interface and surface
roughness. The latter is further evidenced by

atomic force microscopy measurements (not shown here) which reveal a surface roughness of
only 0.7 nm (rms value).

In forthcoming experiments, we will systematically investigate the magnetic and magneto-
electric transport properties as a function of the strain state in Nd2Ir2O7 thin films. To this
end, the key objective is to possibly tune the ground state of Nd2Ir2O7 from a Mott insulator
state to a Weyl semimetal.
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Progress in the WMI Quantum Laboratory K04

J. Goetz, F. Wulschner, J. Höß, K. Neumaier, C. Probst, F. Deppe, A. Marx, R. Gross 1

Figure 1: Photograph of the dilution refrigerator with the new dewar dur-
ing the experiment.

Last year, we reported on
first cool-downs of a new liq-
uid helium-precooled dilution
refrigerator designed for ex-
periments on superconduct-
ing quantum circuits. The
new fridge is set up in
the WMI Quantum Labora-
tory K04 [1]. In 2013, the sys-
tems has been completed and
optimized. Here, we report on
the improvement of the cool-
ing power as well as the in-
stallation of a new liquid he-
lium dewar and measurement
equipment (see Fig. 1). These
steps have lead to first success-
ful experiments (see report by
F. Wulschner et al., pp. 65–66).

By installing a suitable bypass
between the exhaust of the
turbomolecular pump and the
mechanical prepump we have
improved the cooling power
of the new dilution refrigera-
tor. By this simple measure
we avoid to pump through the
gas handling system with its
large flow impedance. This
impedance reduction results in a lower pressure at the output of the distillation line which
allows for a larger 3He throughput. With this improvement, the cooling power of the mixing
chamber was increased by a factor of almost two to 140 µW at 100 mK.

Additionally, we have equipped the cryostat with eight coaxial measurement lines down to the
mixing chamber stage suitable for microwave frequencies. These lines are thermally anchored
at 4 K, 1.5 K, the still plate (200 mK), and the sample stage. We use low-loss silver-coated
copper-clad steel cables from room temperature to the 4 K-stage. As a consequence, the he-
lium consumption increases by 5 l per day. From the 4 K stage to the sample stage, we use
phosphor bronze cables with niobium center conductor. Currently, four of the lines are used
as attenuated input lines and four as output lines. The latter are passing a series of cold cir-
culators and four ultra low-noise high electron mobility transistor (HEMT) amplifiers. In this
way, we can mount up to four samples simultaneously to the sample stage. For the future it is
planned to expand the number of input lines to be able to set up more complex experiments.

To provide more space at the sample stage, a larger vacuum pot is used. In this way, we can
extend the length of the sample stage from 5 cm to approximately 30 cm (see Fig. 2). In this

1We acknowledge financial support from the German Research Foundation via SFB 631, the German Excellence
Initiative via NIM, and the EU projects CCQED and PROMISCE.
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(a) (b) 

Figure 2: (a) Fridge insert from 4 K down to the sample stage, including eight coaxial microwave measurement
lines. (b) The new vacuum pot with a cryoperm magnetic shielding.

context, we have also installed a larger helium dewar. The latter is a Cryogenic Ltd. stainless
steel cryostat with a 4He volume of 89 l. As a consequence, the time between two refills
now exceeds nine days and hence allows for more than week-long continuous measurement
sessions.

With the improved version of the dilution refrigerator and measurement equipment we al-
ready performed several successful cool-downs which resulted in first experimental data.
These include the analysis of the tunable coupling between two superconducting transmis-
sion line resonators (see report by F. Wulschner et al., pp. 65–66) and studies on quality factors
of transmission line resonators. These experiments will be continued in the next cool-downs.
Altogether, we have completed a powerful new measurement setup for superconducting quan-
tum circuits which has been designed, engineered, fabricated, assembled and tested at WMI.
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Cryogen-free Dilution Fridge with Large Sample Stage – It is cold!

A. Marx, J. Höß, and K. Uhlig 1

Figure 1: Photographs of the fully operational new cryogen-free
dilution refrigerator. (a) Improved counterflow heat exchanger
in the 4He precooling circuit. In (b) the concentric tube and two
step heat exchangers as well as the mixing chamber can bee seen
from top to bottom.

To further develop our activities on
quantum effects in the microwave
regime we have started out setting up
a new cryogen-free refrigerator with
a pulse tube refrigerator (PTR) [1]
and with a large sample stage in the
WMI Quantum Laboratory K21 (cf.
last year’s report [2]). This refrig-
erator features large diameters of all
temperature stages providing exten-
sive space for advanced quantum ex-
periments based on a large number of
bulky microwave components. Here,
we report on the progress in the con-
struction of this refrigerator and the
first successful cooldowns of this cryo-
stat to base temperature. The main
components of the refrigerator are the
PTR, a 1 K-stage and a dilution unit.
The two stages of the PTR cool the in-
coming 4He and the 3He/4He mixture
as well as a radiation shield at each
stage. To provide sufficiently high
cooling power near 1 K to cool mi-
crowave components and cables, this
refrigerator has been equipped with a
novel 1 K-stage [3]. All components
for the 1 K-stage and for the dilution
circuit have been fabricated in the WMI workshop (cf. Fig. 1). The wiring for thermometry
down to the mixing chamber plate has been installed.

The dilution refrigerator is precooled by a dedicated 4He circuit consisting of a counterflow
heat exchanger (hx) for the incoming 4He and hxs on each temperature stage (two hxs on the
first PTR stage, one large hx at the second PTR stage and one hx on each lower temperature
stage) [4]. The 4He is circulated by a membrane compressor starting with a pressure of 4 bar
at room temperature. During cooldown, the 4He gas flow is cooled in heat exchangers at the
first and the second stages of the PTR and then the gas stream cools the 1 K-stage, the still, the
counterflow heat exchangers and the mixing chamber. The original design of the counterflow
hx for the incoming 4He soon turned out to be not efficient enough and was replaced by
an optimized version with thrice the length of the initial one (cf. Fig. 1(a)). Precooling the
refrigerator from room temperature to below 5 K takes around 32 h for non-optimized values
of 4He flow rate in the precooling circuit. Next, the precooling circuit has to be carefully
evacuated before starting the condensation process to avoid the formation of a superfluid film
thermally shorting the lowest temperatures stages.

Sufficiently high cooling power near 1 K to cool microwave components and cables was one

1We acknowledge financial support by the German Research Foundation through SFB 631, the German Excel-
lence Initiative through the Nanosystems Initiative Munich (NIM), and the EU projects CCQED and PROMISCE.

2013



78 Walther–Meißner–Institut

1 . 1 1 . 2 1 . 3 1 . 4 1 . 5 1 . 6
0

2 0

4 0

6 0

8 0

1 0 0

0 2 0 4 0 6 0 8 0 1 0 0 1 2 0
0

1 0 0

2 0 0

3 0 0

4 0 0

6 0 0 6 5 0 7 0 0 7 5 0 8 0 0 8 5 0 9 0 00

4

8

1 2

1 6

( b )

 

 
Q 1K

 (m
W)

T 1 K  ( K )

( a )  

 

Q mc
 (µ

W)

T m c  ( m K )

3 H e  f l o w :
 1 2 1  µm o l / s
 1 4 7  µm o l / s
 2 4 8  µm o l / s
 2 9 4  µm o l / s
 3 3 6  µm o l / s
 4 7 0  µm o l / s

( c )

 

 

Q stil
l (m

W)
T s t i l l  ( m K )

Figure 2: Cooling capacity at different stages of the refrigerator. (a) Cooling power Q̇1K of the 1 K-stage as a
function of the temperature T1K of the 1 K-stage. (b) Cooling capacity Q̇still of the distillation vs. still temperature
Tstill. (c) Cooling power Q̇mc of the mixing chamber as a function of the temperature Tmc inside the mixing
chamber for different values of the 3He flow rates.

important aspect in designing the refrigerator. Therefore the refrigerator is equipped with a
1 K-stage operating in a closed cycle. This 1 K-stage is also used to condense the incoming
3He/4He mixture. The flow circuits of the 4He and the 3He/4He mixture are not coupled.
The incoming 4He is precooled to 3 K at the second PTR stage. After further cooling in a
counterflow hx in the 1 K pumping line the liquid 4He accumulates in a vessel. The experi-
mentally determined cooling power of the 1 K-stage is depicted in Fig. 2(a). With the present
setup (rotary pump of 80 m3/h) a refrigeration capacity of up to 100 mW could be reached.

Figure 3: Mixing chamber.

The dilution unit consists of a continuous heat ex-
changer, two step heat exchangers and a mixing cham-
ber with a diameter of 40 mm and a height of 55 mm
as shown in Figs. 1(b) and 3. Figure 2(b) shows the
still cooling power which can be as large as 18 mW at
900 mK in the present configuration at a 3He flow rate
ṅ3 ∼ 510 µmol/s which is limited by the pressure of
the incoming 3He flow. The minimum base temper-
ature of the refrigerator is below 11 mK [5]. We have
determined the temperature dependent cooling power
Q̇mc for different 3He flow rates (cf. Fig. 2(c)). The
cooling power at 100 mK was determined to 300 µW
at the maximum 3He flow rate. At 116 mK a cooling
power of 400 µW was observed (this temperature is of-
ten used to define the cooling power of commercial dilution refrigerators).

In the next step the refrigerator will be equipped with microwave lines, cold amplifiers and
other microwave components for experiments towards quantum simulation and quantum in-
formation processing systems.
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Vibrations in a Dry Fridge: Surprise, surprise!

K. Uhlig

JT

PTC

dilution refr.

hx

hx hx

hx

hx

Figure 1: Schematic sketch of our DR. It con-
sists of three components, the PTC, a 4He-1K-
loop and a dilution unit (hx = heat exchanger).

In most experiments at mK temperatures dilution re-
frigerators (DR) are used. Most modern DRs are pre-
cooled by two stage pulse tube cryo-coolers (PTC) be-
cause of their ease of use and cost effectiveness [1]. A
frequently asked question on these so-called cryogen-
free DRs concerns the vibrations of the PTC and how
they affect the dilution process. This question cannot
be answered easily. Naively one might think that if
the PTC of a DR is turned off temporarily, the mixing
chamber (MC) would go to a lower temperature and
from this temperature drop the heat leak into the MC
would be calculable. However, it turns out that once
the PTC of a dry fridge is turned off, the dilution cir-
cuit gets out of balance quite quickly before the MC
has the time to respond to the small heat leak caused
by the vibrations of the PTC.

In previous work [2] we have measured the vibra-
tional heat leak by using the equation for the cooling
power Q̇ of a MC:

Q̇ = ṅ3 ∗ (96 ∗ T2
m − 12 ∗ T2

n) . (1)

Here ṅ3 is the 3He flow rate, Tm is the temperature
of the MC and Tn is the temperature of the 3He at the
inlet of the MC [3]. We measured Tm and Tn at various
values of ṅ3 and thus were able to derive a value for
the spurious heat leak. The finding was that the heat
leak was small, below 0.1 µW.

In the present version of our DR, the flange of the PTC
is bolted directly to the top flange of the cryostat with
no vibration damper in between. The two cooling stages of the PTC, however, are thermally
connected to the DR by soft copper braided ropes to block vibrations. We use a small PTC
(0.5 W @ 4 K) to keep vibrations low [4], contrary to commercial DRs where usually bigger
PTCs (1 W or 1.5 W @ 4 K) are installed.

Unlike commercial DRs, ours is equipped with a 4He Joule-Thomson loop [5, 6] which con-
denses the 3He stream of the dilution circuit after pre-cooling by the PTC (Fig.1). When the
vessel of the condenser is filled up with liquid 4He, it can be run in a single cycle mode for
over 15 minutes with the PTC turned off. During this time span the DR is pre-cooled by the
JT-loop alone, and the MC has plenty of time to reach its new base temperature.

From Eq. (1) we see that the refrigeration power of the MC is about ∝ T2
m. Thus, dTm ∝ dQ

Tm
which means that Tm is most sensitive to a small heat leak at the lowest MC temperature
possible. Our DR with a base temperature of 4.3 mK is well suited for this experiment.

For thermometry we use a CMN (Cerium Magnesium Nitrate) thermometer where the sus-
ceptibility χ follows the Curie-Weiss-law. Its temperature resolution is highest at the lowest
temperatures. It is approximately given by dχ

dT ∝ − 1
(T−∆)2 ' −1/T2 (with the Weiss constant

∆ ∼ 1.5 mK).
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In our experiment, the DR was operated at its base temperature, the vessel of the condenser
filled with 4He, and then the PTC turned off. Very surprisingly, there was no cooling effect
of the MC within the resolution of our thermometer. With use of Eq. (1) and assuming a
vibrational heat leak Q̇ = 10 µW, we would expect a temperature drop of the MC of 0.1 mK
which would be well within the resolution of the CMN thermometer. So we conclude that the
vibrational heat leak in our DR is below an unexpectedly low value of 10 µW. Presumably the
vibrational heat leak depends on the construction of the cryostat. In our DR, it seems that by
improving the heat exchangers of the dilution unit even lower base temperatures would be
attainable.
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Overview of Key Experimental Facilities and Infrastructure

In the following basic information on the key experimental facilities and components of the
technical infrastructure installed at the Walther-Meißner-Institute (WMI) is given.

Transfer
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Figure 1: Top: UHV laser-molecular beam epitaxy system. Bottom:
principle of the deposition process.

UHV Laser-MBE

The WMI operates an UHV Laser-
Molecular Beam Epitaxy (L-MBE)
system for the growth of complex
oxide heterostructures. The system
has been designed to meet the spe-
cial requirements of oxide epitaxy.
The UHV cluster tool consists of the
following main components:

• central transfer chamber;
• load-lock chamber with a

heater system for substrate an-
nealing;

• laser deposition chamber with
a KrF excimer laser, in-situ re-
flection high energy electron
diffraction (RHEED) system,
laser substrate heating system,
and atomic oxygen/nitrogen
source; the RHEED system
has been modified to allow
for the operation at high oxy-
gen partial pressure up to
0.5 mbar;

• surface characterization
chamber with UHV scan-
ning atomic force microscope
(Omicron);

• metallization chamber with a
four heart electron gun sys-
tem and a liquid nitrogen
cooled sample stage. The sam-
ple holder can be tilted for
shadow evaporation.

The system is used for the growth of complex oxide heterostructures consisting of supercon-
ducting, ferromagnetic, ferroelectric, and semiconducting materials such as high-temperature
superconductors, doped manganites, (double) perovskites, magnetite, zinc oxide, rare earth
iron garnets, pyrochlore iridates, etc.
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Figure 2: Pulsed Laser Deposition (PLD): When
the pulse of the UV laser (KrF excimer laser,
248 nm) hits the target, the target material is ab-
lated and the so-called laser “plume” containing
highly excited atoms and molecules is formed.

The original laser molecular beam epitaxy system
(laser-MBE) designed already in 1995/96 has been
continuously upgraded and modified until now.
In particular, the substrate heating system and the
temperature control unit were changed from a re-
sistive radiation heater to an infrared laser heating
system (see Fig. 3, left) including a pyrometer for
determining the sample temperature. In addition,
a source for atomic oxygen and nitrogen has been
installed. The main advantage of the new heating
system is that only the substrate is heated while
the surrounding parts are hardly affected (Fig. 3,
right). In this way one can achieve a substantially
better vacuum at temperatures well above 1000 ◦C.
The achievable substrate temperature is limited by
the melting point and the size of the substrate ma-
terial (approx. 1410 ◦C for a 5× 5 mm2 silicon sub-
strate). The laser heating system has already been
successfully used for removing the amorphous sil-
icon oxide layer from the surface of silicon sub-
strates at 1150 ◦C.

Figure 3: Components of the laser heating system: The substrate is heated using an IR diode laser head that is
located in a separate box far away from the deposition chamber (left). The laser light is brought to the substrate
(right) via an optical fiber.

We have further developed and installed a home-made telescope zoom optics for the pulsed
UV laser light, consisting of in total five lenses on sliding lens holders allowing for a movement
over a total distance of 1200 mm. The lens holders are attached to independent stepper motors,
each connected to a controller providing an accurate positioning precision. The controllers
are driven via a PC, thus allowing for a full automation of the lens system itself. With this
telescope zoom optics we are able to change the area of the UV laser spot on the target,
resulting in an accessible range of laser fluences from ρL = 0.5 J/cm2 to 5 J/cm2. To maintain
a stable laser fluence at the target, we have installed a so-called intelligent window (PVD
Products) at the laser entrance port combining two unique features. First, it keeps the inner
side of the entrance window free of coatings by blocking the ablated plasma plume via a
rotatable disc consisting of UV grade fused silica. Second, an insertable mirror positioned
in the light path after the disc allows to guide the incoming UV laser pulse through a side
window, where its energy is determined by a pyroelectric detector. These measures help
to improve the deposition processes by accurately monitoring ρL as one of the most critical
process parameters.
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UHV Electron Beam Evaporation System

Figure 4: (a) Photograph of the UHV electron beam evaporation system. (b) Manipulator with UHV stepping
motors for automated and precise sample tilt and options for rotation.

The UHV metal MBE system allows for the growth of high quality metallic thin films by
electron beam evaporation and molecular beam epitaxy. The system is optimized for the
fabrication of superconducting persistent current qubits by aluminum shadow evaporation. It
is equipped with an improved substrate holder allowing for multi-angle shadow evaporation.
The main components of the system are:

• UHV system with a process chamber with a base pressure of ∼ 1× 10−8 mbar pumped
by a 1000 l/s turbo molecular pump with magnetic suspension of the rotor adequate for
corrosive gases.

• Load-lock chamber equipped with a magnetic transfer system (push-pull positioner) for
sample transfer without breaking the vacuum in the process chamber.

• Downstream pressure control by an adaptive pressure controlled gate valve.
• Electron beam evaporator with six 8 cm3 crucibles embedded in a linearly movable water

cooled rail providing six different materials.
• Film thickness measurement and closed loop evaporation rate control by a quartz crystal

microbalance in combination with the evaporation controller.
• Effusion cell for molecular beam epitaxy processes.
• Ion sputtering gun for in-situ sample cleaning
• Manipulator with UHV stepping motors for automated and precise sample tilt and op-

tions for rotating and cooling the sample.

A precise and reproducible tilt of the sample is realized by a sample manipulator with process
specific degrees of freedom. The downstream pressure control allows for a fast adjustment
and precise control of the oxygen partial pressure. This is crucial for a well-defined oxidation
process of the Josephson junctions barriers. The entire process can be performed fully auto-
mated via a touch screen and is controlled by a LabView program. Up to six effusion cells can
be optionally added to the system allowing for further materials. The manipulator allows for
further degrees of freedom that can be used to align the sample to the effusion cells, the ion
sputtering gun and to measuring equipment such as ellipsometry or RHEED.
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Single Crystal Growth and Synthesis of Bulk Materials

Figure 5: The four-mirror image furnace installed at the
crystal laboratory of the WMI. Crystals can be grown by
the floating zone and traveling solvent floating zone tech-
niques at temperatures up to 2200 ◦C and pressures up to
10 bar.

Transition metal oxides are of great inter-
est due to their various interesting physical
properties (e.g. high temperature supercon-
ductivity, colossal magnetoresistance, ferro-
electricity, nonlinear optical properties etc.)
and their high potential for applications.
Therefore, the WMI operates a laboratory for
the synthesis of bulk materials and single
crystals of transition metal oxides. Besides
various chamber- and tube furnaces a four-
mirror image furnace is used for the crys-
tal growth of various oxide systems. With
this furnace crystals of many different com-
pounds of the high temperature supercon-
ductors and various other transition metal
oxides have been grown as single crystals us-
ing the traveling solvent floating zone tech-
nique. The furnace consists basically of 4

elliptical mirrors with a common focus on
the sample rod and with halogen lamps in
their other focus. By irradiation of the fo-
cused light the sample rod is locally heated
and eventually molten. The molten zone can
be moved up and down along the entire sam-
ple rod under simultaneous rotation. Due to
the anisotropic growth velocity a preferen-
tial growth of those grains with the fastest
growth velocity along the pulling direction
is obtained and the formerly polycrystalline
rod is transformed into a single crystal. Single crystal growth can be performed with this
furnace at maximum temperatures up to 2200 ◦C in the pressure range from 10−5 mbar up to
10 bar and in oxidizing, reducing as well as inert atmosphere.

Figure 6: Left: Central part of the image furnace with four elliptical mirrors. In the center one can see the
quartz tube with a polycrystalline rod. Right: View on the molten zone of Pr2−xCexCuO4 (melting point: 1280 ◦C)
obtained by a CCD camera.
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Figure 7: The two-circle X-ray diffractometer Bruker D8 Advance.

The X-ray diffraction systems

For X-ray analysis the Walther-
Meissner-Institute operates two
X-ray diffractometers (Bruker
D8 Advance and D8 Discover).
The two-circle system is used
for powder diffraction. In this
system the samples can be
heated in oxygen atmosphere
up to 1600 ◦C. It is equipped
with a Göbel mirror and an
area detector to save measuring
time. The second system is
a high resolution four-circle
diffractometer that can be used
for reciprocal space mappings. It
is equipped with a Göbel mirror
and an asymmetric two-fold Ge
monochromator and allows for
the texture analysis of thin film
superlattices and single crys-
talline materials. In both systems
measurements can be carried out
fully computer controlled.

Beside these two Bruker X-ray
systems a Laue camera for sin-
gle crystal analysis and a Debye-
Scherrer camera are available.

Figure 8: Left: High temperature sample holder of the D8 Advance system. Right: Four-circle high resolution
X-ray diffractometer Bruker D8 Discover.
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Figure 9: Quantum Design SQUID magnetometer.

The SQUID magnetometer

For the analysis of the magnetic
properties of materials, a Quantum
Design SQUID magnetometer sys-
tem (Fig. 9) is operated at the WMI.
The SQUID magnetometer allows
for measurements in the tempera-
ture regime from 1.8 to 400 K and
provides excellent sensitivity par-
ticularly in the low field regime.
Due to the excellent sensitivity of
the system, thin film samples with
a very small sample volume can
be analyzed. The SQUID magne-
tometer is equipped with a super-
conducting solenoid allowing for a
maximum field of 7 T. At present,

the magnetometer is used for the characterization of magnetic and superconducting materials
(both in bulk and thin film form). Examples are the cuprate high temperature superconduc-
tors, the doped manganites, magnetite, the double perovskites, magnetic semiconductors, or
multiferroics.

Figure 10: High field laboratory with Oxford 17 T magnet system.

The High Field Laboratory

Transport and thermody-
namic properties of samples
are often studied as a function
of the applied magnetic field.
For such measurements sev-
eral superconducting magnets
are available at the WMI. Two
of them (8/10 and 15/17 Tesla
magnet system) are located
in the high magnetic field
laboratory in the basement
of the WMI. The magnet
systems are installed below
the floor level to facilitate
the access to the top flange
and the change of the sample
sticks. The magnet systems
are decoupled from the build-
ing to avoid noise due to
mechanical vibrations. A variety of sample holders can be mounted allowing for e.g. sample
rotation during the measurement. For standard sample holders the accessible temperature
regime is 1.5 K < T < 300 K. However, also 3He/4He dilution refrigerator inserts (T > 20 mK)
or high temperature units (T < 700 K) can be mounted. All measurements are fully computer
controlled (by the use of the LabView software tool) allowing for remote control and almost
continuous measurements.

Since 2012, a 3D vector magnet with variable temperature insert, allowing for 2 T in-plane and
6 T out-of-plane magnetic fields is available for thermal and electrical transport experiments.
A further 3D vector magnet allowing for 1 T in-plane and 6 T out-of-plane magnetic fields is
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installed in the WMI Quantum Laboratories as part of a cryogen-free dilution system (see
page 93).

Figure 11: Top: Part of the clean room facility with optical lithography
equipment and clean room benches. Bottom: Resist coater and hot plates.

The Clean Room Facility

For the fabrication of nano-
structures and superconduct-
ing as well as spintronic de-
vices the WMI operates a class
1000 clean room facility with
an area of about 50 m2. This
clean room facility has been
put into operation at the WMI
within the year 2001. The
clean room is subdivided into
two parts for photolithogra-
phy and electron beam lithog-
raphy, respectively. The clean
room facility is equipped
with the standard tools for
photolithography such as re-
sist coaters, hot plates, wet
benches, a Karl Süss MJB3

mask aligner and an opti-
cal projection lithography sys-
tem. The technical infrastruc-
ture for the clean room is lo-
cated in the basement of the
WMI directly below the clean
room area.

Since 2005 the clean room also
is equipped with a reactive
ion etching system, Plasmalab
80 Plus with ICP plasma
source (Oxford Instruments
Plasma Technology).
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Figure 12: Top: Philips XL 30 SFEG Scanning Electron Microscope with
Raith Elphy Plus Lithography System. Bottom: Raith Laser Stage.

Electron Beam Lithography

The Electron Beam Lithogra-
phy System is installed in the
second part of the clean room
facility. It consists of a Philips
XL 30 SFEG scanning elec-
tron microscope (SEM) with
a Raith Elphy Plus electron
beam lithography system and
a laser interferometer table
for precise stitching of writing
fields.

The SEM is equipped with a
hot field emitter and typically
provides a beam diameter of
less than 1.5 nm at ≥ 10 keV
or about 2.5 nm at 1 keV. The
lithography unit allows the
fabrication of nanostructures
down to about 10 nm. We
have realized the controlled
fabrication of metallic strip
patterns with a strip width
of about 20 nm. The elec-
tron beam lithography is used
for the fabrication of nanos-
tructures in metallic and ox-
ide systems required for the
study of quantum effects in
mesoscopic samples.
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Figure 13: Top: Süss MJB 3 maskaligner for optical lithography. Bottom:
Optical projection lithography based on an optical microscope.

Optical Lithography

For photolithography, a Karl
Süss MJB 3 maskaligner or
an optical microscope based
projection system are used.
The maskaligner operates in
the 1 : 1 soft or hard con-
tact mode and uses chromium
metal masks. In the projec-
tion system the mask pattern
is demagnified by a factor of
5 to 100. Therefore, cheap foil
masks can be used. With both
systems microstructures with
a lateral dimension down to
1 µm can be fabricated.
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Low and Ultra-Low Temperature Facilities

Figure 14: The “dry” dilution re-
frigerator of the WMI.

Figure 15: Low-temperature unit of
a WMI dilution refrigerator ready
to go into a cryostat.

At the WMI, we have
constructed the first dilu-
tion refrigerator with pulse
tube pre-cooling for ultra-
low temperature experi-
ments. This type of re-
frigerator works without
cryo-liquids, and thus is
a lot more practical, more
economical and more re-
liable than cryostats with
liquid helium pre-cooling.
These days, all major cryo-
engineering companies are
offering commercial ver-
sions of this Millikelvin
cooler, and these so-called
"dry" refrigerators outsell
conventional refrigerators
by a wide margin. The
general construction con-
cept of most manufactur-
ers is unchanged from our
original prototype, where
the refrigerator consists of three basic components. The first cooling stage is a commer-
cial pulse tube cryocooler which reaches a base temperature of 2.5 K. The second stage is
a Joule-Thomson stage, and the last stage is a dilution refrigeration stage, where the lowest
temperature of the cryostat is about 0.01 K (Fig. 14).

Figure 16: Two mixing chamber mounting plates with silver sponges.
Those are needed to overcome the thermal resistance (Kapitza resistance)
between the liquid 3,4He and the mounting plate of the mixing chamber.
To fabricate the mounting of the sponge (square pins embedded in the
sponge) a spark erosion technique has been employed.

In many low temperature ap-
plications high refrigeration
capacities are required. Our
design allows for a high circu-
lation rate of 3He which in the
end determines the cooling
power of a dilution refrigera-
tor. Presently our "dry" fridge
reaches a refrigeration capac-
ity of 700 µW at a tempera-
ture of the mixing chamber of
0.1 K, seven times the cooling
power of the WMI nuclear de-
magnetization cryostat. Goals
of our present work are a fur-
ther increase of cooling power
and a lower base temperature
of the dry dilution refrigera-

tor. For a more detailed report, please see page 77.

A smaller version of our cryogen-free fridge has become commercially available by Oxford
Instruments (formerly VeriCold Technologies, Ismaning). It has a refrigeration capacity of 250 µW
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at a mixing chamber temperature of 0.1 K (Fig. 15).

The WMI also develops and fabricates dilution refrigerator inserts for temperatures down to
about 20 mK. The inserts fit into all cryogenic systems (e.g. superconducting magnets) having
a two inch bore. They allow fast sample change and rapid cool down cycles of less than five
hours. The dilution refrigerator inserts are engineered and fabricated in-house and are also
provided to other low temperature laboratories for ultra-low temperature experiments.

Millikelvin Temperatures in Combination with 3D Vector Magnetic-Fields

Figure 17: The dilution refrigerator with the 3D
vector magnet located in the Quantum Labora-
tories.

Part of the Quantum Laboratories at the Walther-
Meißner-Institut is a cryogen-free dilution refriger-
ator equipped with a 3D vector magnet allowing
for 1 T in-plane and 6 T out-of-plane magnetic fields.
Additional microwave coaxial lines allow for the mi-
crowave spectroscopy up to 18 GHz under these ex-
perimental conditions.

Scientifically, several directions in the field of funda-
mental light-matter interaction are envisaged:

(i) Circuit quantum electrodynamics (circuit QED),
where superconducting qubits form hybrids with
microwave resonators. These experiments are time
consuming, because quantum effects arise in the
limit of low excitation numbers. Hereby, challenging
requirements are imposed on the detection systems
allowing to detect microwave signals in the attowatt
regime.

Figure 18: Inside of the dilu-
tion system. The windows of
the 4 K and the still shield are
removed providing access to
the low temperature stages.

(ii) Storage of quantum states. One possibility is the transfer of
the quantum information contained in photons to long-lived spin
states. Additionally, exchange coupled systems or ferromagetic sys-
tems come into focus, because the effective coupling strength scales
with the square-root of the number of spins contributing. In gen-
eral, we study the light-matter interaction with long-lived spin sys-
tems and integrate superconducting quantum circuits.

(iii) Spin systems. Here, the investigations are not limited to para-
magnetic spin systems, but will be extended to exchange coupled
(ferro-) magnetic systems. Hereby, magnetization damping can be
investigated as a function of temperature, frequency and magnetic
field direction.

(iv) Circuit electro-mechanical hybrid systems consisting of a nano-
mechanical element coupled to a superconducting microwave res-
onator. In this context, sideband cooling of the mechanical system
into its ground state and pulsed spectroscopy of hybrid system are
performed and will be extended.
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WMI Millikelvin Facilities for Experiments with Superconducting Quantum Circuits

The research on superconducting quantum circuits at the WMI focuses mainly on systems
sensitive to externally applied flux (flux qubits), circuit QED systems where flux qubits are
coupled to transmission line resonators, squeezing physics in flux driven Josephson para-
metric amplifiers, and propagating quantum microwaves (e.g., quantum state reconstruction
methods). In order to further develop our activities on quantum effects in the microwave
regime, additional cryogenic capacities at millikelvin temperatures have been established. In
addition to sufficient cooling power, the specifications for these cryostats are mainly dictated
by the dimensions (typically a few centimeters in each direction) of bulky microwave compo-
nents such as circulators or microwave switches.

Figure 19: Liquid-helium precooled dilution refrigerators for experiments with superconducting quantum cir-
cuits. (a), (b) Back and front sides of the sample stage of the K12-refrigerator equipped with four circuit QED
experiments. The height of the silver rod is 50 cm. (c) Sample stage and dewar of the dilution refrigerator in the
quantum laboratory K04.

Two liquid-helium precooled dilution refrigerators are available for experiments with super-
conducting quantum circuits. The dilution refrigerator in laboratory K12 provides a sam-
ple space with a cylindrical volume with 11 cm diameter 55 cm height. The refrigerator is
equipped with four microwave amplifiers at the 4 K-stage, seven broadband input lines and
80 twisted pair DC lines. This allows for mounting four experiments simultaneously to avoid
idle times by interleaved measurements (see Fig. 19(a) and (b)). The base temperature of this
refrigerator is 20 mK.

A new liquid-helium precooled dilution refrigerator for experiments with superconducting
quantum circuits has been set up in the quantum laboratory K04. To provide enough space at
the sample stage we have installed a Cryogenic Ltd. stainless steel dewar with a 4He volume of
89 l. The time between two refills exceeds nine days. The cryostat is equipped with 16 coaxial
measurement lines suitable for microwave frequencies down to the mixing chamber stage and
low-noise cryogenic high electron mobility transistor (HEMT) amplifiers. Presently up to four
samples can be mounted simultaneously to the sample stage. By expanding the number of
input lines in the near future a more complex experiment can be set up. The cooling power of
the mixing chamber at 100 mK was determined to reach 140 µW.
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Figure 20: Dry dilution refrigerator with a large sample
space.

A new cryogen-free dilution refrigerator
with a pulse tube refrigerator (PTR) and
with a large sample stage has been set up
in the quantum laboratory K21 using the
longstanding experience in dry dilution re-
frigerators at the WMI. This refrigerator fea-
tures large diameters (tens of centimeters) of
all temperature stages providing extensive
space for advanced quantum experiments.
The main components of the refrigerator are
the PTR, a 1 K-stage and a dilution unit.
The two stages of the PTR cool the incom-
ing 4He and the 3He/4He mixture as well as
one radiation shield at each stage. To pro-
vide sufficiently high cooling power near 1 K
to cool microwave components and cables,
this refrigerator has been equipped with a
1 K-stage operating in a closed cycle. A re-
frigeration capacity of the 1 K-stage of up to
100 mW could be reached. The dilution re-
frigerator is precooled by a dedicated 4He
circuit. The minimum base temperature of
the refrigerator is below 11 mK. The cooling
power at 100 mK was determined to reach
300 µW at the maximum 3He flow rate.
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Matthias Opel, Sebastian T.B. Goennenwein, Matthias Althammer, Karl-Wilhelm Nielsen, Eva-
Maria Karrer-Müller, Sebastian Bauer, Konrad Senn, Christoph Schwark, Christian Weier, Gernot

2013

http://dx.doi.org/10.1088/1367-2630/15/12/125013
http://dx.doi.org/10.1063/1.4827036
http://dx.doi.org/10.1063/1.4839395
http://dx.doi.org/10.1016/B978-0-12-408130-7.00005-8
http://dx.doi.org/10.1016/B978-0-12-408130-7.00005-8
http://dx.doi.org/10.1103/PhysRevB.87.224422
http://www.degruyter.com/view/product/242339
http://dx.doi.org/10.1088/0022-3727/47/3/034002
http://dx.doi.org/10.1002/smll.201302613
http://dx.doi.org/10.1016/j.ssc.2013.07.019
http://arxiv.org/abs/1307.4869
http://arxiv.org/abs/1307.7413
http://dx.doi.org/10.1088/1367-2630/16/1/015001
http://arxiv.org/abs/1309.3986
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Güntherodt, Bernd Beschoten, Rudolf Gross
arXiv:1309.5857, accepted for publication in Physica Status Solidi B (2013).

39. Unambiguous Determination of Spin Dephasing Times in ZnO
Sebastian Kuhlen, Ralph Ledesch, Robin de Winter, Matthias Althammer, Sebastian T.B. Goen-
nenwein, Matthias Opel, Rudolf Gross, Thomas A. Wassner, Martin S. Brandt, Bernd Beschoten
arXiv:1309.6600, submitted for publication (2013).

40. Magnetic quantum oscillations in the charge-density-wave state of the organic metals α-
(BEDT-TTF)2MHg(SCN)4 with M = K and Tl
M. V. Kartsovnik, V. N. Zverev, D. Andres, W. Biberacher, T. Helm, P. D. Grigoriev, R. Ramaza-
shvili, N. D. Kushch, H. Müller
arXiv:1311.5744, submitted for publication (2013).

41. Single crystal growth of the high temperature superconducting oxides
Andreas Erb
to be published in: Handbook of Applied Superconductivity (Wiley-VCH, 2014).

42. Nano- and microstructures of magnetic field guided maghemite nanoparticles in thin diblock
copolymer films
Yuan Yao, Ezzeldin Metwalli, Martin A. Niedermeier, Matthias Opel, Chen Lin, Jing Ning, Jan
Perlich, Stephan V. Roth, Peter Müller-Buschbaum
ACS Applied Materials & Interfaces, submitted (2013).

43. Dry dilution refrigerator with He-4 precool loop
Kurt Uhlig
Adv. In Cry. Eng. 59, submitted (2013).
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The accompanying di-
agram shows the de-
velopment of the to-
tal number of citations
per year of papers pub-
lished by members of
WMI since 1995. This
number has more than
doubled within the last
ten years and is exceed-
ing 1 300 in 2013.
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Books

Festkörperphysik

Late in 2012, the solid state physics textbook Festkörperphysik by
Rudolf Gross and Achim Marx has been published by the Olden-
bourg Wissenschaftsverlag München. The book was getting very
positive reviews (see e.g. review by Prof. Daniel Hägele in Physik
Journal 12 (2013) Nr. 10, p. 60).

The book was well received by teachers and is highly esteemed
by the students. Meanwhile, the first edition with 2000 copies is
almost sold out and the second edition is already in preparation.

Basic information on the book:

• Title: Festkörperphysik
• Publisher: Oldenbourg Wissenschaftsverlag München
• Published: September 19, 2012

• Presentation: hardcover, XVIII, 982 pages, with a large num-
ber of colored illustrations and tables

• Language: German
• Size: 253 mm x 170 mm x 63 mm
• Weight: 1915 g
• ISBN-13: 9783486712940

• ISBN-10: 3486712942

• Order number: 34690524, price: EUR 49,80

Festkörperphysik. Aufgaben und Lösungen

In December 2013, the supplementary book entitled Festkörper-
physik. Aufgaben und Lösungen by Rudolf Gross, Achim Marx
and Dietrich Einzel has been published also by the Oldenbourg
Wissenschaftsverlag München. The book contains model solu-
tions to all exercises listed at the end of the chapters of the related
solid state physics textbook Festköperphysik. The book is ideal
for preparing for examinations and for learning on one’s own

Basic information on the book:

• Title: Festkörperphysik. Aufgaben und Lösungen
• Publisher: Oldenbourg Wissenschaftsverlag München
• Published: December 18, 2013

• Presentation: paperback, XI, 309 pages, 83 black and white
illustrations, 3 tables

• Language: German
• Size: 242 mm x 170 mm x 20 mm
• Weight: 1915 g
• ISBN-13: 9783486712940

• ISBN-10: 3486712942

• eISBN: 978-3-486-85896-9
• Price: EUR 25,70

2013
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Theses, Appointments, Honors and Awards, Membership in Advi-
sory Boards, etc.

Completed and ongoing Ph.D. Theses

Completed Ph.D. Theses:

1. Experiments on Two-Resonator Circuit Quantum Electrodynamics: A Superconduct-
ing Quantum Switch
Elisabeth Hoffmann, TU München, May 2013.

2. Microwave Circuit-electrodynamics in a Nanomechanical Hybrid System
Fredrik Hocke, TU München, September 2013.

3. High Magnetic Field Properties of Electron-doped Cuprate Superconductors
Toni Helm, TU München, September 2013.

4. Propagating Quantum Microwaves: Dual-path State Reconstruction and Path Entan-
glement
Edwin Peter Kurt Menzel, TU München, December 2013.

Ongoing Ph.D. Theses:

5. Wechselwirkung zwischen Spin-, Gitter- und Ladungsfreiheitsgraden in korrelierten
Metallen ohne Inversionszentrum
Hans-Martin Eiter, TU München, since October 2008.

6. Superconducting Flux Qubits with Tunable Gap
Manuel Schwarz, TU München, since June 2009.

7. All Optical Quantum Computing
Max Häberlein, TU München, since December 2009.

8. Raman-Untersuchungen an stark korrelierten Systemen mit hoher Ortsauflösung
Florian Kretschmar, TU München, since January 2010.

9. Vibrational Investigations of Luminescence Molecules
Nitin Chelwani, TU München, since September 2010.

10. Time-Domain Measurements on Ultra-strong-coupled Qubit-Resonator Systems
Alexander Baust, TU München, since October 2010.

11. Spinabhängige thermogalvanische Effekte in ferromagnetischen Dünnschichten
Johannes Lotze, TU München, since April 2011.

12. Generation and Detection of Quantum Correlations in Circuit QED Systems
Ling Zhong, TU München, since November 2011.

13. Superconducting Quantum Circuits for Qunatum Electrodynamics Experiments
Karl Friedrich Wulschner, TU München, since January 2012.

14. Circuit Quantum Electrodynamics Experiments with Tunable Flux Qubits
Jan Goetz, TU München, since January 2012.

15. Single Excitation Transfer in the Quantum Regime: A Spin-Based Solid State Ap-
proach
Christoph Zollitsch, TU München, since January 2012.

16. Untersuchung der verschiedenen Phasen eisenbasierter Supraleiter mittels Raman-
Streuung
Andreas Baum, TU München, since April 2012.

17. Superconducting Properties of Organic Metals in the Vicinity of Ordering Instabili-
ties
Michael Kunz, TU München, since August 2012.
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18. Quantum Information Processing with Propagating Quantum Microwaves
Peter Eder, TU München, since November 2012.

19. Coupled Electro-Nanomechanical Systems
Matthias Pernpeintner, TU München, since November 2012.

20. Spin Transport in Ferrromagnetic Microsturctures
Michael Schreier, TU München, since December 2012.

21. Spin dynamics and spin transport in solid state systems
Hannes Maier-Flaig, TU München, since November 2013.

22. Circuit Quantum Electrodynamics with Three-dimensional Cavities
Edwar Xie, TU München, since December 2013.

The following Ph.D. students of the Walther-Meißner-Institute have finished their Ph.D. theses
in 2013:

Toni Helm

Elisabeth Hoffmann
Edwin Menzel

Fredrik Hocke
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Completed and ongoing Diploma, Bachelor, Master Theses

Completed Master and Diploma Theses:

1. Optimization of Josephson Junction Nanofabrication for Superconducting Quantum
Circuits
Franz Sterr, Diplomarbeit, TU München, March 2013.

2. Spin Dynamics in an Antiferromagnet
Marc Philipp Ross, Diplomarbeit, TU München, March 2013.

3. Development of a Time-correlated Single Photon Counting System Based on X-ray
Excitation and Temporal Characterization of Ultra-fast Scintillators
Tobias Lamm, Masterarbeit, TU München, July 2013.

4. Spin Hall Magnetoresistive Noise
Friedrich Paul Witek, Masterarbeit, TU München, August 2013.

5. Magnetic properties of high quality single crystals of the electron underdoped cuprate
superconductor Nd2−xCexCuO4+δ

Alma Gabriela Dorantes Palacios, LMU München, October 2013.
6. Ferroic Emitter Devices for Spin Polarized Electron Emission

Stefan Hohenberger, Masterarbeit, Joint International Graduate Program Advanced Ma-
terials Science, TU München/LMU München/Universität Augsburg, November 2013.

7. Optimized Fabrication Process for Nanoscale Josephson Junctions Used in Supercon-
ducting Quantum Circuits
Edwar Xie, Masterarbeit, TU München, November 2012.

8. Design and Characterization of a Superconducting Beam Splitter for Quantum Infor-
mation Processing
Ferdinand Loacker, Diplomarbeit, TU München, Dezember 2013.

Completed Bachelor Theses:

9. Organic superconductor as a low-temperature pressure gauge
Ismail Achmed-Zade, Bachelor-Thesis, TU München, 2013.

10. Impedanzangepasste Widerstandsmessungen bei Frequenzen im Gigahertz-Bereich
Korbinian Baumgärtl, Bachelor-Thesis, TU München, 2013.

11. Vector Modulation of Microwaves for Circuit QED Experiments
Stefan Gantner, Bachelor-Thesis, TU München, 2013.

12. Gap suppression in superconducting cylinders: analytic results from the Ginzburg-
Landau theory
Luzia Höhlein, Bachelor-Thesis, TU München, 2013.

13. Spin Hall-Magnetoresistance in FMI/NM/FMI-Trilayers
Dominik Irber, Bachelor-Thesis, TU München, 2013.

14. Charakterisierung nanomechanischer Balken mittels optischer Interferometrie
Moritz Jung, Bachelor-Thesis, TU München, 2013.

15. Torque Magnetometry With Quartz Tuning Forks
Stefan Klimesch, Bachelor-Thesis, TU München, 2013.

16. Nd2Ir2O7: Ein neues Weyl-Halbmetall?
Michaela Renate Lammel, Bachelor-Thesis, TU München, 2013.

17. Atomic Force Microscopy on Nano-Scale Josephson Contacts
Dominik Martin Müller, Bachelor-Thesis, TU München, 2013.

18. Interference Effects on Superconducting Coplanar Waveguide Structures
Hans Gürtner, Bachelor-Thesis, TU München, 2013.
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19. Fabrication and Characterization of Y3Fe5O12/Pt/Y3Fe5O12 Trilayers for Spin Current
Based Experiments
Felix Schade, Bachelor-Thesis, TU München, 2013.

20. Fast-Fourier-Transform-Based Electrical Noise Measurements
Alexander Schade, Bachelor-Thesis, TU München, 2013.

21. Hall Effect Measurements in YIG/Pt Hybrids
Richard Schlitz, Bachelor-Thesis, TU München, 2013.

22. Herstellung und Charakterisierung von Y3Fe5O12-Pt Bilagen für Spinstrom basierte
Experimente
Marc Schneider, Bachelor-Thesis, TU München, 2013.

23. Joule Heating Induced Spin-Seebeck Effect
Erich Dobler, Bachelor-Thesis, TU München, 2013.

24. Starke Kopplung in Hybridsystemen aus einem Ferrimagnet und einem supraleiten-
den Mikrowellenresonator
Christian Vogl, Bachelor-Thesis, TU München, 2013.

25. Spitzenverstärkte Raman-Streuung (TERS)
Roland Richter, Bachelor-Thesis, TU München, 2013.

26. Phononen in entzwillingtem BaFe2As2
Daniel Jost, Bachelor-Thesis, TU München, 2013.

27. Untersuchung von BaFe2As2 unter dem Einfluss von uniaxialem Druck
Ali Özkü, Bachelor-Thesis, TU München, 2013.

Ongoing Master and Diploma Theses:

28. Spinkaloritronik
Mathias Frank, Masterarbeit, TU München, since November 2012.

29. High-field Normal State Magnetotransport Properties of Electron Doped Cuprate Su-
perconductors
Vassilios Tzanos, Masterarbeit, TU München, since March 2013.

30. Nanomechanik
Rasmus Holländer, TU München, since March 2013.

31. Time-resolved Spin-Seebeck Effect
Niklas Roschewsky, Masterarbeit, TU München, since March 2013.

32. Magnetoelektrische Effekte in multifunktionalen Schichtstrukturen
Bastian Stibbe, Diplomarbeit, TU München, since May 2013.

33. Bestimmung thermischer Materialparameter an Dünnschicht-Solarzellen
Valentin Kunkel, Masterarbeit, TU München, since June 2013.

34. Untersuchung der konkurrierenden Phasen in unkonventionellen Supraleitung
Andreas Walter, Masterarbeit, TU München, since October 2013.

35. Topological Phases in Pyroclore Iridates
Andreas Wörfel, Masterarbeit, TU München, since October 2013.

36. Thin Film Fabrication for Spin Current and Spin Caloritronic Experiments
Francesco Della Colletta, Masterarbeit, TU München, since October 2013.

37. Magnetotransport Studies of Organic Superconductors Containing Paramagnetic Ions
Ludwig Schaidhammer, Masterarbeit, TU München, since November 2013.

38. Tunable Beam Splitter: Time Domain Measurements
Fabian Kössel, Masterarbeit, TU München, since November 2013.

39. Engineering the State of Light Using Gradiometric Flux Qubits with Tunable-Gap
Philipp Summer, Masterarbeit, TU München, since November 2013.

© Walther-Meißner-Institut



Annual Report 2013 107

40. Control of the Phonon Population in Nano-electromechanical Hybrid Systems
Anh Tu Bohn, Masterarbeit, TU München, since November 2013.

41. Coherent Manipulation of Phosphorus Donor Spins in Silicon at Low Temperatures
Kai Müller, Masterarbeit, TU München, since November 2013.

42. Spin-dependent Electronic Transport in Yttrium iron garnet
Roland Rösslhuber, Masterarbeit, TU München, since November 2013.

43. Chains of Tunable and Nonlinear Superconducting Resonators
Udo Schaumburger, Masterarbeit, TU München, since December 2013.

44. On-chip Quantum Beam-Splitter and Microwave Interferometer
Michael Fischer, Masterarbeit, TU München, since December 2013.
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Research Projects and Cooperations

A large number of our research projects are benefiting from the collaboration with external
groups in joint research projects, as well as from individual collaborations, exchange programs
and visitors. Most collaborations are based on joint projects, which are funded by different
research organizations (see list below). A considerable number of collaborations also exists
with universities, other research institutions and industry without direct financial support.

Funded Projects

A. German Research Foundation: Excellence Initiative

Cluster of Excellence “Nanosystems Initiative Munich”

1. Project Area I: Quantum Nanophysics
F. Deppe, S.T.B. Gönnenwein, R. Gross, H. Huebl, A. Marx

2. Project Area II: Hybrid Nanosystems
S.T.B. Gönnenwein, R. Gross, H. Huebl

B. German Research Foundation: Collaborative Research Centers

Collaborative Research Center 631: “Solid-State Quantum Information Processing: Physical Con-
cepts and Materials Aspects”

1. Project A3: Superconducting Quantum Circuits as Basic Elements for Quantum Information
Processing
R. Gross, A. Marx

2. Project A8: Cavity Quantum Electrodynamics with Superconducting Devices
A. Marx, R. Gross

3. Project C3: Fundamentals of Quantum Logic Gates in Silicon
M. Brandt, H. Huebl, M. Stutzmann

4. Project S: Coordination of the Collaborative Research Center
R. Gross

Transregional Collaborative Research Center TRR 80: “From Electronic Correlations to Func-
tionality”

1. Project A2: Spatially and Momentum Resolved Raman Studies of Correlated Systems
R. Hackl

C. German Research Foundation: Priority Programs

1. Spin-dependent thermo-galvanic effects: experiment
within the DFG Priority Program 1538 Spin-Caloric Transport – SpinCAT
S.T.B. Gönnenwein, R. Gross (Az. GO 944/4-1)

2. Project: Raman study of electron dynamics and phase transitions in iron-pnictide compounds
within the DFG Priority Program 1458 “High-Temperature Superconductivity in Iron-
Pnictides”
R. Hackl, R. Gross, B. Büchner, D. Johrendt, C. Honerkamp (Az. HA 2071/7-1, HA
2071/7-2)
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3. Project: Spin injection, spin transport and controllable ferromagnetism in transition metal doped
ZnO
within the DFG Priority Program 1285 “Halbleiter-Spinelektronik”
R. Gross, S.T.B. Gönnenwein, M. Opel (Az. GR 1132/14-1, GR 1132/14-2, GR 1132/14-3)

D. German Research Foundation: Research Projects

1. Project: Exotic Superconductivity in Strongly Anisotropic Correlated Organic Metals in the
Vicinity of Insulating Phases
M. Kartsovnik, W. Biberacher, R. Gross (Az. KA 1652/4-1)

2. Project: Doping Dependent Evolution of the Fermi Surface and Competing Ordering Phenomena
in Superconducting Cuprates
R. Gross, M. Kartsovnik, A. Erb (Az. GR 1132/15-1)

3. Project: Interaction Between Spin, Lattice, and Charge in Non-Centrosymmetric Correlated
Metals
R. Hackl, R. Gross (Az. HA 2071/5-1)

E. European Union

1. EU Collaborative Project (call identifier FP7-ICT-2011-C), project title Quantum Propagat-
ing Microwaves in Strongly Coupled Environments – PROMISCE
F. Deppe, A. Marx, R. Gross, Grant Agreement no. 284566

partners: several European Universities and research facilities.
2. Marie Curie Network for Initial Training (call identifier FP7-PEOPLE-2010-ITN), project

title Circuit and Cavity Quantum Electrodynamics (CCQED)
R. Gross, A. Marx, F. Deppe, Grant Agreement No. PITN-GA-2010-264666

partners: several European Universities and research facilities.
3. Marie Curie Network for Initial Training (call identifier FP7-PEOPLE-2009-ITN), project

title Cavity-confined Luminophores for Advanced Photonic Materials: A Training Action for
Young Researchers (FINELUMEN)
R. Hackl, Grant Agreement Number PITN-GA-2008-215399

partners: several European Universities and research facilities.

F. Bavaria California Technology Center (BaCaTeC)

1. Project: Nematic Order and New Phases in Quantum Materials
R. Hackl,
partners: Profs. Thomas Devereaux, Steve Kivelson, and Sri Raghu (Stanford University)

G. German Academic Exchange Service

1. Project-based Personnel Exchange Programme (PPP) with Serbia (project 56267076: Fe-
based superconductors), collaboration with the Institute of Physics, University of Bel-
grade (Dr. Z.V. Popovic)
R. Hackl

H. Others
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Conferences and Workshops

The Walther-Meißner-Institute has organized/co-organized the following conferences, work-
shops and symposia in 2013:

International Conference on Resonator QED
(September 09–13, 2013, Munich, Germany)

The conference was organized by
the EU Marie Curie Network CC-
QED. It took place at the Kardinal
Wendel Haus (Mandlstraße 23, 80802

München) close to the English Gar-
den in Munich-Schwabing. It was fo-
cussing on the following topics: (i) Sin-
gle atom cavity QED, (ii) Multi-atom
cavity QED, (iii) Circuit QED, (iv) Pho-
tonic crystal cavity QED, (v) Quantum
information processing with CCQED
systems, (vi) Cavity optomechanics,
(vii) Hybrid circuit or cavity QED sys-
tems, (viii) QED without cavity. With
more than 140 participants from all
over the world, the conference was a
major and very successful event. The
final programme comprised 6 tutorials,
28 invited talks, 18 contributed talks
and 57 posters. The local CCQED net-
work partners (Max-Planck-Institute
for Quantum Optics and Walther-
Meißner-Institute) opened doors for a
tour through their laboratories. More-
over, the CCQED industry partners in-
vited conference attendees to visit their
facilities or offer to meet their experts.

To disseminate research on quantum
optics and circuit QED to a broader
public, CCQED organized an evening
with a public lecture by Nobel lau-
reate in physics, Serge Haroche on
11

th September at the Ehrensaal of the
Deutsches Museum. Subsequently, a
panel discussion (presented by Jeanne
Rubner, Bayerischer Rundfunk) on
“Research & Innovation” with guests
from research, politics and industry ex-
amined the link between basic research
and innovation. The event attracted
more than 150 participants.

2013
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510. Wilhelm und Else Heraeus-Seminar “Non-Magnetic Control of Spin – Funda-
mental Physics and Materials Design”
(January 07 – 09, 2013, Bad Honnef, Germany)

The 510. WEH-Seminar was co-organized by Sebastian Gönnenwein (Walther-Meißner-
Institut), Christian Heiliger (Universität Gießen), and Diemo Ködderitzsch (LMU München).

Magnetic materials play
an important role in to-
day’s high tech devices,
for example in hard disk
drives, in magnetic sen-
sors, or in magnetic actua-
tors. Hereby, the magnetic
properties are usually con-
trolled or adjusted via the

application of external magnetic fields. While this conventional magnetic-field control of
magnetism approach is very natural and straightforward, it suffers from severe drawbacks. In
particular, it is difficult to locally generate the required magnetic fields, such that the magnetic-
field control of magnetism can not be scaled to modern, nm-scale devices.

In recent years, alternative schemes enabling a control of magnetic moments or spins by
means of non-magnetic control parameters have emerged. These non-magnetic control of
spin schemes take advantage, e.g., of electric fields, magneto-electric coupling, elastic strains,
or thermal gradients the manipulate the magnetic properties. The corresponding multifunc-
tional structures (comprising constituents with both magnetic as well as a non-magnetic func-
tionality) offer intriguing new physics and material science insights and challenges.

The key intention of the 510. WEH-Seminar was to address and compare the main non-
magnetic control of spin schemes currently investigated, and to discuss possible extensions
or new concepts. In addition to the fundamental physics and theoretical concepts underlying
the different approaches, materials and device considerations will play an important role. The
seminar gave an overview over the rapidly developing field of non-magnetic spin control,
while providing ample time for discussions and scientific networking.

Symposium on “Strong Coupling in Solid State Quantum Systems”, Spring Meet-
ing of the Condensed Matter Section of the German Physical Society
(March 10 – 14, 2013, Regensburg, Germany)

Regensburg 2013 - wissenschaftliches Programm 

Bereiche I Tage I Auswahl I Suche I Aktualisierungen I Downloads I Hilfe 

SYSC: Symposium Strong Coupling in Solid State Quantum Systems 

SYSC 1: Strong Coupling in Solid State Quantum Systems (SYSC) 

Dienstag, 12. März 2013, 09:30-12:00, H1 

Hans Hübl and Sebastian
Gönnenwein of WMI orga-
nized a highly successful
symposium on Strong Cou-
pling in Solid State Quantum
Systems within the Spring
Meeting of the Condensed
Matter Section of the Ger-
man Physical Society.
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International Miniworkshop on “Excitations in Correlated Systems and Energy Ma-
terials (ECSEM)”
(July 25, 2013, Garching, Germany)

The miniworkshop was organized by Rudi Hackl of WMI to stimulate exchange between
experimental and theory groups working in the field of correlated electron systems and energy
materials.

Course 3 on “Physics and Electronics in Everyday Life” of the Ferienakademie 2013
(September 22 – October 04, 2013, Sarntal, Italy)

The course was hold by Rudolf Gross of WMI together with Prof. Dr. Gert Denninger,
University of Stuttgart, and Prof. Dr. Klaus Mecke, University of Erlangen-Nuremberg, within
the Ferienakademie. The Ferienakademie is jointly organized by the Technische Universität
München, the University of Erlangen/Nuremberg, and the University of Stuttgart to motivate
and foster highly talented students. It takes place in the Italian Alps.

Ferienakademie 2013

2013
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Collaborations

Other collaborations without direct project funding involve:

• Stanford University, Stanford, USA (T.P. Devereaux, M. Greven, Z.-X. Shen, I. Fisher, B.
Moritz)

• Universidad del País Vasco and Ikerbasque Foundation, Bilbao, Spain (E. Solano)
• Instituto de Fisica Fundamental, Madrid, Spain (Prof. Dr. J.J. Garcia-Ripoll)
• Central Research Institute of the Electric Power Industry, Tokyo, Japan (Dr. S. Ono, Dr.

Y. Ando)
• Green Innovation Research Laboratories, NEC Corporation, Japan (Y. Nakamura, J.S.

Tsai, K. Inomata, T. Yamamoto)
• University of Tohoku, Sendai, Japan (Gerrit E.W. Bauer, Eiji Saitoh)
• European Synchrotron Radiation Facility (ESRF), Grenoble (H. Müller, D. Mannix, F.

Wilhelm, K. Ollefs)
• Materials Science Research Centre, IIT Madras, India (M.S. Ramachandra Rao)
• Raja Ramanna Centre for Advanced Technology, Indore, India (Lalit M. Kukreja)
• ETH-Zurich, Switzerland (A. Wallraff, L. Degiorgi, R. Monnier, Dr. M. Lavagnini)
• Chalmers University of Technology Gothenburg, Sweden (P. Delsing)
• MINT Center, University of Alabama (A. Gupta)
• Materials Physics Laboratory, Helsinki University of Technology, Finland (T. Heikkilä)
• Kavli Institute of NanoScience, Delft University of Technology, Delft, The Netherlands

(T.M. Klapwijk, G.E.W. Bauer)
• High-Magnetic-Field Laboratory, Grenoble, France (I. Sheikin)
• High Magnetic Field Laboratory, Toulouse (C. Proust, D. Vignolles)
• B. Verkin Institute for Low Temperature Research and Engineering, Kharkov, Ukraine

(V.G. Peschansky)
• Landau Institute for Theoretical Physics, Chernogolovka, Russia (P. Grigoriev)
• Clarendon Laboratory, University of Oxford, England (A. Karenowska)
• Russian Academy of Sciences, Chernogolovka, Russia (N. Kushch, A. Palnichenko)
• High Magnetic Field Laboratory, Dresden (E. Kampert, J. Wosnitza)
• National High Magnetic Field Laboratory, Tallahassee, USA (J. Brooks)
• University of Bonn, Germany (Prof. Dr. W. Mader)
• IFW Dresden, Germany (B. Büchner, J. Fink, S.V. Borisenko, M. Knupfer)
• Max-Planck-Institut für Festkörperforschung, Stuttgart (B. Keimer, L. Boeri)
• University of Tübingen, Germany (R. Kleiner, D. Kölle)
• University of Würzburg, Germany (W. Hanke, F. Assaad, C. Honerkamp, M. Potthoff)
• University of Augsburg, Germany (P. Hänggi, A. Wixforth, A. Kampf, A. Loidl, J. Deisen-

hofer, V. Tsurkan)
• University of Hamburg, Germany (G. Meier, W. Wurth)
• University of Leipzig, Germany (J. Haase)
• Abt. Halbleiterphysik, University of Ulm, Germany (W. Limmer)
• RWTH Aachen, Germany (G. Güntherodt, B. Beschoten)
• Georg-August-Universität, Göttingen, Germany (M. Münzenberg)
• Institut für Experimentelle und Angewandte Physik, Universität Regensburg, Germany
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(Christian Back, Georg Woltersdorf)
• Universität Bielefeld, Germany (G. Reiss, A. Thomas)
• University of British Columbia, Vancouver, Canada (D. Bonn, A. Damascelli)
• Technische Universität München, Physics Department, Germany (D. Grundler, Ch. Pflei-

derer, F.C. Simmel, Jean Come Lanfranchi)
• Walter Schottky Institut, TU München, Germany (G. Abstreiter, M. Stutzmann, J. Finley,

M. Brandt, A. Holleitner)
• Ludwig-Maximilians-Universität München, Physics Department, Germany (J.P. Kot-

thaus, J. von Delft, E. Frey, J. Rädler, S. Ludwig)
• Ludwig-Maximilians-Universität München, Chemistry Department, Germany (Hubert

Ebert, Diemo Ködderitzsch)
• Departamento de Fisica de la Materia Condensada, Universidad de Zaragoza, Spain (L.

Morellon, J.M. de Teresa, D. Zueco)
• EPFL Lausanne, Switzerland (T. Kippenberg, H. Ronnov)
• University of New South Wales, Sydney, Australia (M. Simmons, A. Morello)
• McMaster University, Hamilton, Canada (J.P. Carbotte)
• Technische Universität Graz, Austria (E. Schachinger)
• Universität Konstanz (A. Leitenstorfer, E. Weig, J. Demsar, A. Pashkin)
• BMW Group, Munich, Germany (J. Schnagl)
• Siemens AG, CT MM 2, Munich, Germany (R. Matz, W. Metzger)
• Attocube, Munich, Germany (K. Karrai, D. Andres, E. Hoffmann)
• THEVA Dünnschichttechnik, Ismaning, Germany (W. Prusseit)
• Institut für Halbleiter- und Festkörperphysik, Johannes-Kepler-Universität Linz, Austria

(A. Ney)
• Lehrstuhl für Technische Elektronik, Technische Universität München (M. Becherer)
• Institut für Angewandte Photophysik, Technische Universität Dresden (L. Eng, D. Köh-

ler, J. Becherer)
• Jülich Centre for Neutron Science JCNS (S. Pütter)
• Université de Toulouse, Laboratoire de Physique Théorique, Toulouse, France (R. Ra-

mazashvili)
• Lawrence Berkeley National Laboratory, Berkeley, USA (A. F. Kemper)
• University of Belgrade, Belgrade, Serbia (Z. Popovic, N. Lazarevic, D. Tanaskovic)
• University of Aveiro, Portugal (N. A. Sobolev)
• Macquarie University, MQ Research Centre for Quantum Science and Technology, Aus-

tralia (J. Twamley)
• Instituto de Ciencia de Materiales de Sevilla, Spain (J. Poyato, J.L. Perez-Rodriguez)
• Research Institute for Solid State Physics and Optics, Hungarian Academy of Sciences,

Budapest, Hungary (K. Kamaras, I. Tüttö, J. Balogh)
• University of Rome “La Sapienza”, Rome, Italy (S. Caprara, C. Di Castro, M. Grilli)
• Hungarian Academy of Sciences, Budapest University of Technology and Economics,

Budapest, Hungary (A. Virosztek, A. Zawadowski, G. Mihály)
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Stays abroad

Extended visits of members of the Walther-Meißner-Institute at foreign research laboratories:

1. Rudi Hackl
Stanford University and Stanford Institute for Materials and Energy Science, Stanford,
USA
24. 03. - 12. 04. 2013, 19. 06. - 03. 07. 2013

2. Toni Helm
High Magnetic Field Laboratory, Toulouse, France
07. 04. - 12. 04. 2013

3. Toni Helm
High Magnetic Field Laboratory, Dresden, Germany
29. 08. - 07. 09. 2013

4. Mark Kartsovnik, Toni Helm, Vasilis Tzanos
High Magnetic Field Laboratory, Grenoble, France
20. 04. - 29. 04. 2013

5. Mark Kartsovnik
High Magnetic Field Laboratory, Grenoble, France
08. 10. - 16. 10. 2013

6. Vasilis Tzanos
High Magnetic Field Laboratory, Grenoble, France
18. 08. - 26. 08. 2013

7. Alexander Baust
NEC Corporation, Smart Energy Research Laboratories, Tsukuba, Ibaraki, Japan
19. 08. - 18. 10. 2013
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Conference Talks and Seminar Lectures

Andreas Baum

1. Phonons in twin-free BaFe2As2
International Miniworkshop on “Excitations in Correlated Systems and Energy Materials (EC-
SEM)” Walther-Meißner-Institut, Garching, Germany.
25. 07. 2013

2. Lattice dynamics in detwinned BaFe2As2 as observed via Raman scattering
Spring Meeting of the DPG, Regensburg, Germany.
12. 03. 2013

Alexander Baust

1. Tunable Coupling between Two Resonators Controlled by a Flux Qubit: the Quantum Switch
Spring Meeting of the DPG, Regensburg, Germany.
13. 03. 2013

2. Tunable Coupling between Two Resonators Controlled by a Flux Qubit: the Quantum Switch
APS March Meeting, Baltimore, USA.
21. 03. 2013

Thomas Böhm

1. Band structure and superconductivity in Ba1−xKxFe2As2
International Miniworkshop on “Excitations in Correlated Systems and Energy Materials (EC-
SEM)”, Walther-Meißner-Institut, Garching, Germany.
25. 07. 2013

2. Superconducting gaps and collective mode in Ba0.6K0.4Fe2As2 as detected in Raman spec-
troscopy
Stanford Institute for Materials and Energy Science, Stanford National Accelerator Laboratory,
Stanford, USA.
13. 05. 2013

3. Subdominant d-wave pairing in BKFA
Institute of Physics, University of Belgrade, Belgrade, Serbia.
10. – 14. 12. 2013

Nitin Chelwani

1. Progress report on tip-enhanced Raman scattering
International Miniworkshop on “Excitations in Correlated Systems and Energy Materials (EC-
SEM)”, Walther-Meißner-Institut, Garching, Germany.
25. 07. 2013

Frank Deppe

1. From squeezed microwave light to path entanglement
Invited talk, Conference on Resonator QED, Munich, Germany.
09. – 13. 09. 2013

2. Tunable and switchable coupling between two superconducting transmission line resonators
Invited talk, NIM Workshop “Young Ideas in Nanoscience”, Munich, Germany-
19. – 20. 11. 2013

Hans-Martin Eiter

1. Helical magnetic order in MnSi
International Miniworkshop on “Excitations in Correlated Systems and Energy Materials (EC-
SEM)”, Walther-Meißner-Institut, Garching, Germany-
25. 07. 2013

Andreas Erb

1. Crystal growth of superconducting and magnetically ordering oxides using the TSFZ tech-
nique
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Workshop on “Floating Zone Technique”, Leibniz Institute for Solid State and Materials Research
Dresden, Germany.
20. - 22. 02. 2013

2. Growth of High-Purity CaWO4 Single Crystals for the Low-Temperature Dark Matter Re-
search Experiments CRESST and EURECA
Collaborative Conference on Crystal Growth (3CG), Cancun, Mexico.
10. – 13. 06. 2013

3. Crystal Growth of various Oxides using the TSFZ Technigue
DGKK-Arbeitskreis-Treffen “Intermetallische und oxidische Systeme mit Spin und Ladungskor-
relationen”, Vienna, Austria.
26. – 27. 09. 2013

4. Single crystal growth of various oxide materials for basic research and applications
Physik-Kolloquium, Universität Leipzig, Germany.
10. 12. 2013

Stephan Geprägs
1. Magnetoelastic and Magnetoelectric Effects in Extrinsic Multiferroic Hybrid Structures

510. WE-Heraeus-Seminar, Bad Honnef, Germany.
06. – 09. 01. 2013

Sebastian Gönnenwein
1. Spin Currents in Magneto-Thermal Landscapes

12th Joint Intermag/MMM Conference, Chicago, USA-
17. 01. 2013

2. Spin Currents in Magneto-Thermal Landscapes
Trends in Nanoscience 2013, Kloster Irsee, Irsee, Germany-
27. 02. 2013

3. Spin Mechanics in Ferromagnet/Ferroelectric Hybrid Structures
March Meeting of the American Physical Society, Baltimore, USA-
20. 03. 2013

4. Spin Current-Based Experiments in Ferromagnet/Normal Metal Hybrids
Seminarvortrag im SFB-Kolloquium, Universität Hamburg, Germany
07. 05. 2013

5. Experimental Test of the Spin Mixing Interface Conductivity Concept
Spin Caloritronics V, Columbus, USA.
23. 05. 2013

6. Spin Currents in Ferromagnet/Normal Metal Hybrids
Quantum NanoScience Seminar, TU Delft, The Netherlands.
26. 06. 2013

7. Spin Seebeck Experiments
Gordon Research Conference on Spin Dynamics in Nanostructures, Hong Kong, China.
18. 08. 2013

8. Charge and Spin Currents in Hybrid Structures
The Kavli Institute for Theoretical Physics Program Sprintronics: Progress in Theory, Materials
and Devices, UC Santa Barbara, USA.
10. 10. 2013

9. Spin Currents in Ferromagnet/Normal Metal Hybrid Structures
Physik-Kolloquium, Universität Dortmund, Germany.
12. 11. 2013

10. Spin Currents in Ferromagnet/Normal Metal Hybrid Structures
Seminar of the Institute of Condensed Matter, École Polytechnique Féderale de Lausanne,
Switzerland.
27. 11. 2013

Jan Goetz
1. Tunable gradiometric flux qubits in circuit-QED experiments

Spring Meeting of the DPG, Regensburg, Germany.
10. - 15. 03. 2013
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Rudolf Gross

1. Quantum X-tronics: From Quantifiable to Quantum
R. Gross
24. Edgar-Lüscher-Seminar, “Neues aus der Festkörperphysik”
02 – 08 February, 2013, Klosters, Switzerland.

2. Fermi Surfaces in Electron-Doped Cuprate Superconductors
R. Gross
Invited Talk, Workshop on “Strongly Correlated Transition Metal Compounds”
06 – 08 March, 2013, Cologne, Germany.

3. Hochtemperatur-Supraleitung
R. Gross
Invited Tutorial, 37. Edgar-Lüscher Physikseminar über “Zukunftsmaterialien”
12 – 14 April, 2013, Zwiesel, Germany.

4. Quantum Spin Physics with Magnetic Nanostructures
R. Gross
15. 05. 2013

Kolloquium der Fakultät für Physik, Universität Duisburg-Essen, Germany.
5. Exploring the Quantum with Superconducting Circuits

R. Gross
Invited Talk, 4. International Conference on Quantum Metrology
15 – 17 May, 2013, Poznan, Poland.

6. Exploring the Quantum with Superconducting Circuits
R. Gross
25. 06. 2013

Großes Physikalisches Kolloquium, Universität zu Köln, Germany.
7. Exploring Pure Spin Currents and Quantum Spin Physics

R. Gross
Plenary Talk, International Conference on Nanoscale Magnetism (ICNM-2013)
02 – 06 September, 2013, Istanbul, Turkey.

8. Nano- und Quantensysteme
R. Gross
19. 10. 2013

Public Lecture, Day of Open House, Garching, Germany.
9. Superconducting Quantum Hybrid Systems

R. Gross
Invited Talk, 545. WE-Heraeus-Seminar “Superconducting Proximity and Josephson Effects in
Nanoscale Systems”
19 – 22 November, 2013, Bad Honnef, Germany.

10. Physics with Pure Spin Currents
R. Gross
10. 12. 2013

Colloquium of the Indian Institute of Technology Madras, Chennai, India.
11. Semiconductor-Superconductor Hybrids for Circuit Nano-Electromechanics

R. Gross
Invited Talk, 17

th International Workshop on “The Physics of Semiconductor Devices”
10 – 13 December, 2013, Amity University, Uttar Pradesh, India.

12. Circuit Nano-Electromechanics
R. Gross
Plenary Talk, International Conference of the International Union of Materials Research Societies,
IUMRS-ICA 2013

16 – 20 December, 2013, Bangalore, India.

Rudolf Hackl

1. A light scattering study of the evolution of pairing in Fe-based superconductors
Spring Meeting of the DPG, Regensburg, Germany
14. 03. 2013
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2. Charge density wave formation in multiband systems
APS March Meeting, Baltimore, USA
22. 03. 2013

3. Collective Excitations in Superconductors and Density Wave Systems
Colloquium at the Stanford Institute for Materials and Energy Science, Stanford National Accel-
erator Laboratory, Stanford, USA.
29. 03. 2013

4. Fermi surface topology and superconductivity in Fe-based materials
International Conference on ŞQuantum in Complex Matter - SuperstripesŤ, Ischia, Italy.
30. 05. 2013

5. Spectroscopic evidence of coherence phenomena in superconductors
Invited talk at the 6th internal biennial science meeting of the MLZ, Grainau, Germany.
12. 06. 2013

6. Raman scattering experiments on gap and collective excitations in Fe-based superconductors
Invited talk, International Conference on Spectroscopic in Novel Superconductors (SNS 2013),
Berkeley, USA.
28. 06. 2013

7. Raman scattering in high-Tc superconductors
Festkolloquium on the occasion of the 70th birthday of Werner Hanke and inauguration of the
Willy Wien Center, Würzburg, Germany.
19. 07. 2013

8. Light scattering experiments in diamond anvil cells
MLZ Garching, Germany.
10. 12. 2013

9. Electronic Raman scattering and the CDW in RTe3
Institute of Physics, University of Belgrade, Belgrade, Serbia.
10. – 14. 12. 2013

Toni Helm
1. High-field magnetotransport in electron doped High-Tc Superconductors

Lawrence Berkeley National Laboratory, Berkeley, USA.
26. 04. 2013

2. Correlations between superconductivity and symmetry-breaking instabilities in the n-doped
cuprate Nd2−xCexCuO4 probed by high-field magnetotransport
EMFL User Meeting, Nijmegen, The Netherlands.
12. – 13. 06. 2013

Hans Hübl
1. Coupling Phosphorus Donors and Microwave Resonators

Silicon Quantum Electronics, Grenoble, France.
07. – 08. 02. 2013

2. Two-tone experiments and time domain control in circuit nano-electromechanics high coop-
erativity in coupled microwave resonator – ferromagnetic insulator hybrids
APS Spring Meeting, Baltimore, USA.
18. – 22. 03. 2013

3. Two-tone experiments and time domain control in circuit nano-electromechanics
Spring Meeting of the DPG, Regensburg, Germany.
10. – 15. 03. 2013

4. High cooperativity in coupled microwave resonator – ferromagnetic insulator hybrids
GRC Spin Dynamics in Nanostructures, Hong Kong, China.
18. – 23. 08. 2013

5. Nano-Opto-Mechnics at Microwave Frequencies
Invited talk, Young Ideas in Nanoscience (NIM), Munich, Germany.
19. – 20. 11. 2013

Mark Kartsovnik
1. Correlation between Fermi surface transformations and superconductivity in an electron-

doped high-Tc superconductors
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Invited talk, International Conference on “Quantum in Complex Matter”, Superstripes 2013, Is-
chia, Italy.
27. 05. – 01. 06. 2013

2. Molecular organic metals: a playground for electronic interactions and instabilities
Invited talk, International Symposium “NANO-2013, Knowledge Society: mutual influence and
interference of science and society”, Chisinau, Moldova.
13. – 16. 09. 2013

Florian Kretzschmar

1. Fluctuations and spin density wave (SDW) order in BaFe2As2
International Miniworkshop on “Excitations in Correlated Systems and Energy Materials (EC-
SEM)”, Walther-Meißner-Institut, Garching, Germany.
25. 07. 2013

2. Evidence of competing s and d-wave pairing channels in iron-based superconductors
APS March Meeting, Baltimore, USA.
21. 03. 2013

3. Evidence of competing s and d-wave pairing channels in iron-based superconductors
Stanford Institute for Materials and Energy Science, Stanford National Accelerator Laboratory,
Stanford, USA.
28. 03. 2013

Edwin Menzel

1. Entanglement of Continuous-Variable Quantum Microwave
Spring Meeting of the DPG, Regensburg, Germany.
10. - 15. 03. 2013

Matthias Opel

1. Spin Transport and Spin Dephasing in Zinc Oxide
Spring Meeting of the DPG, Regensburg, Germany.
11. 03. 2013

2. Absence of an induced magnetic moment in Pt on Y3Fe5O12 (YIG)
Joint European Magnetic Symposia (JEMS), Rhodos, Greece.
29. 08. 2013

3. Electrical Spin Transport and Spin Relaxation in Zinc Oxide
International Workshop on “Semiconductor Spintronics” & Final Meeting of the DFG Priority
Program SPP 1285 “Halbleiter-Spintronik”, Würzburg, Germany.
30. 09. 2013

Erwin Schuberth

1. YbRh2Si2 at ultra-low temperatures
Technical University, Vienna, Austria.
23. – 24. 01. 2013

Kurt Uhlig

1. Dry dilution refrigerator with He-4 precool loop
Cryogenic Engineering Conference 2013, Anchorage, Alaska.
19. 07. 2013
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Appointments, Membership in Advisory Boards, etc.

1. Werner Biberacher is member of the Scientific Council of the High Magnetic Field Lab-
oratory (LNCMI) Grenoble/Toulouse, France.

2. Dietrich Einzel is one of the four spokesmen of the scientific staff of the Bavarian
Academy of Sciences and Humanities.

3. Sebastian Gönnenwein is associate member of the Cluster of Excellence Nanosystems
Initiative Munich (NIM).

4. Rudolf Gross is member of the International Advisory Committee of the International
Conference M2S HTSC 2015, Geneva, Switzerland.

5. Rudolf Gross is member of the International Advisory Committee of the 4th Interna-
tional Conference on Superconductivity and Magnetism-ICSM2014, Antalya, Turkey.

6. Rudolf Gross is member of the Scientific Advisory Board of the Leibniz Institute for
Solid-State and Materials Research, Dresden.

7. Rudolf Gross is member of the Kuratorium of the Physik Journal of the German Physical
Society.

8. Rudolf Gross is member of the selection committee of the Stern-Gerlach-Medal of the
German Physical Society.

9. Rudolf Gross is deputy spokesman of the division of Low Temperature Physics of the
Condensed Matter Section of the German Physical Society.

10. Rudolf Gross is spokesman of the Collaborative Research Center 631 on Solid State Quan-
tum Information Processing of the German Research Foundation.

11. Rudolf Gross is member of the Executive Board of the Cluster of Excellence Nanosystems
Initiative Munich (NIM) and coordinator of the Research Area 1 on Quantum Nanosystems.

12. Rudolf Gross is member of the Board of Editors of the European Physical Journal B.

13. Rudolf Hackl is deputy coordinator of the DFG Priority Program SPP 1458 on “High
Temperature Superconductivity in the Iron Pnictides”.

14. Rudolf Hackl is member of the evaluation board of the neutron source Heinz Maier-
Leibnitz (FRM II).

15. Mark Kartsovnik is member of the Selection Committee of EMFL (European Magnetic
Field Laboratories) and of the International Advisory Committee of the 10th Interna-
tional Symposium on Crystalline Organic Metals Superconductors and Ferromagnets
(ISCOM2013)
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Lectures, Seminars, Courses and other Scientific Activities

Several members of Walther-Meißner-Institute give lectures and seminars at the Technische
Universität München.

Lectures

Dietrich Einzel

WS 2012/2013 • Mathematische Methoden der Physik I (Mathematical Methods of
Physics I)

• Übungen zu Mathematische Methoden der Physik I (Mathematical
Methods of Physics I, Problem Sessions)

• WMI-Seminar über aktuelle Fragen der Tieftemperatur-
Festkörperphysik (WMI Seminar on Current Topics of Low Tem-
perature Solid-State Physics, with R. Gross, S.B.T. Gönnenwein, H.
Hübl, A. Marx, M. Opel, R. Hackl)

• Seminar: Advances in Solid-State Physics (with R. Gross, M. Opel, A.
Marx, S.T.B. Gönnenwein)

SS 2013 • Mathematische Methoden der Physik II (Mathematical Methods of
Physics II)

• Übungen zu Mathematische Methoden der Physik II (Mathematical
Methods of Physics II, Problem Sessions)

• WMI-Seminar über aktuelle Fragen der Tieftemperatur-
Festkörperphysik (WMI Seminar on Current Topics of Low Tem-
perature Solid-State Physics, with R. Gross, S.B.T. Gönnenwein, H.
Hübl, A. Marx, M. Opel, R. Hackl)

• Seminar: Advances in Solid-State Physics (with R. Gross, M. Opel, A.
Marx, S.T.B. Gönnenwein)

WS 2013/2014 • Mathematische Methoden der Physik I (Mathematical Methods of
Physics I)

• Übungen zu Mathematische Methoden der Physik I (Mathematical
Methods of Physics I, Problem Sessions)

• WMI-Seminar über aktuelle Fragen der Tieftemperatur-
Festkörperphysik (WMI Seminar on Current Topics of Low Tem-
perature Solid-State Physics, with R. Gross, S.B.T. Gönnenwein, H.
Hübl, A. Marx, M. Opel, R. Hackl)

• Seminar: Advances in Solid-State Physics (with R. Gross, M. Opel, A.
Marx, S.T.B. Gönnenwein)

Frank Deppe

WS 2012/2013 • Supraleitung und Tieftemperaturphysik I (Superconductivity and Low
Temperature Physics I, with R. Gross)

• Übungen zu Supraleitung und Tieftemperaturphysik I (Superconduc-
tivity and Low Temperature Physics I, Problem Sessions)

• Seminar: Advances in Solid-State Physics (with R. Gross, M. Opel, A.
Marx, S.T.B. Gönnenwein, D. Einzel)

• Seminar: Supraleitende Quantenschaltkreise (mit R. Gross, A. Marx)
(Seminar on Superconducting Quantum Circuits)
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SS 2013 • Supraleitung und Tieftemperaturphysik II (Superconductivity and
Low Temperature Physics II, with R. Gross)

• Übungen zu Supraleitung und Tieftemperaturphysik II (Superconduc-
tivity and Low Temperature Physics II, Problem Sessions)

• Angewandte Supraleitung: Josephson Effekte, supraleitende Elek-
tronik und supraleitende Quantenschaltkreise (Applied Superconduc-
tivity: Josephson Effects, Superconducting Electronics and Supercon-
ducting Quantum Circuits, with R. Gross)

• Seminar: Advances in Solid-State Physics (with R. Gross, M. Opel, A.
Marx, S.T.B. Gönnenwein, D. Einzel)

• Seminar: Supraleitende Quantenschaltkreise (mit R. Gross, A. Marx)
(Seminar on Superconducting Quantum Circuits)

WS 2013/2014 • Seminar: Advances in Solid-State Physics (with R. Gross, M. Opel, A.
Marx, S.T.B. Gönnenwein, D. Einzel)

• Seminar: Supraleitende Quantenschaltkreise (mit R. Gross, A. Marx)
(Seminar on Superconducting Quantum Circuits)

Rudolf Gross

WS 2012/2013 • Supraleitung und Tieftemperaturphysik I (Superconductivity and Low
Temperature Physics I)

• Übungen zu Supraleitung und Tieftemperaturphysik I (Superconduc-
tivity and Low Temperature Physics I, Problem Sessions)

• WMI-Seminar über aktuelle Fragen der Tieftemperatur-
Festkörperphysik (WMI Seminar on Current Topics of Low Tem-
perature Solid-State Physics, with D. Einzel, S.T.B. Gönnenwein, R.
Hackl, H. Hübl, A. Marx, M. Opel)

• Seminar: Advances in Solid-State Physics (with D. Einzel, S.T.B. Gön-
nenwein, R. Hackl, H. Hübl, A. Marx, M. Opel)

• Seminar: Superconducting Quantum Circuits (with F. Deppe, A. Marx)
• Festkörperkolloquium (Colloquium on Solid-State Physics, with D.

Einzel)
SS 2013 • Supraleitung und Tieftemperaturphysik II (Superconductivity and

Low Temperature Physics II)
• Übungen zu Supraleitung und Tieftemperaturphysik II (Superconduc-

tivity and Low Temperature Physics II, Problem Sessions)
• Angewandte Supraleitung: Josephson Effekte, supraleitende Elek-

tronik und supraleitende Quantenschaltkreise (Applied Superconduc-
tivity: Josephson Effects, Superconducting Electronics and Supercon-
ducting Quantum Circuits, with F. Deppe)

• Übungen zu Angewandte Supraleitung: Josephson Effekte, supraleit-
ende Elektronik und supraleitende Quantenschaltkreise (Applied Su-
perconductivity: Josephson Effects, Superconducting Electronics and
Superconducting Quantum Circuits, Problem Sessions, with F. Deppe)

• Seminar: Advances in Solid-State Physics (with D. Einzel, S.T.B. Gön-
nenwein, R. Hackl, H. Hübl, A. Marx, M. Opel)

• WMI-Seminar über aktuelle Fragen der Tieftemperatur-
Festkörperphysik (WMI Seminar on Current Topics of Low Tem-
perature Solid-State Physics, with D. Einzel, S.T.B. Gönnenwein, R.
Hackl, H. Hübl, A. Marx, M. Opel)
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• Seminar: Superconducting Quantum Circuits (with F. Deppe, A. Marx)
• Festkörperkolloquium (Colloquium on Solid-State Physics, with D.

Einzel)
• Ferienakademie: Kurs 3 “Physik und Elektronik im Alltag” (Ferien-

akademie: Course 3 “Physics and Electronics in Everyday Life”)
WS 2013/2014 • Physik der Kondensierten Materie I (Condensed Matter Physics I)

• Übungen zu Physik der Kondensierten Materie I (Condensed Matter
Physics I, Problem Sessions, with S. Geprägs)

• WMI-Seminar über aktuelle Fragen der Tieftemperatur-
Festkörperphysik (WMI Seminar on Current Topics of Low Tem-
perature Solid-State Physics, with D. Einzel, S.T.B. Gönnenwein, R.
Hackl, H. Hübl, A. Marx, M. Opel)

• Seminar: Advances in Solid-State Physics (with D. Einzel, S.T.B. Gön-
nenwein, R. Hackl, H. Hübl, A. Marx, M. Opel)

• Seminar: Superconducting Quantum Circuits (with F. Deppe, A. Marx)
• Festkörperkolloquium (Colloquium on Solid-State Physics, with D.

Einzel)

Sebastian T.B. Gönnenwein

WS 2012/2013 • Seminar: Advances in Solid-State Physics (with R. Gross, A. Marx, M.
Opel)

• Magnetismus (Magnetism)
• Übungen zu Magnetismus (Magnetism, Problem Sessions)
• WMI-Seminar über aktuelle Fragen der Tieftemperatur-

Festkörperphysik (WMI Seminar on Current Topics of Low Tem-
perature Solid State Physics, with R. Gross, D. Einzel, H. Hübl, A.
Marx, M. Opel, R. Hackl)

• Seminar zu aktuellen Fragen der Magneto- und Spinelektronik (Sem-
inar on Current Topics in Magneto and Spin Electronics, with M.
Brandt, H. Hübl)

SS 2013 • Seminar: Advances in Solid-State Physics (with R. Gross, A. Marx, M.
Opel)

• Spin Electronics
• Übungen zu Spin Electronics (Exercises to Spin Electronics)
• WMI-Seminar über aktuelle Fragen der Tieftemperatur-

Festkörperphysik (WMI Seminar on Current Topics of Low Tem-
perature Solid State Physics, with R. Gross, D. Einzel, H. Hübl, A.
Marx, M. Opel, R. Hackl)

• Seminar zu aktuellen Fragen der Magneto- und Spinelektronik (Sem-
inar on Current Topics in Magneto and Spin Electronics, with M.
Brandt, H. Hübl)

WS 2013/2014 • Seminar: Advances in Solid-State Physics (with R. Gross, A. Marx, M.
Opel)

• Magnetismus (Magnetism)
• Übungen zu Magnetismus (Magnetism, Problem Sessions)
• WMI-Seminar über aktuelle Fragen der Tieftemperatur-

Festkörperphysik (WMI Seminar on Current Topics of Low Tem-
perature Solid State Physics, with R. Gross, D. Einzel, H. Hübl, A.
Marx, M. Opel, R. Hackl)
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• Seminar zu aktuellen Fragen der Magneto- und Spinelektronik (Sem-
inar on Current Topics in Magneto and Spin Electronics, with M.
Brandt, H. Hübl)

Rudi Hackl

WS 2012/2013 • Seminar: Advances in Solid-State Physics (with R. Gross, S.T.B. Gön-
nenwein, H. Hübl, A. Marx, M. Opel)

• WMI-Seminar über aktuelle Fragen der Tieftemperatur-
Festkörperphysik (WMI Seminar on Current Topics of Low Tem-
perature Solid-State Physics, with R. Gross, S.B.T. Gönnenwein, H.
Hübl, A. Marx, M. Opel, D. Einzel)

WS 2013/2014 • Low Temperature Physics and Superconductivity I (with R. Gross)
• Exercises to Low Temperature Physics and Superconductivity I
• Seminar: Advances in Solid-State Physics (with R. Gross, S.T.B. Gön-

nenwein, H. Hübl, A. Marx, M. Opel)
• WMI-Seminar über aktuelle Fragen der Tieftemperatur-

Festkörperphysik (WMI Seminar on Current Topics of Low Tem-
perature Solid-State Physics, with R. Gross, S.B.T. Gönnenwein, H.
Hübl, A. Marx, M. Opel, D. Einzel)

Hans Hübl

WS 2012/2013 • Seminar: Spin Caloritronics and Spin Pumping
• Seminar: Advances in Solid-State Physics (with R. Gross, D. Einzel,

S.T.B. Gönnenwein, A. Marx, M. Opel)
• WMI-Seminar über aktuelle Fragen der Tieftemperatur-

Festkörperphysik (WMI Seminar on Current Topics of Low Tempera-
ture Solid State Physics, with R. Gross, D. Einzel, S.T.B. Gönnenwein,
A. Marx, M. Opel, R. Hackl)

• Seminar zu aktuellen Fragen der Magneto- und Spinelektronik (Sem-
inar on Current Topics in Magneto and Spin Electronics, with S.T.B.
Gönnenwein, M. S. Brandt)

SS 2013 • Seminar: Spin Caloritronics and Spin Pumping
• Seminar: Advances in Solid-State Physics (with R. Gross, D. Einzel,

S.T.B. Gönnenwein, A. Marx, M. Opel)
• WMI-Seminar über aktuelle Fragen der Tieftemperatur-

Festkörperphysik (WMI Seminar on Current Topics of Low Tempera-
ture Solid State Physics, with R. Gross, D. Einzel, S.T.B. Gönnenwein,
A. Marx, M. Opel, R. Hackl)

• Seminar zu aktuellen Fragen der Magneto- und Spinelektronik (Sem-
inar on Current Topics in Magneto and Spin Electronics, with S.T.B.
Gönnenwein, M. S. Brandt)

WS 2013/2014 • Seminar: Spin Caloritronics and Spin Pumping
• Seminar: Advances in Solid-State Physics (with R. Gross, D. Einzel,

S.T.B. Gönnenwein, A. Marx, M. Opel)
• WMI-Seminar über aktuelle Fragen der Tieftemperatur-

Festkörperphysik (WMI Seminar on Current Topics of Low Tempera-
ture Solid State Physics, with R. Gross, D. Einzel, S.T.B. Gönnenwein,
A. Marx, M. Opel, R. Hackl)
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• Seminar zu aktuellen Fragen der Magneto- und Spinelektronik (Sem-
inar on Current Topics in Magneto and Spin Electronics, with S.T.B.
Gönnenwein, M. S. Brandt)

Anton Lerf

WS 2012/2013 • Moderne Aspekte der Chemie für Physiker I (Modern Aspects of
Chemistry for Physicists I)
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The WMI Seminars

The Friday Seminar –
Walther-Meißner-Seminar on Current Topics in Low Temperature Physics

WS 2012/2013:

1. Dynamics in Quantum Antiferromagnets
Prof. Dr. Goetz Uhrig, Lehrstuhl für Theoretische Physik I, Technische Universität Dortmund,
Germany
26. 11. 2012

2. Exotic phases of matter: from critical metals to chiral magnets
Prof. Dr. Markus Garst, Institut für Theoretische Physik, Universität zu Köln, Germany
03. 12. 2012

3. Quantum Transport in Hybrid Nanosystems
Prof. Dr. Jürgen König, Fakultät für Physik, Universität Duisburg-Essen, Germany
04. 12. 2012

4. A Quantum Impurity Perspective on Strongly Correlated Systems
Prof. Dr. Walter Hofstetter, Institut für Theoretische Physik, Johann Wolfgang Goethe-Universität
Frankfurt, Germany
10. 12. 2012

5. Progress in Quantum Monte Carlo Simulations: recent highlights and future prospects
Prof. Dr. Lode Pollet, Theoretische Nanophysik, LMU München, Germany
23. 01. 2013

6. Be Entrepreneurial! Opportunities for founders at TUM
Harald Jenull, UnternehmerTUM GmbH, Garching, Germany
01. 02. 2013

7. Raman Scattering in Multiband Systems
Dr. Elizabeth A. Nowadnick, Stanford Institute for Materials and Energy Sciences (SIMES),
Stanford University, Stanford, USA
08. 02. 2013

8. Giant and reversible extrinsic magnetocaloric effects in manganite films due to strain
Dr. Neil D. Mathur, Department of Materials Science and Metallurgy, University of Cambridge,
United Kingdom
18. 02. 2013

SS 2013:

9. Magnetism studies in TM-doped ZnO-based structures
Prof. Dr. Nikolai Sobolev, Departamento de Fisica, Universidade De Aveiro, Portugal
26. 04. 2013

10. Multiband, paramagnetic effects and vortices in KFe2As2
Dr. Frédéric Hardy, Karlsruher Institut für Technologie (KIT), Karlsruhe
17. 05. 2013

11. Superconducting Artificial Atom with Two Degrees of Freedom
Dr. Olivier Buisson, Institut Neel, CNRS & Université Joseph Fourier & INP-Grenoble, France
24. 05. 2013

12. Towards a spin-ensemble quantum memory for superconducting qubits
Dr. Patrice Bertet, Research Group in Quantum Electrics, Gif-sur-Yvette, France
07. 06. 2013

13. Geometric phases for robust quantum gates in circuit QED
Dr. Stefan Filipp, Laboratorium für Festkörperphysik, ETH Zürich, Switzerland
14. 06. 2013

14. Calculating the Electronic Structure of Materials with Strong Electronic Coulomb Correla-
tions from First Principles? – Where do we stand?
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Prof. Dr. Silke Biermann, Centre de Physique Théorique – UMR 7644 EPFL, Lausanne, Switzer-
land
21. 06. 2013

15. Fluxons for quantum circuits
Dipl.-Phys. Kirill Fedorov, Karlsruhe Institute of Technology, Karlsruhe, Germany
21. 06. 2013

16. Quantum corrections for low temperature electrical conductivity of SixZn1−xO thin films
Prof. Dr. Lalit Kukreja, Laser Materials Processing Division, Raja Ramanna Centre for Advanced
Technology, Indore, India
28. 06. 2013

17. Listening to the brain with high-Tc SQUIDs
Prof. Dr. Dag Winkler, Chalmers University of Technology, Göteborg, Sweden
05. 07. 2013

18. Acoustic Microscopy as a Probe for Magnons
Prof. Dr. Andrew Briggs, University of Oxford, United Kingdom
10. 07. 2013

19. New Directions in Spin Current Research at NIST, Boulder
Prof. Dr. Tom Silva, The National Institute of Standards and Technology Boulder, Colorado, USA
29. 07. 2013

20. Raman scattering study in alkali-doped transition metal selenides
Dr. Nenad Lazarevic, Institute of Physics, University of Belgrade, Serbia
05. 09. 2013

21. Nanomechanics in the quantum regime-from quantum optics with phonons to hybrid quan-
tum systems
Dr. Jörg Bochmann, University of California, Santa Barbara, USA
16. 09. 2013

WS 2013/2014:

22. Single-shot readout of superconducting flux qubit using a Josephson parametric amplifier
Dr. Tsuyoshi Yamamoto, NEC Smart Energy Research Laboratories, NEC Corporation Tsukuba,
Ibaraki, Japan
16. 10. 2013

23. Hunds Metallicity in Iron-based Superconductors
Dr. Markus Aichhorn, Institute of Theoretical and Computational Physics, Technische Univer-
sität Graz, Austria
08. 11. 2013

24. Fine structure of the Kondo resonance in ultraclean carbon nanotube quantum dots
Dr. Andreas Hüttel, Institut für Experimentelle und Angewandte Physik, Universität Regens-
burg, Germany
15. 11. 2013

25. Superconducting qubits: sidebands, cavities, and vortices
Prof. Dr. Britton Plourde, Physics Departments, Syracuse University, Syracuse, USA
22. 11. 2013

Topical Seminar on Advances in Solid State Physics –
WS 2012/2013, SS 2013 and WS 2013/2014

WS 2012/2013:

1. Preliminary discussion and assignment of topics
R. Gross, Walther-Meißner-Institut
16. 10. 2012, 23. 10. 2012

2. Spin Seebeck Insulator
Niklas Roschewsky, Technische Universität München
20. 11. 2012
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3. Response and collective modes in non-cetrosymmetric superconductors
Nikolaj Bittner, Walther-Meißner-Institut
27. 11. 2012

4. Determination of the energy gap in superconductors via scanning tunneling spectroscopy
Andreas Walter, Technische Universität München
04. 12. 2012

5. Quantum coherent coupling of a mechanical oscillator to an optical cavity mode
Marco Bobinger, Technische Universität München
11. 12. 2012

6. Storing Quantum Information in Spin Systems – Concepts and Perspectives
Jochen Bissinger, Technische Universität München
18. 12. 2012

7. Inverse Spin Hall Effect
Johannes Mendil, Technische Universität München
15. 01. 2013

8. Electrical control of the ferromagnetic phase transition in cobalt at room temperature
Philipp Metzner, Technische Universität München
22. 01. 2013

SS 2013:

9. Preliminary discussion and assignment of topics
Rudolf Gross, Walther-Meißner-Institut, Garching
16. 04. 2013, 23. 04. 2013

10. How to write a bachelor thesis
Rudolf Gross, Walther-Meißner-Institut, Garching
30. 04. 2013

11. Nanoscale magnetic sensing and imaging
Hannah Schamoni, Technische Universität München
28. 05. 2013

12. Electronic readout of a single nuclear spin using a molecular spin transistor
Alexander Backs, Technische Unversität München
11. 06. 2013

13. Magnetization mapping with the anomalous Nernst effect (ANE)
Klara Beltinger, Technische Unversität München
25. 06. 2013

14. Organic superconductor as a low-temperature pressure gauge
Ismail Achmed-Zade, Technische Universität München
25. 06. 2013

15. Pressure sensors based on Carbon Nanotubes (CNTs)
Philipp Köhler, Technische Universität München
02. 07. 2013

16. Study of BaFe2As2 with applied hydrostatic pressure
Ali Özkü, Technische Universität München
08. 07. 2013

17. Effect of uniaxial pressure on the phase transition in BaFe2As2
Daniel Jost, Technische Universität München
08. 07. 2013

18. Photonic quantum simulators
Lujun Wang, Technische Universität München
09. 07. 2013

19. Magnetic Field Controlled Reconfigurable Semiconductor Logic
Andreas Wörfel, Technische Universität München
16. 07. 2013

20. Memristive Devices for Computing
Stephan Saller, Technische Universität München
23. 07. 2013
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WS 2013/2014:

21. Preliminary discussion and assignment of topics
R. Gross, Walther-Meißner-Institut
15. 10. 2013, 22. 10. 2013

22. Heat Flux between Nanosystems and Entropy Produced by Thermal Fluctuations
Gustav Andersson, Technische Universität München
12. 11. 2013

23. Exciting Andreev pairs in a superconducting atomic contact
Sheng-da Wang, Technische Universität München
19. 11. 2013

24. Storing Information in Magnetic Skyrmions
Johannes Lang, Technische Universität München
26.11.2013

25. One Year Research in Alabama
Matthias Althammer, Walther-Meißner-Institut, Garching
03. 12. 2013

26. Bounding the pseudogap with a line of phase transitions in YBa2Cu3O6+δ

Vasileios Tzanos, Walther-Meißner-Institut, Garching
10. 12. 2013

27. Extremely Large Magnetoresistance in the Nonmagnetic Metal PdCoO2
Ludwig Schaidhammer, Technische Universität München
14. 01. 2014

28. Ultrahigh Magnetoresistance at Room Temperature in Molecular Wires
Florian Schäble, Technische Universität München
21. 01. 2014

Topical Seminar: Spin Caloritronics and Spin Pumping –
WS 2012/2013, SS 2013

WS 2012/2013:

1. Preliminary discussion and assignment of topics
Hans Hübl, Walther-Meißner-Institut
17. 10. 2012, 24. 10. 2012

2. Thermoelectric effects without a spin
Julia Winnerl, Technische Universität München
05. 12. 2012

3. Ferromagnetic Resonance
Andreas Rauscher, Technische Universität München
19. 12. 2012

4. Spin Hall effect
Friedrich Witek, Technische Universität München
09. 01. 2013

5. Spin Seebeck effect
Hans Hübl, Walther-Meißner-Institut
16. 01. 2013

6. Spin Peltier effect
Andreas Duensing, Technische Universität München
23. 01. 2013

SS 2013:

7. Preliminary discussion and assignment of topics
Hans Hübl, Walther-Meißner-Institut
17. 04. 2013, 24. 04. 2013
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8. Electron Spin Resonance Spectrometers
Jonannes Ehrmaier, Technische Universität München
16. 05. 2013

9. Strong Coupling in Spin Ensembles
Kathrin Ganzhorn, Technische Universität München
23. 05. 2013

10. Equation of Motion of Paramagnetic Spin Systems
Kai Müller, Technische Universität München
06. 06. 2013

11. Spin Mechanics – The Static Limit
Malte Kremmser, Technische Universität München
13. 06. 2013

12. Torque Magnetometry with Quartz Tuning Forks
Stefan Klimesch, Technische Universität München
13. 06. 2013

13. Fabrication of Pyrochlore Iridate Thin Films
Michaela Lammel, Technische Universität München
20. 06. 2013

14. Strong Coupling in Exchange Coupled Spin Systems
Christian Vogl, Technische Universität München
27. 06. 2013

15. Transport in Graphene Nanoribbons
Markus Manz, Technische Universität München
04. 07. 2013

16. Impedance-Matched Electrical Study of Magnetization Dynamics
Korbinian Baumgärtl, Technische Universität München
04. 07. 2013

17. Determination of the Spin Diffusion Length in Ferromagnetic Insulator / Metal Thin Film
Structures
Richard Schlitz, Technische Universität München
11. 07. 2013

18. Spin Hall Magnetoresistance in F/N/F Trilayers
Dominik Irber, Technische Universität München
11. 07. 2013

19. Fabrication of the Ferromagnetic Insulator / Normal Metal Hybrid Structures
Marc Schneider, Technische Universität München
18. 07. 2013

20. Fabrication of FMI/NM/FMI Trilayers
Felix Schade, Technische Universität München
18. 07. 2013

Topical Seminar on Superconducting Quantum Circuits –
WS 2012/2013, SS 2013 and WS 2013/2014

WS 2012/2013:

1. Preliminary discussion and assignment of topics
F. Deppe, A. Marx, R. Gross, Walther-Meißner-Institut
16. 10. 2012, 23. 10. 2012

2. Hybrid circuit cavity quantum electrodynamics with a micromechanical resonator
Fredrik Hocke, Walther-Meißner-Institut, Garching
13. 11 .2012

3. Progress Report
Franz Sterr, Walther-Meißner-Institut, Garching
20. 11. 2012

4. Computing prime factors with a Josephson phase qubit quantum precessor
Stefan Zenger, Technische Universität München
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27. 11. 2012

5. Observation of Entanglement between Itinerant Microwave Photons and a Superconducting
Qubit
Miriam Müting, Technische Universität München
11. 12. 2012

6. Stabilizing Rabi oscillations in a superconducting qubit using quantum feedback
Michael Fischer, Technische Universität München
08. 01. 2013

7. Quantum Simulation of Tunneling in Small Systems
Jan Goetz, Walther-Meißner-Institut, Garching
22. 01. 2013

8. Josephson junction embedded transmission-line resonators: from Kerr medium to in-line
transmon
Friedrich Wulschner, Walther-Meißner-Institut, Garching
05. 02. 2013

9. A Josephson quantum electron pump
Ling Zhong, Walther-Meißner-Institut, Garching
19. 02. 2013

SS 2013:

10. Preliminary discussion and assignment of topics
F. Deppe, A. Marx, R. Gross, Walther-Meißner-Institut
16. 04. 2013

11. Vacuum Rabi Splitting in a Semiconductor Circuit QED Systems
Elisabeth Hoffmann, Walther-Meißner-Institut, Garching
23. 04. 2013

12. Realization of Deterministic Quantum Teleportation with Solid State Qubits
Peter Eder, Walther-Meißner-Institut, Garching
30. 04. 2013

13. Simulating accelerated atoms coupled to a quantum field
Jan Goetz, Walther-Meißner-Institut, Garching
14. 05. 2013

14. A wideband, low-noise superconducting amplifier with high dynamic range
Ling Zhong, Walther-Meißner-Institut, Garching
28. 05. 2013

15. Superconducting resonators for experiments with flux qubits / Setup of a microwave interfer-
ometer
Hans-Peter Gürtner, Stefan Gantner, Technische Universität München
04. 06. 2013

16. Nanoscale Josephson junction fabrication for flux qubits / Atomic force microscopy on
nanoscale Josephson junctions
Edwar Xie / Dominik Müller, Walther-Meißner-Institut, Garching / Technische Universität
München
11. 06. 2013

17. Probing Correlations, Indistinguishability and Entanglement in Microwave Two-Photon In-
terference
Karl Friedrich Wulschner, Walther-Meißner-Institut, Garching
18. 06. 2013

18. Catch and Release of Microwave Photon States
Udo Schaumburger, Technische Universität München
25. 06. 2013

19. Coherent state transfer between itinerant microwave fields and a mechanical oscillator
Matthias Pernpeintner, Walther-Meißner-Institut, Garching
02. 07. 2013

20. Multimode mediated qubit-qubit coupling and dark-state symmetries in circuit quantum elec-
trodynamics
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Max Häberlein, Walther-Meißner-Institut, Garching
09. 07. 2013

21. Towards on-chip superconducting interferometer
Ferdinand Loacker, Walther-Meißner-Institut, Garching
16. 07. 2013

WS 2013/2014:

22. Preliminary discussion and assignment of topics
F. Deppe, A. Marx, R. Gross, Walther-Meißner-Institut
15. 10. 2013, 22. 10. 2013

23. Progress Report
Kirill Fedorov, Ling Zhong, Walther-Meißner-Institut, Garching
26. 11. 2013

24. Electron spin resonance detected by a superconducting qubit
Alexander Baust, Christoph Zollitsch, Walther-Meißner-Institut, Garching
10. 12. 2013

25. Nonlinear optics quantum computing with circuit QED
Edwin Menzel, Max Häberlein, Walther-Meißner-Institut, Garching
07. 01. 2014

26. Dc SQUID coupled to mechanical oscillator
Matthias Pernpeintner, Karl Friedrich Wulschner, Walther-Meißner-Institut, Garching
21. 01. 2014

27. Towards Realizing a Quantum Memory for a Superconducting Qubit: Storage and Retrieval
of quantum states
Manuel Schwarz, Jan Goetz, Walther-Meißner-Institut, Garching
04. 02. 2014

C: Solid State Colloquium

The WMI has organized the Solid-State Colloquium of the Faculty of Physics in WS 2012/2013,
SS 2013, and WS 2013/2014. The detailed program can be found on the WMI webpage:
http://www.wmi.badw-muenchen.de/teaching/Seminars/fkkoll.html.
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Staff of the Walther-Meißner-Institute

Director
Prof. Dr. Rudolf Gross

Deputy Director Technical Director
Dr. Werner Biberacher Dr. Achim Marx

Administration/Secretary’s Office
Ludwig Ossiander Emel Dönertas

Scientific Staff
Dr. Matthias Althammer Dipl.-Phys. Andreas Baum
Dr. Frank Deppe Dipl.-Phys. Alexander Baust
Priv.-Doz. Dr. habil. Dietrich Einzel Dipl.-Phys. Thomas Böhm
Prof. Dr. Andreas Erb Dipl.-Phys. Nitin Chelwani
Dr. Kirill Fedorov Dipl.-Phys. Peter Eder
Dr. Stephan Geprägs Dipl.-Phys. Hans-Martin Eiter
Priv.-Doz. Dr. habil. Sebastian Gönnenwein Dipl.-Phys. Jan Goetz
Priv.-Doz. Dr. habil. Rudolf Hackl Dipl.-Phys. Max Häberlein
Dr. Hans Hübl Dipl.-Phys. Florian Kretzschmar
Dr. Mark Kartsovnik Dipl.-Phys. Michael Kunz
Dr. Edwin Menzel Dipl.-Phys. Johannes Lotze
Dr. Matthias Opel Dipl.-Phys. Hannes Maier-Flaig

Dipl.-Phys. Sibylle Meyer
Dipl.-Phys. Matthias Pernpeintner
Dipl.-Phys. Michael Schreier
Dipl.-Phys. Manuel Schwarz
Dipl.-Phys. Karl Friedrich Wulschner
Dipl.-Phys. Edward Xie
Dipl.-Phys. Ling Zhong
Dipl.-Phys. Christoph Zollitsch

Technical Staff
Peter Binkert Robert Müller
Thomas Brenninger, M.Sc. Jan Naundorf
Dipl.-Ing. (FH) Ulrich Guggenberger Georg Nitschke
Dieter Guratzsch Christian Reichlmeier
Astrid Habel Alexander Rössl
Karen Helm-Knapp Harald Schwaiger
Dipl.-Ing. (FH) Josef Höss Helmut Thies
Julius Klaus Siegfried Wanninger

Assistants
Sybilla Plöderl Brigitte Steinberg
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Permanent Guests
Prof. Dr. B. S. Chandrasekhar
Dr. Robert Doll Dr. Christian Probst
Dr. Karl Neumaier Prof. Dr. Erwin Schuberth
Dr. Kurt Uhlig
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Guest Researchers

1. Prof. Dr. B.S. Chandrasekhar
permanent guest

2. Dr. Robert Doll
permanent guest

3. Dr. Karl Neumaier
permanent guest

4. Dr. Christian Probst
permanent guest

5. Prof. Dr. Erwin Schuberth
permanent guest

6. Dr. Kurt Uhlig
permanent guest

7. Evgeniy Zamburg, Taganrog Institute of Technology, Southern Federal University,
Taganrog, Russia
01. 10. 2012 - 28. 02. 2013

8. Daniil Vakulov, Taganrog Institute of Technology, Southern Federal University, Tagan-
rog, Russia
19. 01. - 04. 02. 2013

9. David Zueco, Universidad de Zaragoza, Spain
26. 01. - 03. 02. 2013

10. Isaac Fernando Quijandria Diaz, Universidad de Zaragoza, Spain
26. 01. - 03. 02. 2013

11. Dr. Alexander Kemper, Lawrence Berkeley Laboratory, USA
06. 02. - 09. 02. 2013

12. Dr. Elizabeth Nowadnick, Stanford University, Stanford, USA
06. 02. - 09. 02. 2013

13. Dr. Neil D. Mathur, University of Cambridge, U.K.
17. 02. - 18. 02. 2013

14. Julen Simon Pedernales, Universidad del Pais Vasco, Bilbao, Spain
25. 02. - 09. 03. 2013, 14. 09. - 21. 09. 2013

15. Dr. Jorge Casanova, Universidad del Pais Vasco, Bilbao, Spain
25. 02. - 09. 03. 2013

16. Akashdeep Kamra, Kavli Institute of Nanoscience, Delft University of Technology, Delft,
The Netherlands
08. 04. - 09. 06. 2013

17. Prof. Enrique Solano, Universidad del Pais Vasco, Bilbao, Spain
17. 04. - 19. 04. 2013

18. Prof. Nikolei Sobolev, University of Aveiro, Portugal
25. 04. - 26. 04. 2013

19. Roberto Di Candia, Universidad del Pais Vasco, Bilbao, Spain
05. 05. - 12. 05. 2013, 26. 06. - 03. 07. 2013, 14. 09. - 21. 09. 2013

20. Prof. Lalit M. Kukreja, Raja Ramanna Centre for Advanced Technology, Indore, India
26. 06. - 28. 06. 2013

21. Dr. Natasha Kushch, Institute of Problems of Chemical Physics, Chernogolovka, Russia
26. 06. - 02. 07. 2013

22. Prof. Juan Poyato Ferrera, Instituto de Ciencia de Materiales, Sevilla, Spain
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01. 07. - 30. 07. 2013

23. Dr. Brain Moritz, Stanford Institute of Materials and Energy Science, Stanford, USA
23. 07. - 27. 07. 2013

24. Prof. Zoran Popovic, University of Belgrade, Belgrade, Serbia
01. 09. - 07. 09. 2013

25. Dr. Nedad Lazarevic, University of Belgrade, Belgrade, Serbia
01. 09. - 07. 09. 2013, 18. 11. - 23. 11. 2013

26. Prof. Vladimir Zverev, Institute of Solid Physics, Chernogolovka, Russia
25.09. - 26.10.2013

27. Dr. Darko Tanaskovic, University of Belgrade, Belgrade, Serbia
18. 11. - 23. 11. 2013

28. Milan Radonjic, University of Belgrade, Belgrade, Serbia
18. 11. - 23. 11. 2013

29. Prof. Alfred Zawadowski, Budapest University of Technology and Economics, Budapest,
Hungary
01. 12. - 07. 12. 2013
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Commission for Low Temperature Physics

Members of the Commission for Low Temperature Research of the Bavarian Academy of
Sciences and Humanities:

Vollhardt, Dieter, chairman (Universität Augsburg)
Abstreiter, Gerhard, deputy chairman (Technische Universität München)
Bloch, Immanuel (Ludwig-Maximilians-Universität München)
Gross, Rudolf (Walther-Meißner-Institut)
Kaiser, Wolfgang (Technische Universität München)
Hänsch, Theodor (Max-Planck-Institut für Quantenoptik, Garching)
Schwoerer, Markus (Universität Bayreuth)
Weiss, Dieter (Universität Regensburg)
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